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Abstract

The Omp85/TPS (outer-membrane protein of 85 kDa/two-partner secretion) super-
family is a ubiquitous and major class of b-barrel proteins. This superfamily is restricted
to the outer membranes of gram-negative bacteria, mitochondria, and chloroplasts.
The common architecture, with an N-terminus consisting of repeats of soluble
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polypeptide-transport-associated (POTRA) domains and a C-terminal b-barrel pore is
highly conserved. The structures of multiple POTRA domains and one full-length TPS
protein have been solved, yet discovering roles of individual POTRA domains has been
difficult. This review focuses on similarities and differences between POTRA structures,
emphasizing POTRA domains in autotrophic organisms including plants and cyano-
bacteria. Unique roles, specific for certain POTRA domains, are examined in the context
of POTRA location with respect to their attachment to the b-barrel pore, and their
degree of biological dispensability. Finally, because many POTRA domains may have
the ability to interact with thousands of partner proteins, possible modes of these
interactions are also explored.

1. INTRODUCTION

The OMs (outer membranes) of gram-negative bacteria, mitochon-

dria, and chloroplasts are unique in their incorporation of b-barrel proteins,
while all other biological membranes accommodate a-helical transmem-

brane proteins exclusively. b-Barrel OMPs (outer-membrane proteins)

function as: porins, energy-dependent transporters, protein secretors, pro-

tein importers, autotransporters, adhesins, lipases, proteases, and lipid trans-

porters (Wimley, 2003). Correct assembly of theseOMPs is dependent upon

a conserved family of proteins, Omp85 (outer-membrane protein of

85 kDa) (Voulhoux et al., 2003).

Omp85s share remarkable architectural similarity to a related set of pro-

teins known as TpsB (two-partner secretion B), which are involved in the

secretion of TpsA proteins through OMs (Clantin et al., 2007; Kim et al.,

2007; Sanchez-Pulido et al., 2003). These two related protein families make

up a superfamily of proteins that function as PTBs (polypeptide-transporting

b-barrel proteins) (Jacob-Dubuisson et al., 2009). PTBs share a highly con-

served domain organization, with an N-terminal region composed of solu-

ble POTRA (polypeptide-transport-associated) domain repeats and a

C-terminal transmembrane b-barrel (Sanchez-Pulido et al., 2003). TpsB

proteins are defined as class I PTBs and most contain two POTRA domains,

while Omp85 proteins are more variable having between one and seven

POTRA repeats, and are defined as class II PTBs (Arnold et al., 2010;

Kim et al., 2007; Koenig et al., 2010; Sanchez-Pulido et al., 2003).

While it is unclear which class of PTBs evolved first, duplication could

have given rise to the two different classes and the different number of

POTRA repeats found (Remmert et al., 2010). The fact that PTB members

are present in gram-negative bacteria, mitochondria, and chloroplasts
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suggests that Omp85 arose early in the evolution of prokaryotes, before the

first endosymbiotic event (Habib et al., 2007; Reumann and Keegstra, 1999;

Walther et al., 2009). Mitochondrial Sam50 most likely diverged from an

Omp85 present in an a-proteobacteria, while the plastid Toc75 is thought

to have evolved from a TpsB-like protein present in the cyanobacterial

ancestor (Gentle et al., 2004).

While only one complete structure of a TpsB member of the

Omp85/TPS superfamily has been experimentally determined (Clantin

et al., 2007), the structures of multiple POTRA domains have been solved

(Arnold et al., 2010; Gatzeva-Topalova et al., 2008; Kim et al., 2007;

Knowles et al., 2008, 2009; Koenig et al., 2010; van den Ent et al., 2008;

Zhang et al., 2011). Additionally, the mechanism(s) by which Omp85/TPS

and POTRA domains interact allows for specific interactions with multiple

partners, thousands of different partners in the case of Toc75 (Iniative,

2000), is fundamental to chloroplast evolution and function and merits fur-

ther study. Members of the Omp85/TPS superfamily, and even specific

POTRA domains, have been proven to be essential for cell growth in both

bacteria (Bos et al., 2007; Tashiro et al., 2008) and organelle containing

eukaryotes (Hust and Gutensohn, 2006; Patel et al., 2008) yet their exact

role in survival is not known.

1.1. Omp85/TPS superfamily in gram-negative bacteria
An OM enveloping a peptidoglycan layer is the defining characteristic of

gram-negative bacteria (Costerton et al., 1974). Integrity of the OM

depends on the presence of OMPs and a variety of LPS (lipopolysaccha-

rides), which are unique to the outer leaflet of the OM (Gentle et al.,

2005; Voulhoux et al., 2003; Wiese and Seydel, 1999). These components

are cytosolically synthesized, transported across the inner membrane,

through the periplasm, and finally assembled into the OMs (Tamm et al.,

2004; Tokuda and Matsuyama, 2004). The protein responsible for OMP

insertion was discovered when depletion of Omp85 led to defects in

OMP biogenesis (Voulhoux et al., 2003). The family of proteins that func-

tions to insert OMPs into OMs is known as Omp85 proteins, and they make

up class II PTBs.

Class I PTBs consists of TpsB proteins that secrete specific TpsA proteins

in the TPS (two-partner secretion) systems ( Jacob-Dubuisson et al., 2009;

Kajava and Steven, 2006). Members of the TpsB family include ShlB of

Serratia marcescens and FhaC of Bordetella pertussis (Surana et al., 2004).
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The TpsB protein, FhaC has been crystallized and is represented in Fig. 1.1,

and demonstrates the conserved structure present in all members of the

Omp85/TPS superfamily (Ertel et al., 2005; Sanchez-Pulido et al., 2003).

This protein is the only member of the Omp85/TPS superfamily to be

structurally solved in its entirety, only POTRA domains of other members

have been structurally solved.

1.2. Omp85/TPS superfamily in organelles
The presence of b-barrel proteins in the OMs of mitochondria and chloro-

plasts is consistent with their evolutionary origins from a-proteobacteria and
cyanobacteria, respectively (Gentle et al., 2005; Patel et al., 2008). Further-

more, mitochondrial Sam50most likely diverged from anOmp85 present in

the a-proteobacteria, while plastid Toc75 is thought to have evolved from a

TpsB-like protein present in the cyanobacterial ancestor (Gentle

et al., 2004).

Periplasm

Outer 
membrane

POTRA 1POTRA 2

b-Barrel
pore

Figure 1.1 Structure of FhaC. FhaC, the TpsB transporter of filamentous hemagglutinin
(FHA) from Bordetella pertussis has been crystallized and the structure solved at a
resolution of 3.15 Å (pdb id: 2QDZ). The pore of the structure is shown in the outer
membrane, while the POTRA domains are in the periplasm.
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1.2.1 Sam50/Tob55, a mitochondrial homolog of bacterial Omp85
Nuclear-encoded and cytosolically synthesized proteins targeted to the

mitochondria are translocated through the mitochondrial membranes via

the TOM and TIM (translocons at the outer/inner envelope of the mito-

chondria) (Paschen et al., 2005). b-Barrel proteins destined for the mito-

chondrial OM follow this path, and are inserted into the OM via the

TOB (topogenesis of mitochondrial OM b-barrel proteins), also known

as the SAM (sorting and assembly of mitochondria) complex (Paschen

et al., 2005). Sam50/Tob55 appears to be the only Omp85 homologue

in mitochondria, and was first discovered in Saccharomyces cerevisiae

(Gentle et al., 2004; Kozjak et al., 2003; Paschen et al., 2005).

1.2.2 Toc75, a plastid homolog of bacterial Omp85
The genome of modern day plastids encodes between 60 and 200 proteins,

while the total chloroplast proteome of Arabidopsis thaliana is estimated to

comprise approximately 2100–4500 proteins (Leister and Kleine, 2008).

Therefore, plastids depend on their host nuclei to encode over 95% of

the proteins needed to correctly function (Abdullah et al., 2000; Inoue

and Potter, 2004). The import of cytosolically translated precursor proteins

into the plastid is accomplished by the TOC/TIC (translocon at the outer/

inner envelope of the chloroplast) complexes along with soluble chaperones

(Schnell et al., 1994), an excellent review of which can be found

(Strittmatter et al., 2010). Toc75, the most abundant protein in the OM

of the plastid envelope, is a member of the Omp85/TPS superfamily and

is believed to form the b-barrel channel in the TOC complex (Gentle

et al., 2005). This review will highlight similarities among the Omp85/TPS

superfamily and their N-terminal POTRA domains, with an intensive look

at phototrophic members of the superfamily. Structural and organizational

similarities and differences of POTRA domains will be noted, and possible

mechanisms of action will be explored.

2. Omp85/TPS SUPERFAMILY ARCHITECTURE

b-Barrel proteins have been implicated in protein translocation and in

the assembly of OMPs in both organelles and bacteria (Moslavac et al.,

2005). Bacterial and organellar members of the Omp85/TPS superfamily

share a common domain organization (Gentle et al., 2005). The

N-terminal regions of the OMP85/TPS superfamily were discovered to

share a common three-dimensional structure consisting of repeatable units

5Function of POTRA Domains



made up of two a-helices and three b-strands termed POTRA domains

(Sanchez-Pulido et al., 2003). The C-terminus is a highly conserved

b-barrel domain comprising 10–16 b-strands (Sanchez-Pulido et al., 2003).

2.1. Highly conserved C-terminal b-barrel domain
The C-terminal b-barrel pore of OMP85/TPSs includes the presence of

even numbers of amphipathic, antiparallel b-strands connected by loops

of different sizes, forming a cylindrical barrel-like structure across the mem-

brane bilayer. Each strand usually contains 8–11 residues, which is long

enough to span biological membranes (Moslavac et al., 2005; Paschen

et al., 2005). FhaC, an exporter of filamentous hemagglutinin (FHA) in

B. pertusis is the only member of the OMP85/TPS superfamily with a solved

structure that includes its C-terminus (Clantin et al., 2007), the rest of the

structures are of only the N-terminal POTRA domains. It has a 16-stranded

b-barrel pore with a width of around 0.8 nm at its restriction point, and has

been shown to have both open and closed states (Clantin et al., 2007).

2.2. Soluble N-terminus, containing POTRA domains
Preceding the b-barrel domain is a variable sized domain composed of

repeats of POTRA domains. The POTRA domains are always found at

the N-termini of OMP85/TPSs and are involved in the assembly of proteins

into or translocation across the OMs of mitochondria, chloroplasts, and

gram-negative bacteria (Delattre et al., 2011; Gentle et al., 2004, 2005;

Knowles et al., 2009; Moslavac et al., 2005; Paschen et al., 2003;

Reumann et al., 1999; Sanchez-Pulido et al., 2003; Voulhoux et al.,

2003). These domains are also present in the FtsQ/DivIB bacterial division

protein family, which is the only known case where POTRA domains are

not followed by a transmembrane b-barrel (Sanchez-Pulido et al., 2003).

A typical individual POTRA domain consists of 70–95 amino acids con-

taining three b-strands and two a-helices (Sanchez-Pulido et al., 2003). The
repeating POTRA domains are assigned consecutive numbers starting from

the N-terminus (Sanchez-Pulido et al., 2003). All members of the

Omp85/TPS superfamily have between one and seven repeats of POTRA

domains (Arnold et al., 2010; Sanchez-Pulido et al., 2003). The number of

POTRA domains varies from one protein and/or organism to another, for

example, one POTRA repeat is present in Sam50, FtsQ/DivIB, ShlB, and

CGI51; three POTRA repeats are present in YtfM and Toc75; five

POTRA repeats are found in D15 of Haemophilus influenza, Omp85 of

6 Richard F. Simmerman et al.



Neisseria meningitidis, and other bacterial Omp85s; while as many as seven

repeats are seen in Mxan5763 of Myxococcus xanthus (Arnold et al., 2010;

Sanchez-Pulido et al., 2003). This is represented in Fig. 1.2. A recent study

of 567 POTRA-domain-containing proteins demonstrated that regardless

of total number of POTRA domains present, the most C-terminal POTRA

domain was the most conserved followed by the most N-terminal POTRA

domain (Arnold et al., 2010). This also suggests that OMP85/TPSs con-

taining multiple POTRA domain repeats may have evolved from a rela-

tively simple ancestor, such as Sam50 containing only one POTRA

repeat (Arnold et al., 2010). Notably, it was also demonstrated that POTRA

domains from the cyanobacteria Thermosynechococcus elongatus (TeOmp85)

are more closely related to POTRA domains from A. thaliana Toc

75 (AtToc75) than to proteobacterial Omp85s (Arnold et al., 2010).

These domains appear to be quite antigenic and are often recognized by

antibodies raised against the entire protein (e.g., antibodies raised against the

POTRA-containing N-terminal portion of the OMP D15, an Omp85

Figure 1.2 Conserved structure of the Omp85/TPS superfamily. POTRA domain-
containing proteins are represented in this cartoon. POTRA domains are depicted as
gray, while b-barrels are represented as white. FtsQ from E. coli is a protein that functions
in cell division. Sam50 from Saccharomyces cervisae is part of the sorting and assembly
machinery that functions in OMP assembly and is found in the mitochondria. FhaC from
B. pertussis exports FHA. TeOmp85,MxOmp85, BamA, and nOmp85 from T.e.,M. xanthus,
E. coli, and Nostoc, respectively, and function in OMP assembly. SynToc75 from
Synechocystis sp. PCC 6803 once exported virulence factors. Oep80 from A. thaliana
functions in the chloroplast in OMP assembly. Toc75 from Pisum sativum functions in
chloroplast protein import. Proteins and domains are represented to scale.
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family protein, provide immunity against meningitis caused byH. influenza;

Loosmore et al., 1997), this high antigenicity has led to the suggestion that

they may be a good target to use in vaccines development against: cholera

(Ruffolo and Adler, 1996), meningitis (Manning et al., 1998; Yang et al.,

1998), gonorrhea (Manning et al., 1998), and syphilis (Cameron et al.,

2000; Poolman et al., 2000; Robb et al., 2001).

POTRA domains show very little primary sequence homology, in fact,

only glycine and hydrophobic residues forming the core of the domain are

conserved between POTRAs (Sanchez-Pulido et al., 2003). However, the

secondary sequence was both predicted (Sanchez-Pulido et al., 2003) and

shown by crystallization and/or NMR of POTRA domains of BamA

(Kim et al., 2007), FhaC (Clantin et al., 2007), FtsQ (van den Ent et al.,

2008), TeOmp85 (Arnold et al., 2010), and nOmp85 (Koenig et al.,

2010) to have a conserved structure, which was experimentally determined

to have the consensus structure: b–a–a–b–b (Fig. 1.3). A table showing the

relationship between primary structure identity and similarity of three-

dimensional structure has been constructed for all of the structurally solved

POTRA domains (Table 1.1). This table shows that the structural similar-

ities of POTRA domains are not fully explained by sequence, as the most

structurally similar POTRA domains are POTRA3 of TeOmp85 andNostoc

VLRAVQVAGNQVLTQEKVNEIFAPQIGRTLNLRELQAGIEKI
---bbbbb-----hhhhhhhhhhhhh----hhhhhhhhhhhh
NTFYRDNGYILGQVVGTPQVDPDGVVTLQVAE
hhhhhhh-----bbbbbbbb----bbbbbbb-

Figure 1.3 POTRA2 of TeOmp85. The primary, secondary, and tertiary structure of
POTRA2 of TeOmp85 (pdb id: 2X8X) are shown. Under the primary sequence, shown
in capital letter, is the secondary structure, represented in b for b-strand, and h for
a-helix, the - represents unstructured residues.
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sp. PCC7120 (nOmp85), which have a 52.4% identity, but superimpose

with an RMSD of 1.11 Å.

POTRA domains were originally identified by searching global hidden

Markov models, which identified the POTRA domains by their shared sec-

ondary structure (Sanchez-Pulido et al., 2003). The interaction between the

adjacent POTRA domains is poorly understood yet is believed to be highly

dynamic, based on NMR data of the protein in solution (Knowles et al.,

2008). Comparisons of the linkages between tandem POTRA domains in

different published crystal structures support this dynamic coupling (Ward

et al., 2009). Interestingly, it appears that the POTRA domain closest to

the pore tends to have a fixed structure and orientation with respect to

the pore (Koenig et al., 2010).

Although the structure and function of the Omp85/TPS superfamily is

well conserved, how individual POTRA domains mediate the assembly of

OMPs or translocation of polypeptides is still unclear. Solved crystal struc-

tures of two POTRA domains of FhaC (Clantin et al., 2007), five POTRA

domains of BamA (Kim et al., 2007), three POTRA domains of nOmp85

(Koenig et al., 2010), and TeOmp85 (Arnold et al., 2010) provide insights

into the organization and molecular mechanisms by which these domains

may function (Bos et al., 2007).

Table 1.1 Similarity of POTRA domains

9Function of POTRA Domains



3. FUNCTION OF Omp85 FAMILY OF PROTEINS

Despite their organizational similarity TpsBs and Omp85s differ funda-

mentally in their roles: Class I or TpsB members are involved in secretion of

other proteins/substrates through the outer bacterialmembrane, while Class II

or Omp85members have been shown to function in the biogenesis (Gatzeva-

Topalova et al., 2010; Paschen et al., 2005) or insertion of b-barrel proteins
into OMs presumably from the periplasmic or equivalent surface (Koenig

et al., 2010). Members of the Omp85 family have been shown to be essential

for assembly of OM b-barrel proteins into gram-negative OMs (Genevrois

et al., 2003; Voulhoux et al., 2003;Wu et al., 2005). Homologues of this fam-

ily have been found in the genome of all sequenced gram-negative bacteria

(Gentle et al., 2004; Voulhoux and Tommassen, 2004), and in themembranes

of mitochondria and plastids (Gentle et al., 2005; Voulhoux et al., 2003).

3.1. Role of Omp85 pore
b-Barrels from eukaryotic organelles are thought to facilitate the translocation

of precursor proteins through the membranes as well as to aid in assembly of

other OMPs (Schleiff and Soll, 2005). However, it should be noted that these

organelle-localized members may have an inverted topology relative to their

bacterial ancestral members (Reumann et al., 1999). Bacterial proteins des-

tined for the OM are cytosolically translated as precursors with an

N-terminal sequence that targets them for secretion via the SecYEG complex

(Cross et al., 2009). A model for OMP assembly suggests that nascent OMPs,

partially folded via chaperones in the periplasm, are translocated through the

SecYEG complex in the cytoplasmic membrane and transferred to anOmp85

protein in the OM (Cross et al., 2009). Because the Omp85 pore is not large

enough to accommodate the formation of a new b-barrel (Gentle et al., 2004;
Voulhoux et al., 2003), Omp85 may serve as a scaffold that would assist in the

insertion of incoming transmembrane spanning b-strands individually or in

pairs thereby facilitating the insertion of the OMPs into the membrane at

the protein–lipid interface (Gentle et al., 2005). Deletions of POTRA

domains (Clantin et al., 2007; Jacob-Dubuisson et al., 2004) support a role

of YaeT as a scaffold for other components of the OMP assembly complex.

3.2. Role of POTRA domains
As suggested by their name, POTRA domains play a key role in protein

transport (Clantin et al., 2007; Sanchez-Pulido et al., 2003); however, the
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mechanism(s) by which they aid the transport of proteins into or across

membranes is unclear. A possible mode of interaction for POTRA domains

is b-augmentation, a nonsequence-specific interaction between a b-strand
of one protein and a b-strand of a second protein (Harrison, 1996), which

has been observed in POTRA crystal structures (Gatzeva-Topalova et al.,

2008; Kim et al., 2007; Koenig et al., 2010). Unfortunately, there is no

information on which of the b-strands would be involved in an in vivo inter-
action since there are no structures of any POTRA domain with a substrate.

While the mechanism(s) by which POTRA domains interact is unresolved,

what is apparent is that individual POTRA domains of Omp85 proteins

interact with OMP precursors (Bennion et al., 2010; Bredemeier et al.,

2007; Habib et al., 2007; Kim et al., 2007; Robert et al., 2006; Sklar

et al., 2007a; Vuong et al., 2008) and have unique structural characteristics

(Gatzeva-Topalova et al., 2008; Koenig et al., 2010;Ward et al., 2009). Fur-

thermore, POTRA domains are necessary for proper functioning of Omp85

proteins (Bos et al., 2007; Bredemeier et al., 2007; Clantin et al., 2007; Ertel

et al., 2005; Habib et al., 2007; Kim et al., 2007), with specific POTRA

domains vital to the survival of the organism (Bos et al., 2007).

While most of the structurally solved POTRA domains superimpose

well, with an average RMSD of 3.7 Å (Table 1.1 and Fig. 1.4), there are

differences in their structures that may help in the discovery of the niche that

each individual POTRA repeat fills. There is a b-cap on POTRA1 and a

Figure 1.4 Overlay of structurally solved POTRA domains. Solved crystal structures of all
solved POTRA domains have been superimposed onto each other. Three different views
are present that show the similarity of the tertiary structure of these domains.
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b-bulge on POTRA2 of cyanobacterial Omp85s and POTRA3 of BamA

(Arnold et al., 2010; Koenig et al., 2010). These may be used as interaction

sites for the POTRA domains, and could even function in b-augmentation.

POTRA3 of cyanobacterial Omp85s has a loop L1, which may function to

help gate the pore (Arnold et al., 2010; Koenig et al., 2010). Phylogenetic

analysis shows that POTRAs cluster by their positional number, supporting

the hypothesis that their order remains important (Bos et al., 2007). It is

interesting that the average RMSD of the most C-terminal POTRA

domains of Omp85s is 1.50 Å and the percent identity is 39.4%

(Table 1.1). This suggests the most C-terminal POTRA domain is evolu-

tionarily conserved in structure as well as by sequence to a lesser degree.

The fact that POTRA5 of Omp85 in N. meningitidis is essential for cell via-

bility (Bos et al., 2007) lends support to this hypothesis.

A number of specific interaction partners have been found for specific

POTRA domains. The single POTRA domain of Sam50 has been shown

to specifically bind b-barrel proteins destined for the mitochondrial OM

(Habib et al., 2007). BamA is reported to bind C-terminal peptides of OMPs

(Robert et al., 2006). In fact, POTRA5 is necessary for interactions with

YfiO, NlpB, and SmpA (all proteins involved in the OM b-barrel protein
biogenesis), while POTRA1 is required for an interaction with YfgL

(Kim et al., 2007). POTRA1 also interacts with SurA (Sklar et al., 2007b;

Vuong et al., 2008), a periplasmic chaperone, using an arginine residue

(Bennion et al., 2010). The POTRA domains of nOmp85 have an affinity

for the C-terminal pore of the protein, and act as a docking site for incoming

precursor proteins (Bredemeier et al., 2007). Interestingly, these interactions

have been shown to be species-specific (Robert et al., 2006). The identifi-

cation of interacting partners of POTRA domains of the Omp85 family will

help with to uncover roles and mechanism(s) for them.

Deletion studies, which uncovered the necessity of POTRA5 for

N.meningitides, have been instrumental in the discovery of roles for POTRA

domains. In fact, deletion of any POTRA repeat leads to a decrease in either

the functionality of the protein machinery they are part of or a loss in cell

viability (Bos et al., 2007; Bredemeier et al., 2007; Clantin et al., 2007;

Ertel et al., 2005; Habib et al., 2007; Kim et al., 2007). Escherichia coli

harboring deletions of POTRA1 or POTRA2 of BamA exhibit poor cell

growth, while cells with deletions of POTRA3 or POTRA4 do not survive

wild-type BamA depletion, and cells without POTRA5 do not survive even

when they possess copies of wild-type BamA (Kim et al., 2007). This sug-

gests not only an essential role for POTRA5 but also a dominant negative
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interaction in vivo. Incorrect b-barrel assembly is correlated with POTRA

domain deletions (Bredemeier et al., 2007; Habib et al., 2007). It has been

shown that Sam50DPOTRA is able to bind, but not release b-barrel precur-
sors, this indicates a role for the POTRA domain in the release of precursor

proteins from the SAM complex (Stroud et al., 2011). This was also

evidenced by analyzing membrane fractions where nOmp85DN-term

yielded only one stabilized assembly of monomeric Omp85, while mem-

branes containing wild-type nOMP85 show formation of a homo-trimeric

Omp85 complex (Bredemeier et al., 2007). The deletion studies, structural

information, and binding assays help to shed light on the functional roles of

POTRA domains of Omp85s.

4. FUNCTIONS OF TWO-PARTNER SECRETION
B PROTEINS

TpsBs are involved in polypeptide translocation across membranes

(Koenig et al., 2010). FhaC mediates the translocation of FHA, the major

adhesin of the whooping cough agent B. pertussis to the bacterial surface

(Guedin et al., 1998). Clantin et al. (2004) reported the structure of the

OM transporter FhaC, a member of the TpsB family of proteins, at a reso-

lution of 3.1 Å. The C-terminal domain of FhaC forms a transmembrane

pore comprised of 16 antiparallel b-strands (Clantin et al., 2004), while

the N-terminal periplasmic module consists of two globular POTRA

domains composed of 75 residues each (Clantin et al., 2007).

4.1. Role of TpsB pore
The b-barrel of FhaC is occluded by a 20-residue long a-helix (H1), resid-

ing between the pore and the POTRA domains, and a C-terminal extracel-

lular loop (L6) (Clantin et al., 2007). Although the role of in-plugs are not

well understood, it has been observed that one possible function is to stabi-

lize individual b-strands that would be unstable in a lipid bilayer due to their
distribution of hydrophobic residues (Naveed et al., 2009). In silico analyses

of Omp85/TPS superfamily members uncovered conserved motifs within

the b-barrel, referred to as motifs 3 and 4, which were seen in FhaC

(Fig. 1.5; Clantin et al., 2007; Moslavac et al., 2005). These motifs are

defined by two conserved transmembrane b-sheets and may function in

the gating of the b-barrel pore (Moslavac et al., 2005). The L6 loop of motif

3, which could insert itself into the pore, is well conserved between FhaC

and TeOmp85, and has been shown to play an important role in regulation
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of polypeptide translocation (Arnold et al., 2010; Clantin et al., 2007). This

suggests that L6 may be responsible for regulation of the assembly of OMPs

in other cyOmp85 (cyanobacterial Omp85) as well.

4.2. Role of POTRA domains of TpsB
TpsA proteins all harbor a conserved, 250-residue long N-terminal TPS

domain essential for secretion (Clantin et al., 2004; Hodak et al., 2006)

and are involved in adhesion (Borlee et al., 2010), cytolysis, contact-

dependent growth inhibition (Aoki et al., 2005), biofilm formation,

Motif 3Motif 4

Figure 1.5 Conserved motifs of b-barrel from FhaC. The structure of the only b-barrel
pore of the Omp85/TPS superfamily to be solved is shown (pdb id. 2QDZ). The pore here
is occluded by an a-helix. Motifs 3 and 4, which are conserved in members of the
Omp85/Tps superfamily, are shown in gray.
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proteolysis, and host-cell invasion ( Jacob-Dubuisson et al., 2004). The

POTRA domains present in the N-terminus of the TpsB proteins interact

with the TpsA proteins (Clantin et al., 2007; Hodak et al., 2006).

4.2.1 FhaC
One of the most well-characterized TpsB proteins is FhaC (Clantin et al.,

2004, 2007). The structure of FhaC is shown in Fig. 1.1. Using this structure

as a template for mutations it was shown that while FhaC still forms a chan-

nel with deletion of either POTRA domain, the POTRA domains are very

important for the function of FhaC. Deletion of either POTRA domain will

abolish secretion of its substrate, FHA, while insertion of residues into the

POTRA domains strongly affects secretion (Clantin et al., 2007). POTRA2

is presumed to use b-augmentation during the transport of FHA, and sub-

stitutions in this domain have the most severe effect on secretion (Delattre

et al., 2011). It has been shown using surface plasmon resonance that

POTRA domains (specifically helix 2 of POTRA1) are involved in FHA

recognition (Clantin et al., 2007). This interaction was shown to be quite

tight with a Kd of �4.0 mM. The isoelectric points of POTRA1 and

FHA are 4.6 and 10.0, respectively, which has led to the suggestion that their

interaction may contain a significant electrostatic component (Delattre

et al., 2011).

5. PHOTOTROPHIC MEMBERS OF Omp85/TPS

Both oxygenic photosynthetic prokaryotes (i.e., cyanobacteria) and

eukaryotes (i.e., plants and algae) contain members of the Omp85/TPS

superfamily. These proteins are localized to the OM of the cyanobacteria

(Bolter et al., 1998) or the plastid envelope (Bauer et al., 2000; Reumann

et al., 1999) in algae or plants, respectively. It has been shown that these pro-

teins are evolutionarily related, having been retained during the process of

endosymbiosis (Keegstra et al., 1984). For example, in the model plant

A. thaliana, the first plant with a sequenced genome (Iniative, 2000), there

are three functional Omp85/TPS homologs: sorting assembly machinery of

50 kDa (Sam50) in the mitochondria OM (Gentle et al., 2004; Kozjak et al.,

2003; Paschen et al., 2003), outer envelope protein 80 (OEP80), which

mediates assembly of proteins into the OM of the chloroplast (Schleiff

et al., 2003a), and Toc75-III (Hinnah et al., 1997; Schleiff et al., 2003c;

Schnell et al., 1994), which is the central component of the protein trans-

locon of the outer chloroplast envelope.
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5.1. Cyanobacterial members of Omp85/TPS superfamily
The first Omp85/TPS member in cyanobacteria was identified in

Synechocystis sp. PCC 6803 via a limited sequence homology against

Toc75 of higher plants (Bolter et al., 1998). Currently there are over 100

(Altschul et al., 1997, 2005) different members of cyanobacterial

Omp85/TPS genes that have been identified from a large number of organ-

isms suggesting that this is a universal gene in cyanobacteria. Cyanobacterial

SynToc75 is proposed to export virulence factors across the OM and is

essential for the viability of the organism (Bolter et al., 1998; Reumann

et al., 1999). SynToc75 and PsToc75 share 24% identity (41% similarity)

and are similar in size, with PsToc75 consisting of 809 residues and

SynToc75 containing 861 (Reumann et al., 1999). Furthermore, electro-

physiological studies showed that SynToc75 and Toc75 both form

cation-selective channels, which supports roles for the proteins in transport

(Bolter et al., 1998; Hinnah et al., 1997). Recent studies show that

cyanobacterial Omp85s differ in structure and composition from proteo-

bacterial Omp85s, and are more closely related to chloroplastic Toc75s, with

the phototrophic members containing only three POTRA domains instead

of five (Arnold et al., 2010).

5.1.1 Omp85 of Nostoc sp. PCC 7120
Omp85 of Nostoc sp. PCC 7120 (nOmp85) was identified as a homolog of

PsToc75, the proteins share 19.4% identity and 25.4% similarity (Ertel et al.,

2005). The three POTRA domains of nOmp85 were recently crystallized

with a resolution of 3.8 Å (Koenig et al., 2010). Based on this structure it

is clear that the POTRA domains of nOmp85 share the common tertiary

structure of a three stranded b-sheet packed against two helices as observed

in other structures. However, there are several differences including: the

N-terminus of POTRA1 is capped by two small b-sheets, random coil is

integrated in helix a1 and strand b2 in POTRA2, and POTRA3 has an

extended loop (L1) that forms two b-turns between b2 and a2 (Fig. 1.6).

POTRA1 and POTRA2 may play roles in substrate recognition and

hetero-oligomerization as evidenced by b-augmentation of POTRA1 seen

in crystal structures (Arnold et al., 2010; Gatzeva-Topalova et al., 2010) and

the two potential protein interaction surfaces present on POTRA2 (Koenig

et al., 2010). The structure also revealed the presence of a flexible hinge region

containing Pro and/or Gly residues between POTRA1 and POTRA2

corresponding to a flexible region between POTRA2 and POTRA3 of
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E. coli BamA, suggesting an equivalent hinge region (Kim et al., 2007; Koenig

et al., 2010). Thus, the presence of flexible linker regions might be of impor-

tance for substrate-recognizing role of POTRA domains.

5.1.2 Omp85 of T. elongatus
Recently, Arnold et al. (2010) reported the first structure of all three

POTRA domains of Omp85 from the cyanobacterium T. elongatus

(TeOmp85) at 1.97 Å resolution. Mature TeOmp85 contains an

nOmp85

TeOmp85

L1-loop
b-Bulge

b-Cap

Figure 1.6 POTRA domains from nOmp85 and TeOmp85. The tertiary structures of the
POTRA domains of nOmp85 and TeOmp85 are shown (pdb ids. 3MC8, 2X8X, respec-
tively). The two POTRA domains can be superimposed with an r.m.s.d. of 0.37 nm,
although their primary sequence is only around 50% identical. The features unique
to cyanobacterial POTRA domains (L1-loop, b-bulge, and b-cap) are featured.
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unstructured proline-rich region located N-terminal to the POTRA

domains, followed by three POTRA domains and then a C-terminal pore

containing 16 b-strands (Arnold et al., 2010). Residues 67–141 were iden-

tified as POTRA1, 142–217 as POTRA2, and 218–301 as POTRA3.

POTRA domains of nOmp85 and TeOmp85 superimpose with an RMSD

of 3.7 Å and the similarity between them can be seen in Fig. 1.6.

While POTRA domains are very similar in structure, mutants affecting

the POTRA have similar effects on the proteins containing them. The dele-

tion of POTRA domains leads to a destabilization of the pore at higher volt-

age, which suggests that the POTRA domains play a role in the stabilization

of the channel (Arnold et al., 2010). This stabilization of TeOmp85 is due to

interactions between POTRA3 and b-strands that are part of the pore

(Arnold et al., 2010). The electrophysiological measurements of conduc-

tance of TeOmp85 were the highest reported. They were outside the upper

range of other cyOmp85s, PsToc75, and TpsB proteins; and much higher

than those of proteobacterial Omp85s and Sam50s (Arnold et al., 2010).

These differences may indicate a similar evolutionary origin between the

chloroplastic Omp85 and plant Toc75 homologues.

5.2. Chloroplast members of Omp85/TPS superfamily
Modern chloroplast has a genome (plastome) that codes for a very small

amount of genes between 33 (in Rhizanthella gardneri) (Delannoy et al.,

2011) and 243 (Cyanidioschyzon merolae) proteins (Ohta et al., 2003). This

limited coding of the plastome is compensated by the large number of pro-

teins that plastids use that are nuclear encoded. For example,A. thaliana has a

proteome estimated at 3574 (Iniative, 2000). Proteins destined for the chlo-

roplast obtained targeting sequences and the chloroplast had to develop

machinery to translocate the cytosolically translated proteins through the

outer and inner membranes (Inoue, 2007; Keegstra and Cline, 1999;

Keegstra et al., 1984; Ueda et al., 2006). The majority of chloroplast-

destined proteins are recognized via cleavable N-terminal targeting

sequences termed transit peptides (TPs) discovered over 30 years ago

(Chua and Schmidt, 1978; Highfield and Ellis, 1978). There is very little

homology in primary sequence or secondary structure in solution among

the thousands of known and predicted TPs (Bruce, 2000, 2001;

Chotewutmontri et al., 2012).

Different precursor proteins are specifically targeted to six locations in

the chloroplast: the OM, intermembrane space, inner membrane, stroma,
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thylakoid membrane, or the lumen (Dyall et al., 2004). Regardless of their

final destination, most proteins must cross the inner and outer envelope

membrane. This translocation is facilitated by the coordinated activity of

two protein-translocation complexes known as TOC and TIC (Cline,

2000; Jarvis and Soll, 2001). However, it is the TOC complex that binds

precursor first and therefore ensures specificity and directionality of chloro-

plast protein import (Chen and Li, 2007). Toc34, Toc75, and Toc159 are

the components that make up the core TOC complex (Bolter et al., 1998;

Schnell et al., 1994; Seedorf et al., 1995). The core TOC complex is suffi-

cient for in vitro translocation into lipid vesicles and is estimated to be

between 500 kDa and 1 MDa (Chen and Li, 2007; Kikuchi et al., 2006,

2009; Schleiff et al., 2003b,c). Toc75 is a b-barrel translocon at the outer

envelope of the chloroplast that was first identified in pea (Perry and

Keegstra, 1994; Schnell et al., 1994). InArabidopsis the presence of two para-

logs of Toc34, AtToc33 and AtToc34, along with the four paralogs of

Toc159, AtToc159, AtToc132, AtToc120, and AtToc90 suggest that dis-

tinct classes of TOC complexes could exist (Iniative, 2000; Ivanova et al.,

2004; Jackson-Constan and Keegstra, 2001).

5.2.1 Toc75, a plastidic outer-membrane protein of Omp85/TPS
superfamily

Toc75 is the only TOC component of cyanobacterial origin (Bolter et al.,

1998; Kalanon and McFadden, 2008; Reumann and Keegstra, 1999;

Reumann et al., 2005), and is the most abundant protein in the OM of

the chloroplast (Nielsen et al., 1997; Seedorf et al., 1995). Toc75 is resistant

to thermolysin treatment, salt and high pH extraction and therefore was

identified as an integral OMP (Schnell et al., 1994). Toc75 is the only

known chloroplast OMP with a cleavable bipartite N-terminal targeting

sequence, where the most N-terminal part is a classical TP, cleaved by

the SPP, and the C-terminal portion is cleaved in the intermembrane space

by an envelope-bound type I signal peptidase (Inoue and Keegstra, 2003).

The mature portion of Toc75 possesses two distinct domains typical of

OMP85/TPSs: an N-terminal portion consisting of three POTRA

domains, and a C-terminal pore made up of 16 b-strands (Sanchez-

Pulido et al., 2003).

Toc75 has been shown to oligomerize with itself and other members of

the TOC core complex (Nielsen et al., 1997; Reddick et al., 2007; Seedorf

et al., 1995), as well as interacting with precursor protein (Hinnah et al.,

1997). More specifically, the N-terminus of PsToc75 was shown to interact
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with precursor to the small subunit of RuBisCO (prSSU), but not the

mature form of the protein (mSSU) (Ertel et al., 2005). The same study

shows that the most N-terminal region is involved in hetero-

oligomerization with Toc34 and the C-terminus is involved in the pore

formation. This study preceded the structural model of Toc75 containing

POTRA domains. Evidence for Toc75 acting as the pore for protein trans-

location includes: in vitro experiments showing that Toc75 interacts with

precursor proteins during import, cross-linking data showing an association

with envelope-bound import intermediates, and arrest of import into puri-

fied chloroplasts by antibodies against Toc75 (Ma et al., 1996; Perry and

Keegstra, 1994; Schnell et al., 1994; Tranel et al., 1995). Additionally,

patch-clamp analysis provided compelling evidence for the role of Toc75

as a channel-forming protein (Hinnah et al., 1997). Toc75 formed narrow,

voltage-gated, cation-selective transmembrane channels with a predicted

hydrophilic pore with a constriction zone estimated to be 15.4 Å in diameter

(Hinnah et al., 2002). Current through Toc75 was abrogated when a chlo-

roplastic, but not mitochondrial or synthetic, precursor was added,

suggesting a specific interaction with the TP (Hinnah et al., 1997). Thus,

much evidence supports the role Toc75 and its POTRA domains play in

protein import into the chloroplast.

5.2.2 Oep80, a chloroplastic paralog of Toc75
Pisum sativum has two Toc75 paralogs; Toc75, the translocation pore, and

Toc75-V, a direct ortholog of an OMP present in the cyanobacterial ances-

tor (Eckart et al., 2002). Arabidopsis has three Toc75 paralogs that are rep-

resented by expressed sequence tags; AtToc75-I (shares 60% identity with

AtToc75-III), AtToc75-III (the main pore with 74% identity to PsToc75),

and AtToc75-IV (consisting of only 407 amino acids that align with the

C-terminus of the other Toc75s) ( Jackson-Constan and Keegstra, 2001).

AtToc75-I is a pseudo-gene with a transposon inserted inside the sequence,

and it is not expressed (Baldwin et al., 2005). AtToc75-IV does not have a

cleavable N-terminal TP, and most likely lacks POTRA domains, as it was

not sensitive to protease treatment (Baldwin et al., 2005). The AtToc75-III

homozygous knockout mutant is embryo lethal (Baldwin et al., 2005).

The fourth Arabidopsis homologue of PsToc75 named AtOEP80, which

shares only 22% identity to PsToc75 (Eckart et al., 2002; Hinnah et al.,

1997), exists as a 70-kD protein (Hsu et al., 2012). A pea ortholog of

AtOEP80, PsToc75-V, appears to be a 66-kDa protein and is not purified

with the TOC complex (Eckart et al., 2002). Inoue et al. demonstrated that
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AtOEP80 is targeted to the OM of the chloroplast by information in its

mature sequence and does not utilize the general import pathway for mem-

brane insertion (Inoue and Potter, 2004). AtOEP80 has been predicted to

form a 16 b-stranded porin-like channel with three POTRA domains,

and is hypothesized to be involved in the membrane biogenesis (Eckart

et al., 2002; Inoue and Potter, 2004; Sveshnikova et al., 2000). T-DNA

insertions into the oep80 gene result in embryo lethality, although at a stage

later than the toc75 knockout. This indicates that while both Toc75 homo-

logs are essential for the viability of plants, they may have distinct functions

in chloroplast development (Patel et al., 2008).

Phylogenic analysis of Toc75 from various organisms led to the conclu-

sion that Toc75 and OEP80 represent two independent gene families, both

derived from cyanobacteria that had already diverged prior to the endosym-

biotic event (Eckart et al., 2002). It is postulated that Toc75 acquired a new

role in order to enslave the endosymbiont, while OEP80 retained the func-

tion of the ancestral Omp85, which is essential for viability in both bacteria

and chloroplasts (Patel et al., 2008). The OEP80 (originally named

AtToc75-V) is responsible for insertion of OMPs into the chloroplast enve-

lope, and is a member of the Omp85 family that is thought to have diverged

from Toc75 before the endosymbiotic event (Inoue and Potter, 2004). The

presence of two distinct OMP85/TPS groups makes the chloroplast outer

envelope unique among the evolutionary conserved biological membranes

of mitochondria and gram-negative bacteria, which appear to have only one

homologue each (Inoue and Potter, 2004).

5.3. Unique features of phototrophic Omp85 POTRA
domains

The Omp85s of cyanobacteria all possess three POTRA domains, equiva-

lent to the number of POTRA domains present in Toc75 of chloroplasts

(Koenig et al., 2010; Sanchez-Pulido et al., 2003). POTRA domains tend

to cluster according to their position, and in a cluster analysis of POTRA

domains the N- and C-terminal POTRA domains of Toc75, Omp85,

and cyanobacterial Omp85 form two distinct groups (Arnold et al.,

2010). The similarity of the most N- and C-terminal POTRA domains is

also shown in Table 1.1. The C-terminal POTRA domains have the highest

homology, suggesting that their function is probably the most conserved and

themost important. A knockout of themost C-terminal POTRAdomain of

Omp85 inN. meningitidis is lethal (Bos et al., 2007). This knockout and clus-

tering data suggest that the most C-terminal POTRA domain (especially of
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Toc75, Omp85, and cyanobacterial Omp85) may be necessary for organism

or plastid survival. The other POTRA domains may have diverged for their

specific functions, for example, POTRA3 of nOmp85 has a loop between its

first b-strand and first a-helix that is conserved in the plastid and cyano-

bacteria Omp85 members, but is not found within the mitochondria or

proteobacteria members (Koenig et al., 2010).

Interestingly, the increased length of POTRA2 in Toc75 of higher plants

(e.g., 116 amino acids for POTRA2 of PsToc75) is not conserved across

POTRA2 domains in cyanobacteria and there has yet to be an algal or plant

POTRA domain structurally solved. POTRA2 in nOmp85 was determined

to be 80 residues and POTRA2 in TeOmp85 is 70 residues (Arnold et al.,

2010; Koenig et al., 2010). The helix a1 and the b-strand b1 of POTRA2 in

nOmp85 are both interrupted, resulting in a b-bulge that is also present in

the third POTRA domain of BamA (Kim et al., 2007; Koenig et al., 2010).

Also conserved is a stable orientation for the POTRA2 and POTRA3

domains, and more flexibility between the POTRA2 and POTRA1, which

mirrors the flexibility between POTRA2 and POTRA 3 of BamA

(Gatzeva-Topalova et al., 2008; Kim et al., 2007; Koenig et al., 2010).

POTRA1 of nOmp85 has a small two-stranded b-sheet near its

N-terminus, which forms a b-cap (Koenig et al., 2010). The first b-strand
of the cap is N-terminal to the b1 of POTRA1 and the second b-strand of

the cap between a1 and a2 of POTRA1 (Fig. 1.6). The differences unique

to POTRA domains that are part of cyanobacterial Omp85s seem conserved

and perhaps allow for novel or specialized functioning of these domains.

The hinge region between POTRA2 and POTRA1 could allow

POTRA1 the large degree of freedom needed tomake adjacent interactions.

POTRA1 could change position until it encounters another POTRA1 at

which point the ability of POTRA1 to self-dimerize would allow time

for the b-barrel pores of the two Toc75s to come into contact with each

other. Alternatively, this interaction could compete for an in-plug formation

that could occlude the protein-conducting channel. The outer edge of the

b-barrels could interact with each other, perhaps via b-augmentation, and

this would help to form the 4:4:1 stoichiometry of Toc75:Toc34:Toc159

that is present in the TOC core complex (Agne et al., 2009).

6. POTRA DOMAINS MODE OF ACTION

Although the domain organization of OMP85/TPSs is well con-

served, the mechanism by which these domains mediate the assembly of

OMPs and polypeptide translocation is not clear. However, crystal
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structures (Arnold et al., 2010; Clantin et al., 2004; Kim et al., 2007; Koenig

et al., 2010) of several POTRA domains allow for structure-based predic-

tions on how these domains may operate.

6.1. Role and model of action for individual POTRA domains
The unique features of the POTRA domains mentioned above could be

biophysical evidence for the unique roles that POTRA domains seem to

play in various OMP85/TPSs. The ability of POTRA1 to participate in

b-augmentation has been noted in BamA and nOmp85 (Gatzeva-

Topalova et al., 2008; Kim et al., 2007; Koenig et al., 2010). This

b-augmentation has been shown to be able to occur in both parallel and anti-

parallel orientations (Heuck et al., 2011; Koenig et al., 2010). TPs have a

region toward their C-terminus that has been predicted to form an amphi-

philic b-strand (von Heijne et al., 1989), which means that POTRA

domains and TPs could interact via b-augmentation.

POTRA1 has been shown to interact with substrates that the Omp85 or

TPS translocates through or inserts into biological membranes. For example,

POTRA1 of BamA in E. coli has been shown to interact with nascent LptD,

LamB, and OmpF (all OMPs destined for the OM in E. coli), and has been

implicated in assembly of BamA into the OM (Bennion et al., 2010;

Knowles et al., 2008). POTRA domains belonging to TpsB transporters

interact with their TpsA partner (Clantin et al., 2007; Hodak et al.,

2006). In particular POTRA1 of FhaC was shown to interact with FHA,

although not as well as the entire periplasmic domain of FhaC does

(Delattre et al., 2011). This means that POTRA2 of FhaCmust interact with

the FHA substrate as well. POTRA2 of Toc75 is predicted to be very large

and may contain a b-bulge-like POTRA2 of nOmp85 or POTRA3 of

BamA. If this is the case, POTRA2 of Toc75 will have more residues that

could possibly interact with TPs or other members of the TOC machinery.

It has been shown that POTRA domains gate the pore, as constructs

without the POTRA-containing N-terminus of nOmp85 allow sucrose

to diffuse freely into the liposomes they are reconstituted into (Ertel

et al., 2005; Koenig et al., 2010). More specifically the most C-terminal

POTRA domain, POTRA3, of nOmp85 contains a loop deemed L1 loop

between the first b-strand and first a-helix. This loop is conserved in chlo-

roplast and cyanobacteria but not mitochondria or proteobacteria, and has

been shown to have a gating effect on the pore of nOmp85 (Koenig

et al., 2010). Another possibility for the observed gating effect on the pore

of the translocon is that there are b-strands in the pore that are unstable, and
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interaction with other residues could help to stabilize them. In this case res-

idues from the POTRA domains could act as the stabilizing proteins and

would be called “in-plug” domains (Naveed et al., 2009).

6.2. Models of POTRA interaction with peptide substrates
While some of the roles for individual POTRA domains have been defined,

we will take a look at proteins with structures similar to POTRA domains so

that we can analyze possible modes of interaction for the POTRAs.

6.2.1 MHC class I
Class I major histocompatibility complex (MHC)molecules carry short pep-

tides from proteins degraded in the cytoplasm of nucleated vertebrate cells to

the cell surface via secretory vesicles (Falk et al., 1991). The tertiary structure

of this MHC is strikingly similar to a POTRA domain (Fig. 1.7), although

there is a difference in the way that the two different domains behave with

respect to interacting with their respective substrates. Class I MHC mole-

cules bind peptides very strongly in vitro with fast association rates

(Springer et al., 1998) and slow dissociation rates (Buus et al., 1986). In fact,

class IMHCmolecules are capable of forming complexes with half-lives last-

ing tens of hours with many different peptide substrates (Khan et al., 2000).

This differs from POTRA domains because POTRA domains do not form

stable complexes with their substrates. If the binding affinity of POTRA

MHC POTRA

Figure 1.7 Tertiary structure of MHC and POTRA domain. Solved crystal structures of
Class I major histocompatibility complex (MHC) from Homo sapiens and POTRA2 from
TeOmp85 (pdb ids. 1DUZ, 2X8X, respectively) are shown.
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domains were too high, it would severely hamper the ability of their proteins

to export/import substrates or to insert proteins into the OMs. It is possible

that the shorter length of a-helices in POTRA domains contributes to a

lower affinity for their substrates when compared to MHC molecules.

Another way the mode of interaction of POTRA domains and MHC mol-

ecules differ is that MHC interactions are specific. Side chains of peptides in

the binding groove of MHCmolecules reside in specific pockets, showing a

sequence dependence on peptide binding (Garrett et al., 1989; Guo et al.,

1993; Saper et al., 1991). However, POTRA domains cannot interact spe-

cifically with TPs, because there are thousands of different TPs (Bruce,

2000), and only three POTRA domains in Toc75 (Sanchez-Pulido

et al., 2003).

6.2.2 Hsp70/DnaK
Another set of molecules that use b-strands to bind their substrates are the

molecular chaperones in the 70-kDa heat shock protein (Hsp70) family, pre-

sent in the cells of all organisms (Zhu et al., 1996). These proteins have con-

stitutive and stress-induced functions (Saito and Uchida, 1978), and are

involved in events such as translocation, nascent polypeptide folding, and

antiaggregation functions (Rothman, 1989). There are ATP and

substrate-binding domains present on Hsp70s (Welch and Feramisco,

1985). The crystallized structure of the substrate-binding domain of DnaK,

the Hsp70 that functions in DNA replication in E. coli (Saito and Uchida,

1978), has a b-sandwich, composed of eight b-strands inside of five a-helices
(Zhu et al., 1996). Peptides interact with the substrate-binding domain by

forming hydrogen bonds with the b-sandwich domain of DnaK (Mayer and

Bukau, 2005). Hsp70-peptide complexes, like class I MHC interactions,

have long half-lives (Schmid et al., 1994). However, DnaK can bind pep-

tides in extended conformations, and the hydrogen bonds formed between

DnaK and peptide backbones are generic with few key specificity determin-

ing pockets (Zhu et al., 1996).

6.2.3 PDZ domains
PDZ domains are 80–110 residue-containing domains present in the

C-terminal portions of signaling proteins of bacteria, yeast, plants, and ani-

mals that use b-augmentation to interact with peptides (Boxus et al., 2008;

Cho et al., 1992; Ponting, 1997). PDZ domains derived their name from the

first three different proteins that they were noticed in: postsynaptic density

protein of 95 kDa (PSD95), Drosophila disc large tumor suppressor (DlgA),
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and zonula occludens-1 protein (Zo-1) (Kennedy, 1995). PDZ domains

have six b-sheets and two a-helices. Here, b-augmentation occurs between

an exposed b-strand of the PDZ domain and a ligand, including a synthetic

peptide used in a crystallization experiment (Lee et al., 2011). Interestingly,

the structure of PDZ domains and POTRA domains is highly similar, with

both domains ranging in size from 70 to 120 residues (Fig. 1.8), unlike the

larger MHC domains. Both b-augmentation interactions in this crystal

structure are antiparallel, but parallel interactions can occur (Kim et al.,

2007; Koenig et al., 2010). Regions of 100–150 residues present in insulin

receptor substrates 1 and 2 also form hydrogen bonds with b-stranded pep-

tides near the exposed edge of a b-sheet (Harrison, 1996).

7. CONCLUDING REMARKS

This review covers the recent progress in the structure and function of

the Omp85/TSP superfamily of OMPs. We show that this family is com-

posed of two discreet groups with divergent roles. Moreover, the distinct

roles of these two subgroups are ancient and most likely precede the earliest

stages of endosymbiosis that gave rise first to mitochondria and then to plas-

tids. Interestingly, both groups are conserved in their general structure and

contain a variable number of POTRA domains at their N-terminus

followed by a 16-stranded b-barrel structure. Further work is needed to elu-
cidate the role of the individual POTRA domains, however both structural

alignments and functional studies suggest that it is the POTRA domain most

proximal to the b-barrel that is most conserved and essential. Future work

will be needed to elucidate the individual roles of the POTRA domains.

PDZ POTRA

Figure 1.8 Tertiary structure of PDZ and POTRA domain. Solved crystal structures of
PDZ domain of PSD-95 from Rattus norvegicus and POTRA2 from TeOmp85 (pdb ids.
3GSL, 2X8X, respectively).
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A very interesting area to emerge recently is the apparent duplication and

multiple roles that the OMP85 members play in photosynthetic organisms

including cyanobacteria and in the OM of the plastid envelope. This is an

area that has had considerable advances from genomic analysis but also from

recent structural work. Of great interest is the process of how cyanobacterial

OMP85 members were redeployed to function in the process of protein

import into the plastid. This likely required a topological inversion and

meant that the ancestral function essential for cyanobacterial survival was

dispensed and the duplicated protein found a new niche and now functions

in the biogenesis of the plastid. As new structural data becomes available this

will be an exciting area of membrane and organelle biogenesis.

Finally, the role of these Omp85/TPS proteins in the translocation,

insertion, and assembly of proteins will be important for a wide range of

membrane proteins including other TOC components, OMP assembly

machinery, and virulence factor exporters. However, the details of this

chaperone role of the POTRA domains in protein folding and assembly will

require new structural and genetic approaches in the future.
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Abstract

Nucleotide biosynthesis is a highly regulated process necessary for cell growth and rep-
lication. Cytoplasmic structures in mammalian cells, provisionally described as rods and
rings (RR), were identified by human autoantibodies and recently shown to include two
key enzymes of the CTP/GTP biosynthetic pathways, cytidine triphosphate synthetase
(CTPS) and inosine monophosphate dehydrogenase (IMPDH). Several studies have
described CTPS filaments in mammalian cells, Drosophila, yeast, and bacteria. Other
studies have identified IMPDH filaments in mammalian cells. Similarities among these
studies point to a common evolutionarily conserved cytoplasmic structure composed
of a subset of nucleotide biosynthetic enzymes. These structures appear to be a con-
served metabolic response to decreased intracellular GTP and/or CTP pools. Antibodies
to RR were found to develop in some hepatitis C patients treated with interferon-a and
ribavirin. Additionally, the presence of anti-RR antibodies was correlated with poor treat-
ment outcome.

1. INTRODUCTION

We recently reported novel autoantigenic cytoplasmic structures,

referred to as rods and rings (RR, Fig. 2.1), detected using autoantibodies

in specific patient sera (Carcamo et al., 2011). Many of the patients have

hepatitis C virus (HCV) infection and produce anti-RR autoantibodies after

treatment with a standard combination therapy of pegylated interferon-a
and ribavirin (IFN/R) (Covini et al., 2012). These structures contain cyti-

dine triphosphate synthetase 1 (CTPS1) and inosine monophosphate dehy-

drogenase 2 (IMPDH2), proteins of 67 and 55 kDa, respectively (Carcamo

et al., 2011). Staining by sera from HCV patients and rabbit anti-IMPDH2

antibodies shows perfect colocalization to RR structures. CTPS inhibitors

6-diazo-5-oxo-L-norleucine (DON) and acivicin, as well as the IMPDH2

inhibitors ribavirin and mycophenolic acid (MPA), induce formation of RR

in a dose-dependent manner. The induction of RR using these inhibitors

has been confirmed in all cancer cell lines and primary cells examined.

Our previous report indicated that RR are visualized in undifferentiated

mouse embryonic stem cells (ESCs) without the treatment of inhibitors

and were disassembled after differentiation with retinoic acid (Fig. 2.1C)

(Carcamo et al., 2011). RR can also be found without the use of inhibitors
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in Ptk2 (male rat kangaroo kidney epithelial), 3T3 (mouse fibroblast), and

NRK (normal rat kidney epithelial) cells (Fig. 2.1D–F), as well as in

RAW264.7 (mouse leukemic monocyte/macrophage) cells (unpublished

data). RR have also been shown to form in untreated CHO (Chinese ham-

ster ovary) cells transfected with HA-IMPDH (Gunter et al., 2008) and in

CHO cells with no extrinsic manipulation at all (Stinton et al., 2013).

Therefore, RR expression may be a very interesting biomarker for different

types of cells. Various publications from other groups have described novel

cytoplasmic filament-like structures that are composed of enzymes involved

in either cytidine triphosphate (CTP) or guanosine triphosphate (GTP)

nucleotide biosynthesis. Recently, a number of laboratories around the

world have concurrently described these structures and assigned them

Figure 2.1 Rods and rings (RR) recognized by human autoantibodies. (A) HEp-2 cell sub-
strate from INOVA Diagnostics (San Diego, CA, USA) shows RR recognized by prototype
anti-RR serum It2006. (B) Huh7 (human hepatocellular carcinoma) cells exhibit RR
induced by 1 mM ribavirin treatment for 24 h. (C) Undifferentiated mouse embryonic
stem cells exhibit RR in an unusual ratio of 90% rings to 10% rods. (D–F) RR are present
in Ptk2 (male rat kangaroo kidney epithelial cells), 3T3 (mouse fibroblasts), and NRK (nor-
mal rat kidney epithelial cells) when incubated in normal growth medium without any
treatment. All panels are stained with human prototype anti-RR serum It2006 followed
by Alexa 488 goat anti-human IgG (green) and nuclei counterstained with DAPI (blue).
Rods (arrows) and rings (arrowheads) are shown throughout each panel.
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different names, although it will likely be shown that many of these struc-

tures are one in the same. Here, we review all the relevant findings which

allow us to speculate that the main function of RR and other macromole-

cules described is the enhancing of CTP/GTP production when their intra-

cellular levels are lowered; the formation of RR is thus sensitive to lowered

cellular levels of GTP/CTP. We refer to these structures as RR for the

remainder of this article, as we have referred to them in previous

publications.

2. CONSERVED RR STRUCTURES ACROSS SPECIES

Assembly of intracellular protein complexes can serve important func-

tional purposes. Hundreds of metabolic enzymes across diverse organisms

form large intracellular bodies inside bacterial microcompartments and

eukaryotic microbodies (O’Connell et al., 2012). GW bodies are cytoplas-

mic structures assembled from miRNA/mRNA–protein complexes that

play a role in RNA interference and mRNA degradation (Fritzler and

Chan, 2013; Yao et al., 2013). Previous studies have also identified pur-

inosomes and U bodies as functional cytoplasmic structures (An et al.,

2008; Liu and Gall, 2007). Various studies show that inhibition of certain

enzyme activity by chemical inhibitors or by altering nutrient levels can

induce formation of other filaments. Acetyl-CoA, involved in fatty acid syn-

thesis, has been shown to assemble into filaments in mammalian cells and

yeast in response to citrate (Kleinschmidt et al., 1969; Schneiter et al.,

1996). Acetyl-CoA filaments, as well as glutamine synthetase filaments in

yeast, show that enzyme activity and nutrient starvation play a role in fila-

ment polymerization (Beaty and Lane, 1983; Narayanaswamy et al., 2009;

Vagelos et al., 1962). Nutrient deprivation plays a similar role to the nucle-

otide biosynthetic enzyme inhibitors described above in reducing nucleotide

levels and, therefore, depleting nucleotide levels may be a direct cause of the

formation of RR. Since CTPS1 and IMPDH2 are key RR components, it

is speculated that formation of RR helps increase cellular production of

GTP and CTP.

2.1. Nematin in mammalian cells
The earliest report on RR-like structures is the work by Willingham et al.

(1987), who described a novel cytoplasmic filament named nematin that is

practically identical to rods shown in Fig. 2.1 (Willingham et al., 1987). The

structures were observed by immunofluorescence staining using amonoclonal
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antibody referred to as antinematin. The monoclonal antibody was derived

from aBALB/cmouse thatwas immunizedwith SR-BALB3T3 cells and thus

can be classified as an autoantibody, as it was later shown positive for staining

of mouse 3T3 cells. Most cells exhibited only one of these structures, but

occasionally more than one were present. Some structures took on a distinct

doughnut shape, which appears to be indistinguishable from the rings shown

in Fig. 2.1. Through colocalization studies, the filaments were identified to

be independent of tubulin or vimentin. The presence of these filaments was

examined in nine different mammalian cell lines and they determined that

rat and mouse cells expressed the nematin structure at a higher frequency,

while chick embryo cells contained virtually no such structures. This observa-

tion is consistent with our recent observations that a rat (NRK), rat kangaroo

(Ptk2), and two mouse (3T3, RAW264.7) cell lines express RR while incu-

bated in typical growth medium alone; this effect has not been seen in any

human cell lines examined to date. Fixation methods affected the stability of

the structures, with formaldehyde acting as the best fixative. With the use of

light and electronmicroscopy andmicroinjection, they identified this filament

as a novel cytoplasmic structure without a lipid bilayer membrane. They con-

cluded that the antigen recognized by the monoclonal antibody was a protein

and that it may be a differentiationmarker. Although the antigenwas not iden-

tified, immunoprecipitation analysis revealed that the antigen was a 58-kDa

protein, very close in size to IMPDH. Additionally, cells were found to have

a higher frequency of nematin right after thawing and DMSO treatment did

not induce filament formation;we also found this to be true forRR.This study

wasnotcontinued todetermine the identityof theantigen,but these similarities

suggest that this may be the first publication to identify the novel cytoplasmic

structure that we have described as RR.

2.2. IMPDH filaments induced by MPA in mammalian cells
The second report of a filament composed of a nucleotide biosynthetic

enzyme was from Ji et al. (2006), who discovered that IMPDH inhibitors

induced formation of rods composed of IMPDH and that the structure

was reversible with the addition of guanosine or GTPgS. Cells treated with
MPA induced the clustering of IMPDH in as little as 30 min, with full

linear/rod and annular/ring structures observed after 24 h. MPA treatment

also caused a mobility shift of the IMPDH band in SDS-PAGE detectable in

Western blotting. The band shift was preventable with the use of guanosine,

which also caused the disassembly of the IMPDH aggregates.
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The aggregation of IMPDHwas associated with the loss of enzymatic activ-

ity, as expected from the putative inhibitory action of MPA. They deter-

mined that GTP levels are important for the prevention and reversal of

IMPDH aggregates; direct binding of GTP to IMPDH reverses the confor-

mational changes in the protein caused byMPA. The structures identified by

Ji et al. are the same as RR, although their data suggest that IMPDH is capa-

ble of polymerizing in the absence of other proteins. RR formation was

also detected in HeLa cells treated with MPA using a rabbit anti-IMPDH

antibody and our patient autoantibody (unpublished).

Another report by Gunter et al. (2008) described these putatively iden-

tical structures in rat retinal cells, and confirmed the findings related to MPA

by Ji et al. (2006). Their work focused on characterizing the differences

between the two isoforms of IMPDH, especially related to intracellular

localization during various phases of development of the rat retina, since

mutations in the IMPDH1 gene have been shown to contribute to several

related retinal diseases (Bowne et al., 2002, 2006; Kennan et al., 2002). Their

major finding that propelled further investigation was that an isoform switch

occurs during development around P10 (postnatal day 10). In the early

development of retinae, IMPDH type 1 is undetectable while type 2 is pre-

sent, but after P10, the type 1 variants a and g become the dominant forms.

This led them to examine the subcellular distribution of both isoforms and

their variants, hoping that localization may provide clues to the function of

the IMPDH isoforms. Intriguingly, they observed that in developing rat ret-

inae, type 1 tended to aggregate into these “intracellular macrostructures,” as

they refer to these RR-like structures in their report, at a higher rate than

type 2; this is contrary to our laboratory’s typical thinking, as we have only

shown that type 2 is present in RR and have yet to document the inclusion

of type 1 in the polymerization process. Curiously, they did not see the same

spontaneous formation in adult retinae, despite the dominance of IMPDH

type 1a and 1g later in development. This contradiction could be explained

by high intracellular GTP levels within the photoreceptors; the group did

find that cells supplemented with guanosine prior to expression of IMPDH1

could not form the structures. They utilized CHO cells to compare the

expression of transiently and stably transfected HA-tagged IMPDH type 1

and type 2 compared to endogenous isoforms of IMPDH in nontransfected

cells. It is important to note that these macrostructures formed in CHO cells

that were untreated beyond the transfection, the first indication of RR for-

mation without the use of IMPDH inhibitors outside of the work done by

Willingham et al. (1987).
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Additionally, the study of Gunter et al. (2008) built upon the work done

by Ji et al. (2006) related to macrostructure formation due to decreased intra-

cellular GTP levels. While Ji et al. hypothesized that the conformational

changes brought about by binding of inhibitors to IMPDH caused aggrega-

tion, Gunter et al. (2008) rejected that hypothesis and decided that the intra-

cellular GTP levels must be a major factor and set out to prove it. First, they

confirmed the other group’s findings by reproducing the reversal of structure

formation using guanosine supplementation. They also noted that a low per-

centage of untreated cells contained these macrostructures and suggested

that a spectrum of IMPDH distribution from cell to cell may play an impor-

tant role. Decoyinine, which blocks de novo synthesis of guanine nucleotides

by inhibiting GMP synthetase (GMPS), the enzyme directly downstream of

IMPDH, did not affect enzymatic activity of IMPDH but encouraged for-

mation of RR. To further support their hypothesis, they also utilized

reverse-phase HPLC and measured that intracellular GTP levels were

reduced by over 80% following treatment with MPA; guanosine supple-

mentation reversed this effect and increased GTP levels to above that of

control cells. These findings led them to believe that the RR-like macro-

structures may be a result of substrate channeling, so they examined the

subcellular distribution of transiently expressed HA-tagged GMPS and

endogenous aminoimidazole carboxamide ribonucleotide formyltransferase

(ATIC), an enzyme upstream of IMPDH, in CHO cells treated with MPA.

They observed only diffuse cytoplasmic staining with no localization of

these enzymes to any RR-like macrostructures, ruling out their substrate

channeling hypothesis.

In 2012, a report from the same group documented their most recent

findings regarding IMPDH polymerization and the Bateman domains of

both isoforms (Thomas et al., 2012). The Bateman domain is a conserved

region found in a wide variety of proteins across different species, important

in allosteric regulation (Bateman, 1997; Kemp, 2004). Mutations in the

Bateman domain have been implicated in several diseases (Ignoul and

Eggermont, 2005), but its role in IMPDH has not been fully characterized

to date. Its importance in the regulation of nucleotide homeostasis in vivowas

established in 2008 by Pimkin and Markham using Escherichia coli with a

Bateman domain deletion in the IMPDH gene; the bacteria were unable

to utilize exogenously supplied purine bases to maintain normal ATP and

GTP levels (Pimkin and Markham, 2008). Scott et al. (2004) observed

ATP binding to the Bateman domain of purified human IMPDH2 that

increased catalytic activity by fourfold, although other laboratories have
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been unable to reproduce these data. Thomas et al. (2012) hypothesized that

the Bateman domain, which varies between the two IMPDH isoforms, may

explain their differential inclinations to polymerize. Several IMPDH1/2

chimera constructs were used to demonstrate that theN-terminal 244 amino

acids, which include the Bateman domain, determine the isoform’s ten-

dency to form macrostructures. This is based on isoform-specific

nucleotide-binding capabilities that induce conformational changes, which

alter communication between the Bateman domain and the catalytic

domain, suggesting that both domains are important to polymerization

and subcellular localization. Additional examination of retinitis

pigmentosa-causing mutations R224P and D226N by the same group

yielded the observation that the R224P mutation inhibited ATP binding

and decreased the tendency of the mutant protein to polymerize, while

the D226Nmutation appeared similar to the wild type with, perhaps, a slight

reduction in ATP binding. Their results hint that future studies of these

mutations may provide us with more clues into the formation and function

of these structures.

2.3. Drosophila cytoophidia—CTPS filaments
There are several recent studies reporting RR-like structures in different

systems. Liu (2010) identified an RR-like intracellular structure containing

CTPS inDrosophila cells. The structures, referred to as cytoophidia (cell ser-

pents), were identified in all majorDrosophila cell types within the ovary and

other tissues, such as brain, gut, trachea, testis, accessory gland, salivary

gland, and lymph gland. The structure was recognized by an antibody

against Cup protein that was believed to have cross-reactivity. Using two

GFP-protein trap fly stocks from the Carnegie Protein Trap Library, CTPS

was identified as a component of cytoophidia (Liu, 2010). Cytoophidia were

also determined to be associated with the microtubular network but not

associated with centrioles. Two types of structures were identified as

macro- and microcytoophidia based on their length.

In a follow-up study, the same laboratory reported similar structures in

human HeLa P4 cells using an anti-CTPS antibody (Chen et al., 2011).

Cytoophidium formation was increased by treatment with CTPS inhibitor

DON. Knocking down CTPS caused the cytoophidia to disappear,

although it is unknown if the disappearance is due to the requirement of

CTPS or the decrease in protein. Azaserine, another CTPS inhibitor,

showed effects similar to those of DON. Identification of cytoophidia in
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HeLa and clustering of CTPS suggests that these structures are identical to

RR. Cytoophidia and RR have clear similarities and both structures have

been determined to be unassociated with centrioles. Although the expres-

sion frequency of cytoophidia varies, both structures can be induced with

DON and both structures were detected with antibodies to CTPS.

The most recent report from Liu’s laboratory builds on the knowledge of

cytoophidia by focusing on the roles of the three isoforms of CTPS present

in Drosophila melanogaster (Azzam and Liu, 2013). Their results indicate that

only isoform C localizes to the cytoophidium, while isoform A localizes to

the nucleus and isoform B appears diffuse in the cytoplasm. Although iso-

form A does not seem to be incorporated into the cytoophidium, its expres-

sion is still important for the formation of the structure; a mutation

disturbing isoform A expression in the nucleus prevents cytoophidium for-

mation in the cytoplasm just as mutations to isoform C arrest cytoophidium

assembly. Additionally, when isoform C was overexpressed in ovarian cells,

the length and thickness of the structures increased significantly; in embry-

onic cells, where cytoophidia are less commonly observed, overexpression

stimulated assembly of cytoophidia. Azzam and Liu also examined the pro-

tein domains that differed between the three isoforms and how they affected

cytoophidium development. They identified a unique N-terminal domain

in isoform C required for cytoophidium assembly, suggesting that isoform

C is the fully functional form of CTP synthetase; a truncated isoform

C lacking this 56-aa segment could not assemble the structures. It is likely

that their results regarding this N-terminal segment could be replicated in

human cells, as this region is highly conserved among species. They also

showed that overexpression of the synthetase domain prevents cyto-

ophidium formation.

2.4. Rod-like filaments in Saccharomyces cerevisiae
Another recent study from Noree et al. (2010) identified nine proteins that

formed rod-like filaments in S. cerevisiae. The filaments were identified

using GFP-tagged proteins; they also verified that the tag did not play a role

in the formation of the filaments because the same filaments were observed

when the GFP tag was changed to an HA epitope tag. Additionally, the

tagged version of each protein did not affect growth or viability of cells.

The nine proteins are Glt1p (glutamate synthase), Psa1p (GDP–mannose

pyrophosphorylase), Ura7p/Ura8p (CTP synthase), Gcd2p (eIF2B-d),
Gcd6p (eIF2B-e), GCD7p (eIF2B-b), Gcn3p (eIF2B-a), and Sui2p

(eIF2B-a). Some of the nine proteins colocalized to form four distinct
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filaments. They observed that the Ura7p filaments were increased when

cells were grown to saturation and concluded that this was due to a decrease

in available carbon sources. In addition, treating cells with sodium azide to

alter energy status caused an increase in Ura7p and Psa1p filaments. CTPS

filaments were identified in all three cell types in the Drosophila egg cham-

ber. They concluded that the different complexes form in response to envi-

ronmental conditions either to promote or inhibit particular enzymatic

processes, and not as a stress response. Additionally, CTPS filament assem-

bly is caused by the regulation of enzyme activity by the binding of specific

ligands such as CTP.

2.5. CTPS filaments in Caulobacter crescentus
The recent report from Ingerson-Mahar et al. (2010) identifies a possible

function of CTPS filaments in the fresh water bacterium C. crescentus.

They demonstrated that CTPS formed filaments along the inner curve of

the bacterium using electron cryotomography. This bacterial CTPS enzyme

has a bifunctional role; as a filament, it regulates the curvature ofC. crescentus

and performs its catalytic function. They treated cells with the irreversible

CTPS inhibitor DON and showed the disruption of the CTPS filament.

They determined via electron cryotomography that CTPS colocalizes with

the filament and is required for its formation. In addition, an E. coli CTPS

homolog was able to form filaments both in vivo and in vitro. They concluded

that CTPS is a negative regulator of cell curvature by mediating CreS.

However, the mechanism of how CTPS controls cellular curvature

remains unclear.

2.6. Loukoumasomes in rat sympathetic neurons
Ramer et al. (2010) described an intracellular organelle present in a subset of

rat sympathetic ganglion neurons. These doughnut-like bodies, named

“loukoumasomes” from the Greek words for doughnut (loukoumas) and

body (soma), are quite similar in size to RR at �6 mm in diameter, but only

appear once per neuron. Like RR, loukoumasomes have also been observed

in rod or “figure 8” forms, although the ring-like shape is the most prevalent

phenotype reported. Loukoumasomes can be recognized throughout the

cytoplasm and initial axon segment of these specific neuronal cells and asso-

ciate with nematosomes as well as centrosomes and their primary cilia,

although the structures themselves are not centrosomes. To date, g-tubulin,
myosin IIb, and cenexin have been confirmed as components of the
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loukoumasome, while bIII tubulin is presented as an additional potential

component, as different antibodies have provided the group with varying

results.

Ramer’s group hypothesizes that loukoumasomes are potentially active

structures that maneuver between the perinuclear compartment and the

axon; this idea is supported by their observation that an antibody to non-

muscle heavy chain myosin recognized the loukoumasome structure. They

hypothesize that this organelle is dynamic and may supply centrosomes with

g-tubulin to conserve cell shape. Cenexin, a protein associated with centri-

oles and ciliary development, also localizes to loukoumasomes, which may

implicate this organelle plays a role in maintaining primary cilia. Despite the

fact that RR and loukoumasomes have not been found to contain common

proteins, it is intriguing that these structures, which appear phenotypically

identical to RR, are potentially mobile within the cell because the mobility

of RR has yet to be shown. At the least, there must be a mechanism for

aggregation of proteins into the RR structure, and there may yet be a link

between RR and loukoumasomes.

In summary, RR-like filaments have been identified in a wide range of

species as described above. RR-like filaments have been identified in

human, mouse, rat, rat kangaroo, Chinese hamster, Drosophila, yeast, and

bacteria. Filament sizes range from <1 to 50 mm, with bacteria expressing

the smallest structures and Drosophila expressing the largest ones (summa-

rized in Table 2.1). The structures have also been identified in some cancer

cell lines, primary cells, and stem cells as discussed above.

3. KNOWN COMPONENTS OF RR

3.1. Cytidine triphosphate synthetase
The observation that two known components in RR are CTPS1 and

IMPDH2 implicates the association of these structures with CTP and

GTP biosynthesis. CTP and GTP are essential building blocks of DNA

and RNA and are involved in a multitude of pathways in both prokaryotes

and eukaryotes. They serve as energy carriers, participate in cellular signal-

ing, and act as important cofactors in enzymatic reactions. Nucleotide bio-

synthesis can occur via de novo pathways or the salvage pathway and is tightly

regulated by the cell. CTPS is a glutamine amidotransferase enzyme that cat-

alyzes the conversion of uridine triphosphate (UTP) to CTP and is a key

enzyme in nucleic acid and phospholipid biosynthesis (Fig. 2.2). Two

human isoforms, CTPS1 and CTPS2, are 74% identical at the amino acid
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Table 2.1 Comparison of various reported RR-like cytoplasmic filament structures

Group
Rods/rings;
components Sizes

Induction
method Detection

Species/cell
types

Similarities
versus
Carcamo et al.
(2011)

Differences
versus Carcamo
et al. (2011)
(Carcamo et al.,
2011)

Other
Comments

Carcamo

et al. (2011)

Both

detected;

CTPS1,

IMPDH2

3–10 mm rod

length;

2–5 mm ring

diameter

CTPS1 and

IMPDH2

inhibitors:

DON,

acivicin,

ribavirin,

MPA

IMDPH2 and

CTPS1

antibodies

and human

autoantibodies

Human: HeLa,

HEp-2, K562,

HCT116; mouse

3T3, primary

cardiomyocytes,

fibroblasts, ESCs

– – –

Willingham

et al. (1987)

Both

detected;

nematin,

58 kDa

0.5–3 mm
rod length

Not induced Mouse IgG3

mAb

Human KB;

bovine MDBK;

rat NRK; mouse

3T3

Not enriched

in vimentin

or tubulin;

Prevalent in

newly

thawed cells;

Fixation

methods

affect

structure

– mAb Stains

mouse skin

and CNS;

Not abundant

in human cell

lines

Ji et al.

(2006)

Both

detected;

IMPDH

0.1 to>1 mm
in diameter

IMPDH

inhibitor MPA

IMPDH

antibody

Human: MCF7,

CEM, K66/B5

Untreated

cells show

IMPDH

dispersed in

cytoplasm;

– Mobility shift

of IMPDH

after MPA

treatment in

Western blot



Aggregates in

30 min after

MPA

treatment;

mature rods

by 24 h;

No

association

with other

organelles

Guanosine,

guanine,

GMP, GDP,

GTP

disassemble

rods;

MPA causes

aggregation of

IMPDH on

glass slides

Gunter et al.

(2008)

Both

detected;

IMPDH

2–10 mm in

length

IMPDH

inhibitor MPA

IMPDH

antibody,

HA-IMPDH1/

2

Rat retina; CHO Same as Ji

et al. above

RR in untreated

CHO;

IMPDH1

detected

RR found in

developing rat

retinae and

CHOwith no

induction by

inhibitor

Liu (2010) Both

detected as

cytoophidia;

CTPS

<1–50 mm
rod length,

depends on

stages

Not induced Three CTPS

antibodies,

GFP-CTPS

Drosophila

follicle cells,

nurse cells,

oocytes

Cytoophidia

are not

associated

with

centrioles

CTPS

functional in

cytoophidium;

Associated

with the

microtubular

network but

does not overlap

–

Chen et al.

(2011)

Both

detected;

CTPS

2-10 mm rod

length

CTPS

inhibitor

DON

CTPS antibody Human HeLa P4 DON

increases the

Only 40% RR

can be induced

DON

induced

apoptosis and

Continued



Table 2.1 Comparison of various reported RR-like cytoplasmic filament structures—cont'd

Group
Rods/rings;
components Sizes

Induction
method Detection

Species/cell
types

Similarities
versus
Carcamo et al.
(2011)

Differences
versus Carcamo
et al. (2011)
(Carcamo et al.,
2011)

Other
Comments

formation of

cytoophidia

at 4 mg/mL of

DON

induced

filament

formation in

Drosophila

ovaries

Noree et al.

(2010)

Only rods;

CTPS Ura7p

0.5-3 mm
length

Nutrient

deprivation

or CTPS

inhibition

GFP-protein

in yeast

S. cerevisiae,

D. melanogaster

Filament

formation is

due to

regulation of

enzymatic

activity

The tag on the

protein does not

affect the

formation of the

filament

Kinase

inhibitor

staurosporine

increased

filament

formation

Ingerson-

Mahar et al.

(2010)

Only rods;

CTPS

390–790 nm

length

Not induced

or CTPS

overexpression

mCherry–

CTPS

C. crescentus,

E. coli

– DON disrupts

rods;

Overexpression

increase length

of rods

CTPS

interacts with

CreS

Ramer et al.

(2010)

Both

detected;

g-tubulin,
myosin IIb,

cenexin

�6 mm
diameter

Not induced Antibodies to

g-tubulin,
myosin IIb,

cenexin;

SDL.3D10 Ab

Rat sympathetic

ganglion

neurons

Phenotypical

appearance

Specific to cell

type; no

common

components

Potentially a

mechanism

for

intracellular

transport



level (Kursula et al., 2006). There are two CTPS isozymes in S. cerevisiae,

URA7 and URA8, which correspond to the mammalian CTPS1 and

CTPS2, respectively. The enzyme consists of the N-terminal synthetase

domain and the C-terminal glutaminase domain. The latter catalyzes the

deamination of glutamine. CTPS is an established target for antiviral, anti-

neoplastic, and antiparasitic therapy (Dereuddre-Bosquet et al., 2004; Hofer

et al., 2001; Verschuur et al., 2000).

Figure 2.2 A schematic of RR components CTPS1 and IMPDH2 within the purine and
pyrimidine biosynthesis pathways. The sites of inhibition for DON, acivicin, ribavirin,
MPA, decoyinine, and pemetrexed that induce RR formation are shown in red. IMPDH2
is an enzyme involved in the GTP biosynthesis pathway that catalyzes the conversion of
IMP into XMP, which is then converted by GMPS into GMP, a precursor to the production
of GTP. CTPS1 is an enzyme involved in the CTP biosynthesis pathway and catalyzes the
conversion of UTP to CTP. Arrows signify steps in the pathway. Green arrows signify acti-
vation of pyrimidine and purine biosynthesis pathways by ATP and GTP. Red angled line
signifies inhibition of the pyrimidine biosynthesis pathway by end product CTP. The
pathway schematic is adapted from Hofer et al. (2001).
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3.2. Inosine monophosphate dehydrogenase
IMPDH is also tightly regulated and catalyzes the conversion of IMP into

xanthosine 50-monophosphate, which is the rate-limiting step in the de novo

synthesis of guanine nucleotides (Fig. 2.2) ( Jackson et al., 1975;Weber et al.,

1996). IMPDH exists as two 55 kDa isoforms, IMPDH1 and IMPDH2,

with 84% amino acid sequence identity and forms independent tetramers

when active (Colby et al., 1999). IMPDH is an important regulator of cell

proliferation and is a known target in the treatment of neoplastic and viral

diseases. MPA, an IMPDH inhibitor, has been used as an immunosuppres-

sive agent for organ transplants and autoimmune diseases (Allison and Eugui,

1993; Franklin and Cook, 1969; Sintchak et al., 1996). Another IMPDH

inhibitor, ribavirin, is currently being used in the treatment of HCV

(Hong and Cameron, 2002; Zhou et al., 2003).

3.3. Other candidate components
Immunoprecipitation of K562 cell extract using anti-RR-positive HCV

patient sera shows that some anti-RR antibody-positive sera named 604,

605, and 611 pull down a common 55 kDa doublet (Fig. 2.3A, red dots),

which corresponds to IMPDH1/2. Although CTPS1 and IMPDH2 are

known RR components, other sera with anti-RR antibodies by immuno-

fluorescence do not immunoprecipitate IMPDH or CTPS protein

(Fig. 2.3A, 603, 606, 608, 609, 610, and 612). Immunofluorescence analysis

shows serum 609 (anti-RR-positive, 55 kDa doublet-negative) and serum

611 (anti-RR-positive, 55 kDa doublet-positive) both recognize the same

structure costained with rabbit anti-IMPDH2 (Fig. 2.3B–J). To date, three

studies have identified IMPDH and five have identified CTPS as compo-

nents of the RR-like filaments, as summarized in Table 2.1. Liu speculates

that these structures may be composed of additional components, as seen in

the yeast Ura7p and Ura8p filaments (Liu, 2011). Willingham et al. (1987)

identified that nematin filaments were not enriched in vimentin or tubulin.

Our study also concluded that RR are neither enriched in vimentin, tubulin,

or actin, nor associated with any known cytoplasmic structures (Carcamo

et al., 2011). In addition, we investigated the colocalization of RRwith cen-

trioles and determined that RR are not primary cilia because the structures

are not attached to the centrioles.

Recently, a study byProbst et al. confirmed IMPDH2as the primary anti-

gen for human anti-RR autoantibodies using their newly developed recom-

binant cell-based indirect immunofluorescence assay. This study showed that
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anti-RR-positive patient sera reacted with recombinant IMPDH2 but did

not react at all with recombinant CTPS, causing the group to name CTPS

an “unlikely target” of anti-RR antibodies (Probst et al., 2013). To date,

only one anti-CTPS antibody has been able to recognize RR structures in

INOVA HEp-2 slides (Table 2.2). It is likely that the native conformation

of CTPS and the manner in which CTPS is incorporated into the structure

limits available epitopes such that many antibodies are unable to recognize

RR in immunofluorescence. While we know from the report by Probst

et al. that anti-RRantibodies frompatient sera likely donot recognizeCTPS,

it is also possible thatCTPS is not present inRR structures under certain con-

ditions, since its presence has only been confirmed by this single antibody

under unknown cellular conditions in a commercial slide, and has not been

confirmed under any other conditions. Further studies are required to con-

firm the presence of CTPS in RR structures induced with various methods.

Figure 2.3 Patient autoantibodies recognize multiple components of RR. (A) Immuno-
precipitation of K562 cell lysates using hepatitis C patient sera 602–612 and correlation
with the presence of anti-RR antibodies by immunofluorescence. Sera 604, 605, and 611
show a common 55-kDa doublet (red dots) corresponding to IMPDH and are also pos-
itive for anti-RR antibodies. In contrast, sera 603, 606, 608, 609, 610, and 612 have anti-RR
antibodies but do not immunoprecipitate the 55-kDa doublet. To confirm RR detected
from patients were all the same structure, double staining of HEp-2 cells was performed
with rabbit anti-IMPDH2 (C, F, I) and serum 607 (anti-RR negative, B), serum 609
(anti-RR positive but did not immunoprecipitate the 55 kDa doublet, E), or serum 611
(anti-RR positive and immunoprecipitated the 55 kDa doublet, H). Since RR are recog-
nized by both serum 611 and 609, serum 609 most likely recognizes other unidentified
RR component(s). Nuclei are counterstained with DAPI. Panels D, G, and J are merged
images. Scale bar: 10 mm.
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3.3.1 Nucleotide biosynthetic enzymes
As stated above, RR are composed of IMPDH2 and CTPS1 and may

include other enzymes involved in purine and pyrimidine biosynthesis path-

ways. Due to the large size of the RR structure, we speculate that RR may

be composed of other additional components. For example, in GW bodies,

Table 2.2 Antibodies tested for RR staining by indirect immunofluorescence
Protein Antibody species Producer Catalog no. RR detection

IMPDH2a Rabbit Abcam Ab75790 No

IMPDH2 Rabbit Proteintech 12948-1-AP Yes

IMPDH2 Rabbit Aviva ARP54365_P050 Yes

IMPDH2 Rabbit Aviva ARP54366_P050 Yes

CTPS1 Rabbit Abcam Ab65045 No

CTPS1 Rabbit Jim Wilhelm’s labb Yes

CTPS1 Mouse Sigma WH0001503M1 No

CTPS1 Rabbit Santa Cruz Sc-101925 Lot specificc

CTPS2 Rabbit Aviva ARP62443_P050 No

CTPS2 Rabbit Proteintech 12852-1-AP No

TYMS Mouse Maria Zajac-Kaye’s lab TS-106 No

DHFR Rabbit Spring Bioscience E18220 No

UMPS Mouse Abgent AT4467a No

PCYT1A Mouse Abgent AT3244a No

ATIC Rabbit Aviva ARP46095_T100 No

ATIC Rabbit Aviva ARP46094_T100 No

HPRT Rabbit Aviva ARP48471_P050 No

GMPS Rabbit Aviva ARP48619_P050 No

aATIC, aminoimidazole carboxamide ribonucleotide formyltransferase; CTPS, cytidine triphosphate
synthetase; DHFR, dihydrofolate reductase; GMPS, guanine monophosphate synthetase; HPRT,
hypoxanthine-guanine phosphoribosyl transferase; IMPDH, inosine monophosphate dehydrogenase;
PCYT1A, phosphocholine cytidylyl transferase A; TYMS, thymidylate synthetase; UMPS, Uridine
monophosphate synthetase.
bCarcamo et al. (2011).
cCTPS1 antibody from Santa Cruz was tested three times due to inconsistent reports; Liu reported that
this antibody detected RR (Liu, 2010). However, we determined that detection of RR with this anti-
bodywas lot-specific. Only one lot was able to detect RRwhile another lot could only detect RR at 1:50
with very weak staining.
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which are known to range from 0.1 to 0.3 mm in diameter, more than

10 proteins have been identified (Eystathioy et al., 2002; Jakymiw et al.,

2007).With rods being�3–10 mm in length and rings�2–5 mm in diameter,

it is very reasonable to postulate that RR are composed of additional

enzymes involved in nucleotide biosynthesis. There is experimental support

for this consideration because we have observed RR formation in cells

treated with 10 mMpemetrexed for 24 h. Pemetrexed is a chemotherapeutic

drug that inhibits thymidine synthetase, dihydrofolate reductase,

glycinamide ribonucleotide formyltransferase (GARFT), and ATIC. The

fact that pemetrexed inducedRR formation in HeLa cells suggests that some

of these enzymes may be components of RR, although Gunter et al. (2008)

were unable to identify GMPS as a component of RR after directly

inhibiting the enzyme with decoyinine. Thymidine synthetase is an inter-

esting candidate RR protein because it is the critical enzyme for the produc-

tion of thymidine triphosphate (TTP). Additional thymidine synthetase

inhibitors 5-fluorouracil and gemcitibane were also tested but they did not

induce RR formation. We were also unable to detect RR using a mouse

antibody to thymidine synthetase (generously provided by Dr. Maria

Zajac-Kaye); however, these data cannot completely rule out that thymidine

synthetase may be localized to RR. Similarly, rabbit anti-dihydrofolate

reductase antibody (E18220; Spring Bioscience, Pleasanton, CA, USA)

was unable to detect RR formed after treatment with pemetrexed. Thus,

it remains necessary to examine whether RRmay be composed of GARFT

or ATIC, enzymes involved in the purine biosynthesis pathway (Fig. 2.2).

3.3.2 RR candidate proteins from microarray screening
A recent report by Stinton et al. (2013) utilized a protein/peptide microarray

to identify an assortment of additional candidate RR autoantibody target

antigens. In the protein microarray, anti-RR-positive human sera were

screened for reactivity with a wide array of antigens and compared to screen-

ing of normal and unrelated autoantibody controls. This technique, that had

not been previously used in RR study, indicated several new potential tar-

gets for anti-RR antibodies: Myc-associated zinc finger protein (MAZI),

voltage-dependent anion channel 1 (VDAC1), ankyrin repeat and sterile

alpha motif domain containing 6 (ANKS6), actin-related protein 1 homolog

A (ARP1), as well as three uncharacterized peptides with unknown func-

tions (Stinton et al., 2013). Intriguingly, these candidate antigens are func-

tionally similar and are involved in purine metabolism, protein folding, and

polymerization, indicating a promising link to RR. The signal strength and
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consistency of the four distinct clones associated with MAZI, also known as

purine binding factor 1 (Pur-1), combinedwith the role ofMAZI as a purine

binding transcription factor make it the most intriguing candidate RR pro-

tein from this assay. VDAC1, which interacts with proteins that control apo-

ptosis, localizes to the outer mitochondrial membrane, where it also interacts

with the rest of the cell to maintain metabolic reactions. The reactivity of

anti-RR sera with ANKS6, related to protein folding, and ARP1, the major

subunit of dynactin, represents possible explanations for how proteins aggre-

gate and conform into RR structures. Reactivity of anti-RR sera with these

proteins is a novel and attractive finding, but the positive signals for these

proteins on a microarray cannot elucidate their association with or localiza-

tion to the RR structure. The validation of these candidate proteins as RR

components will require additional studies related to the actual structure as

well as human anti-RR antibodies.

3.3.3 Methods in RR component identification
RR that are induced by CTPS/IMPDH inhibitors are readily dissociated

after cell lysis with detergents such as 0.3% Nonidet P40 or 0.5% Triton-

X; therefore, attempts to purify RR for the identification of additional

components using mass spectrometry have not been feasible to date. If mass

spectrometry can identify any of these enzymes discussed above as potential

components, they can possibly be confirmed as RR components by using

inhibitors to those enzymes to detect whether RR are formed. However,

many antibodies of known RR components do not recognize RR, as

shown in Table 2.2. This inability of certain antibodies to recognize RR

structures may depend on the conformational changes of the individual

component upon assimilation into the RR structure. Techniques such as

mass spectrometry may be necessary to fully characterize the RR structure;

interference with epitope–paratope interactions on the three-dimensional

structure of RR may prevent us from using immunofluorescence

colocalization studies to identify new components. It is also likely that

the composition of RR varies based on current intracellular conditions

and availability of essential enzymes.

4. BIOLOGICAL FUNCTION OF RR

4.1. Nucleotide biosynthesis associated with RR
In human cell cultures maintained to date, RR are not found in more than a

very low percent of cells. Curiously, nonhuman cell lines, such as rat NRK
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cells, rat kangaroo Ptk2 cells, andmouse cell lines 3T3 andRAW264.7, have

an increased tendency for RR formation without any treatment at all, which

remains to be explained.While RR formation can appear in anywhere from

10% to 80% of untreated nonhuman cells, a percentage seemingly dependent

on a number of variables associated with cell culture, inhibitors of CTPS and

IMPDH are known to induce RR formation in 90–100% of cells from all

species tested, detectable by both patient autoantibodies and rabbit anti-

IMPDH2 antibodies (Carcamo et al., 2011). Comparing IMPDH inhibitors

ribavirin andMPA to CTPS inhibitors DON and acivicin at a relatively high

concentration (2 mM), IMPDH inhibitors are consistently faster at inducing

RR in only 15–30 min versus CTPS inhibitors which require 2–3 h to

induce comparable levels of RR (Carcamo et al., 2011). Most studies report

that the inhibition of these enzymes causes RR-like filament formation,

with the only exception in C. crescentus when CTPS inhibitor DON disas-

sembles CTPS filaments as described earlier (Ingerson-Mahar et al., 2010).

Noree et al. (2010) specifically identified Ura7p (CTPS) filaments as being

affected by levels of nutrients. Some key differences between reports are

summarized in Table 2.1.

4.2. Rod versus ring configurations
As described in Section 1, the cytoplasmic structures provisionally named

rods and rings were identified using HCV patient sera. The rods and rings

are distinct structures visualized via indirect immunofluorescence. It is

unknown whether rods and rings have different functions, but it is reason-

able to hypothesize that there is interconversion between the two forms.

This speculation is derived in part from the appearance of intermediate

structures (Fig. 2.4B–G) that are observed via immunofluorescence.

Although RR can be induced in various cell lines, there are differences

in size and the percentage of cells forming rods versus rings. HeLa cells were

determined to have rods measuring 5–10 mm while THP-1 cells formed

shorter rods measuring 2–3 mm. Additional time-point immunofluores-

cence data and live cell imaging of the formation of RR induced by

MPA and decoyinine suggest that the structures start off small and increase

in size until reaching full/mature size of 5–10 mm (Carcamo et al., 2013;

Thomas et al., 2012).

4.3. Induced versus native RR
RR can be induced in cancer cells and primary cells using IMPDH/CTPS

inhibitors in as short as 15 min with IMPDH inhibitors and 3 h with CTPS
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inhibitors (Carcamo et al., 2011). Figure 2.4A summarizes the putative for-

mation of RR using IMPDH/CTPS inhibitors and the induction time

required for the formation of mature RR. Additionally, RR can be induced

in cancer cells via glutamine deprivation for 48 h (Carcamo et al., 2013).

However, RR are observed in almost 100% of cultured undifferentiated

mouse ESCs without the addition of inhibitors or treatment to induce glu-

tamine deprivation. This phenomenon was previously explained by our

hypothesis that since mouse ESCs are highly proliferative, their increased

intracellular GTP/CTP requirements caused a decrease in the available

GTP/CTP pools, which caused RR formation (Carcamo et al., 2011).

However, our recent finding that NRK, Ptk2, 3T3, and RAW264.7 cells

Figure 2.4 RR induction timeline showing hypothetical interconversion between rods
and rings. (A) This panel summarizes the overall timeline of IMPDH and CTPS inhibitors
or glutamine deprivation inducing the formation of RR in different cell lines. Some RR
structuresmaybe interchangeable, as indicatedbydouble-sided arrows. Questionmarks
indicate the uncertainty as to whether or not these structures interconvert between the
rod and ring forms. The timelines indicate induction time for RR using IMPDH inhibitors
(ribavirinorMPA),CTPS inhibitors (DONoracivicin), andglutaminedeprivation. (B–G)Var-
ious forms of intermediate RR structures, uncommonly observed compared to the typical
rod and ring structures, are depicted here. These structures are likely going through a
folding/unfolding process. They include a bent rod (B), an open ring (C), a spiral-shaped
structure possibly composed of a rod and ring linked together (D), a rod curling or
uncurling at its end (E), a “sewing pin” or “stem-loop” structure (F), and a “figure 8” struc-
ture that may be two rings linked together or one ring folding in 3D space (G). Structures
in panels (F) and (G) were previously described by Carcamo et al. (2011).
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exhibit RR formation with no extrinsic manipulation, coupled with similar

findings regarding CHO cells by other laboratories (Gunter et al., 2008;

Stinton et al., 2013), contradicts our previous hypothesis. While NRK

and RAW264.7 cells proliferate very rapidly in our hands, we have not seen

a markedly increased proliferation rate in 3T3 or Ptk2 cells compared to

human cell lines HeLa or HEp-2. For this reason, RR formation in mouse

ESCsmay not be solely related to proliferation rate and increased GTP/CTP

requirements; there may simply be innate differences in nucleotide metab-

olism and sensitivity to GTP/CTP levels between rats, mice, marsupials,

hamsters, and humans that causes the formation of these structures. RR

structures induced with CTPS/IMPDH inhibitors or by glutamine depriva-

tion as well as RR in mESCs and NRK, Ptk2, 3T3, and RAW264.7 cells

can be readily detected with patient anti-RR sera or anti-IMPDH2 anti-

bodies, as well as certain anti-CTPS1 antibodies, suggesting that induced

RR and native RR are structurally similar. However, it is unclear whether

they have the same molecular composition, due to observed differences in

the ratio of rods to rings in cells that are induced versus native RR inmESCs.

RR, as independent structures, may have different functions, as 90% of RR

in ESCs are rings, while cells that are treated with CTPS/IMPDH inhibitors

or deprived of glutamine have �90% rods (Table 2.3). NRK, Ptk2, 3T3,

and RAW264.7 cells naturally exhibit the typical ratio of �90% rods to

�10% rings, indicating that there may be stem cell-specific attributes

unrelated to species that cause a unique ratio of these structures. Proliferation

is decreased after induction of RR with CTPS/IMPDH inhibitors; this is

observed as a clear decrease in the number of mitotic cells after treatment

with inhibitors compared to untreated controls. Since ESCs are highly pro-

liferating cells that possess a unique ratio of 9:1 rings to rods, it is possible that

the ring is playing a specific role in ESCs that is either nonexistent or utilized

to a lesser extent in the other cell lines examined to date. This role may be

Table 2.3 Methods of RR induction and quantification of rods versus rings
Induction method Cell types Rods versus rings percentage

IMPDH/CTPS

inhibitors

Cancer and primary cells 90% rods

Glutamine

deprivation

HeLa 90% rods

Uninduced NRK, Ptk2, 3T3, RAW264.7 90% rods

Uninduced Mouse ESCs 90% rings
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related to rapid ESC proliferation, which is supported by the fact that

IMPDH2 and CTPS1 are known to be required for cell proliferation

(Kursula et al., 2006; Sintchak et al., 1996).

4.4. Cytoplasmic versus nuclear rods
In addition to the cytoplasmic RR structures discussed so far, recent data

showRRdetected within the nucleus. Nuclear RR are observed after treat-

ment with CTPS or IMPDH inhibitors or glutamine deprivation. Although

they are located within the nucleus, they may be similar to cytoplasmic RR.

Multiple z-stack images of a nucleus containing a short rod clearly demon-

strated the structure within the nucleus (Fig. 2.5); additional cells were

observed with rings within the nucleus. These rod and ring structures were

present within the nucleus and were co-stained by both patient autoanti-

bodies and rabbit anti-IMPDH2 antibody (data not shown). Nuclear rods

were determined to range in size from 1.6 to 4.5 mm, while cytoplasmic rods

ranged from 2.5 to 16.8 mm when counted from the same cell preparations.

Nuclear rods were substantially shorter than cytoplasmic rods; the mean size

of cytoplasmic rods was 8.4 mm and the mean size of nuclear rods was

3.2 mm. This was determined by quantitating nuclear and cytoplasmic

RR from 66 cells. Although nuclear rods and cytoplasmic rods are highly

similar structures, it is unknown whether they have the same function due

to the difference in their subcellular locations. Studies suggest that IMPDH

binds single-stranded RNA and DNA and modulates localization or degra-

dation of a set of mRNAs (Hedstrom, 2009; McLean et al., 2004).

Figure 2.5 Rods and rings in the nucleus. HeLa cells treated with DON form RR detected
by human It2006 (green). (A–J) A confocal z-stack cutting shows shorter rods (arrows)
within the nucleus (0.39 mm thickness per section). Nuclei are counterstained with DAPI.
Scale bar: 5 mm.
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4.5. Technical difficulties in rod/ring detection
The study of RR formation and function has been limited by several

obstacles. First, detection of RR antibodies in patient serum depends on

the commercial antinuclear antibody slides used. Most antinuclear antibody

slides do not show RR staining; HEp-2 slides from INOVA Diagnostics,

Inc. (San Diego, CA, USA) consistently present RR staining with our

prototype anti-RR serum but similar slides from Immuno Concepts

(Sacramento, CA, USA) are negative. After determining that RR can be

induced with glutamine deprivation, we speculate that RR detected in

INOVA slides may be due to techniques used to increase proliferation,

which may cause limitations in availability of nutrients in the medium.

Additionally, not all antibodies can detect the apparently conformational

epitope(s) expressed on the RR structures as compared to monomeric pro-

teins in the cytoplasm. Table 2.2 includes all the antibodies we have tested

for their ability to recognize RR on INOVA or homemade slides to date.

While all the antibodies can detect monomeric or SDS-denatured proteins

by Western blot, only three out of four anti-IMPDH2 antibodies were able

to detect RR structures by immunofluorescence. Liu (2010) detected

RR-like structures in Drosophila using an anti-CTPS1 antibody. However,

the same anti-CTPS1 antibody did not detect RR when tested in our lab-

oratory. This was due to variation between lots; not all lots were able to

detect RR. Therefore, the inability of an antibody to detect RR does not

rule out that target antigen from being a component of the RR structure.

It is also noteworthy to indicate that various fixation methods have not

affected our ability to properly detect RR structures. Fixation methods

including acetone at �20 �C for 5 min, 3:1 acetone:methanol at �20 �C
for 10 min, and 3% paraformaldehyde in PBS at room temperature for

10 min followed by 0.1% Triton-X in PBS have all preserved the structure

and allowed for proper binding of the antibodies used (Carcamo et al., 2011).

5. IMMUNOBIOLOGY OF RR—AUTOIMMUNE RESPONSE

5.1. Autoantibodies in rheumatic diseases as cellular
and molecular probes

Autoantibodies directed against intracellular antigens are a characteristic fea-

ture of human autoimmune diseases, such as systemic lupus erythematosus,

scleroderma (Fritzler, 1993), and Sjögren’s syndrome (Chan and Andrade,

1992), certain malignancies (Covini et al., 1997; Soo Hoo et al., 2002;

Zhang et al., 2001), and paraneoplastic syndromes (Satoh et al., 2009;
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Tan, 1989; Tan et al., 1988). Studies in systemic rheumatic diseases have

provided strong evidence that autoantibodies are produced by antigen-

driven responses (Radic and Weigert, 1994; Tan et al., 1988; Tillman

et al., 1992) and that autoantibodies can be reporters from the immune

system revealing the identity of antigens involved in the autoimmune disease

pathogenesis (Tan, 1989). Some of these autoantibodies serve as disease-

specific markers and are directed against intracellular macromolecular

complexes or particles such as nucleosomes, small nuclear ribonucleo-

proteins, centromere antigens, and Ro cytoplasmic RNPs (Hardin, 1986;

Tan, 1989; Tan et al., 1988). There has been significant progress in iden-

tifying many intracellular autoantigens over the last two decades (Satoh

et al., 2007, 2009).

The study of human autoantibodies and their use as probes of cell struc-

ture and function has had an important impact on the disciplines of molecular

and cell biology (Chan and Fritzler, 2013; Tan, 1991). First, the majority of

autoantibodies studied have been shown to bind to highly conserved deter-

minants on ubiquitous cellular proteins (Tan, 1989; Tan et al., 1988). Sec-

ond, many of the autoantibodies associated with systemic rheumatic

diseases are often directed to functional macromolecules rather than to struc-

tural components. These include DNA, histones, and HMG of the nucleo-

some and heterochromatin protein HP1 (Furuta et al., 1997), the snRNP

complex, various centromere and kinetochore components (CENPs), com-

ponents of the nucleolus, and other subcellular structures such as Cajal bodies

(a.k.a. coiled bodies) (Andrade et al., 1991) and GW bodies (a.k.a. mamma-

lian processing bodies or P bodies) (Fritzler and Chan, 2013; Jakymiw et al.,

2006; Yao et al., 2013). Third, in systems amenable to testing, autoantibodies

have been shown capable of inhibiting the enzymatic or cellular functions

served by the autoantigens. Examples include the inhibition of amino-

acylation of transfer RNAs by anti-tRNA synthetase antibodies, the relaxa-

tion of supercoiled DNA by anti-topoisomerase I antibodies, inhibition of

precursor mRNA splicing by anti-Sm/RNP antibodies, and the inhibition

of RNA transcription by anti-RNA polymerases. Taken together, these

observations suggest that the conserved epitopes recognized by human

autoantibodies areoften the functional or active sites of these intracellular pro-

teins (Tan, 1989; Tan et al., 1988). For immunologists, one of the interesting

objectives is the identification of macromolecules and organelles, such as the

nucleolus (Alderuccio et al., 1991;Chan et al., 1991;Ochs et al., 1996),Golgi

complex (Chan and Fritzler, 1998; Eystathioy et al., 2000; Stinton et al.,

2004), Cajal bodies (Andrade et al., 1991; Chan et al., 1994), and GW/P
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bodies (Chan and Fritzler, 2013; Fritzler and Chan, 2013; Satoh et al., 2013),

as targets of autoimmune responses and how this may explain pathogenesis of

autoimmune diseases. For cell biologists, attempts to unravel cellular events

can be enhanced by the availability of specific autoantibody probes.

5.2. Anti-RR and chronic HCV infection and therapy
HCV is a small positive-sense single-stranded RNA virus that causes acute

and chronic hepatitis in humans (Boyer et al., 2002; Hoofnagle, 2002). HCV

is one of the major causative agents of liver disease worldwide, with more

than 180 million people infected (Alter and Seeff, 2000; Boyer et al., 2002).

It is estimated that 3–4 million people are newly infected each year (Boyer

et al., 2002). In the United States, HCV-related chronic liver disease is a

leading cause of liver transplantation and causes thousands of deaths annually

(Charlton, 2001). Although therapeutic options are improving, viral clear-

ance fails in about 80% of infected patients, resulting in a chronic viral disease

(Seeff, 1997). In 4–20% of patients with chronic hepatitis, liver cirrhosis

develops within 20 years, with 1–5% of these patients developing hepato-

cellular carcinoma. Persistent HCV infections are facilitated by the ability

of the virus to incorporate adaptivemutations in the host and exist as a genet-

ically distinct quasispecies. The persistent infection may also result from the

ability of the virus to disrupt host defense by blocking phosphorylation and

the function of interferon regulatory factor-3, an antiviral signalingmolecule

(Foy et al., 2003). Unlike hepatitis A and B viruses, there is no vaccine to

prevent HCV infection; therefore, current treatment is a combination ther-

apy of pegylated interferon-alpha (IFN-a) and ribavirin, which results in

sustained clearance of serum HCV-RNA. However, this treatment is only

efficacious in approximately 50% of patients (Fried et al., 2002; Hadziyannis

et al., 2004; Manns et al., 2001) and, as described in further detail below,

autoantibodies to RR are most commonly associated with HCV patients

who have undergone IFN/ribavirin therapy. Several host factors such as

age, stage of liver fibrosis, body mass index, liver steatosis, insulin resistance,

ethnicity, IL28B single nucleotide polymorphisms, and viral genotype can

potentially influence the treatment outcome (Kau et al., 2008; Smith

et al., 2011). For instance, patients with HCV genotypes 2 or 3 respond

more favorably to treatment than patients with genotypes 1 or 4

(Simmonds et al., 2005). Therefore, new antiviral compounds that are more

effective and more easily tolerated need to be developed. One of the biggest

challenges in developing and implementing new therapies for HCV infec-

tion is finding the appropriate models to examine the translational capability.
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5.2.1 Molecular structure and interactions with HCV
A major breakthrough in HCV research occurred when the complete

sequence of the viral genome was identified and cloned by Choo et al.

(1989). HCV is the only member of the Hepacivirus genus that belongs to

the Flaviviridae family (Dustin and Rice, 2007; Lauer and Walker, 2001).

Structural analysis of the virus revealed that the genetic material is sur-

rounded by a protective nucleocapsid composed mainly of the protein core

(C) and further protected by a lipid envelope (Rosenberg, 2001). The lipid

envelope contains twomajor glycoproteins, envelope protein 1 (E1) and E2,

that are embedded in the envelope (Op De Beeck and Dubuisson, 2003).

The genome consists of a single open reading frame that is �9600 nucleo-

tides long, which is made into a single polyprotein (3010 or 3033 amino

acids) product (Kato, 2000; Ohba et al., 1996). The HCV genome is flanked

by two nontranslated regions, which are essential in the replication and syn-

thesis of viral proteins. Viral and cellular proteases mediate the processing of

the polyprotein into structural (core, E1, E2, and p7) and nonstructural pro-

teins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) (Bartenschlager and

Lohmann, 2000; Lohmann et al., 1996; Penin et al., 2004). The HCV life

cycle is entirely cytoplasmic and replication occurs mainly in hepatocytes,

but the virus may also replicate in peripheral blood mononuclear cells.

The virus enters the host cells through a complex interaction between

virions and cell surface molecules CD81, LDL receptor, scavenger receptor

class B type 1, Claudin-1, and Occludin (Bartosch and Cosset, 2006;

Cocquerel et al., 2006; Evans et al., 2007; Kohaar et al., 2010). Additionally,

Niemann-Pick C1-like 1 cholesterol absorption receptor was identified as a

new HCV entry factor (Ray, 2012; Sainz et al., 2012). Once inside the cell,

the virus takes over the intracellular machinery to replicate (Lindenbach and

Rice, 2005). Due to its high mutation rate caused by the RNA-dependent

RNA polymerase, which lacks 30–50 exonuclease activity (Pavio and Lai,

2003), HCV is considered a quasispecies composed of six genotypes with

several subtypes (Simmonds et al., 2005). The six genotypes have differences

in geographic distribution, disease progression, and response to therapy.

Genotypes 1, 2, and 3 are distributed worldwide, with genotypes 1a and

1b accounting for 60% of global infections. In the United States, genotypes

1a and 2b are more commonly encountered. What remains unknown

is whether any of the HCV proteins are associated with RR or form

viral-self protein macromolecular complexes during various stages of path-

ogenesis, which may explain the apparent specificity of anti-RR with HCV

patients.
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5.2.2 HCV and autoantibodies
Autoimmune manifestations of HCV include both organ- and nonorgan-

specific autoantibodies, seropositivity, and cryoglobulins to immunological

diseases such as glomerulonephritis, vasculitis, and mixed cryoglobulinemia

(Cresta et al., 1999; Ferri and Zignego, 2000; Hadziyannis, 1997). In chronic

HCV infection, smooth muscle antibodies, which react with cytoskeleton

antigens of smooth muscle cells, are found in 10–66% of cases. The preva-

lence of antinuclear antibodies ranges from 6% to 22% and they are usually

presented at a low titer (1:40–1:80) (Bortolotti et al., 1996; Kammer et al.,

1999; Lenzi et al., 1999; Luo et al., 1998). Anti-liver–kidney–microsomal

antibodies, antibodies against epitopes on cytochrome P450, are found

in the cytoplasm of hepatocytes and proximal renal tubes. Anti-liver–

kidney–microsomal antibodies are detected in up to 10% of chronic

HCV patients (Drygiannakis et al., 2001). Other antibodies such as anti-

asialoglycoprotein receptor, antiliver membrane antigen, antiliver cytosol

antigen, antihepatocyte plasma membrane, antithyroglobulin, antithyroid

peroxidase, antithyroid microsome, antiphospholipid, antineutrophil cyto-

plasmic, and many other autoantibodies have also been described in patients

with HCV infection (Dammacco et al., 2000; McMurray and Elbourne,

1997; Obermayer-Straub and Manns, 2001). Although the roles of these

antibodies are unclear, each antibody is directed against a certain intracellular

antigen probably released during cell death and presented to the immune

system. Most studies have not observed significant differences in clinical

and biochemical parameters between chronic HCV patients with or without

positive serum autoantibodies (Luo et al., 1998; Valentini et al., 1999).

5.3. Autoimmune response to rod/ring structures in HCV
infection

There are few reports to date that have examined the potential role of anti-

RR antibodies in the overall immune response of hepatitis C patients.

However, these few reports agree upon the notion that anti-RR antibodies

seem to have an almost exclusive presence in hepatitis C patients that have

undergone IFN/R therapy. That is, anti-RR antibodies are not seen in

healthy individuals or hepatitis C patients that have yet to be treated; this

finding was recently re-affirmed by Stinton et al. (2013), who did not

observe anti-RR antibodies in any of the 301 untreated HCV patients that

they screened. One of the first studies on anti-RR in vivo actually examined

the presence of anti-IMPDH2 antibodies by ELISA in various patient

groups (Seelig et al., 2011). They reported that anti-IMPDH2 antibodies
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are more prevalent in HCV-RNA carriers (35.2%, n¼108) and anti-actin-

positive patients suspected of autoimmune hepatitis (31%, n¼42) than in

HBV-DNA-positive patients (6.2%, n¼113), hospitalized HCV-RNA-

negative patients (5%, n¼100), patients with antinuclear antibodies

(13.7%, n¼51), suspected primary biliary cirrhosis patients with type M2

antimitochondrial antibodies (3.2%, n¼31), and healthy individuals (2%,

n¼100) (Seelig et al., 2011). It should be emphasized that the ELISA did

not exactly measure anti-RR antibodies, but anti-IMPDH2 antibodies

instead, and so this information is useful but does not tell a complete story.

The authors suggest that the higher prevalence of anti-IMPDH2 in HCV-

RNA carriers is potentially related to the polymerization of RR caused by

ribavirin that is seen in vitro, but a direct link between the two cannot be

made from these data. The next major finding on anti-RR in vivo was that

these antibodies are more prevalent in patients that do not respond to ther-

apy or relapse after therapy than in patients who clear the virus (33% vs. 11%,

p¼0.037) (Covini et al., 2012). In a follow-up study by Carcamo et al., two

separate cohorts of HCV patients were examined. In a patient cohort from

the United States, anti-RR titers were significantly higher in nonre-

sponders/relapsers (median¼1:3200) than in responders (1:100,

p¼0.0016), while titers in Italian patients were shown to be elevated in

relapsers versus nonresponders ( p¼0.0040) and responders ( p¼0.015)

(Carcamo et al., 2013). A third report from Brazil by Keppeke et al. con-

firmed the previous reports of exclusivity of this antibody to HCV and also

found that 38% of HCV patients (n¼108) treated with IFN/R were pos-

itive for anti-RR, while patients on an interferon-a-only regimen

(n¼23) or ribavirin-only regimen (n¼3) did not present these antibodies.

This group also found that anti-RR-positive HCV patients retained their

positivity for at least 6–12 months after the discontinuation of IFN/R ther-

apy (Keppeke et al., 2012). Thus far, studies have shown that anti-RR auto-

antibodies do not appear to be associated with certain ethnicities, as these

autoantibodies have been found in Italians as well as various ethnicities of

Americans and Brazilians.

5.4. Clinical implications of anti-rods/rings autoantibodies
Examination of the clinical implications of anti-RR autoantibodies has

proven to be complicated thus far, as there are some reported cases that con-

tradict the generally accepted idea that these antibodies are unique to HCV

patients who have undergone IFN/R therapy. In a preliminary study by
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Carcamo et al. (2009), about 30% of 23 sera positive for anti-RR were neg-

ative for HCV. However, since that study, published data have not proved

any non-HCV patients to be positive for anti-RR; although�0.8% of 4754

patients examined during the National Health and Nutrition Examination

Survey (NHANES) showed positive for anti-RR, the detailed medical his-

tories of these patients were not examined for history of hepatitis C (Satoh

et al., 2012). Therefore, the only recent exception to this trend is the appear-

ance of anti-RR antibodies in oneHCV-negative patient suffering from sys-

temic lupus erythematosus (Calise et al., 2014). Despite this information,

there is still strong evidence of a role for anti-RR autoantibodies in

HCV, as anti-RR antibodies were detected at a higher rate in

nonresponding/relapsing patients than in patients who responded to therapy

(33% vs. 11%, p¼0.037) (Covini et al., 2012), as was mentioned in the pre-

vious section. Additionally, extreme differences in anti-RR titers between

confirmed HCV patients (1:50 to>1:819,200) (Calise et al., 2014; Carcamo

et al., 2014) and potentially healthy patients from the NHANES study (1:80

to 1:1280) remain unexplained (Satoh et al., 2012). Although these initial

reports on anti-RR autoantibodies have advanced our overall knowledge

of the RR structure and its potential to play numerous roles in humans,

not enough evidence has been gathered to assign any diagnostic or prognos-

tic value to anti-RR antibodies or the structure itself.

5.4.1 Ribavirin as a therapeutic agent
Ribavirin is believed to be the cause of RR formation in HCV patients who

haveundergonemonths of therapeutic exposure, leading to theproductionof

anti-RR autoantibodies. Due to ribavirin induction of RR in tissue culture

cells (Carcamo et al., 2011; Gunter et al., 2008), it is unknownwhether riba-

virin alone or the coexposure to interferon in HCV treatment is required for

the productionof anti-RRin selectedpatients.Ribavirin is only approved for

the treatment ofHCV,but it is currently in trial for the treatment of other viral

infections. Although there are a few cases of patientswith anti-RRantibodies

that donot haveHCV, the presence of anti-RRantibodies inHCVpatients is

highly correlated with the effects of ribavirin treatment, which leads to RR

formation and stimulation of the host immune system.

5.4.2 MPA as a therapeutic agent
MPA (commonly marketed as the prodrug mycophenolate mofetil, or

MMF) is currently used for the treatment of systemic lupus erythematosus

and to prevent organ rejection after transplantation. Although MPA has
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been shown to induce RR formation in vitro, lupus patients treated with

MPA do not develop anti-RR antibodies, with just one exception to date;

a single lupus patient, negative for HCV,HBV, and other infectious diseases,

consistently tested positive for anti-RR autoantibodies at titers up to 1:1600

over a period of 4 years (Calise et al., 2014). Interestingly, lupus patients are

also often continuously exposed to type I interferon, the cytokine that plays a

major role in the disease pathogenesis (Baechler et al., 2003; Bennett et al.,

2003). Thus, continuous exposure of interferon does not help induce anti-

RR antibodies in lupus patients undergoing MPA treatment. This suggests

that this specific inhibitor of IMPDH alone or together with endogenous

interferon is not sufficient to induce anti-RR autoantibody formation.

6. CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Recent studies show that mammalian cells cluster critical enzymes into

RR as a metabolic response to decreased intracellular GTP and/or CTP

pools, although the mechanism of formation and function(s) of RR are

not completely understood. RR contain two nucleotide biosynthetic

enzymes, CTPS and IMPDH, but we speculate that these structures may

be composed of other enzymes of the same pathways. This hypothesis is

based in part on the relatively large physical dimensions of the structure

and on the fact that there are anti-RR autoantibodies from many HCV

patients that do not appear to recognize CTPS or IMPDH.Assembly of both

CTPS and IMPDH may be due to the close interaction between both

enzymes during nucleotide biosynthesis. Many studies suggest the possibility

of a conserved RR structure composed of nucleotide biosynthetic enzymes

that is sensitive to lowered levels of GTP/CTP.

Our identification of abundant RR in mouse undifferentiated ESCs, as

well as Ptk2, NRK, 3T3, and RAW264.7 cells, is intriguing as these struc-

tures are found without apparent extrinsic manipulation. Chen et al. have

described the effects of DON on the filaments and Drosophila oogenesis,

suggesting a biological function in development, which may contribute

to the reasoning behind the presence of RR in ESCs (Chen et al., 2011).

Our group has also identified that a percentage of HCV patients treated with

IFN/R produce autoantibodies against RR. Covini et al. (2012) examined

the prevalence of anti-RR antibodies in other diseases and concluded that

anti-RR antibodies are highly specific to HCV patients after treatment, but

not before treatment. Anti-RR antibodies were determined to be more

prevalent in patients that do not respond to therapy. Since HCV patients
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are treated with ribavirin and it has been shown that ribavirin can induce

RR formation in vitro (Carcamo et al., 2011; Gunter et al., 2008), ribavirin

treatment in HCV patients may cause RR formation, which leads to the

induction of autoantibodies against these structures when they are released

to the host immune system during cell turnover. Studies thus far imply that

RR structures have novel clinical and biological significance.

RR were identified using human autoantibodies produced by HCV

patients treated with IFN/R. HCV patients that do not respond to therapy

or relapse tend to have higher anti-RR antibody titers. RR were deter-

mined to be composed of nucleotide biosynthesis enzymes CTPS1 and

IMPDH2. RR formed from the inhibition of CTPS1 or IMPDH2 or in

response to glutamine deprivation are consistently correlated with a decrease

in intracellular levels of CTP/GTP. Therefore, RRmay represent polymer-

ization of nucleotide biosynthetic enzymes in response to a decrease in intra-

cellular CTP or GTP levels in order to return CTP/GTP levels to an

optimal level for cellular function.While current evidence strongly supports

our working hypothesis, further experiments are required to ascertain the

details of this highly complex metabolic process.
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Abstract

All cells in nature are covered with a dense and complex array of glycan chains. Specific
recognition and binding of glycans is a critical aspect of cellular interactions, both within
and between species. Glycan–protein interactions tend to be of low affinity but high
specificity, typically utilizing multivalency to generate the affinity required for biologi-
cally relevant binding. This review focuses on a higher level of glycan organization,
the formation of clustered saccharide patches (CSPs), which can constitute unique
ligands for highly specific interactions. Due to technical challenges, this aspect of glycan
recognition remains poorly understood. We present a wealth of evidence for CSPs-
mediated interactions, and discuss recent advances in experimental tools that are
beginning to provide new insights into the composition and organization of CSPs.
The examples presented here are likely the tip of the iceberg, and much further work
is needed to elucidate fully this higher level of glycan organization.

1. INTRODUCTION: GLYCOME COMPLEXITY IN NATURE

Glycans are the most diverse of the four fundamental cellular macro-

molecules (Marth, 2008). Glycan diversity exceeds that of DNA and RNA

(with their four nucleoside constituents) and proteins (with their 20 amino

acids) because the latter molecules are strictly linear. Glycans combine

dozens of possible monosaccharide units into branched structures whose

diversity results from linear or branched a or b linkages between monosac-

charides. Thus the glycome is comprised of many unique glycans (Marth,

2008; Varki and Sharon, 2009) that can be either free (e.g., hyaluronan),

or attached to proteins (glycoproteins and proteoglycans) or lipids (glyco-

lipids). The biosynthesis of glycans and their modifications are not

template-driven; rather they are the product of multiple sometimes compet-

ing, enzymatic activities. This creates vast glycan diversity. In addition, a

range of glycan variations can be found on each glycosylation site, a pattern

referred to as glycosylation microheterogeneity (Kornfeld and

Kornfeld, 1985).

Glycans cover the surfaces of all cells in nature, forming a dense and com-

plex layer known as the glycocalyx. Glycans are also abundant on secreted

proteins and in the extracellular matrix (ECM). Every known cell is covered

in glycans suggesting that the glycome is as essential to life as a genome,

transcriptome, proteome, lipidome, or a metabolome (Varki, 2011). The

diversity of glycan modifications generates a unique glycan “topography”

for each protein, cell, and tissue. Like a forest canopy, glycome complexity
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is recognizable at various levels: the identity and modification of outer or

terminal monosaccharide core structure (leaves and flowers), the linkage to

the underlying sugar (stems), the identity, and arrangement of the underlying

glycans (branches), the structural attributes of the underlying glycans (tree

trunks), and finally, the spatial organization of the oligosaccharides in relation

to components of the intact cell surface (the forest itself ) (Cohen and Varki,

2010). Because glycans comprise the outer face of cells, cellular interactions

within and between species typically involve glycan binding and recogni-

tion. Indeed, many examples of biological recognition by glycans have been

documented, typically involving glycan-binding proteins (GBPs). These

interactions include antibody recognition, pathogen binding, cell adhesion,

cell–cell interactions, and signaling (Ohtsubo and Marth, 2006; Sharon,

2006; Varki and Varki, 2007).

2. GLYCAN RECOGNITION BY GBPs

Glycan interactions with GBPs are often very specific, and each type

of structure in the glycan forest can mediate specific interactions with certain

GBPs (reviewed in Cohen and Varki, 2010). Although highly specific, these

interactions often tend to be of weak affinity (Kd values in micromolar to

millimolar range) (Collins and Paulson, 2004; Cummings and Esko,

2009; Varki, 1994). Glycans often achieve biologically significant binding

via multivalent avidity, with their interaction involving more than one pair

of partners in close physical proximity. This review focuses on GBP inter-

actions at the highest level of glycan complexity (the forest), which are not

well represented by current analytical techniques, even by modern glycan

microarrays. At this level of glycan complexity “clustered saccharide pat-

ches” (CSPs) can be formed by multiple glycans interacting with each other,

with or without involvement of proteins or lipids. The spatial organization

of glycans within such patches can influence the specificity of their interac-

tion with GBPs.

The two major groups of GBPs are lectins and sulfated

glycosaminoglycan-binding proteins (Varki et al., 2009a). This review will

focus on lectins, but many of the principles discussed may apply to other

types of GBPs. Lectin-binding specificity is often defined by the structure

of the terminal glycan, the linkage to the underlying glycans, the structure

of the underlying glycans, and the type of linkage (N- or O-) to the under-

lying protein/lipid (Cummings and Esko, 2009; Varki, 1994; Varki et al.,

2009a; Weis and Drickamer, 1996). Lectin–glycan interactions are typically
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stabilized in two ways: by hydrogen bonding between amino acids in the

carbohydrate-recognition domain (CRD) and the glycan hydroxyl groups,

and by van der Waals packing of the hydrophobic glycan face against the

aromatic amino acid side chain (Weis and Drickamer, 1996). Because these

interactions tend to be weak, multivalency is often required to generate bio-

logically relevant binding (Dam and Brewer, 2008). There are three differ-

ent ways to achieve this: simple multivalency, spatial clustering of the GBPs,

or clustering of the glycans into a saccharide patch.

The typical CRD of a GBP accommodates 1–4 monosaccharides (Weis

and Drickamer, 1996), in some cases simple multivalency of either the GBP

or the glycans is sufficient to promote binding (Fig. 3.1A). For example, the

influenza hemagglutinin has a very low affinity, but high specificity for its

sialylated glycan ligands. The multivalency of the hemagglutinin trimer

and the large number and density of hemagglutinin molecules on the virus

envelope together promote high avidity binding. In similar fashion, a

Figure 3.1 Models of multivalent glycan binding to a carbohydrate recognition domain
(CRD). (A) Simple multivalent binding of multiple proteins to multiple glycans. (B) Mul-
timerization of glycan-binding proteins (GBPs) can significantly enhance the affinity for
glycan binding. (C–F) Binding to a clustered saccharide patch (CSP) enhances both affin-
ity and specificity of GBP–glycan interactions. CSP may be formed by multiple glycans
located on a single (C), or several (D) proteins or lipids, or by a glycan-sulfate cluster (E),
or a patch comprised of glycan and adjacent peptide sequence (F).
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precomplexing of recombinant soluble influenza hemagglutinins with anti-

bodies is required for specific binding to glycans on microarrays (Stevens

et al., 2006). In many cases, the high-density presentation of glycans on a

microarray is sufficient to allow binding of GBP (Rillahan and Paulson,

2011). Another possible way to enhance carbohydrate–protein interactions

is multivalent aggregation of the GBPs (Fig. 3.1B). For example, a pentamer

of cholera toxin B subunit binds to ganglioside GM1 at a Kd value of

�40 nM (Kuziemko et al., 1996; Merritt et al., 1994). Experimental reports

on avidity suggest that such multivalent interaction increase the binding

affinity by a minimum of an order of magnitude compared to typical pro-

tein–carbohydrate interactions (Kuziemko et al., 1996). A third potential

way to enhance both affinity and specificity of GBP–glycan interactions is

by binding to a “CSP,” in which several closely spaced saccharides interact

to generate a specific recognition epitope (see Fig. 3.1C–F for variations in

this theme) (Varki, 1994). This review focuses on this third aspect of GBP

biology, which is currently poorly understood.

3. CONCEPT OF CSPs

The clustering of glycans into CSPs can be caused by multiple glycans

located on a single underlying protein or lipid (Fig. 3.1C). Clusters can also

involve glycans attached to two or more proteins or lipids (Fig. 3.1D). Bind-

ing patches can include glycans only, glycan-sulfates (Fig. 3.1E), or glycans

and their adjacent peptide sequences (Fig. 3.1F). Within CSPs glycans are

presumably presented in a distinct spatial organization that can fit the

CRD pocket like a key into a lock. Since the CRD pocket can accommo-

date only a small number of glycans, an optimal presentation of glycans in

relation to the amino acids could greatly stabilize their interactions. Saccha-

ride clusters are stabilized by cis carbohydrate–carbohydrate interactions such

as hydrogen bridges, hydrophobic surfaces, and ionic interactions (typically

Ca2þ or Mg2þ) (Spillmann and Burger, 1996). A carbohydrate–

carbohydrate interaction between glycosphingolipids also stabilizes glyco-

synapse microdomains (see Section 9; Hakomori, 2003). In our own work,

we found that clusters of sialylated oligosaccharides and A/B blood group

antigens on human erythrocytes are dispersed when a single monosaccharide

is cleaved off the A/B antigen, suggesting that their spatial structure is

maintained by the glycan (see Section 6; Cohen et al., 2009). The multiple

lines of evidence for GBP recognition of CSPs are discussed in Sections 4–11

of this review.
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Glycans are ideal molecules for mediating initial interactions since GBP–

glycan interactions are highly specific but relatively weak, and thus readily

reversible. Furthermore, glycan organization in CSPs can generate a unique

topology even for proteins/cells with very similar glycan content (Cohen

et al., 2009). Due to the complex nature of CSPs, it is extremely difficult

to experimentally recreate them in vitro and on glycan microarrays, although

several attempts have been made (see Section 11). However, there is an

abundance of direct and indirect evidence for CSP-mediated binding, in

particular for sialylated CSPs, which we focus on here.

Sialic acids are a family of monosaccharides typically found at the outer

terminal end of glycans. They are specifically recognized by certain lectins

such as Siglecs (Sialic acid-binding Ig-like lectins), and by antibodies and path-

ogens (Crocker et al., 2007; Varki and Angata, 2006; Varki and Varki, 2007).

As with other glycans, specificity for sialic acid binding can be determined at

all levels of the sialylated forest canopy (the Sialome), from modifications of

the terminal monosaccharide (the leaves and flowers) to the spatial organization

of the glycans (the forest) (Brinkman-Van der Linden and Varki, 2000; Cohen

and Varki, 2010; Varki, 2008). Binding and recognition of sialic acids is

known to be involved in interactions between protein–protein, protein–cell,

cell–cell, cell–matrix, and is also involved in pathogen recognition.

In this review, we present examples of a spectrum of possible CSPs: on

heavily glycosylated proteins (Fig. 3.2A), including CSPs formed on the cell

membrane by glycosphingolipids (Fig. 3.2B) or glycoproteins (Fig. 3.2C);

and CSPs on pathogens (Fig. 3.2D). All of these CSPs mediate specific inter-

actions with certain GBPs or antibodies. We also discuss the existence of

CSPs in glycosynapses, a type of glycan microdomain that mediates cell–cell

and cell–ECM adhesion and signaling (Fig. 3.2E).While this review is biased

toward sialylated CSPs, nonsialylated clustered patches (e.g., mannosylated

clusters on HIV, Section 8.2) also exist and may be very common. Thus

these examples are likely the tip of the iceberg. We expect the field to

develop quickly. Recent advances in experimental tools, such as glycan

arrays and lipid arrays are already providing new insight into the composition

and organization of saccharides that are recognized by GBPs.

4. EVIDENCE FOR CSPs ON HEAVILY GLYCOSYLATED
PROTEINS

On heavily glycosylated proteins like mucins, the polypeptide core

can be completely hidden under a dense array of glycan chains. As a result,

binding by other proteins is often mediated solely by the glycans, and their
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structure and spatial arrangement can be important for recognition. These

glycans are also interacting with one another in ways that restrict their

motion, or cause them to cluster. Thus the complex spatial presentation

of glycans in CSPs can generate novel ligands that are specifically recognized

by an antibody or a receptor. We present here four examples of pathogen

proteins, antibodies, and lectins that bind their targets only when glycans

are clustered at high density on glycoconjugates.

4.1. Malarial merozoite recognition of clustered sialoglycans
on glycophorins

Plasmodium falciparum is a major cause of human malaria. P. falciparum mer-

ozoites circulating in the blood invade erythrocytes via specific pathways

that are either sialic acid-dependent (SAD) or -independent (SAID). The

Figure 3.2 Clustered Saccharide Patches exist at spatial scales spanning several orders of
magnitude. CSPs may form on heavily glycosylated proteins (A), on cell membranes
because of interactions between two or more glycosphingolipids (B) or glycoproteins
(C). CSPs can also form on pathogen polysaccharides (D). Glycosynapses are clustered
glycan microdomains, which mediate cell–cell and cell–extracellular matrix adhesion
and signaling (E). Arrows indicate likely CSPs.
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SAD pathways are mediated by interaction between proteins from the

P. falciparum Duffy binding-like family (e.g., pfEBA-175 and pfEBA-

140), and glycophorins on erythrocytes (Oh and Chishti, 2005).

Glycophorins (A, B, and C) are the major sialoglycoproteins on human

erythrocytes. The extracellular domain of glycophorin A (GpA) is glyco-

sylated with 16 O-linked glycans (primarily Neu5Aca2-3Gal(Neu5Aca2-
6)GalNAca1-O-Ser/Thr, with minor variations) and one sialylated

N-linked glycan (Thomas and Winzler, 1969; Tomita et al., 1978).

Glycophorin B (GpB) is highly homologous to GpA, but is shorter and

has only 11 O-linked glycans on its extracellular domain (Anstee, 1990;

Sim et al., 1994; Tomita et al., 1978). Although both GpA and GpB are

modified with similar O-linked oligosaccharides, glycan distribution along

the extracellular domain is unique for each protein (Anstee, 1990).

Glycophorin C (GpC) is broadly similar to GpA, and contains about

13 O-linked glycans and one N-linked glycan (Anstee, 1990).

Binding of pfEBA-175 to erythrocytes is SAD, and can be inhibited by

sialidase pretreatment. pfEBA-175 selectively binds to a clustered patch of

six O-linked glycans on the N-terminal peptide region of a GpA dimer.

However, this interaction cannot be competed by free sialic acids or by

fetuin, despite the fact that the latter contains three non-adjacent

O-linked glycans, which are identical to the tetrasaccharide on GpA

(Orlandi et al., 1992). Furthermore, despite its high homology to GpA, sol-

uble GpB cannot inhibit pfEBA-175 binding to erythrocytes or to GpA (Sim

et al., 1994). In contrast, soluble GpA can effectively inhibit pfEBA-175

binding to erythrocytes, and inhibition with Neu5Aca2-3lactose requires

a 100-fold higher concentration (Orlandi et al., 1992). pfEBA-175 binds

to N-deglycosylated GpA, indicating that the sialylated N-linked glycan

on GpA is not required for binding (Orlandi et al., 1992).

Taken together it is clear that the sialylated O-linked tetrasaccharide

structure by itself is not the ligand for pfEBA-175, and other element(s)

on GpA are required for binding. Two possible scenarios can be proposed.

One is that pfEBA-175 binds to a cluster comprised of O-linked sialoglycans

but also recognizes the underlying GpA peptide. The other is that GpA

N-terminal peptide conformation presents the glycans in a novel clustered

patch that is specifically recognized by pfEBA-175 (Sim et al., 1994). From

the crystal structure of pfEBA-175 RII region (which is the erythrocyte-

binding domain), it appears that the pfEBA-175 dimer binds to a clustered

patch of six oligosaccharides presented on GpA (Tolia et al., 2005). Six

potential glycan-binding sites were identified on the RII dimer: four are
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located in the two channels of the dimer, and two are exposed to the top of

the surface. Mutation analysis confirmed that all six sites are important for

pfEBA-175 binding to GpA and to erythrocytes. Interestingly, several

well-ordered sulfate molecules were observed in the channels and on one

face of the dimer (Tolia et al., 2005). The GpA tetrasaccharide can be

modeled into all six binding sites simultaneously, suggesting that pfEBA-

175 ligand is a clustered patch of six O-glycans on the N-terminal of a

GpA dimer (Tolia et al., 2005). The fact that the N-terminal peptide region

of GpA and GpB is rapidly evolving among primates suggests that it is under

selection pressure by the malarial pathogen (Baum et al., 2002). Consistent

with this conclusion, natural human polymorphisms of this peptide

sequence generate the MN blood groups (Anstee, 1990; Sadler et al.,

1979). There is also evidence for rapid evolution of this peptide in five

populations that have been exposed to malaria, suggesting that MN blood

group polymorphism may indeed affect malarial parasite invasion

(Ko et al., 2011).

There is similar evidence that another Plasmodium protein pfEBA-140

(BAEBL) binds to a sialylated clustered patch that includes the sialylated

N-linked glycan on glycophorin C (GpC) combined with an additional

unknown element. pfEBA-140 is a polymorphic Duffy binding-like recep-

tor, each variant being identified by four amino acids in the RII region. It

was determined that the BAEBL-VSTK variant recognizes GpC on eryth-

rocytes since it does not bind to Gerbich-negative erythrocytes, which

express a truncated form of GpC (Anstee, 1990; Mayer et al., 2002). The

RII domain of BAEBL-VSTK has two arginine residues (Arg, R114, and

R52) that are critical for binding to GpC (Jiang et al., 2009). Positively

charged Arg residues are a conserved motif for sialic acid binding by Siglecs

and sialidases (Varki and Angata, 2006). Erythrocyte treatment with

sialidases reduces the binding of BAEBL-VSTK by 90% (Kobayashi et al.,

2010), confirming sialic acid-mediated binding. Similar to pfEBA-175,

fetuin does not inhibit BAEBL–VSTK interactions with erythrocytes

(Kobayashi et al., 2010), despite carrying sialylatedN-glycans with structures

similar to those of GpC. In contrast to pfEBA-175, N-deglycosylated GpC

cannot inhibit BAEBL-VSTK binding to erythrocytes, but soluble

N-glycosylated GpC can. Thus the N-linked glycan is an essential compo-

nent of the BAEBL-VSTK ligand on GpC. However, the isolated N-linked

glycans that were cleaved from GpC cannot inhibit BAEBL-VSTK binding

to erythrocytes themselves (Mayer et al., 2006). In addition, soluble GpA,

which also contains a single similar N-linked glycan does not inhibit
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BAEBL-VSTK binding to erythrocytes (Mayer et al., 2006) (although

BAEBL-VSTK can bind to GpA on SDS-Page, Maier et al., 2003). It

appears that both N-linked glycans and sialylation of GpC are required

for BAEBL-VSTK binding (Malpede et al., 2013). However, the single

N-linked glycan on GpC by itself is not the ligand for BAEBL-VSTK.

Taken together the data suggest that similar to the pfEBA-175-GpA inter-

action, a cluster of N-linked glycan with other element(s) on GpC form the

ligand for BAEBL-VSTK binding. The involvement of O-linked glycans in

the binding was not tested, and a cluster of N-linked and O-linked glycans

remains a possibility for BAEBL-VSTK binding. Alternatively, there is evi-

dence for heparan sulfate involvement in the SAD invasion pathway of

BAEBL-VSTK and GpC. Heparitinase (heparin sulfate-specific lyase) treat-

ment inhibits merozoite invasion by a maximum of 35%, compared to

almost 60% inhibition by sialidase treatment. Combined treatment with

both enzymes inhibits invasion to similar extent as sialidase treatment alone,

suggesting that sialic acid and heparan sulfate mediate invasion through the

same pathway (Kobayashi et al., 2010). Furthermore, heparitinase treatment

reduces pfEBA-140 (VSTK) binding to erythrocytes by 30–40%, and incu-

bation with heparin (highly sulfated heparan sulfate) completely abolished

binding (Kobayashi et al., 2010).

In summary, there is strong evidence that pfEBA-175 binds to a clustered

patch of six O-glycans on the N-terminal peptide of a GpA dimer (Tolia

et al., 2005). And while pfEBA-140 (BAEBL-VSTK) binding requires

N-linked glycosylation on GpC, the isolated N-linked glycans are not suf-

ficient for binding. In addition, there is evidence that heparan sulfate may be

involved in the SAD pathway of BAEBL-VSTK-mediated invasion.

Although erythrocytes express only small amounts of heparan sulfate

(Drzeniek et al., 1999), it is possible that heparan sulfate stabilizes a sialylated

cluster that is recognized by BAEBL-VSTK (Kobayashi et al., 2010; Vogt

et al., 2004).

4.2. Antibody recognition of sialylated Lewis antigens
on mucins

Clusters of Sialyl-Lewisa (Siaa2-3Galb1-3(Fuca1-4)GlcNAcb-, SLea) on
plasma proteins are differentially recognized by three monoclonal antibodies

that were raised against SLea. The Lewis antigens are formed by addition of

fucose toN-acetylglucosamine on glycolipid or glycoprotein in either a1–3
or a1–4 linkage (Stanley and Cummings, 2009). Lea and Leb are known as

blood group antigens, as they are secreted into the plasma as glycolipids and
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then incorporated into erythrocytes in individuals that are secretors. In con-

trast, the Lex and Ley antigens are expressed only on a few cell types and are

not found associated with erythrocytes (Lloyd, 2000). All of the Lewis group

epitopes are expressed in high densities by many carcinomas (Lloyd, 2000;

Yuriev et al., 2005). Elevated levels of SLea bearing glycoconjugates are

found in the peripheral blood of pancreatic cancer patients, and patients with

acute and chronic pancreatitis, obstructive jaundice, and liver cirrhosis (Bhat

et al., 2012). SLea is the canonical epitope for cancer/carbohydrate antigen

19-9 (CA 19-9), and is used as a biomarker for cancer diagnostics (Bhat et al.,

2012; Molina et al., 2012).

Several other monoclonal antibodies are available for diagnostics: 9L426

was raised against purified SLea, 1B.844 antibody was raised against

CA19-9 mucin antigen, and 121SLE which is comprised of mAb 19-9 and

mucins that were isolated from ovarian cyst of a Lewis (aþb-) patient and

further purified by immunediffusion (Gustafsson, 1990; Partyka et al.,

2012). Not surprisingly, 9L426 antibody is very specific for SLea epitope,

however both 1B.844 and 121SLE bind to additional glycan structures on gly-

can microarrays. For example, they both bind well to a SLea epitope that con-

tains N-glycolylneuraminic acid (Neu5Gc), and to the SLec structure (SLea

missing a fucose) (Partyka et al., 2012). Multiplexed comparison of antibodies

binding to pancreatic cancer patient plasma samples revealed differential

recognition of SLea epitopes on plasma proteins by these antibodies. The three

antibodies were immobilized on microarrays, and plasma proteins from

patients were incubated with these arrays. The captured proteins were then

probed by each of the three antibodies, resulting in all possible antibody-pair

combinations. The various capture–detection pair combinations generally

showed the same pattern of recognition across the plasma samples, indicating

that all three antibodies essentially recognize the same epitope (SLea). How-

ever, plasma proteins captured by one antibody were not always recognized

by the other antibodies (Partyka et al., 2012). For example, plasma proteins

from three of eleven patients were uniquely detected by 121SLE antibody

but not by 9L426 and 1B.844 antibodies. In contrast, plasma proteins from

two of eleven patients were recognized by 9L426 and 1B.844 antibodies

but not by 121SLE (Partyka et al., 2012). This indicates that each antibody

recognize a slightly different SLea containing epitope on the proteins. Thus

the SLea epitopes likely form various clustered patches on the tumor-derived

mucin-like proteins in plasma, which are specifically recognized by each of

the antibodies. Again, we have a case where a defined glycan is necessary

but not sufficient for recognition by different GBPs.
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4.3. Antibody recognition of mucin-related tumor antigens
Tn, TF, and STn

Incomplete mucin glycosylation in carcinomas leads to the exposure and

reorganization of cryptic glycans that can be in clustered patches that are spe-

cifically recognized by certain antibodies. Examples of such cryptic glycans

include the Tn (GalNAc-a1-O-Ser/Thr) and T (Galb1-3GalNAc-a1-O-

Ser/Thr) antigens, both of which have been reported in carcinomas

(Springer, 1984, 1997; Varki et al., 2009b), and Sialyl-Tn (Siaa2-6Gal-
NAc-a1-O-Ser/Thr, STn), which is found in some adenocarcinomas

(Zhang et al., 1995).

Mucins are a family of large glycoproteins that contain variable number

of tandem repeats rich in proline, threonine and serine, and are extensively

O-glycosylated at the Ser/Thr residues (Itzkowitz et al., 1989; Kufe, 2009).

Altered expression and incomplete glycosylation of mucins in carcinomas

results in the expression of glycan epitopes that are normally cryptic. For

example, mutation in the T-synthase enzyme (Cosmc) results in expression

of Tn antigen, and can lead to the formation of STn (Ju et al., 2008).

Reduced sialic acid O-acetylation can also expose the underlying STn struc-

ture (Itzkowitz et al., 1989; Varki et al., 2009b). Analysis of the binding pat-

tern of two monoclonal antibodies that were raised against STn, TKH2, and

B72.3 suggests that non-O-acetylated STn glycans are organized in clustered

patches on colon carcinomas but not on normal tissues.

TKH2 antibody was generated following immunization with ovine sub-

maxillary mucins (OSM) (Kjeldsen et al., 1988), which are exclusively gly-

cosylated with STn. B72.3 antibody was generated following immunization

with human breast carcinoma cells (Thor et al., 1986). Both antibodies do

not bind to normal colon tissue, but interact with colon cancer tissues

(Itzkowitz et al., 1989; Ogata et al., 1998). TKH2 does not bind to

O-acetylated sialic acids, but de-O-acetylation of normal and cancer tissues

with sodium hydroxide results in an increase in TKH2 staining (Ogata et al.,

1995, 1998). This supports the hypothesis that sialic acidmoieties are masked

by O-acetylation in normal tissues, and de-O-acetylated in cancer tissues. In

contrast, B72.3 staining was not affected by sodium hydroxide treatment

(Ogata et al., 1998), however, unlike TKH2, this antibody was raised against

carcinoma cells. Importantly, B72.3 strongly binds neoglycoproteins bearing

STn-trimers, but poorly interacts with monomeric-STn neoglycoproteins

(Ogata et al., 1998). Taken together, these findings demonstrate that in

colon carcinoma tissues at least three non-O-acetylated STn epitopes form
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a clustered patch that is specifically recognized by B72.3 antibody. In con-

trast, in normal colonic tissue STn is found in O-acetylated nonclustered

potentially monomeric form (Ogata et al., 1998).

Since carcinomas express aberrant glycosylation, attempts have beenmade

to generate anti-cancer vaccines by injecting patients with immunogenic pro-

teins bearing the aberrant glycans. Cancer patients produce low levels of IgM

antibodies against STn and Tn epitopes. These anti-STn antibodies can bind

toOSM, suggesting recognition of clustered STn epitope (Adluri et al., 1995).

In order to elicit production of IgG antibodies, patients were vaccinated with

neoglycoproteins comprised of keyhole limpet hemocyanin (KLH) conju-

gated to STn (STn–KLH), or to Tn (KLH–Tn). While the vaccination

enhanced the production of corresponding natural IgM antibodies, IgG anti-

bodies from these patients reacted onlywith STn andTn epitopes on synthetic

conjugates (Adluri et al., 1995). The fact that IgG antibodies failed to interact

with STn and Tn epitopes from natural sources such as OSM and

asialoglycophorin indicates that the neoglycoproteins do not mimic the

natural cancer epitope. In contrast, IgG antibodies from patients that were

vaccinated with OSM reacted with both synthetic and naturally occurring

STn epitopes (Adluri et al., 1995). In a separate approach, IgG monoclonal

antibodies (MLS 128 andMLS 132) that were raised against human colorectal

cancer cell line LS 180 were shown to specifically recognize a cluster of Tn or

a cluster of STn, respectively. Immunoaffinity columns containing MLS 128

(Numata et al., 1990) or MLS 132 (Tanaka et al., 1999) antibodies were

loaded with tryptic digest of OSM or asialo-OSM. All the peptides that were

captured byMLS 128 contained a cluster of three or four consecutive residues

of Tn antigen on a Ser-Thr-Thr glycopeptides (Nakada et al., 1991, 1993).

Conversely, all the peptides captured by MLS 132 reacted with a cluster of

four STn antigens on OSM peptides (Tanaka et al., 1999). Taken together

it is clear that on cancer cells STn and Tn epitopes are organized in immuno-

genic clusters that are specifically and differentially recognized by different

antibodies. As with some of the prior examples, a defined glycan is necessary

but not sufficient for recognition by different GBPs.

4.4. Lectin binding to CA125 antigen
CA125 antigen is the most prominent marker for serous ovarian cancer; it is

the extracellular domain of MUC16 mucin and is heavily O-glycosylated

(Bouanene and Miled, 2010; Yin et al., 2002). It has an unusual expression

of sialylated branched core 1 antennae in the core 2 glycans. Despite having a
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comparable content of Sias in a2-3-linkage and a2-6-linkage, the binding
pattern of recombinant soluble Siglec-Fc chimeras was found to be unique

for each of three CA125 isolates. This suggests recognition by the Siglecs of

sialylated CSPs that are unique for each isolate.

CA125 was isolated from three different sources: ovarian carcinoma

patients (pfCA125), ovarian carcinoma cell line (clCA125), and noncancer

source (pCA125). The isolates were extensively analyzed by lectin-affinity

columns (Jankovic and Milutinovic, 2008), and by binding of recombinant

human Siglecs to immobilized CA125 (Mitic et al., 2012). Overall the three

CA125 isolates appeared to have similar sialylation patterns, as bothMaackia

amurensis lectin (MAA, recognizes Siaa2-3Galb1-R/3-O-sulfate-Galb1-R)

and Sambucus nigra agglutinin (SNA, binds to Siaa2-6Gal/GalNAc) recog-

nized all isolates at a similar extent (Mitic et al., 2012). Thus the proportion

of Sias in a2-3- and a2-6-linkage is comparable between all three isolates. In

contrast, six Fc-chimeric Siglec proteins (Siglec-2, 3, 6, 7, 9, and 10) differ-

entially bound to the CA125 isolates. The isolate from ovarian carcinoma

patients, pfCA125, was exclusively recognized by Siglec-2, 3, 6, and 7;

the ovarian carcinoma cell line isolate, clCA125, was exclusively recognized

by Siglec-9 and 10; and the pCA125 isolate from a noncancer source was

recognized by Siglec-2, 3, 6, 9, and 10 (Mitic et al., 2012). Note that all these

Siglecs can bind to various glycan structures containing Sias in a2-3- and
a2-6-linkage. Specifically, Siglec-2 binds non-9-O-acetylated Siaa2-6Gal/
GalNAc (Brinkman-Van der Linden et al., 2002; Sjoberg et al., 1994;

Varki and Angata, 2006), Siglec-3 binds mostly Siaa2-6Gal and Siaa2-
3Gal (Brinkman-Van der Linden and Varki, 2000), Siglec-7 preferably binds

to branched a2-6-linked Sias, such as Galb1-3(Siaa2-6)HexNAc (Angata

and Varki, 2000; Yamaji et al., 2002), Siglec-6 binds Siaa2-6GalNAc

(STn) (Brinkman-Van der Linden and Varki, 2000; Patel et al., 1999),

Siglec-9 and Siglec-10 preferably bind to Siaa2-3Galb1-4GlcNAc,

although they bind to Siaa2-6Gal as well (Varki and Angata, 2006). All these
are structures that are recognized byMAA and SNA,which bind to the three

CA125 isolates in a comparable manner (Mitic et al., 2012). Thus the dif-

ferential binding by Siglec-chimeras implies a higher order organization of

the sialylated glycans on CA125, likely in sialylated CSPs.

5. CLUSTERED PATCHES OF SIALYLATED GANGLIOSIDES
ON CELL SURFACES

Gangliosides are sialylated glycosphingolipids, composed of a cer-

amide lipid tail attached to an oligosaccharide chain that contains between
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one to five sialic acid residues. Gangliosides typically form clusters on the

plasma membrane, and are important components of the nervous system.

Saccharides from two or more neighboring gangliosides can form a clustered

patch that is uniquely recognized by antibodies. The formation of such CSPs

can elicit novel antibodies. Alternatively, it can mask antibody recognition

of a single ganglioside. Here we present examples of antibodies that specif-

ically recognize aberrant CSPs, and show that clustered patch formation on

melanoma cells can mask antibody recognition.

5.1. Autoantibody recognition of ganglioside complexes
in immune neuropathies

Autoantibodies from patients can specifically recognize heterogeneous gan-

glioside clusters and yet do not react with the constituent gangliosides indi-

vidually. Autoantibody–ganglioside interactions are a critical pathogenic

factor in a subset of autoimmune neuropathies, including multifocal motor

neuropathy (MMN), Guillain–Barré (GBS) and Miller-Fisher (MFS) syn-

dromes (Willison and Yuki, 2002; Yuki and Hartung, 2012). Anti-

ganglioside antibodies trigger inappropriate activation of the complement

cascade, which may induce nerve injury in GBS and MFS patients (Kaida

and Kusunoki, 2010; Willison et al., 2008). Serum IgG autoantibodies

against GM1, GD1a, GT1a, and/or GQ1b gangliosides are associated with

nerve injury in GBS and MFS patients (Greenshields et al., 2009; Willison

and Yuki, 2002). IgM autoantibodies against GM1 and GM2 have been

reported in the serum of MMN patients (Nobile-Orazio et al., 2010;

Willison and Yuki, 2002). Because these antibodies are characteristic of

the acute phase of the disease, they are useful diagnostic markers. However,

acute phase sera from 8% to 17% of GBS patients does not react with purified

gangliosides such as GM1, GM2, GM3, GD1a, GD1b, GD3, GalNAc-

GD1a, GT1b, and GQ1b. Instead the serum IgG strongly reacted with gan-

glioside mixtures (Kaida et al., 2004, 2007; Kusunoki and Kaida, 2011).

Gangliosides are localized in glycosynapse microdomains (see Section 9

below), with the oligosaccharide side chain protruding from the plasma

membrane. The sialylated oligosaccharide chains may form a saccharide

cluster that can itself be specifically recognized by antibodies. Indeed, sera

from certain neuropathy patients that do not react with an individual gan-

glioside do react with a complex of two different gangliosides (Kaida et al.,

2004; Kanzaki et al., 2008; Mauri et al., 2012; Nobile-Orazio et al., 2010;

Willison and Yuki, 2002). Conversely, antibody recognition of a single gan-

glioside may be masked in the ganglioside complex by the neighboring gly-

cans (Ogawa et al., 2009). For example, a GA1/GQ1b ganglioside mixture
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can be recognized by monoclonal anti-GQ1b antibody but not by mono-

clonal anti-GA1 antibody (Ogawa et al., 2009). Similarly, anti-GM1 IgM

reactivity with GM1 is abolished or substantially reduced in GM1/GD1a

ganglioside mixture (Nobile-Orazio et al., 2010).

The epitope recognized by serum antibodies was identified by extensive

analysis of antibody binding to a mixture of two gangliosides. Two gangli-

osides were mixed and separated on thin layer chromatography (TLC) in a

solvent that allowed overlapping in the same lane. Serum IgG from GBS

patients reacted strongly with the overlapping portion, but did not react with

the individual gangliosides (Kaida et al., 2007; Kusunoki and Kaida, 2011).

Similarly, serum IgG bound strongly to wells coated with mixtures of

GD1a/GD1b, GM1/GD1a, GD1b/GT1b, GM1/GT1b, or GM1/GD1b

but not with the individual gangliosides in enzyme-linked immunosorbent

assay (ELISA) (Kaida et al., 2004, 2007). Most of the anti-GD1a/GD1b- or

anti-GM1/GD1a-positive sera also reacted with GM1/GD1b and GM1/

GT1b ganglioside mixtures. This suggests that serum antibodies recognize

a clustered epitope formed by a combination of Galb1-3GalNAc (on

GD1b or GM1) and Neu5Aca2-3Galb1-3GalNAc (on the GT1b or

GD1a) (Willison et al., 2008).

Serum antibodies from MFS patients can be divided into three groups:

GQ1b- or GT1a-specific, GQ1b/GM1-reactive, and GQ1b/GD1a-

reactive. GQ1b/GM1-reactive antibodies bind to ganglioside complexes

containing a combination of Galb1-3GalNAc and Neu5Aca2-8 Neu5-

Aca2-3Galb1-3GalNAc in the terminal residue of ganglio-N-tetraose,

including GQ1b/GD1b, GT1a/GD1b and GT1a/GM1 complexes.

GQ1b/GD1a-reactive antibodies bind to complexes containing Neu5-

Aca2-3Galb1-3GalNAc and Neu5Aca2-8Neu5Aca2-3Galb1-3GalNAc,

including GT1a/GD1a, GQ1b/GT1b and GT1a/GT1b (Kaida et al.,

2006; Kusunoki and Kaida, 2011; Ogawa et al., 2009; Willison et al.,

2008). In addition to the terminal sialic acid residues, the binding of certain

antibodies may require one or two sialic acids on the internal galactose as

well. For example, GQ1b/GA1 and GT1a/GA1 have the same terminal

structure as the GQ1b/GM1 complex, but are missing one sialic acid on

an internal galactose. GQ1b/GM1-reactive sera do not react with these

complexes (Ogawa et al., 2009). IgM antibodies from sera of chronic neu-

ropathy patients (MMN, chronic inflammatory demyelinating poly-

radiculoneuropathy and IgM paraproteinemic neuropathy) recognized

GT1b/GM1, GT1b/GM2, and GM2/GD1b complexes (Nobile-Orazio

et al., 2010). Additional evidence was obtained by glycan microarray studies
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(see Section 11.1). Taken together from these examples, it is clear that gan-

gliosides form specific sialylated CSPs that are detected by autoantibodies

from neuropathy patients.

5.2. Antibody recognition of ganglioside complexes
on melanoma cells

Heterogeneous ganglioside cluster formation on melanoma cells inhibits

recognition of GM2, GM3, and GD3 by certain antibodies. Gangliosides

are overexpressed in tumor cells and thus are putative targets for cancer vac-

cines (Heimburg-Molinaro et al., 2011). GM3 and GD3 are the predomi-

nant gangliosides expressed in melanoma tissues and cell lines (Lloyd et al.,

1992; Tsuchida et al., 1989). Despite the uniformly high GM3 content,

monoclonal antibodies against GM3 selectively interact with certain mela-

noma cell lines but not others (Lloyd et al., 1992; Wakabayashi et al., 1984).

For example, the three anti-GM3 monoclonal antibodies, M2590 (IgM),

CMR6 (IgM), and DH2 (IgG3), reacted only with one out of six melanoma

cell lines tested (B78, mousemelanoma). Unlike the other five cell lines, B78

expresses only GM3. The other five cell lines express GM2, GD3 or other

gangliosides in addition to GM3 (Lloyd et al., 1992). Similarly, anti-GD3

and anti-GM2 monoclonal antibodies (IgG3) reacted poorly with certain

cell lines despite the high content of GD3 and GM2 in these cells. This phe-

nomenon was observed on cells in suspension as well as in monolayers. To

rule out that the lack of reactivity is due to crypticity effect (steric interfer-

ence caused by neighboring glycoproteins), the cells were pretreated with

trypsin-EDTA buffer or with pronase. Neither of the protease treatments

significantly increased reactivity with anti-GM3 or anti-GD3 antibodies

(Lloyd et al., 1992). Thus antibodies specific for GM3, GM2, and GD3

failed to recognize their ganglioside epitope when certain other gangliosides

were present on the plasma membrane. This suggests the formation of a new

epitope comprised of two or more gangliosides in a heterogeneous cluster.

Gangliosides in the cluster are no longer exposed to antibody recognition,

thus the single ganglioside is masked by formation of a CSP epitope.

Heterogenous GM1/GM3 clusters were also observed in normal mouse

fibroblasts by immune-electron microscopy (Fujita et al., 2007). Antibodies

against GM3 (monoclonal) and GM1 (polyclonal) detected clusters of

<100 nm in diameter. GM3 and GM1 clusters were mostly segregated from

each other, however, in 13.3% of the cases GM1 and GM3 co-clustered

(Fujita et al., 2007). It is therefore likely that a CSP comprised of gangliosides

is formed in these cells.
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6. CLUSTERED PATCHES OF SIALYLATED
GLYCOPROTEINS ON CELL SURFACES

The neutral ABH(O) blood group antigens stabilize sialylated clusters

on human erythrocytes, unique for each blood type, that are differentially

recognized by sialic acid-binding proteins. Erythrocytes from all three blood

groups display a comparable amount of sialic acids (Bulai et al., 2003), most

of which is found on glycophorins (see Section 4.1; Anstee, 1990). How-

ever, we found that three sialic acid binding proteins that are all specific

for sialic acid in a2–6 linkage (and do not bind to ABH antigens) differen-

tially interact with erythrocytes from each blood type (Cohen et al., 2009).

While human Siglec-2 (CD22) binds to erythrocytes with blood group pref-

erence A>O>B, the pandemic human influenza hemagglutinin (A/South

Carolina/1/18) binds equally to erythrocytes from all blood groups, and the

plant lectin Sambucus nigra agglutinin (SNA) binding preference is A>B>O

(Cohen and Varki, 2010; Cohen et al., 2009). Although a minor fraction of

the glycan modifications on glycophorins contain the ABH antigens, it can-

not explain the striking difference in Siglec-2 and SNA binding to erythro-

cytes from blood type B and O. Both lectins have comparable binding

patterns in ELISA assay and on microarrays with strong preference to

Siaa2-6Gal/GalNAc (Brinkman-Van der Linden et al., 2002; Padler-

Karavani et al., 2012; Sjoberg et al., 1994; Varki and Angata, 2006).

Although SNA binds to 9-O-acetylated sialic acids (Padler-Karavani

et al., 2012) and Siglec-2 preferably binds to non-9-O-acetylated sialic acids

(Brinkman-Van der Linden et al., 2002). But 9-O-acetylated Neu5Ac com-

prise less than 1.5% of the total sialic acids on erythrocytes and is comparable

between the three blood groups (Bulai et al., 2003). Thus 9-O-acetylation

cannot explain the differential binding of SNA and Siglec-2.

The majority of the ABH(O) blood group antigens on erythrocytes are

found on the anion transport protein (band 3) and the glucose transport pro-

tein (band 4.5), which unlike glycophorins, are not much sialylated (Anstee,

1990). The blood type H antigen structure (Fuca1-2Galb-R) is the precur-

sor for both blood type A (GalNAca1-3[Fuca1-2]Galb-R) and blood type

B (Gala1-3[Fuca1-2]Galb-R) antigens (Greenwell, 1997; Hosoi, 2008).

Note that these ABH(O) blood group antigens are neutral oligosaccharides

that differ only in respect to a single terminal saccharide. Interestingly, blood

type A and B antigens stabilize sialylated CSPs on the plasma membrane, but

blood type H antigen does not. From electron microscopy analysis blood

92 Miriam Cohen and Ajit Varki



type A antigens are organized in the periphery of sialylated clusters, and blood

type B antigens are found in the center of sialylated clusters. In membranes of

blood type O erythrocytes, very small sialylated clusters are formed and the

blood typeH antigens are not associatedwith them. Selective enzymatic cleav-

age of the terminal GalNAc andGal from blood type A and B antigens, respec-

tively, disperse the clusters and convert Siglec-2 and SNA binding in the

expected direction (Cohen and Varki, 2010; Cohen et al., 2009). There is

some evidence for co-localization of band 3 andGpA, which are the twomost

abundant proteins on the human erythrocyte membranes (Che and Cherry,

1995; Telen and Chasis, 1990; Young et al., 2000). However the interaction

is not stable enough to be detected by standard methods such as

co-immunoprecipitation, and fluorescence resonance energy transfer

(Cohen et al., 2009; Jarolim et al., 1994; Telen and Chasis, 1990; Young

et al., 2000), suggesting that band 3 andGpA do not form a stable protein com-

plex. Taken together it is clear that sialylated clustered patches are formed on

the plasma membrane of human erythrocytes, and are likely stabilized by car-

bohydrate–carbohydrate interactions with blood type A and B terminal sac-

charides. Lectin binding to sialylated ligands can be enhanced or reduced

by the cluster formation resulting differential binding to cells presenting sialic

acids with similar structure, linkage, and underlying sugars.

7. ENZYME RECOGNITION OF CLUSTERED GLYCANS:
O-SIALOGLYCOPROTEIN ENDOPEPTIDASE

Proteolytic cleavage requires enzyme recognition of the target protein,

and most endopeptidases recognize specific amino acid sequence motifs adja-

cent to the cleavage site (Turk et al., 2012). In contrast, O-sialoglycoprotein

endopeptidase (OSGPase) binds to a clustered sialylated glycan patch onmany

differentO-linked-glycan containingmucins and cleaves the adjacent peptide.

This enzyme was first identified in the bacterium Pasteurella haemolytica

(Abdullah et al., 1991; Lee et al., 1994; Mellors and Lo, 1995), but has homo-

logs in all kingdoms of life (Nichols et al., 2006; Seki et al., 2002). The amino

acid sequence of the Pasteurella enzyme substrate must contain at least 30%

serine/threonine residues, thus presenting a mucin-like array of O-linked gly-

cans (Mellors and Lo, 1995; Mellors and Sutherland, 1994). Terminal sialic

acids on the O-linked oligosaccharides are also required for enzyme recogni-

tion, although sialic acids by themselves are not sufficient ligands for the

enzyme (Abdullah et al., 1992; Sutherland et al., 1992).
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OSGPase binds and cleaves only proteins with dense arrays of sialylated

O-linked glycans, such as GpA (Mellors and Lo, 1995). As mentioned ear-

lier, GpA contains 15O-linked glycans and 1N-linked glycan. Eleven of the

O-linked glycans are found on serine/threonine residues that are clustered

between amino acids 2–26 on theN-terminal domain, and the other four are

located between amino acids 37–50 (Tomita et al., 1978). The major cleav-

age site of OSGPAse is the peptide bond at Arg-31-Asp-32 (Abdullah et al.,

1992), which is adjacent to the O-glycosylation sites. Another example is

CD43 (leukosialin, sialophorin): the extracellular domain of human

CD43 is comprised of 234 amino acid, and 70–85 O-linked sialoglycans,

an average of one O-linked sialoglycan per every three amino acids

(Cyster et al., 1991). In keeping with this, OSGPase cleaves this protein

to very small fragments (Sutherland et al., 1992). In contrast to the homog-

enous O-glycosylation of CD43, the 330–550 amino acid extracellular

domain of CD45 (leukocyte common Ag) can be divided to three sub-

domains: an O-linked glycosylation region, and two separate cysteine-rich

regions (Thomas, 1989; Tomita et al., 1978). The O-linked region spans

about 177 amino acids at the very tip of the N-terminal domain, and is com-

prised of 34% serine/threonine residues, which are O-glycosylated. The two

cysteine-rich domains are heavily N-linked glycosylated (Thomas, 1989).

OSGPase digests only the O-linked glycosylation region of CD45, leaving

the N-linked glycosylated region intact (Sutherland et al., 1992). Other

examples of densely O-sialoglycosylated proteins that are cleaved by the

enzyme are: bovine submaxillary mucins (Norgard et al., 1993a),

hyaluronan receptor CD44 (Sutherland et al., 1992), CD34 (Sutherland

et al., 1992), and epitectin (Hu et al., 1994).

OSGPase does not digest proteins that present sialylated O-linked gly-

cans that are not densely packed, for example, bovine fetuin (Akai et al.,

2003; Nwosu et al., 2011), or human IgA1 (Mattu et al., 1998), both of

which contain only a small cluster of 3–4 O-linked sialylated glycans

(Sutherland et al., 1992). The enzyme also does not digest N-linked

sialoglycoproteins, over 30 of which have been tested to date (Mellors

and Sutherland, 1994; Sutherland et al., 1992). When presented with an

intact cell, the enzyme specifically cleaves only mucin-like

sialoglycoproteins (Hu et al., 1994). Taken together it is clear that this

enzyme requires a patch of sialylated O-linked glycans for binding to the

target protein, and it cleaves that peptide bond adjacent to the

O-glycosylated cluster. On the other hand, there is no specific sialoglycan

sequence required for recognition. Thus OSGPase is apparently recognizing
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some form of clustered sialylated patch that is common to all mucin-type

glycoproteins, despite the different O-glycan structures.

8. CSPs ON PATHOGENS

8.1. Glycan clusters on bacterial capsular polysaccharides
There is evidence for antibody or Siglec recognition of saccharide clusters on

bacteria capsules. Certain IgG-type monoclonal antibodies exclusively bind

to intact type III group B Streptococcus (GBS III) but do not bind purified

capsular polysaccharide (CPS) or comparable glycans on a microarray. Both

gram-positive and gram-negative bacteria express extracellular polysaccha-

rides that can form capsules and biofilms, both of which are major virulence

factors (Bazaka et al., 2011). GBS is the major cause for pneumonia, septi-

cemia, and meningitis in newborns (Maisey et al., 2008; Pincus et al., 1998,

2012), and has a capsular polysaccharide (CPS) that forms the outermost

layer of the bacteria. The CPS helps bacteria to evade the host immune system

by masking antigenic determinants, mimicking host glycans or by interfering

with complement-mediated killing (Cieslewicz et al., 2005; Nizet and Esko,

2009). TheGBSCPS is typically comprised of repeatingmonosaccharide units

that are joinedbyglycosidic linkages to serotype-specific configuration (Bazaka

et al., 2011; Cieslewicz et al., 2005). The CPS of GBS is comprised of 3–4

monosaccharide units: glucose (Glc), galactose (Gal), andN-acetylneuraminic

acid (Neu5Ac) that may be O-acetylated, and in some serotypes

N-acetylglucosamine (GlcNAc) is also present. These monosaccharides are

polymerized in nine different configurations, unique for each serotype

(Cieslewicz et al., 2005; Lewis et al., 2004). For example, the capsular polysac-

charide of GBS III (CPSIII) is comprised of the repeating subunit Glcb1-6
(Neu5Aca2-3Galb1-4)GlcNAcb1-3Gal (Wessels et al., 1987).

Three IgG-type monoclonal antibodies derived by immunization with

intact CPSIII conjugated to tetanus toxoid: S3.1A6 (IgG1), S3.2A6

(IgG1), and S3.1B1 (IgG2a) (Zou et al., 1999), can bind and opsonize live

GBS in vitro (Pincus et al., 2012). Immunization with tetanus toxoid conju-

gates typically yields antibodies that primarily recognize conformational

structures (Kasper et al., 1996; Marques et al., 1994). None of the three anti-

bodies bind to sialoglycans on the glycoarrays, including oligosaccharide

structures that were recognized by other GBS type-III-specific antibodies

(Pincus et al., 2012). S3.1B1 antibody binds equally well to sialidase-treated

or untreated type III GBS in ELISA assay, suggesting that the sialic acid

Neu5Ac is not part of the epitope recognized by this antibody (Pincus
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et al., 2012). However, S3.1B1 antibody does not bind to S. pneumoniae type

14, which has the same core structure as desialylatedCPSIII (Zou et al., 1999).

This could be due to incomplete digestion by sialidase, or it may indicate that

S3.1B1 ligand is stabilized by additional structure on CPSIII (Pincus et al.,

2012). Despite the fact that the antibodies were derived by immunizationwith

CPSIII, S3.1A6, and S3.2A6 preferably bind intact type III GBS over purified

CPSIII in ELISA assay. These two antibodies do not bind desialylated GBS,

indicating that Neu5Ac is a critical component of their ligand. Similarly,

monoclonal antibody SS8 (IgG2a) that was derived by immunization with

heat-killed type III GBS bound to intact type III GBS bacteria but not

to CPSIII (Egan et al., 1983), suggesting that spatial organization of the

glycans comprising SS8 ligand on intact bacteria is critical for the antibody

recognition. Although the glycan components remain the same in purified

CPSIII, the spatial organization is not preserved and the ligand is apparently

scrambled, preventing antibody recognition (Pincus et al., 2012).

In addition to the cluster-specific IgG-type antibodies mentioned here,

IgM-type antibodies preferably bound intact type III GBS over CPSIII.

These antibodies were elicited by immunization with head-killed GBS

(Egan et al., 1983; Pincus et al., 1998). However, unlike the IgG antibodies,

the IgM antibodies bound to relevant structures on glycan microarray, with

the exception of one antibody (SB3). In contrast to the other antibodies that

were tested, SB3 binds to both intact GBS and desialylated GBS suggesting

that it may recognize a completely different component of the capsid (Pincus

et al., 2012). Taken together, it appears that the capsid of type III GBS is

organized in immunogenic saccharide clusters that are stabilized by the sialic

acid Neu5Ac.

In like manner a variety of different recombinant soluble human Siglecs

bind differentially to various GBS serotypes, despite the fact that they all

contain the same Neu5Aca2-3Galb1-4GlcNAc sequence (Carlin et al.,

2007, 2009). These are further examples wherein a single glycan sequence

is necessary but not sufficient for recognition by various antibodies and

GBPs. The best explanation for these findings is that unique CSPs are being

recognized.

8.2. Antibody recognition of N-glycans clusters on HIV gp120
While the focus of this review has been sialylated CSPs, a recent prominent

example involving mannose-containing glycans deserves special attention.

Highly ordered mannose clusters on HIV gp120 monomers are comprised
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of an intrinsic patch of unprocessed Man5–9GlcNAc2 glycans, flanked by a

rim of complex glycans, surrounded by trimer-associated Mana1-2Man

patch. This clustered mannose patch is recognized by the 2G12 neutralizing

antibody. Additional CSPs on gp120, comprised of several N-linked

oligomannose clustered with a short peptide sequence are recognized by

other broadly neutralizing antibodies, PGT 125–128, PGT 130, and

PG9. The HIV envelope protein Env is comprised of two noncovalently

bound glycoproteins: the transmembrane subunit gp41 and the external sub-

unit gp120. The gp120 subunit has an average of 25 N-linked glycosylation

sites, and the position of these sites is highly conserved between HIV isolates

and clades (Li et al., 2009; Scanlan et al., 2007a; Zhang et al., 2004). The

glycosylation of gp120 results in a tightly packed cluster of oligomannose,

which is evidently not found on mammalian cell surfaces (Balzarini,

2006). The formation of this unique cluster starts with the addition of

Glc3Man9GlcNAc2 precursor to the N-linked glycosylation sites in the

ER. Glucose residues are then cleaved by a-glucosidases I and II to produce
Man9GlcNAc2 or D2-, D3-Man8GlcNAc2, depending on the cell type

(Bonomelli et al., 2011; Doores et al., 2010; Sanders et al., 2002). Further

processing of the oligomannose chains to produce complex glycans is limited

by the high density of mannose residues and by steric consequences of gp120

trimerization. As a result only a limited area on the gp120 trimer is accessible

for glycan processing. Indeed, mass spectrometry analysis confirms that less

than 2% of the total glycans on gp120 are complex glycans (Scanlan et al.,

2007a; Zhu et al., 2000). Taken together, it was suggested that each gp120

monomer has an intrinsic patch of unprocessed Man5–9GlcNAc2 glycans,

flanked by a rim of complex glycans, surrounded by trimer-associated

Mana1-2Man patch (Li et al., 2009; Scanlan et al., 2007a; Zhu et al.,

2000). This uniquely conserved HIV-specific glycosylation pattern was

found in HIV isolates from clades A, B, and C and in simian immunodefi-

ciency virus (SIV) (Scanlan et al., 2007a).

Given that the clustered oligomannose patch appears to be conserved for

HIV viruses and does not exist on mammalian cells, it is potentially a good

target for vaccine design. It was shown that the broadly neutralizing 2G12

human anti-HIV antibodies bind to the intrinsic mannose patch at the center

of this complex mannose cluster (Calarese et al., 2003; Li et al., 2009;

Scanlan et al., 2002). The high mannose patch can be mimicked on cultured

cells by inhibition of Man9GlcNAc2 trimming with kifunensine, a mannose

analog that competitively inhibits type 1 ER andGolgi a-mannosidases. The

2G12 antibody bound to the abundant oligomannose-type glycans on
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kifunensine-inhibited human 293T cells, and to human CEACAM1 protein

that was expressed in these cells. Like gp120, this protein has a 120 kDa

highly mannosylated extracellular domain, when it was expressed in 293T

cells in the presence of kifunensine (Scanlan et al., 2007b). Although

2G12 recognizes terminal Mana1-2Man residues on high mannose glycans

(Sanders et al., 2002; Scanlan et al., 2002, 2007b), the spatial organization of

mannose in the cluster is important for the binding and neutralization of

HIV isolates with 2G12 (Astronomo et al., 2010; Scanlan et al., 2007b).

Antibodies that were generated against high mannose clusters were ineffec-

tive against primary HIV isolates. For example, Saccharomyces cerevisiae yeast

with a deletion in the a1-3 mannosyltransferase gene DMnn1, or a deletion

of three genes (DOch1DMnn1DMnn4) in theN-linked glycosylation path-

way, expresses high density of Man9GlcNAc2 or Man8GlcNAc2 oligosac-

charides, respectively. Although 2G12 antibody can bind these yeasts,

immunization with these mutants results in antibodies that bind gp120

but fail to neutralize primary HIV isolates (Agrawal-Gamse et al., 2011;

Dunlop et al., 2010; Luallen et al., 2008). Similarly, a mannose binding mol-

ecule, cyanovirin-N, binds to gp120 and can neutralize laboratory-adapted

strains, but only very weakly neutralize primary HIV isolates (Scanlan et al.,

2007a). Many attempts were made to mimic the mannose cluster on gp120

protein by chemically synthesizing compounds containing multiple Man9-
GlcNAc2 chains attached to a rigid scaffold at various densities

(Astronomo et al., 2010; Joyce et al., 2008; Krauss et al., 2007). All these

compounds were recognized by 2G12 antibody, and induced robust

carbohydrate-specific antibody responses in immunized animals, but failed

to elicit broadly neutralizing antibodies against HIV.

In addition to 2G12, other broadly neutralizing antibodies for HIV were

shown to interact with the densely packed oligomannoseMan8 andMan9 on

the gp120 protein. The PGT monoclonal antibodies 125–128 and 130

bound specifically to Man8GlcNAc2 and Man9GlcNAc2 on glycan array

(Pejchal et al., 2011; Walker et al., 2011). Unlike 2G12, binding of these

antibodies to pg120 can be competed out with Man9 but not with mono-

meric mannose or Man4, suggesting that they bind to a different epitope

(Walker et al., 2011). Despite forming 11–16 hydrogen bonds with a

number of terminal mannose on gp120, only two of the Man8–9GlcNAc2
oligosaccharides (position 332 and/or 301) are critical for binding of

PGT 127–128 antibodies (Pejchal et al., 2011; Walker et al., 2011). In addi-

tion, a short peptide at the C-terminal V3 stem is required for binding

(Pejchal et al., 2011). This suggests that PGT 127–128 antibodies bind to
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a specific CSP comprised of several mannose residues and a peptide, which is

stabilized by one or two N-linked oligomannose. Another broadly neutral-

izing antibody, PG9, binds to a cluster comprised of Man5GlcNAc2, Man4-
GlcNAc2, and a b-sheet strand (McLellan et al., 2011).

Taken together these findings suggest that the spatial organization of

mannose residues in the intrinsic patch is stabilized by the flanking glycans.

Thus, in order to generate high potency HIV-broadly neutralizing anti-

bodies the entire mannose CSP must be taken into account.

9. GLYCOSYNAPSES: CELL INTERACTIONS AND
SIGNALING VIA CSPs

Glycosynapses are a type of cell surface microdomain that are stabilized

by carbohydrate–carbohydrate interactions, and mediate adhesion and sig-

naling between two cells or between cells and the ECM (Hakomori,

2002; Hakomori and Handa, 2002; Todeschini and Hakomori, 2008). Gly-

cosynapse microdomains are classified by their content and function to three

types: Type I are comprised of GSLs clustered with signaling proteins; Type

II are comprised of O-linked mucin-type glycoproteins clustered with

Src family kinases; and Type III are comprised of GSLs, N-glycosylated

adhesion receptor, tetraspanins, and signaling proteins (Hakomori,

2004; Todeschini and Hakomori, 2008). All of the glycosynapses are stabi-

lized by cis carbohydrate–carbohydrate interactions between GSLs, and

are distinctively different from lipid rafts and caveolae microdomains

(Hakomori, 2003).

In Type I glycosynapses, the glycosylated N-terminal domain of a GSL

cluster stabilizes a saccharide cluster on the plasma membrane and GSL lipid

tails interact with signaling proteins. These glycosynapses mediate cell–cell

adhesion and signaling either through carbohydrate–protein interactions or

carbohydrate–carbohydrate interactions between two cells (Todeschini and

Hakomori, 2008). The carbohydrate–protein-mediated adhesions typically

involve a “lock and key” type interaction between gangliosides and GBPs,

for example, galectin-1 interaction with GM1 microdomain (Hakomori,

2004; Siebert et al., 2005). In contrast, carbohydrate–carbohydrate-

mediated cell–cell adhesion is described as a zipper or a gear wheel in which

a perfect fit between interacting carbohydrates is required for adhesion

(Spillmann and Burger, 1996). Carbohydrate–carbohydrate interactions

are stabilized primarily by van der Waal’s forces, although dipole–dipole

and hydrogen bonds may also form between the molecules. In most cases,
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carbohydrate–carbohydrate interactions require the presence of bivalent cat-

ions (Ca2þ or Mg2þ) (Spillmann and Burger, 1996; Todeschini and

Hakomori, 2008). Examples of carbohydrate–carbohydrate-mediated adhe-

sion by type I glycosynapses include: Lex-to-Lex (Galb1-4(Fuca1-3)
GlcNAc) interactions between two cells to induce auto-aggregation of

mouse tetratocarcinoma F9 cells (Eggens et al., 1989; Hakomori, 2004);

GM3 (Neu5Aca2-3Galb1-4Glcb1-Cer) on B16 mouse melanoma cells

interaction with Gg3 (GalNAcb1-4Galb1-4Glcb1-Cer) on L5178 mouse

lymphoma cells (Kojima and Hakomori, 1989), or with lactosylceramide

(Galb1-4Glcb1-Cer) on endothelial cells (Kojima and Hakomori, 1991);

Ley (Fuca1-2Galb1-4(Fuca1-3)GlcNAc) in mouse uterus epithelium with

blood group H antigen (Fuca1-2Gal) (Zhu et al., 1995); and human embry-

onal carcinoma cells aggregation by interaction of globoside Gb4

(GalNAb3Gala4Galb4Glcb1Cer) cis with Gb4, GalGb4 or trans with

nLc4 (Lex precursor, Galb1-4GlcNAc) on a neighboring cell (Song

et al., 1998).

Type II glycosynapses are comprised of O-linked mucin-type glycopro-

teins clustered with Src family kinases, and are not very well studied. The

best example is the MUC1-containing microdomains that were isolated

from low-density membrane fraction of T cells (Hakomori, 2004). These

microdomains include three mucin-type glycoproteins (MUC1, PSGL-1,

and CD45), and three Src family kinases (Yes, Fyn, and lck56) (Agrawal

et al., 1998a,b). MUC1 proteins cluster at the leading edge of activated

T cells, an area that is also associated with gangliosides (Correa et al.,

2003). MUC1 interactions with receptor proteins may induce signaling

to mediate T-cell activation and migration (Hakomori, 2004). PSGL-1

mediates selectin binding (see Section 10.2) and CD45 is involved in regu-

lating T-cell activation via the TCR (Altin and Sloan, 1997). Taken

together the data indicate that type II glycosynapses are involved in

carbohydrate-mediated cell adhesion and signaling (Hakomori, 2004).

Type III glycosynapses mediate cell–ECM adhesion, and are comprised

of GSLs, an N-glycosylated adhesion receptor (e.g., integrin), tetraspanin,

and signaling proteins (Todeschini and Hakomori, 2008). Integrins are a

family of a/b hetrodimeric proteins that mediate cell–cell and cell–ECM

adhesion (Scales and Parsons, 2011). Integrins that bind to ECM compo-

nents (laminin, collagen, and fibrinogen) often associate with tetraspanins,

which are palmitoylated and N-glycosylated transmembrane proteins

(Bassani and Cingolani, 2012).Cis interactions among integrins, tetraspanin,

and gangliosides depend on theN-glycosylation level on all the glycosynapse
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components (Ono et al., 2000, 2001; Todeschini and Hakomori, 2008).

Transmembrane signaling proteins are also stabilized by interactions

between the N-linked glycans, cytoplasmic signaling proteins are stabilized

by interactions with the GSLs lipid tail. Examples of type III glycosynapses

include GM3/tetraspanin CD9 inhibition of cell motility and proliferation

through modulation of integrin and FGF receptor function (Hakomori,

2004; Todeschini and Hakomori, 2008); and GM2/GM3/tetraspanin

CD82 complex inhibit activation of hepatocyte growth factor by the tyro-

sine kinase receptor Met, and cross-talk with integrin a3b1 (Todeschini and
Hakomori, 2008).

In conclusion, glycosynapse microdomains are comprised of GSLs, gly-

coproteins, and signaling proteins that are stabilized by cis carbohydrate–

carbohydrate interactions. Such CSP-containing glycosynapses are involved

in carbohydrate-dependent cell–cell and cell–ECM adhesion, and induce

cell activation, motility, and growth.

10. RECOGNITION OF COMBINED SACCHARIDE–
PEPTIDE PATCHES

In addition to specific glycan epitopes, several amino acids of the core

protein can be required for receptor recognition, in some cases, forming an

oligosaccharide–peptide patch. Sometimes the amino acids are sulfated and

may be substituted for sulfated oligosaccharides. Here, we present two

examples of oligosaccharide–peptide patch recognition.

10.1. O-sialoglycopeptide recognition by paired
immunoglobulin-like receptors

The ligand for paired immunoglobulin-like receptors type 2 (PILRs) is

comprised of a cluster of sialylated core 1-type O-linked glycan chain and

a protein determinant (Sun et al., 2012; Wang et al., 2008a). PILRs belong

to one of the paired receptor family, which consists of a pair of inhibiting

(PILRa) and activating (PILRb) receptors, are predominantly expressed

in immune cells (Mousseau et al., 2000). One of the best studied ligands

for PILRs is mouse CD99 (mCD99), an O-glycosylated protein that is

expressed on all leukocyte lineages, and highly expressed on activated

T cells (Schenkel et al., 2002; Shiratori et al., 2004; Tabata et al., 2008).

O-glycosylation of threonine residues 45 and 50 on mCD99 is required

for recognition by both PILRa and PILRb. However, PILRa binding to

mCD99 is not affected by a single alanine mutation of either threonine
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45 (T45A) or threonine 50 (T50A). In contrast, mutation of T45A inhibits

the binding of PILRb to mCD99 (Tabata et al., 2008;Wang et al., 2008a). It

was further shown that the O-glycosylation is likely comprised of a sialylated

core 1-type structure. Both core 2 branching and desialylation inhibit PILRs

binding to mCD99 (Sun et al., 2012; Wang et al., 2008a). Although

sialylated core 1 structures are likely found on additional surface proteins

on the cells, PILRs do not bind to parental cells that were not transfected

with mCD99. Furthermore, PILRs do not bind sialylated oligomeric gly-

cans on ELISA-like binding assay (Sun et al., 2012). Thus sialylated core

1 structure by itself is not the ligand for PILR binding (Wang et al., 2008a).

In addition to the sialylated core 1 structure, the PILR ligand is com-

prised of an adjacent protein determinant. Both mouse and human PILRa
bind mCD99 but not human CD99 (hCD99), although both present similar

glycosylation structures (Neu5Ac1-2Hex1HexNAc1) (Sun et al., 2012). As

mentioned above, mCD99 has two adjacent O-glycosylation sites (Thr-

45 and Thr-50) each independently sufficient to promote PILRa binding

(Tabata et al., 2008; Wang et al., 2008a). In contrast, hCD99 has only

one occupied O-glycosylation site on Thr-41, which corresponds to

Thr-45 site on mCD99. Insertion of the mCD99 amino acids region

between Pro-46 and Thr-50 (46PKAPT50) to hCD99 was sufficient for

PILRa binding (Sun et al., 2012). Since only one O-glycosylation site is suf-

ficient to promote PILRa binding, the PILRa ligand is comprised of one

sialylated core 1-type O-glycosylation and an adjacent protein motif (Sun

et al., 2012). Additional PILRs ligands that have similar binding motifs

are PILR-associating neural protein (Kogure et al., 2011), neuronal differ-

entiation and proliferation factor-1, collectin-12 (Sun et al., 2012), and her-

pes simplex virus-1 glycoprotein B (Wang et al., 2009).

10.2. P- and L-selectin recognition of clustered
O-sialoglycan-sulfated epitopes

P- and L-selectin bind to a clustered patch comprised of sialic acid, fucose,

and sulfate residues at a specific spatial orientation on their protein ligands.

Selectins are transmembrane glycoproteins that mediate cell–cell interac-

tions, P-selectin is expressed on activated vascular epithelium and platelets,

L-selectin is constitutively expressed on leukocytes, and E-selectin is

expressed on sites of inflammation (Konstantopoulos and Thomas, 2009;

Varki, 1994, 1997). Selectins weakly interact with sialylated, fucosylated

lactosaminoglycans such as Sialyl-Lewisx (Siaa2-3Galb1-4(Fuca1-3)
GlcNAcb-, SLex), or its isomer Sialyl-Lewisa (Siaa2-3Galb1-3(Fuca1-4)
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GlcNAcb-, SLea). In addition, P- and L-selectins can also bind certain

sulfated molecules like heparin (Norgard et al., 1993b; Varki, 1994). In con-

trast, E-selectin binding is sulfation-independent, and requires sialylated

fucosylated N-linked glycans (Kanamori et al., 2002; Lenter et al., 1994;

Levinovitz et al., 1993; Zöllner and Vestweber, 1996). Careful analysis of

selectin binding requirements to their natural protein ligands reveals that

the composition, charge, and spatial organization of monosaccharides and

sulfate epitopes are important for binding. The cluster may be formed by

oligosaccharide and sulfated peptide (e.g., P-selectin glycoprotein

ligand-1 (PSGL-1)), more than one oligosaccharide chain (e.g., CD24) or

form on a single oligosaccharide chain (e.g., 6-sulfo-SLex on GlyCAM-1).

Here, we discuss the former two clusters.

PSGL-1 is a dimeric mucin type glycoprotein that was originally iden-

tified as P-selectin ligand (Moore et al., 1992) but can interact with L- and

E-selectins as well (McEver and Cummings, 1997; Moore, 1998). The

extracellular domain of human PSGL-1 is densely O-glycosylated with

O-glycans that are neutral, mono- or disialylated forms of the core 2

tetrasaccharide Galb1-4GlcNAcb1-6(Galb1-3)GalNAca1-OH. Core 2

modifications include SLex and a1,3Fuc structures (Moore, 1998;

Wilkins et al., 1996). In addition to the extensive glycosylation, PSGL-1

contains up to three sulfated tyrosine residues (Tyr-46, Tyr-48, and Tyr-

51) (Pouyani and Seed, 1995; Wilkins et al., 1995). Both O-linked glyco-

sylation and sulfation are required for P- and L-selectin binding (McEver,

2002; Norgard et al., 1993b). The exact epitope for P- and L-selectin bind-

ing on PSGL-1 was identified by analysis of glycosulfopeptides

corresponding to the N-terminal amino acid residues 45–61 of human

PSGL-1. The synthesized glycosulfopeptides contained between 1 and 3

sulfated tyrosines, and were O-glycosylated at Thr-57 with different core

2 structures with SLex determinant (Leppanen et al., 2003; Leppänen

et al., 2002). Both P- and L-selectin required core 2 SLex determinant,

and a minimum of two adjacent sulfated Tyr in close proximity to the gly-

cosylation site for binding. L-selectin binding requires the sulfated Tyr to be

immediately adjacent to the glycosylation site (Tyr-48 and Tyr-51) in con-

trast to P-selectin that is not as selective (Leppanen et al., 2003). This dis-

tinction is interesting because L-selectin can bind to O-linked core 2

6-sulfo SLex structures (e.g., on GlyCAM-1 and CD34), in contrast to

P-selectin which requires the sulfated Tyr for binding (Hemmerich and

Rosen, 2000; HernandezMir et al., 2009; Kanamori et al., 2002). However,

optimal binding of both P- and L-selectin was obtained only when all three
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Tyr residues were sulfated. Elongation or desialylation of the glycosylated

chain inhibits P- and L-selectin binding determinant (Leppanen et al.,

2003; Leppänen et al., 2002), indicating that the spatial distance between

SLex and sulfated tyrosines is important for an optimal fit in the binding

pocket. This suggests the core 2 O-linked SLex and 2–3 sulfated tyrosines

form a cluster on PSGL-1 that is recognized by P- and L-selectins.

Another example is human CD24 (heat-stable antigen), a small mucin-

type GPI-anchored protein that has O-sialoglycosyl modifications on nearly

half of its amino acids (Pirruccello and LeBien, 1986). Unlike PSGL-1, CD24

does not contain a sulfated Tyr residue (Aigner et al., 1997). However, certain

CD24 glycoforms contain a sulfated glucuronylneolactose carbohydrate mod-

ification (HNK-1) sulfate-3GlcAb1-3Galb1-4GlcNAcb1-3Galb1-4Glc
(Aigner et al., 1997; Chou et al., 1986; Sammar et al., 1994). P- and

L-selectin bind to sulfated glycosphingolipids containing the HNK-1 epitope

in vitro (Needham and Schnaar, 1993). O-linked glycosylation, sialylation and

the HNK-1 modification are all required for P-selectin binding to CD24

(Aigner et al., 1997). In contrast, treatment with endoglycosidase F to remove

N-linked glycans does not affect P-selectin binding to human CD24 (Aigner

et al., 1997). Only certain glycoforms of CD24 contain SLex modifications

(Aigner et al., 1997, 1998), but these modifications are required to mediate

CD24-dependent rolling and adhesion by selectins (Aigner et al., 1998).

Taken together, the data indicate that P- and L-selectin bind to a cluster of

SLex and sulfated glucuronylneolactose on CD24.

11. EXPERIMENTAL RECREATION OF CSPs

Given how little is really understood aboutCSPs, recreating the compo-

sition and spatial organization of glycans in a natural CSP in an in vitro setting is

very difficult. However useful information can be obtained by spotting glycan

mixtures, neoglycoproteins, and glycans on dendrimeric scaffold onto glycan

microarrays, a relatively new approach to the study of glycans (Feizi et al.,

2003). In the context of CSPs, a drawback of the microarray approach is the

static state of the printed glycans. The cell membrane is a fluidic lipid bilayer

environment, inwhich lateralmovementcanbea significant factor inmediating

multivalent interactions. In order to mimic the membrane environment

more closely, fluidic microarrays have been designed. Here, we briefly present

evidence for CSPs recognition in glycan microarrays and fluidic microarrays.
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11.1. GBP binding to mixed glycan clusters on glycan
microarrays

Microarrays are a great tool for high-throughput analysis of GBP interac-

tions with various glycan epitopes. A large number of glycan libraries com-

prised of synthetic glycans, glycans isolated from natural sources or a mixture

of both are currently available to researchers (Lonardi et al., 2010; Padler-

Karavani et al., 2012; Rillahan and Paulson, 2011). Glycans are immobilized

on these arrays by various covalent and noncovalent methods. Covalent

immobilization is most commonly achieved by functionalization of the gly-

cans with thiol or amine groups, for example, and applying to an appropriate

reactive surface. This approach yields a high-density glycan surface with

known orientation (Rillahan and Paulson, 2011). Noncovalent methods

include glycan adsorption to nitrocellulose, oxidized polystyrene, electro-

static or hydrophobic surfaces, which yields glycans in random orientation.

In addition the glycans can be biotinylated and immobilized on streptavidin-

conjugated surface, or tagged with DNA and immobilized to complemen-

tary DNA (Rillahan and Paulson, 2011). Binding of GBPs to glycan arrays is

influenced by the length and flexibility of the linker, the underlying glycan

structures and the glycan densities. This was demonstrated by cross-

comparison of lectin binding to otherwise identical terminal sialylated gly-

can structures between two glycan array platforms (Padler-Karavani et al.,

2012). Furthermore, due to the multivalent nature of GBPs interactions

with glycan epitope, the spacing (density) and orientation of glycans on

the array are important factors for binding (Taylor and Drickamer, 2009;

Zhang et al., 2010a).

One approach for controlling the spacing between glycan epitopes is to

conjugate glycan epitopes to a carrier protein, for example, albumin, gen-

erating a multivalent glycoconjugate termed neoglycoprotein (Roy, 1996;

Stowell and Lee, 1980). The neoglycoproteins are then mixed with non-

glycosylated spacer proteins (e.g., BSA) at a known ratio, and the mixture is

immobilized on an array (Zhang et al., 2010b). The distance between

neighboring neoglycoproteins is determined by the ratio between spacer

proteins and neoglycoproteins, and can be estimated from the spacer pro-

tein dimensions. For example, in a tightly packed monolayer of 1:7

neoglycoprotein to BSA mixture, on average, there should be one

neoglycoprotein in the middle of each group of eight molecules. BSA

dimensions are approximately 35 Å�35 Å�70 Å, with the assumption

that BSA molecules adhere to the surface with the 70 Å side parallel to
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the surface, the distance between two neighboring neoglycoproteins

should be about 140 Å (Zhang et al., 2010a). This approach provides a dis-

tinction between two modes of multivalent binding of GBP to glycan clus-

ter. The nonglycosylated spacer proteins will not affect multivalent binding

of GBP to several glycan epitopes that are presented on a single

neoglycoprotein. Conversely, the spacer protein will inhibit multivalent

binding of GBP to several glycan epitopes that are presented on two (or

more) different neoglycoproteins, forming a homogenous CSP (Zhang

et al., 2010a). Interestingly in this array the average spacing between the

centers of two neighboring neoglycoproteins (140 Å) is too large for effi-

cient energy transfer between donor and acceptor. Critical distance for

Förster resonance energy transfer (FRET) is �90 Å (Adams et al., 1991;

Ishikawa-Ankerhold et al., 2012). Thus a CSP formation does not neces-

sarily require the core proteins to form a stable complex or to physically

interact.

Binding of the plant lectin concanavalin A (Con A) to mannose and

glucose was examined using this approach. ConA bound at a similar

apparent Kd value to a uniform layer of Glc-a-BSA, Man-a-BSA, or

Man6-BSA. ConA binding to Man6-BSA was not affected by adding

BSA spacer at 1:7 Man6-BSA/BSA ratio, suggesting that ConA binds to

several mannose epitopes on a single neoglycoprotein. In contrast, adding

the BSA spacer at 1:7 ratio abolished ConA binding to Glc-a-BSA and

to Man-a-BSA. Thus ConA forms multivalent interactions with glycans

on two or more neoglycoprotein (Zhang et al., 2010a), indicating specific

recognition of homogenous clustered patch of mannose or glucose. Another

example for homogenous CSP binding is the binding of Vicia villosa

lectin B4 (VVL-B4) to GalNAc. VVL-B4 binding to neoglycoproteins

presenting GalNAc with various underlying structures is inhibited by

adding the BSA spacer proteins (Zhang et al., 2010a). This method

can be used to tease out binding of commercially available antibodies and

patient serum to CSPs. For example, the binding properties of five IgM and

IgG1 type monoclonal antibodies for blood group A (GalNAca1-3(Fuca1-
2)Galb-) and A1 (GalNAca1-3(Fuca1-2)Galb1-3GlcNAcb1-3Galb1-4Glc)
were tested.All five antibodies tightly bound to bloodgroupAandA1epitopes

on the array with low apparent Kd value (Zhang et al., 2010b). However,

adding BSA spacer at 1:7 ratio abolished the binding of one of the tested anti-

bodies (IgM) to blood groupA1 epitope but not to the blood groupA epitope.

Two of the antibodies (IgM and IgG1) exhibit additional strong binding to
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GalNAca1-3Galb-epitope on the array, which was abolished by adding BSA
spacer (Zhang et al., 2010b).

Composition and spatial organization of naturally occurring CSPs on

cells could be very complex and difficult to mimic on the above kind of

microarray. Instead, spotting mixtures of two different glycans on an array

provides a simplified version of heterogeneous saccharide patches. Theoret-

ically, a mixture of 1:1 should generate a surface in which the two glycans are

evenly distributed (Liang et al., 2011). Antibody or GBP binding to a mixed

surface can be then compared with the binding to a uniform layer of its spe-

cific ligand. A change in the binding Kd is an indication to the effect of

neighboring glycans on antibody–ligand interactions. The binding can be

reduced due to steric hindrance by the neighboring glycans, can remain

unaffected, or can be enhanced by the formation of a novel epitope com-

prised of two or more neighboring glycans (Liang et al., 2011). For example,

the binding of an antibody against the glycosphingolipid SSEA3 (Stage-

Specific Embryonic Antigen 3, Gb5) was tested on an array with 1:1 mix-

tures of SSEA3 with six other glycosphingolipids of the globo-series glyco-

lipids (SSEA4, Globo H, Gb4, Gb3, Gb2, and Bb2) (Kannagi et al., 1983;

Liang et al., 2011). With exception of the SSEA3/SSEA4 mixture, antibody

binding to SSEA3was reduced in the mixed surface presumably due to steric

hindrance by neighboring glycans. Not surprisingly, the steric hindrance was

directly proportional to the length of the neighboring glycan. Interestingly,

however, higher antibody binding to SSEA3/SSEA4 mixture was observed

compared with binding to SSEA3 alone (Liang et al., 2011). Although the

antibody did cross-react with SSEA4 directly, the binding intensity to

SSEA3/SSEA4 mixture was higher than the intensity of the average binding

to SSEA3 and to SSEA4. This suggests that a cluster of SSEA3 and SSEA4

generates the preferred ligand for the antibody.

In another approach, two types of oligomannose (Man4 andMan9) were

conjugated to a second-generation dendrimetric scaffold at different ratios.

The oligomannose dendrimers were spotted on a microarray, creating clus-

ters of oligomannose with 9:0, 0:9, 6:3, 3:6, and 5:4 Man4:Man9 ratio

(Liang et al., 2011; Wang et al., 2008b). The HIV neutralizing antibody,

2G12 preferably bound to the 5:4 dendrimer with half of the binding Kd

compared with the other dendrimers (13.47 nM compared with

30.34–47.4 nM). In theory, at 5:4 ratio every Man9 is flanked with Man4

thus potentially presenting a new clustered epitope comprised of both

oligomers (Liang et al., 2011).
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11.2. Combinatorial glycoarrays and fluidic glycan microarrays
Combinatorial glycoarrays and lipidmicroarrays are another approach to study

binding to glycosphingolipid mixtures. In examples of this approach, a mix-

ture of glycolipids/lipids is printed onto a polyvinylidene difluoride mem-

branes affixed to glass slides. The lipid tail binds noncovalently to the

hydrophobic surface and the oligosaccharide head group is free to interact

withGBPs and antibodies (Kanter et al., 2006;Rinaldi et al., 2012). The com-

binatorial glycoarray is used to compare the interactions with a single gangli-

oside compared to interactions with its heterodimeric ganglioside mixtures

(Rinaldi et al., 2012). Lipid microarrays typically include lipid extracts from

a variety of tissues, biological fluids, and cells (Kanter et al., 2006).

Combinatorial glycoarrays were used to identify antibodies against gan-

glioside complexes in sera from neuropathy patients (see Section 5.1). In

addition, combinatorial glycoarrays were used to study the binding of certain

bacterial toxins and lectins to gangliosides and ganglioside complexes. For

example, the gangliosides GD1b and GT1b are known to be part of the

binding complex of Tetanus neurotoxin fragment (TeNTHC) on neuronal

cells, and were shown to colocalize in immunofluorescence studies

(Deinhardt et al., 2006). In agreement with these findings, TeNT HC binds

very strongly both to GD1b and to GT1b on the combinatorial glycoarray

and the binding is not affected by ganglioside complex formation. In con-

trast, TeNT HC strongly binds to GQ1b on the glycoarray, but does not

bind to GQ1b/GM2 mixture (Rinaldi et al., 2009). Interestingly, although

TeNT HC does not bind to the single gangliosides GD3, GM1, GD1a, or

GT1a, it reacts strongly with heterodimers of these gangliosides with GD3,

suggesting the formation of a neo binding epitope for TeNT HC in the

GD3-containing ganglioside complexes (Rinaldi et al., 2009, 2010). Other

evidence to the formation of GD3-containing complexes comes from the

binding pattern of human Siglec-7-Fc to the combinatorial glycoarrays.

Human Siglec-7 is a CD33-related Siglec that preferably binds to Neu5-

Aca2-8Neu5Ac containing structures, such as GD3 (Crocker et al.,

2007). Siglec-7-Fc strongly binds to GD3 on the glycoarray, but does not

bind to the GD3 when it is mixed with GM1, GD1a, or GT1a, suggesting

that the GD3 epitope is masked in the cluster probably by the formation of a

neo epitope (Rinaldi et al., 2009, 2010).

As discussed above, in most glycan microarrays the glycan epitopes are

immobilized to the surface of the array either covalently or noncovalently.

However, the cell membrane is a fluidic lipid bilayer environment, in which

lateral movement is a significant factor in mediating multivalent interactions
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(Yamazaki et al., 2005; Zhu et al., 2009). Several approaches have been

taken to generate lipid microarrays (Brian and McConnell, 1984;

Castellana and Cremer, 2007; Groves and Boxer, 2002; Tanaka and

Sackmann, 2005). Lipid bilayer platform technology is the most robust

and quantitative method (Deng et al., 2008). In this approach cholesterol

is dispersed and immobilized by covalent linking to a brush layer of

poly(ethyleneglycol) (PEG). Small unilamellar vesicles (SUV) are then

deposited onto the PEG-cholesteryl surface to form a lipid bilayer. The cho-

lesterol molecules stabilize the lower leaflet of the bilayer while maintaining

the fluidity of the outer layer (Deng et al., 2008). Different glycoproteins and

glycolipids can be incorporated into the SUV at varying concentrations in

order to form a fluidic glycan microarray (Bricarello et al., 2010; Deng et al.,

2008; Zhu et al., 2009).

Fluidic glycan microarrays were used to study the interaction of patho-

gens with their known glycan receptors. For example, type 1 adhesin FimH,

located at the tip of Escherichia coli pili, bind to mannose on host cells (Harris

et al., 2001; Krogfelt et al., 1990; Schembri and Klemm, 1998). E. coli bind-

ing to a density gradient fluidic array of mannose-linked lipids at densities

ranging from 0 to 0.3 nm�2 was quantified (Zhu et al., 2009). At a critical

mannose concentration of 0.1 nm�2, the number of bound bacteria was

increased by an order of magnitude. At this concentration the inter-mannose

distance is �4 nm, which is 2 orders of magnitude shorter than the distance

between two pili. Thus the binding of FimH to the array switched from

monovalent binding to a trivalent binding (Zhu et al., 2009), suggesting that

clustered mannose is a preferred ligand for FimH.

12. CONCLUSIONS AND PERSPECTIVES

The idea that glycans can cluster into discreet patches, and that these

CSPs can influence glycan recognition and function was proposed two

decades ago as a possible explanation for the extraordinary specificity of

selectins for certain ligands, despite their recognition of commonly occur-

ring glycans (Varki, 1994). In this review we present an abundance of indi-

rect evidence to support the existence of CSPs on proteins, cells and

pathogens, and evidence that glycan clustering influences their recognition

by GBPs. It is likely that glycan microdomains are mostly stabilized by car-

bohydrate–carbohydrate interactions, which are too weak to withstand the

standard biochemical methods used to study protein–protein interactions

(e.g., immunoprecipitation). Furthermore, the spatial organization of
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glycans in CSPs is critical for GBP recognition. Attempts to isolate them for

study in vitro inevitably disperse the clusters (e.g., CSPs on GBS III capsid,

Section 8.1). Imaging of the relative positions of glycans in CSPs is also very

difficult, since imaging typically requires binding of antibodies and GBPs to a

target epitope. The density and distribution of glycans in CSPs may mask

recognition of individual glycans, and thus prevent their visualization within

the CSP (e.g., ganglioside complexes, Section 5). Alternate approaches that

directly label the glycans (using click chemistry Baskin et al., 2007 or peri-

odate oxidation and aniline-catalyzed oxime ligation Ramya et al., 2013)

also alters the glycans and potentially changes the organization of the CSP

and its interaction with GBPs. Recreating natural CSPs in vitro and on glycan

or lipid arrays is a major challenge, though technology is improving (see

Section 11). Screens of antibody and GBP binding to arrays containing gly-

can mixtures will eventually provide a reference database of naturally occur-

ring glycan epitopes and the molecules that bind them in their native

conformation. Progress toward this goal will require advances in glycan

microarray technology and perhaps even new ideas about how to generate

an array of CSPs with realistic clustering properties.

Obtaining direct physical evidence of CSP formation will require tech-

nologies that do not rely on protein/antibody detection, or chemical mod-

ification of the glycans. Such methods may include crystallography, nuclear

magnetic resonance (NMR) spectroscopy, or advanced microscopy

methods. X-ray crystallography is not well suited to study structure of

heavily glycosylated proteins such as mucins, because the heterogeneity

and flexibility of glycan bonds prevents crystallization (Gerken, 1993).

However, 2D crystallography methods can now visualize two-dimensional

crystals of membrane proteins in a lipid environment (Kang et al., 2013;

Raunser andWalz, 2009) and on living cells (Gualtieri et al., 2011). Glycans

in CSPs are stabilized by cis interactions, so their movement should be con-

strained relative to glycans that are not associated with CSPs. Thus it may be

possible to adapt 2D crystallography for the structural analysis of CSPs on

membranes. NMR spectroscopy is another experimental tool to study gly-

can structure at atomic resolution. This method is typically used to analyze

purified glycans or a simple mixture of glycans in solution using 1H and 13C

isotopes (Shriver et al., 2012). Although the structure of the glycosamino-

glycan heparan sulfate has been studied using NMR, the heterogeneity of

glycans on mucin-like proteins may be too overwhelming for this method.

Thus study of CSPs on proteins using liquid state NMR is very challenging.

Recent developments in solid-state NMR enable analysis of proteins in the
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cell membrane. To compensate for the high signal-to-noise ratio and

increase sensitivity, proteins are labeled with fluorine (19F), which is scarce

in natural membranes (Koch et al., 2012). However, while the resolution is

not yet sufficient to study CSPs, glycan labeling with heavy isotopes in com-

bination with a high power energy source (e.g., synchrotron) will perhaps

allow the study of CSPs on membranes.

Direct visualization of CSPs on the plasma membrane may become pos-

sible with improved high-resolution microscopy methods for imaging

unlabeled hydrated samples. Advances in atomic force microscopy (AFM)

and near field scanning optical microscopy allow imaging of single molecules

on the plasma membrane with nanometer spatial resolution (Betzig and

Trautman, 1992; Hinterdorfer et al., 2012; van Zanten et al., 2010). Using

these methods enabled imaging of the spatial organization of peptidoglycan

in living bacteria, nanodomains in yeast membranes, and the spatial organi-

zation of molecules in lipid rafts (reviewed in Hinterdorfer et al., 2012). In

addition, the thickness and spatial distribution of glycocalyx in the plasma

membrane of cultured cells was visualized using a combination of AFM

and light microscopy (Bai andWang, 2012). However, the resolution is cur-

rently not sufficient for CSP imaging and further developments are needed

to enable analysis of glycan distribution within the CSP.

Considering the huge diversity of glycans, their biochemical properties,

and their important role in cellular recognition and binding it is very likely

that glycans are often organized into meaningful clusters of the kind dis-

cussed here. While current technology does not allow for direct imaging

of CSPs, their existence and biological importance can be inferred from

the wealth of evidence for CSP-specific recognition presented in this

review.
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Zöllner, O., Vestweber, D., 1996. The E-selectin ligand-1 is selectively activated in Chinese
hamster ovary cells by the _(1,3)-fucosyltransferases IV and VII. J. Biol. Chem. 271,
33002–33008.

Zou, W., Mackenzie, R., Therien, L., Hirama, T., Yang, Q., Gidney, M.A., Jennings, H.J.,
1999. Conformational epitope of the type III group B Streptococcus capsular polysac-
charide. J. Immunol. 163, 820–825.

125Clustered Saccharide Patches

http://refhub.elsevier.com/B978-0-12-800097-7.00003-8/rf1170
http://refhub.elsevier.com/B978-0-12-800097-7.00003-8/rf1170
http://refhub.elsevier.com/B978-0-12-800097-7.00003-8/rf1175
http://refhub.elsevier.com/B978-0-12-800097-7.00003-8/rf1175
http://refhub.elsevier.com/B978-0-12-800097-7.00003-8/rf1180
http://refhub.elsevier.com/B978-0-12-800097-7.00003-8/rf1180
http://refhub.elsevier.com/B978-0-12-800097-7.00003-8/rf1185
http://refhub.elsevier.com/B978-0-12-800097-7.00003-8/rf1185
http://refhub.elsevier.com/B978-0-12-800097-7.00003-8/rf1185
http://refhub.elsevier.com/B978-0-12-800097-7.00003-8/rf1190
http://refhub.elsevier.com/B978-0-12-800097-7.00003-8/rf1190
http://refhub.elsevier.com/B978-0-12-800097-7.00003-8/rf1190
http://refhub.elsevier.com/B978-0-12-800097-7.00003-8/rf1195
http://refhub.elsevier.com/B978-0-12-800097-7.00003-8/rf1195
http://refhub.elsevier.com/B978-0-12-800097-7.00003-8/rf1200
http://refhub.elsevier.com/B978-0-12-800097-7.00003-8/rf1200
http://refhub.elsevier.com/B978-0-12-800097-7.00003-8/rf1200
http://refhub.elsevier.com/B978-0-12-800097-7.00003-8/rf1205
http://refhub.elsevier.com/B978-0-12-800097-7.00003-8/rf1205
http://refhub.elsevier.com/B978-0-12-800097-7.00003-8/rf1205


CHAPTER FOUR

New Insights into the Molecular
Mechanisms of Mitosis and
Cytokinesis in Trypanosomes
Qing Zhou, Huiqing Hu, Ziyin Li1
Department of Microbiology and Molecular Genetics, University of Texas Medical School at Houston,
Houston, Texas, USA
1Corresponding author: e-mail address: ziyin.Li@uth.tmc.edu

Contents

1. Introduction 128
2. Cell Structure of T. brucei 129
3. Cell Cycle of T. brucei 131

3.1 Duplication and segregation of organelles and cytoskeletal structures 131
3.2 Repertoire of cyclins and cyclin-dependent kinases 139
3.3 Life cycle stage-specific differences in cell cycle regulation 141

4. Regulation of Mitosis 142
4.1 Closed mitosis in T. brucei 142
4.2 Spindle structure and assembly 143
4.3 Kinetochore and its unusual protein composition 147
4.4 Novel chromosomal passenger complex and its role in mitosis 148

5. Mechanisms of Cytokinesis 149
5.1 Coordination of mitosis with cytokinesis 149
5.2 Unusual mode of cytokinesis 151
5.3 Regulation of cytokinesis by CPC 152
5.4 Regulation of cytokinesis by other proteins 154
5.5 Unusual roles of PLK in organelle duplication and cytokinesis 155
5.6 Roles of flagellum and FAZ in furrow positioning and cytokinesis initiation 157

6. Conclusions and Perspectives 157
Acknowledgments 158
References 158

Abstract

Trypanosoma brucei, a unicellular eukaryote and the causative agent of human sleeping
sickness, possesses multiple single-copy organelles that all need to be duplicated and
segregated during cell division. Trypanosomes undergo a closed mitosis in which the
mitotic spindle is anchored on the nuclear envelope and connects the kinetochores
made of novel protein components. Cytokinesis in trypanosomes is initiated from
the anterior tip of the new flagellum attachment zone, and proceeds along the
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longitudinal axis without the involvement of the actomyosin contractile ring, the well-
recognized cytokinesis machinery conserved from yeast to humans. Trypanosome
appears to employ both evolutionarily conserved and trypanosome-specific proteins
to regulate its cell cycle, and has evolved certain cell cycle regulatory pathways that
are either distinct between its life cycle stages or different from its human host. Under-
standing the mechanisms of mitosis and cytokinesis in trypanosomes not only would
shed novel light on the evolution of cell cycle control, but also could provide new drug
targets for chemotherapy.

1. INTRODUCTION

Trypanosoma brucei spp. (comprising Trypanosoma brucei brucei and

the human infective forms T. b. rhodesiense and T. b. gambiense) are early

branching, flagellated protozoan parasites causing sleeping sickness in human

and nagana in cattle in 36 countries of sub-Saharan Africa, where they

impose devastating impacts on human health and agriculture. The current

WHO estimate indicates that about 30,000 people are infected per year

and over 70 million people are at risk of infection (http://www.who.int/

mediacentre/factsheets/fs259/en/). This disease places a heavy financial

burden on the people living in Africa. It can be cured with medication if

diagnosed early; however, it is fatal if left untreated. Unfortunately, the cur-

rently available drugs all have severe side effects; therefore, development of

new drugs is urgently needed for combating this dreadful pathogen.

Trypanosomes are transmitted between mammalian hosts by the tsetse

fly, Glossina spp. Within the insect host, the parasite is initially established

in the midgut of the fly after a healthy fly takes a bloodmeal from an infected

mammalian host, and subsequently it migrates to the salivary glands of the

fly, where it prepares for transmission to the new mammalian host. Within

the mammalian host, the parasite lives freely and proliferates by binary fission

in the bloodstream since it is capable of escaping the host immune responses

through antigenic variation (McCulloch, 2004). Antigenic variation

involves the sequential expression of antigenically distinct variable surface

glycoproteins (VSGs) that are linked to the membrane of the cell by a

glycosylphosphatidylinositol (GPI) anchor. Upon uptake by the tsetse fly,

bloodstream trypanosomes lose their VSG coat but instead express a different

surface coat composed of procyclins, which are also GPI anchored on the

plasma membrane (Roditi and Liniger, 2002). Due to the expression of

the procyclin surface proteins, the parasite that lives in the insect host is
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generally referred to as the procyclic form, which proliferates by binary fis-

sion in the midgut of the insect, similar to the bloodstream form of the

parasite.

Most studies on trypanosome cell cycle control have been carried out in

the procyclic and bloodstream forms of the parasite because these two forms

can be easily cultured in vitro and many genetic tools are available for gene

manipulation. For example, gene knockouts, gene replacements, and in situ

epitope tagging can be readily generated through homologous recombina-

tion. Tetracycline-inducible ectopic overexpression and RNA interference

(RNAi) have been routinely practiced in almost all the laboratories that use

trypanosomes as the model system. Moreover, forward genetic approaches

through the use of genomic RNAi library (Morris et al., 2002) and the

mariner-based transposon mutagenesis (Leal et al., 2004) offer great pros-

pects for screening numerous mutants. Finally, with the development of effi-

cient tandem affinity purification (Schimanski et al., 2005), high-throughput

genome-wide RNAi analysis (Alsford et al., 2011), and proteome-wide

quantitative mass spectrometry (Urbaniak et al., 2012), trypanosome has

become an excellent model organism for carrying out basic science research,

including the understanding of the molecular mechanisms of mitosis and

cytokinesis, which would potentially reveal novel regulatory pathways that

could be good drug targets for chemotherapy.

2. CELL STRUCTURE OF T. brucei

It has been well established that the shape of a trypanosome cell is

maintained by a subpellicular array of microtubules, which are cross-linked

to the plasma membrane and to each other, forming a cage-like structure

with all the single-copy organelles positioned at distinct locations within

the cell (Fig. 4.1A). The single flagellum, which possesses an axoneme con-

sisting of the canonical 9þ2 array of microtubules and a large lattice-like

structure termed paraflagellar rod (PFR), exits from the flagellar pocket at

the posterior portion of the cell, attaches to the cell body along most of

its length via a specialized cytoskeletal structure termed flagellum attachment

zone (FAZ), and extends to the anterior tip of the cell (Fig. 4.1). The sub-

pellicular microtubules all have an intrinsic polarity, with their plus (þ) ends

located at the posterior end of the cell, which is the opposite orientation to

that of the flagellar axoneme microtubules, which have their plus (þ) ends

located at the anterior tip of the cell. During cell division, the subpellicular

microtubules do not break down, and newly synthesized microtubules are
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integrated into the old microtubule array. Therefore, the microtubule corset

appears to be inherited by the two daughter cells in a semiconservative man-

ner (Sherwin and Gull, 1989).

The FAZ is composed of a single protein filament and a specialized set of

four microtubules that associate with the smooth endoplasmic reticulum

(Kohl et al., 1999). The complete protein composition of the FAZ filament

is still not known, but a number of proteins have been localized to the FAZ

filament, and RNAi of some of these FAZ proteins impairs the assembly

of the new FAZ filament and causes defective cytokinesis (Morriswood

et al., 2013; Vaughan et al., 2008; Zhou et al., 2011). The flagellar basal

body, which functions as the microtubule organizing center (MTOC)

Figure 4.1 The cell structure of Trypanosoma brucei. (A) Cross-section of a trypanosome
cell visualized under the transmission EM. The flagellar axoneme, paraflagellar rod (PFR),
flagellum attachment zone (FAZ) filament, and the subpellicular microtubule corset are
indicated. (B) Schematic illustration of a trypanosome cell showing the relative locations
of its single-copied organelles.
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in trypanosomes and nucleates the flagellar axonememicrotubules, is located

at the posterior portion of the cell, where it is physically connected, through

a so-called tripartite attachment complex (TAC) across the mitochondrial

membrane (Ogbadoyi et al., 2003), with the kinetoplast, the cell’s unusual

mitochondrial DNA complex that is composed of several dozen maxicircles

and several thousand minicircles topologically interlocked and condensed

into a disk-shaped structure. Unlike fungi and animals, a trypanosome cell

possesses a single mitochondrion, which extends throughout the cell body

and whose fission is tightly coupled with cell abscission. Trypanosome also

contains a single Golgi apparatus, which undergoes de novo synthesis and is

segregated during the cell cycle (He et al., 2004). The Golgi apparatus asso-

ciates tightly with an ER exit site (ERES), which also undergoes duplication

and segregation during the cell cycle. Between the old Golgi apparatus and

the newly assembled Golgi apparatus, there is a bilobed cytoskeletal structure

marked by TbCentrin2, one of the five centrin proteins in trypanosomes

(He et al., 2005), with one of its lobe associating with the old Golgi and

the other lobe with the new, growing Golgi apparatus. The precise function

of the bilobe structure is still not clear, but it appears to be essential for Golgi

duplication. The relative locations of the single-copy organelles and cyto-

skeletal structures are depicted in Fig. 4.1B.

3. CELL CYCLE OF T. brucei

3.1. Duplication and segregation of organelles and
cytoskeletal structures

3.1.1 Basal body
To ensure successful cell division, all the single-copy organelles must be

precisely replicated, maintained at specific locations, and faithfully segre-

gated to the daughter cells. During trypanosome cell cycle, basal body is

the first organelle to be duplicated, which constitutes the first cytoskeletal

event of the cell cycle. Although the basal body structure has been well

described, the existence of a second premature basal body (probasal body)

is often overlooked, and due to the lack of a good basal body marker, the

probasal body is frequently not identified experimentally. The most com-

monly used basal body marker, YL 1/2, is a monoclonal antibody raised

against the tyrosinated a-tubulin in the basal body, which only labels the

mature basal body (Fig. 4.2). Despite its limitation to stain only the mature

basal body, YL 1/2 can be readily used to monitor the duplication and seg-

regation of the basal bodies during the cell cycle. At the G1 phase, there is a
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single mature basal body per cell, which sits near the base of the old flagellum

and associates with the single kinetoplast. At the S phase, the basal body

duplicates, and the duplicated basal bodies are slightly separated but remain

associated with the duplicated but not separated kinetoplasts. During G2 and

Figure 4.2 Duplication and segregation of basal body and flagellum during the cell
cycle in trypanosomes. Procyclic trypanosomes were immunostained with YL 1/2 anti-
body and L8C4 antibody to label the basal body and flagellum, respectively, and then
counterstained with DAPI to stain the nuclear and kinetoplast DNA. Bar: 5 mm.
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the subsequent cell cycle phases, the duplicated basal bodies are well sepa-

rated, leading to the segregation of the duplicated kinetoplasts (Fig. 4.2).

Through electron microscopy and electron tomography techniques,

Lacomble et al. (2010) described in detail the duplication and rotation of

the probasal body and mature basal body. At the start of the cell cycle,

the probasal body is positioned anterior to the mature basal body of the

old flagellum. During the transition from G1 to S phase, the probasal body

becomes mature and elongates to form the transition zone and then the axo-

neme of the new flagellum. In the meantime, two new probasal bodies are

formed in the vicinity of the two mature basal bodies. The new basal body

then undergoes an anticlockwise rotation around the old basal body and

repositions from the anterior to the posterior side of the old flagellum.

The rotation and the subsequent migration of the new basal body toward

the posterior portion of the cell result in the division of the flagellar pockets

and appear to be required for cell morphogenesis (Lacomble et al., 2010).

As the only visible MTOC in trypanosomes, basal body is structur-

ally similar to the centrosome in animals. Three key components of the

centrosome, SAS-4/CPAP, SAS-6, and BLD10/CEP135, constitute

the evolutionarily conserved and ancestral module (Carvalho-Santos

et al., 2010). Trypanosomes appear to express the well-conserved SAS-

4/CPAP and SAS-6 homologs and a divergent BLD10/CEP135 homolog

(Carvalho-Santos et al., 2010), but whether these homologs are bona fide

basal body proteins and whether they play any roles in basal body biogenesis

remain to be determined. Other than these putative basal body components,

a number of proteins have been localized to the basal body and are involved

in basal body duplication and/or segregation. g-Tubulin, a key component

of the g-tubulin complex located at the spindle pole body (SPB) of the bud-

ding yeast, was the first protein to be localized to the basal body in trypano-

somes (Scott et al., 1997). The major function of g-tubulin, however, is to
nucleate the flagellum axoneme microtubules and is not involved in regu-

lating basal body duplication or segregation (McKean et al., 2003). TBBC,

which stands for T. brucei Basal Body Component, is a large protein con-

sisting almost entirely of the coiled coil structure and is mainly localized

to the mature basal body (Dilbeck et al., 1999). RNAi of TBBC compro-

mises the connection of the new flagellum to the old flagellum (Absalon

et al., 2007), although its potential role in basal body duplication/segregation

remains to be explored. The mammalian ortholog of TBBC is not known,

but anti-TBBC antibody detects a protein in HeLa cell extract and immu-

nostaining of HeLa cells are confined to the centrosomes, suggesting the

presence of a close homolog of TBBC in the mammalian centrosomes.

133Trypanosome Mitosis and Cytokinesis



A NIMA (Never-In-Mitosis gene A)-like kinase, TbNRKC, is localized to

both the premature and mature basal bodies, and RNAi-mediated silencing

of TbNRKC in procyclic trypanosomes results in overproduction of basal

bodies that fail to segregate, suggesting a role of TbNRKC in basal body

segregation (Pradel et al., 2006). In mammals, the Polo-like kinase 4 or

SAK (Snk/Plk-akin kinase) regulates centrosome duplication (Habedanck

et al., 2005). Trypanosomes express a single PLK homolog, TbPLK, which

is initially enriched at the basal body and, surprisingly, is required for basal

body segregation but not duplication, likely by regulating the rotation of the

duplicated basal bodies (Ikeda and de Graffenried, 2012; Lozano-Nunez

et al., 2013). Centrin, an EF hand-containing calcium-binding protein,

constitutes another conserved component of the centrosome in animals.

Trypanosomes express five centrin-like proteins, an unusually large number

of such proteins in a unicellular organism (He et al., 2005). At least three of

the five centrin homologs, TbCentrin1, TbCentrin2, and TbCentrin4, are

found at the mature basal body, and RNAi-mediated knockdown of

TbCentrin1 clearly inhibits basal body duplication (He et al., 2005). How-

ever, a role for TbCentrin2 and TbCentrin4 in basal body duplication

and/or segregation remains to be clarified due to the controversial observa-

tions made by different research groups (He et al., 2005; Selvapandiyan et al.,

2007, 2012; Shi et al., 2008). The precise mechanism underlying basal body

segregation is still not well understood, but it was suggested that posterior

migration of the newly formed basal body is controlled by the elongation

of the new flagellum and the new FAZ filament (Absalon et al., 2007).

3.1.2 Kinetoplast
Due to its tight association with the basal body (Fig. 4.2), kinetoplast segre-

gation likely is controlled by the movement of the basal body toward the

posterior portion (Robinson and Gull, 1991). Kinetoplast replication occurs

prior to nuclear DNA replication and is well coordinated with the latter. It

apparently occurs concurrently with the repositioning of the newly formed

basal body (Gluenz et al., 2011). Regulation of kinetoplast replication is

under tight control in a manner that is reminiscent of the nuclear DNA rep-

lication licensing system (Klingbeil and Shapiro, 2009; Li et al., 2008b;

Liu et al., 2009). A mitochondrial HslVU protease, a eubacterial counterpart

of the eukaryotic 26S proteasome, plays an essential role in preventing kinet-

oplast rereplication, thus maintaining the copy number of both the

minicircle and maxicircle DNA in the kinetoplast (Li et al., 2008b).

TbHslVU regulates a key mitochondrial helicase, TbPIF2, which maintains
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the copy number of the maxicircle DNA (Liu et al., 2009), but the

TbHslVU substrate(s) involved in controlling minicircle DNA replication

remains to be identified. Once kinetoplast replication is completed, the

kinetoplast undergoes symmetrical division by an unknown mechanism,

resulting in the production of two equal-sized kinetoplasts in cells that

are generally at the G2 phase of the cell cycle (Fig. 4.2). Segregation of

the duplicated kinetoplasts is mediated by the separation of the duplicated

basal bodies (Robinson and Gull, 1991), due to their tight physical associ-

ation mediated by the TAC (Ogbadoyi et al., 2003). Three proteins have

been identified as components of the TAC, p166 (Zhao et al., 2008),

AEP-1 (Ochsenreiter et al., 2008), and p197 (Gheiratmand et al., 2013),

and depletion of these proteins by RNAi all causes defects in kinetoplast seg-

regation, suggesting the essential requirement of the TAC for kinetoplast

segregation.

3.1.3 Flagellum and FAZ
The new flagellum is assembled when the new basal body is matured

(Fig. 4.2, S phase). The short, newly formed flagellum is located in the exis-

ting flagellar pocket, and the tip of the new flagellum is attached to the old

flagellum through the flagellum connector, an unusual motile transmem-

brane junction (Briggs et al., 2004). When the new flagellum outgrows

the flagellar pocket, the PFR forms, and the flagellum is physically attached

to cell body through FAZ. Following cell cycle progression, the new flagel-

lum elongates and the FAZ also elongates (Fig. 4.2). However, the assembly

of the flagellar axoneme and the assembly of the FAZ filament do not appear

to be interdependent. In trypanosome cells deficient in intraflagellar trans-

port, the flagellar axoneme is not assembled, but a short flagellar membrane

still forms, which extends out of the flagellar pocket and is attached to the

cell body via a short FAZ (Absalon et al., 2008; Davidge et al., 2006; Kohl

et al., 2003). Conversely, trypanosomemutants that fail to assemble the FAZ

filament can still assemble a full-length flagellum with normal axoneme and

PFR (Vaughan et al., 2008; Zhou et al., 2011). Despite the essential role of

FAZ in flagellum attachment, precisely how the FAZ filament is assembled

remains poorly understood. To date, at least nine proteins have been found

to localize to the FAZ filament, and RNAi knockdown of some FAZ pro-

teins each results in defects in new FAZ assembly (Lacomble et al., 2012;

LaCount et al., 2002; Morriswood et al., 2013; Oberholzer et al., 2011;

Vaughan et al., 2008; Woods et al., 2013; Zhou et al., 2011), suggesting
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the complexity of the FAZ filament and the requirement of multiple pro-

teins for FAZ filament assembly.

3.1.4 Bilobe structure
The bilobe is a cytoskeletal structure originally identified as an unknown

structure labeled by the 20H5 antibody raised against the Chlamydomonas

reinhardtii Centrin and by anti-trypanosome TbCentrin2 antibody

(He et al., 2005). Like other single-copy organelles in trypanosomes, the

bilobe structure also undergoes duplication and segregation during the cell

cycle (Fig. 4.3). At the G1 phase, 20H5 marks a single bilobe structure

(Fig. 4.3, arrow) in addition to the basal body (Fig. 4.3, arrowhead). At

the S phase, the bilobe structure is replicated, but the duplicated bilobe

structures are not separated. At later cell cycle stages during which the basal

bodies are separated and the nuclei are segregated, the bilobe structures are

also segregated (Fig. 4.3).More than 10 proteins have been shown to localize

to the bilobe structure (He et al., 2005; Morriswood et al., 2009, 2013; Shi

et al., 2008; Zhou et al., 2010), and by immuno-EM the ultrastructure of the

bilobe structure was revealed, which appears like a hairpin structure con-

necting the flagellar pocket collar and the FAZ filament (Esson et al.,

2012). The exact function of the bilobe structure is still not clear, but it

appears to be required for Golgi duplication (He et al., 2005). The old Golgi

associates with the posterior lobe of the bilobe structure and the newGolgi is

associated with the anterior lobe of the bilobe structure (He et al., 2004,

2005). In TbCentrin2 RNAi cells, duplication of the bilobe structure is

impaired, resulting in defective duplication of the Golgi apparatus

(He et al., 2005).

3.1.5 Golgi apparatus
Golgi duplication in trypanosomes likely is through de novo biogenesis, in

which newGolgi is assembled next to the new ERES (He et al., 2004). Dur-

ing the G1 phase of the cell cycle, the trypanosome cell possesses a single

Golgi apparatus, labeled by anti-GRASP (Golgi reassembly and stacking

protein) antibody, which closely associates with the ERES, marked by

EYFP (enhanced yellow fluorescent protein)-tagged Sec31 (Fig. 4.4). At

the S phase, a small new Golgi appears, and both the new and old Golgi still

associate with the duplicated ERESs, and during later stages of the cell cycle,

such as G2 phase, mitotic, and postmitotic phases, the duplicated Golgi are

further separated and the associated ERESs also undergo separation

(Fig. 4.4). The mechanisms underlying Golgi duplication and segregation
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Figure 4.3 Duplication and segregation of bilobe, a novel cytoskeletal structure during
the cell cycle. Procyclic trypanosome cells were fixed in methanol, immunostained with
the 20H5 antibody, which stains the basal body (arrowheads) and the bilobe structure
(arrows), and counterstained with DAPI for nuclear and kinetoplast DNA. Bar: 5 mm.



are still poorly defined, but presumably the segregation of Golgi could be

dependent on the elongation of the flagellum and the FAZ filament and

the posterior migration of the new basal body. Such a mechanism appears

to be involved in the segregation of bilobe structure, ERES, and kinetoplast

as well, but this has not been experimentally confirmed.

Figure 4.4 Duplication and segregation of Golgi and the ER exit site during the cell
cycle. Procyclic trypanosome cells expressing EYFP-tagged Sec31, a marker of the ER
exit site, were immunostained with anti-GRASP antibody, a marker of the Golgi, and
counterstained with DAPI for nuclear and kinetoplast DNA. Bar: 5 mm.
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3.1.6 Mitochondrion
Trypanosomes contain a single mitochondrion that extends throughout

the cell body. Unlike the mitochondria in yeasts and animals which undergo

frequent fission and fusion throughout the cell cycle, trypanosome mito-

chondrion only undergoes a single fission event during cytokinesis. Mito-

chondrial fission and fusion in yeast involves three factors, Fis1p, Dnm1p,

and Mdv1p (Shaw and Nunnari, 2002). The trypanosome genome encodes

homologs of Fis1p and Dnm1p (Chanez et al., 2006; Morgan et al., 2004),

but no homolog of Mdv1p was found, likely due to the divergence of the

sequence. Ablation of the dynamin homolog byRNAi in the procyclic form

of T. brucei blocks mitochondrial fission and results in precise cytokinesis

arrest (Chanez et al., 2006; Morgan et al., 2004), suggesting the conserved

role of dynamin in regulating mitochondrial fission in trypanosomes. The

result also highlights the requirement of mitochondrial division for cell divi-

sion. It also suggests that mitochondrion division in trypanosomes is well

coordinated with cell division, but the underlying mechanism remains to

be explored.

3.2. Repertoire of cyclins and cyclin-dependent kinases
Cyclins and cyclin-dependent kinases (CDKs) are the fundamental regula-

tors of the eukaryotic cell cycle. Through periodic synthesis and degradation

of the cyclin partner, the CDK is sequentially activated and inactivated

( Johnson and Walker, 1999). In the budding yeast Saccharomyces cerevisiae,

nine cyclins are identified, with three of them, Cln1–Cln3, regulating the

G1/S transition and the rest of them, Clb1–Clb6, driving the cell cycle

through S phase to mitosis. Strikingly, all the nine cyclins bind to the same

CDK, Cdc28, and due to the cell cycle stage-specific expression of cyclins,

Cdc28 is activated at different cell cycle stages (Kuntzel et al., 1996). In strik-

ing contrast, in the fission yeast Schizosaccharomyces pombe only a single cyclin,

Cdc13, and a single CDK, Cdc2, are required for controlling cell cycle pro-

gression across the G1/S andG2/M transitions, respectively (Humphrey and

Pearce, 2005). The cyclin and CDK system in animals is more complex than

that in the budding and fission yeasts. To date, at least 8 cyclin families, con-

sisting of a total of 15 cyclins, and at least 9 CDKs are directly involved in

cell cycle control in animals (Harper and Brooks, 2005). These cyclins

and CDKs form distinct complexes and are involved in different cell cycle

stages. Control of the G1/S transition is regulated by Cdk4, Cdk6, and the

D-type cyclins. Regulation of S-phase progression requires Cdk2 and the
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E-type cyclin, and regulation of the G2/M transition requires Cdk1, Cdk2,

and their A-type and B-type cyclin partners (Harper and Brooks, 2005;

Malumbres and Barbacid, 2005).

In trypanosomes, at least 10 cyclins (CYC2–CYC11) and 11 Cdc2-

related kinases (CRK1–CRK4 and CRK6–CRK12) were identified

(Hammarton, 2007). This large number of cyclins and CDKs found in

the trypanosome genome appears to suggest a rather complex cyclin–

CDK system than one would expect for a unicellular eukaryote. The

function of some of these cyclins and CRKs has been characterized and

demonstrated to be involved in cell cycle control. The CYC2–CRK1 pair

and the CYC6–CRK3 pair are likely the primary cyclin–CRK complexes

for promoting the G1/S and G2/M transitions, respectively (Hammarton

et al., 2003, 2004; Li and Wang, 2003; Tu and Wang, 2004). CYC2 is

homologous to the PHO80 cyclins in yeast and CYC6 is a homolog of

the B-type cyclin found in plants (Li and Wang, 2003). However, CYC4

and CYC8, which are related to CYC2 and CYC6, respectively, are also

involved in the G1/S transition and the G2/M transition, respectively,

but their role(s) in cell cycle control appears to be rather limited since RNAi

of CYC4 and CYC8 only generates minor cell cycle defects (Li and Wang,

2003). Strikingly, CYC2 also interacts with CRK3 and likely is also

involved in the G2/M transition (Gourguechon et al., 2007; Van

Hellemond et al., 2000). CYC2 also interacts with CRK2, which is also

required for the G1/S transition (Gourguechon et al., 2007; Tu and

Wang, 2005). Recently, CRK1 was found to interact with at least four

PHO80-like cyclins, CYC2, CYC4, CYC5, and CYC7, and RNAi of each

of the four cyclins resulted in defects in G1/S transition (Liu et al., 2013).

CRK9, an extraordinarily large CDK homolog with a large sequence inser-

tion in its catalytic domain, appears to regulate mRNA trans-splicing by

phosphorylating an RNA polymerase II subunit, RPB1 (Badjatia et al.,

2013a). This discovery questions whether CRK9 is involved in cell cycle

control. Biochemical purification of CRK9-associated proteins led to the

identification of a novel cyclin, CYC12, and RNAi-mediated silencing

of CYC12 also disrupted mRNA trans-splicing (Badjatia et al., 2013b).

These results suggest that CRK9 does not play any role in cell cycle regu-

lation but rather is involved in mRNA splicing. Altogether, these findings

suggest that at least two CRKs (CRK1 and CRK2) and four cyclins (CYC2,

CYC4, CYC5, and CYC7) are important for promoting the cell cycle tran-

sition fromG1 to S phase, whereas CRK3 and three cyclins (CYC2, CYC6,

and CYC8) are involved in the G2/M transition. No cyclin and CRK have
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been found to play a role in the S phase. Additionally, homologs of the CDK

inhibitors are also not identified, presumably due to their divergent sequence

that has escaped the homology-based search against the trypanosome prote-

ome. Nevertheless, the presence of an unexpected large number of cyclins

and CDKs in an early branching unicellular eukaryote suggests the complex-

ity of the cell cycle control system, which may reflect the complex life cycle

of trypanosomes during which the parasite has to deal with different living

environments, such as in the mammalian host and the tsetse fly host, for suc-

cessful cell proliferation.

3.3. Life cycle stage-specific differences in cell cycle regulation
The life cycle of trypanosomes involves the transmission between mamma-

lian hosts and the insect vector, tsetse fly. During the cyclic transmission,

trypanosome cells undergo differentiation, which is characterized by mor-

phological restructuring, surface coat switching, and biochemical adaptation

(McKean, 2003). The most distinct morphological difference between the

different life cycle forms of trypanosomes is the relative position of the kinet-

oplast. In the procyclic form, the kinetoplast is posterior and when it repli-

cates and segregates, one kinetoplast remains posterior, but the other

kinetoplast is positioned between the two segregating nuclei, resulting in

the KNKN configuration (from posterior to anterior) of cells before cyto-

kinesis initiation. In the bloodstream form, however, the kinetoplast repli-

cates and segregates in the posterior portion of the cell, and both daughter

kinetoplasts remain in the posterior region throughout the cell cycle, thus

resulting in the KKNN configuration of cells before cytokinesis. In addition

to the morphological difference between the life cycle forms, life cycle-

specific differences in many other cellular processes, including chromatin

structure (Schlimme et al., 1993), glucose transport (Munoz-Antonia

et al., 1991), maintenance of plasma membrane potential (Van der

Heyden and Docampo, 2002), cell motility (Broadhead et al., 2006), and

cell cycle regulation (Hammarton et al., 2003; Li and Wang, 2006; Tu

and Wang, 2004) have also been discovered. Nevertheless, the molecular

mechanisms underlying these distinctions between the two life cycle forms

remain poorly understood.

The fundamental architecture of the organelles, the cytoskeletal struc-

tures, and the overall cell shape between the life cycle forms appears to

be of no significant difference. However, there apparently are fundamental

differences in the cell cycle checkpoint systems between the two life cycle
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stages. When mitosis is impaired by chemical intervention, such as

Rhizoxin-induced malformation of the mitotic spindle (Ploubidou et al.,

1999; Robinson et al., 1995), or by genetic interference, such as RNAi-

mediated knockdown of mitotic cyclin or CRK which causes mitotic

defects (Hammarton et al., 2003; Li and Wang, 2003; Tu and Wang,

2004), the procyclic form of trypanosomes is still capable of completing

its cytokinesis, leading to the production of anucleate cells. This suggests that

either the procyclic trypanosomes lack the mitosis to cytokinesis checkpoint

or the mitotically defective procyclic trypanosomes are able to bypass the

mitosis–cytokinesis checkpoint. In the bloodstream form, however, cells

with defective mitosis, which is caused by similar knockdown of the mitotic

cyclin and CRK (Hammarton et al., 2003; Tu and Wang, 2004), are appar-

ently unable to initiate cytokinesis, suggesting that the mitosis–cytokinesis

checkpoint is operational in the bloodstream trypanosomes or that the

bloodstream cells with mitotic defects are not capable of bypassing the

checkpoint. In striking contrast to the procyclic trypanosomes, these mitot-

ically defective and cytokinesis-arrested bloodstream trypanosomes are able

to enter the next round of cell cycle repeatedly, albeit still mitotically defec-

tive, resulting in the production of giant cells with polyploid DNA that are

not able to be segregated (Hammarton et al., 2003; Li and Wang, 2006; Tu

and Wang, 2004). These interesting observations argue that bloodstream

trypanosomes appear to lack the checkpoint system that controls the entry

to the next G1 phase of the cell cycle in the absence of cytokinesis. Overall, it

is clear that the two life cycle forms of trypanosomes employ distinct cell

cycle checkpoint control systems.

4. REGULATION OF MITOSIS

4.1. Closed mitosis in T. brucei
Eukaryotic cells must faithfully segregate their genetic material to the daugh-

ter cells during mitosis. It has long been established that lower and higher

eukaryotes achieve this in strikingly distinct ways. Higher eukaryotes

undergo an open mitosis, with the nuclear envelope completely dis-

assembled at the G2/M transition and then reassembled upon the comple-

tion of mitosis. In contrast, many lower eukaryotes undergo a closed mitosis

in which the nuclear envelope remains intact throughout mitosis and mitosis

occurs within the nucleus. In the closed mitosis, proteins and molecules

involved in mitosis are transported in and out of the nucleus through the

nuclear pore complexes that are embedded in the nuclear envelope and serve
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as molecular sieves. Like many other lower eukaryotes, trypanosome also

undergoes a closed mitosis. Throughout mitosis the nuclear envelope does

not break down, which was easily detected by immunofluorescence micros-

copy with an antibody against a nuclear envelope protein and by electron

microscopy (Ogbadoyi et al., 2000). Through biochemical purification

followed by mass spectrometry, the trypanosome nuclear pole complex

was characterized, which shares a similar architecture to that of fungi and

animals (DeGrasse et al., 2009).

4.2. Spindle structure and assembly
It has been well recognized that trypanosome cells do not possess centrioles,

but instead have the flagellar basal body as the cell’s MTOC, which is

involved in nucleating the flagellar axoneme microtubules and has little role

in spindle assembly. Since mitosis is closed, the mitotic spindle is formed

within the nucleus, with the two poles of the spindle located at the opposite

ends of the nucleus, which are potentially the spindle poles in trypanosomes

(Ogbadoyi et al., 2000). However, it is not clear whether trypanosomes pos-

sess a spindle pole structure similar to the SPB found in fungi. A search for

the homologs of yeast SPB proteins in the trypanosome genome only iden-

tified the components of the g-tubulin complex, which is known to localize

to the flagellar basal body, the cell’s only visible MTOC. Intriguingly, two

proteins, the Tousled-like kinase TbTLK1 and a nuclear pore complex

component, TbNup92, are found to localize to the spindle poles during

mitosis in trypanosomes (DeGrasse et al., 2009; Li et al., 2007). RNAi of

TbTLK1 results in defects in spindle formation in trypanosomes, suggesting

that TbTLK1 is likely involved in spindle assembly. The potential role of

TbNup92 in spindle assembly remains to be explored.

Using a monoclonal antibody against b-tubulin, KMX-1, the mitotic

spindle can be readily detected during early to late mitotic phases in trypano-

somes. Here, we report the morphological and conformational changes of

the spindle during mitotic progression, which represents the first detailed

illustration of the various shapes of the mitotic spindle in trypanosomes

(Fig. 4.5). The spindle structure becomes clearly visible at metaphase, during

which the spindle is short in length and appears like a diamond in shape, with

the kinetochores of the chromosomes all aligned in the equator of the spin-

dle (Fig. 4.5A). The spindle then gradually elongates, presumably through

the sliding of the overlapping interpolar spindle microtubules which in gen-

eral is mediated by kinesin motor proteins and/or through the separation of
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Figure 4.5 Morphology of the mitotic spindle during various stages of mitosis in the
procyclic trypanosomes. Cells were immunostained with KMX-1, which stains the
b-tubulin in the spindle in trypanosomes, and counterstained with DAPI for nuclear
and kinetoplast DNA. Bar: 5 mm.
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the spindle poles. This elongation of spindle microtubules correlates with the

gradual segregation of chromosomes, which is often referred to as the ana-

phase of the cell cycle (Fig. 4.5B–G). The spindle structure in trypanosomes

appears to contain less microtubule fibers than that in fungi and animals, and

as a result the metaphase spindle and anaphase spindle appear to comprise

only two lines of microtubules (more spindle microtubules may exist, but

they are not visible), with both ends of the two lines merged together to

form the SPBs that associate with or are an integral part of the nuclear enve-

lope (Fig. 4.5A–C) (Ogbadoyi et al., 2000). Strikingly, during early anaphase

when the spindle is elongated, the two visible microtubule lines start to twist

by an unknown mechanism, thus making the shape of the spindle resemble

the Arabic number 8, with the SPB likely remaining intact (Fig. 4.5D, E).

This “8”-shaped spindle then apparently undergoes some conformational

change by transforming from a closed conformation to an open bifurcated

conformation assuming an “X” shape (Fig. 4.5F, G), which likely involves

the disassembly of the SPB complex, although this is still not clear and needs

to be further investigated. At later stages of anaphase, the spindle is further

elongated, resulting in farther segregation of the duplicated nuclei. The spin-

dle microtubules at late anaphase appear to bundle vigorously, leading to the

transformation of the “X”-shaped spindle to a single microtubule bundle

that connects the two far segregated nuclei (Fig. 4.5H–J). Prior to cytoki-

nesis, the spindle bundle disappears.

Little is known about how the bipolar mitotic spindle is assembled in

trypanosomes. It is generally accepted that spindle microtubules in animals

are nucleated either by centrosomes or through chromatin-mediated

pathways and that spindle microtubules in fungi are nucleated by SPBs

embedded in the nuclear envelope. Unlike the organisms containing cen-

trosomes or SPBs, spindle assembly in acentrosomal cells rely exclusively

on chromatin-mediated pathways in which microtubules are nucleated

and stabilized near the kinetochores (Dumont and Desai, 2012). Once

the bipolar spindle is assembled, its maintenance is dependent on the

cooperative action of microtubule motors, such as the Kinesin-5 family,

which are plus end-directed motors, the Kinesin-14 family, which are

minus end-directed motors, and the Kinesin-13 family, which are micro-

tubule depolymerases (Gatlin and Bloom, 2010). Both the Kinesin-5

and Kinesin-13 kinesins subject to phosphorylation by Aurora A kinase

and Aurora B kinase, respectively, and this phosphorylation is required

for assembly of a bipolar spindle. Moreover, Aurora B kinase also

plays an additional role in chromosome biorientation by correcting
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microtubule–kinetochore misattachments, which also helps establish the

bipolar spindle (Carmena et al., 2009). Finally, the spindle assembly check-

point (SAC) monitors microtubule–kinetochore attachment errors, and

when an attachment error is detected by the SAC, anaphase onset is delayed

through inhibiting the activity of the anaphase promoting complex/

cyclosome (APC/C) (Peters, 2006).

The lack of centrosomes or SPBs in trypanosome cells argues that estab-

lishment of a bipolar spindle is most likely dependent on chromatin-

mediated pathways. To support such a notion, the proteins that are known

to be required for centrosome-directed spindle assembly, such as Aurora

A kinase and Kinesin-5, appear to be missing in trypanosomes. In contrast,

the proteins that are implicated in chromatin-based pathways, such as Aurora

B kinase and Kinesin-13, are present in trypanosomes and are involved in

regulating spindle formation and the dynamics of spindle microtubules

(Chan et al., 2010; Li and Wang, 2006; Tu et al., 2006; Wickstead et al.,

2010). Intriguingly, despite the lack of a Kinesin-5 homolog in trypano-

somes, two highly divergent orphan kinesins, TbKIN-A and TbKIN-B,

cooperate with the Aurora B kinase homolog, TbAUK1, to regulate spindle

assembly (Li et al., 2008a,c). Both TbKIN-A and TbKIN-B associate with

nuclear DNA and the central spindle and interact with TbAUK1, but how

the two kinesins promote spindle assembly is still not known. Unlike any

other eukaryotes, trypanosomes express a greatly expanded repertoire of

the Kinesin-13 family, and one of this family, TbKif13-1, is involved in reg-

ulating the dynamics of spindle microtubules (Chan et al., 2010; Wickstead

et al., 2010). Nevertheless, it remains unclear whether TbKif13-1 plays any

role in maintaining kinetochore–microtubule interactions as its mammalian

counterpart. Further in-depth investigation is necessary to explore the

mechanistic roles of the mitotic kinesins in controlling spindle assembly

and spindle microtubule dynamics.

Homologs for most of the APC/C components have been identified in

trypanosomes, which apparently form a functional ubiquitin E3 ligase that is

required for metaphase–anaphase transition and is also involved in control-

ling the stability of the mitotic cyclin, CYC6 (Bessat et al., 2013; Kumar and

Wang, 2005). The latter function of the APC/C in trypanosomes may sug-

gest another role of the complex in promoting mitotic exit. However,

homologs for most of the SAC complex except Mad2 are missing in the try-

panosome genome (Berriman et al., 2005). Surprisingly, TbMad2 is local-

ized to the basal body (Akiyoshi and Gull, 2013a), arguing against its

involvement in monitoring kinetochore–microtubule interaction errors
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during bipolar spindle assembly. Therefore, the lack of a SAC complex and

the safeguard control mechanism in trypanosomes cannot be ruled out,

which may highlight the unusual mechanism underlying spindle assembly

and kinetochore–microtubule interactions in trypanosomes.

4.3. Kinetochore and its unusual protein composition
The kinetochore is a complex structure that establishes the attachment of

spindle microtubules to chromosomes and is thus essential for faithful chro-

mosome segregation. Under the transmission electron microscope, the

kinetochore in vertebrate animals appears as a trilaminar stack of plates

situated on opposite sides of the centromere of mitotic chromosomes

(Brinkley and Stubblefield, 1966). The outer plate contains microtubule-

interacting proteins (such as CENP-E, etc.) and the SAC proteins, whereas

the inner plate is immediately adjacent to the centromere and is organized on

a chromatin structure containing nucleosomes with a specialized histone

named CENP-A, which substitutes histone H3 in the centromere region,

auxiliary proteins, and centromere DNA (Chan et al., 2005). Electron

microscopic studies show that the mitotic chromosomes of trypanosomes

also possess an electron-dense structure typical of the canonical kinetochore

found in other eukaryotic organisms (Ogbadoyi et al., 2000). However, the

observed number of kinetochore appears not to exceed 8 (Solari, 1995), but

there are more than 100 chromosomes. This suggests either a non-

conventional function of the kinetochore or the existence of alternative

chromosome segregation mechanism(s) (Ogbadoyi et al., 2000). It is also

very likely that those chromosomes without detectable kinetochores may

contain smaller kinetochores whose ultrastructure is not readily visible by

electron microscopy.

Despite the presence of canonical kinetochore structure in trypano-

somes, the protein components of the kinetochore were largely unknown

(Berriman et al., 2005). Only a few kinetochore protein homologs were

found based on sequence homology (Berriman et al., 2005), which include

the inner kinetochore protein MCAK (Kinesin-13 family kinesins) and the

outer kinetochore protein TOG/MOR1. Surprisingly, the TOG/MOR1

homolog was found to be localized to the cytosol without enrichment in

the nucleus in procyclic trypanosomes (our unpublished data), suggesting

that it is either not a kinetochore component in trypanosomes or not a bona

fide homolog of TOG/MOR1. Recently, 19 candidate kinetochore pro-

teins were identified in trypanosomes by using localization-based screening
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and proteomics approach, and RNAi-mediated knockdown of these kinet-

ochore proteins resulted in severe chromosome mis-segregation (Akiyoshi

and Gull, 2013b). All of the 19 kinetochore proteins bear no detectable

sequence homology to the kinetochore proteins in other eukaryotes,

suggesting that trypanosomes employ a chromosome segregation mecha-

nism involving novel kinetochore components (Akiyoshi and Gull, 2013b).

4.4. Novel chromosomal passenger complex and its role
in mitosis

Chromosomal passengers are proteins that move from the centromere to the

midzone of the spindle during mitosis. The first passenger protein identified

is an inner centromere protein called INCENP (Cooke et al., 1987), which

was later found to interact with an essential mitotic kinase, the Aurora

B kinase (Adams et al., 2000; Kaitna et al., 2000). It is now well known that

the chromosomal passenger complex (CPC) is composed of the enzymatic

subunit Aurora B and three regulatory components, INCENP, Survivin,

and Borealin (Ruchaud et al., 2007). The three regulatory CPC proteins

form a localization module, forming a three-helix bundle among the

INCENP amino terminus, Survivin and Borealin ( Jeyaprakash et al.,

2007). This bundle is required for CPC localization to the centromere of

chromosomes, which is mediated by the baculovirus IAP repeat domain

of Survivin and the C-terminus of Borealin ( Jeyaprakash et al., 2007). This

bundle is also required for CPC localization to the spindle midzone and the

anaphase midbody that is involved in cytokinesis initiation, but the precise

mechanism remains a mystery. The CPC is present in all the eukaryotes

examined so far, and all the four components are evolutionarily conserved

from fungi to humans (Carmena et al., 2012).

Trypanosomes, however, express a unique CPC that only consists of

three components (Li et al., 2008a). This novel CPC is composed of the

well-conserved Aurora B kinase homolog, TbAUK1 (Li and Wang,

2006; Tu et al., 2006), and two hypothetical protein, TbCPC1 and

TbCPC2. TbCPC1 appears to contain a so-called IN-box motif that is orig-

inally found in INCENP and is involved in binding to Aurora B kinase.

However, TbCPC1 is relatively small, with an observed molecular mass

of around 30 kDa, whereas the INCENP homologs found in many other

organisms from yeast to human have a molecular mass of over 100 kDa.

Nevertheless, the presence of the IN box suggests that TbCPC1 is a

structural and likely also functional homolog of INCENP. TbCPC2 is

extremely divergent and exhibits no significant sequence homology to
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the well-conserved CPC proteins found in fungi and animals (Li et al.,

2008a,c). TbCPC2 could act as a functional homolog of Borealin or

Survivin, but this still needs to be investigated.

Despite the structure distinction, the trypanosome CPC still exhibits a

dynamic subcellular localization pattern typical of the canonical CPC found

in animals. It is concentrated in the nucleus at G2 phase, and then migrates

from the chromosome centromeres to the central portion of the mitotic

spindle during metaphase to anaphase transition. Subsequently, it moves

from the central spindle to the anterior tip of the new FAZ during the tran-

sition from mitosis to cytokinesis. Since trypanosome cells undergo a closed

mitosis without breaking down the nuclear envelope during mitosis, this

suggests that the CPC has to be exported out of the nucleus across the

nuclear membrane. The detailed mechanism behind the nuclear export of

the CPC is not clear. Finally, the complex travels along the cleavage furrow

which ingresses longitudinally from the anterior tip of the new FAZ toward

the posterior end of the cell (Li et al., 2008a, 2009) (also see Fig. 4.6 and

below for detailed description). Since the three noncatalytic CPC proteins

in animals are known to function as a single structural unit to target Aurora

B kinase to various subcellular locations during mitosis ( Jeyaprakash et al.,

2007), it is not clear whether the two noncatalytic CPC proteins in trypano-

somes play similar roles like the animal CPC components. Additionally,

INCENP has an additional function by acting as a substrate activator of

Aurora B kinase (Bishop and Schumacher, 2002). Since TbCPC1 is a struc-

tural homolog of INCENP, it will be necessary to determine whether

TbCPC1 also has a role in activating TbAUK1. Further investigation of

the function of the two CPC proteins would help understand the regulation

of TbAUK1 and the mechanistic roles of TbAUK1 in mitosis and

cytokinesis.

5. MECHANISMS OF CYTOKINESIS

5.1. Coordination of mitosis with cytokinesis
Eukaryotes employ a number of cell cycle checkpoint systems to ensure

the fidelity of cell division. For example, DNA damage checkpoint monitors

the DNA damages generated during the cell cycle, and when DNA damages

are detected, cell cycle progression is slowed down, allowing the cell to

repair the DNA damage before continuation of the cell cycle. The abscission

checkpoint control system, which is triggered by the Aurora B kinase

through phosphorylating a subunit of the endosomal sorting complex
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Figure 4.6 Cytokinesis initiation, progression, and completion in procyclic try-
panosomes and the dynamic localization of the CPC during cytokinesis. A procyclic cell
expressing EYFP-tagged TbCPC1 was visualized under the fluorescence microscope and
the time-course live image was taken at various times to monitor the progress of cyto-
kinesis and the localization of TbCPC1. Live cells were stained with Hoechst dye to label
the nuclear and kinetoplast DNA. Arrowheads point to the TbCPC1 fluorescence signal
at the central spindle, whereas the arrows indicate the TbCPC1 fluorescence signal at
the anterior tip of the new FAZ and the cleavage furrow. Bars: 5 mm.
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required for transport-III (Carlton et al., 2012), delays abscission until the

chromatin bridge stuck in the cell division plane is resolved (Carmena

et al., 2012). In all the eukaryotes studied to date, inhibition of mitotic pro-

gression unanimously blocks cytokinesis, resulting in the production of

polyploid cells. Intriguingly, transition from mitosis to cytokinesis in the

procyclic form of trypanosomes appears to be poorly coordinated. This

interesting phenotype was originally observed when procyclic trypanosome

cells were treated with Rhizoxin, a microtubule poison that disrupts the

assembly of spindle microtubules and hence inhibits mitosis, anucleate cells,

termed zoids, were produced (Ploubidou et al., 1999; Robinson et al.,

1995), suggesting that cytokinesis can occur in the absence of mitosis in

procyclic trypanosomes. Such observations were further confirmed by

genetic interference with mitosis through RNAi-mediated silencing of

mitotic genes, such as the mitotic cyclin, CYC6, and its partner, CRK3

(Hammarton et al., 2003; Li and Wang, 2003; Tu and Wang, 2004). These

studies suggest that procyclic trypanosomes likely lack a checkpoint system

for controlling mitosis–cytokinesis transition. Since basal body duplication

and segregation appears to constitute the first cytoskeletal event in trypano-

some cell cycle and inhibition of basal body duplication or segregation

completely arrests cytokinesis (Das et al., 1994), it suggests that posterior

migration of the basal body, which is believed to be controlled by the

elongation of the new flagellum and the FAZ filament (Absalon et al.,

2007), likely functions as the primary driving force for cytokinesis in pro-

cyclic trypanosomes, although the roles of the CPC, TbPLK, and other

unidentified cytokinesis regulators should not be undermined.

5.2. Unusual mode of cytokinesis
Cytokinesis is the final step of the cell cycle during which two daughter cells

physically separate after the duplication and segregation of chromosomes and

organelles. Cytokinesis begins when the site of the future cleavage furrow is

defined, and in fungi and animals it can be generally divided into the follow-

ing steps: selection of the cell division plane, assembly of the contractile ring,

constriction and disassembly of the contractile ring, and separation of daugh-

ter cells by membrane fusion (Pollard andWu, 2010). Positioning the cleav-

age plane is critical for symmetrical cytokinesis, and at the site of cell division

plane a contractile ring, which is composed of the myosin motor protein,

actin filaments, and many other proteins, is assembled and attached to

the plasma membrane (Barr and Gruneberg, 2007). The mechanism of
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cytokinesis through the actomyosin contractile ring structure likely

appeared in the common ancestor of amoebas, fungi, and animals, which

share most of the genes used for cytokinesis (Pollard and Wu, 2010). Plants

use a different cytokinesis mechanism, the membrane fusion machinery, in

which the plant cells fuse membrane vesicles to build new membrane

between the daughter cells (Otegui et al., 2005). The mechanism of cyto-

kinesis in the organisms that branched earlier than algae and plants, such as

the protozoan parasites trypanosomes and Giardia, also appears to be differ-

ent from that in fungi and animals because these parasites apparently lack

myosin II. Further investigation of the mechanism of cytokinesis in early

branching protozoa would help understand the evolution of the cytokinesis

regulatory machinery.

Cytokinesis in trypanosomes appears to be different from that in fungi

and animals, not only because there is no evidence to support the existence

of the actomyosin contractile ring-based cytokinesis machinery (Garcia-

Salcedo et al., 2004) but also because cytokinesis cleavage furrow ingression

occurs along the longitudinal axis from the anterior tip of the new FAZ

toward the posterior tip of the cell between the two flagella (Li et al.,

2008a,c, 2009; Vaughan and Gull, 2003, 2008). The precise selection site

of the cytokinesis cleavage plane in trypanosomes is still not defined, but sev-

eral lines of evidence strongly suggest that the anterior tip of the new FAZ is

implicated (Robinson et al., 1995). As further support to this hypothesis, try-

panosome mutants defective in intraflagellar transport, which generate a

short new flagellum and a short new FAZ, undergo asymmetrical cell divi-

sion to produce a small daughter cell with a short flagellum and a short FAZ

(Kohl et al., 2003). The trypanosome mutant defective in new FAZ assem-

bly due to the depletion of a FAZ filament protein CC2D also undergoes

unequal cell division, but this produces a small daughter cell with a short

FAZ and a full-length flagellum (Zhou et al., 2011). The latter study further

reinforces the notion that it is the new FAZ, but not the flagellum, that

defines the cytokinesis cleavage plane in trypanosomes.

5.3. Regulation of cytokinesis by CPC
Initiation of cytokinesis in animals is known to be initiated by two evolu-

tionarily conserved protein kinases, Aurora B kinase and Polo-like kinase

(PLK), both of which are enriched at the central spindle and the anaphase

midbody. The central spindle is critical for positioning and establishment

of the actomyosin contractile ring. The two kinases act cooperatively to
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regulate, through phosphorylation, a common downstream factor, the

so-called centralspindlin complex that is composed of a Kinesin-6 family

member, MKLP1, and a Rho GTPase activating protein, MgcRacGAP,

in mammals (Mishima et al., 2002). The centralspindlin complex then binds

to Ect2, a Rho GEF (guanine nucleotide exchange factor), and recruits the

latter to the midbody (Somers and Saint, 2003). Ect2 is required to activate

RhoA, a small GTPase, leading to the concentration of the latter in the

equatorial region of the cell membrane (Piekny et al., 2005). Activation

of RhoA further promotes actin polymerization and myosin II activation,

leading to the formation of the actomyosin contractile ring (Carmena,

2008; Glotzer, 2005). Interestingly, the fission yeast Aurora B kinase homo-

log Ark1 is not essential for cytokinesis (Petersen and Hagan, 2003),

suggesting that regulation of actomyosin ring assembly in fission yeast likely

involves a mechanism distinct from that in budding yeast and animals. Like

in animals, the PLK in fungi is essential for cytokinesis by functioning as an

upstream component of the SIN (septum initiation network) or MEN

(mitotic exit network) comprising a number of proteins, such as MOB1,

DBF2, and Cdc14, all of which are conserved between budding and fission

yeasts (Gruneberg and Nigg, 2003). Some of these SIN/MEN pathway

components also have their mammalian homologs, which are also essential

for cytokinesis in mammals. However, how they are regulated by PLK in

mammals remains poorly understood (D’Amours and Amon, 2004).

Although trypanosomes display a different mode of cytokinesis and lack

the actomyosin-based cytokinesis apparatus, the Aurora B kinase homolog,

TbAUK1, and the PLK homolog, TbPLK, are both implicated in cytoki-

nesis (Hammarton et al., 2007; Kumar and Wang, 2006; Li and Wang,

2006; Tu et al., 2006). TbAUK1 functions as a crucial chromosomal passen-

ger protein and plays multiple roles in mitosis (Li and Wang, 2006; Li et al.,

2008a,c, 2009; Tu et al., 2006). It is also required for cytokinesis initiation,

furrow ingression, and abscission (Li and Wang, 2006; Li et al., 2008a,c,

2009; Tu et al., 2006); however, the precise mechanisms of TbAUK1 in

cytokinesis are still a mystery, mainly because none of its downstream factors

in the cytokinesis pathway has been identified. Like the CPC in animals, the

trypanosome CPC is also enriched on the central spindle during late mitosis

(Fig. 4.6, 0 min), but it is not clear whether the central spindle in trypano-

somes defines the cytokinesis cleavage plane as it does in animals. However,

unlike the animal CPC that stays on the central spindle region upon the

completion of mitosis, the trypanosome CPC starts to relocate to the ante-

rior tip of the new FAZ (Fig. 4.6, 60 min), which is known to constitute the
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initiation site of cytokinesis in trypanosomes. However, it remains to be

determined whether the CPC proteins at the anterior tip of the new

FAZ are newly synthesized proteins or are the old CPC proteins trans-

localized from the central spindle. When the CPC is only confined to the

anterior tip of the new FAZ (Fig. 4.6, 90 min), cytokinesis is initiated,

and when the cleavage furrow ingresses toward the posterior end of the cell,

the CPC travels along the furrow (Fig. 4.6, 115 and 120 min). At the final

stage of cytokinesis during which the two daughter cells are connected at the

posterior ends, the CPC disappears, likely because they are degraded (our

unpublished data). This dynamic pattern of CPC localization during mito-

sis–cytokinesis transition and during cytokinesis progression, together with

the genetic evidence (Li and Wang, 2006; Tu et al., 2006), strongly suggests

a role for the CPC in cytokinesis initiation, progression, and completion.

5.4. Regulation of cytokinesis by other proteins
A highly divergent Rho-like small GTPase, TbRHP, and its RhoGAP,

TbOCRL, were identified in trypanosomes (Abbasi et al., 2011). RNAi-

mediated silencing of both proteins each leads to defective cytokinesis,

and the phenotype resembles that of the TbAUK1 RNAi mutant (Abbasi

et al., 2011), implying that TbRHP and TbOCRL might function in

TbAUK1-mediated pathway. Unlike in humans where active RhoA is con-

centrated at the cytokinesis initiation site (Piekny et al., 2005), however,

TbRHP is diffusely localized throughout the cytosol (Abbasi et al., 2011).

Nevertheless, the identification of a RhoA-like small GTPase and its

activation partner as crucial cytokinesis regulators suggests that a RhoA-

mediated cytokinesis pathway is indeed operating in trypanosomes. How-

ever, it is not clear whether they function downstream of TbAUK1 and

whether TbAUK1 can activate TbRHP. Intriguingly, TbRHP appears to

regulate cytokinesis through its interaction with TRACK (Abbasi et al.,

2011), which is the trypanosome homolog of the receptor for activated

C kinase 1 (RACK1) and is involved in regulating cytokinesis onset and

progression (Rothberg et al., 2006). Given the absence of the actomyosin

contractile ring in trypanosomes, the mechanistic role of TbRHP in cyto-

kinesis remains to be explored.

Like in animals, the trypanosome genome also encodes a few SIN/MEN

pathway proteins, such as the homologs of MOB1 and DBF2 kinase, both of

which are essential for cytokinesis in trypanosomes (Hammarton et al., 2005;

Ma et al., 2010). Strikingly, both the MOB1 homolog and the DBF2
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homolog in trypanosomes appear to play distinct roles in different life cycle

forms.MOB1 appears to regulate cytokinesis completion in the bloodstream

form and the positioning of cleavage furrow in the procyclic form

(Hammarton et al., 2005). DBF2 homolog is essential for cytokinesis initi-

ation in the bloodstream form, but is not required for cytokinesis in the pro-

cyclic form (Ma et al., 2010 and our unpublished observation). Surprisingly,

unlike in yeast where MOB1 and DBF2 interact with each other, the two

homologs do not interact in vivo in trypanosomes (Ma et al., 2010), which

argues whether they act in the same pathway as their yeast counterparts.

Nevertheless, these observations suggest that the cytokinesis regulatory path-

ways found in fungi and animals are likely also operating in trypanosomes.

It has been well accepted that regulation of cytokinesis involves more

than 100 proteins in the cleavage furrow in fungi and animals (Pollard

and Wu, 2010; Skop et al., 2004), and a conserved core of about 20 cytoki-

nesis proteins are found in most animal cells (Glotzer, 2005). However,

additional cytokinesis proteins are not conserved among animal cells. The

number of proteins known to be involved in cytokinesis in trypanosomes

is rather limited, with less than a dozen of proteins identified as putative

cytokinesis regulators, including a type III phosphatidylinositol 4-kinase

(Rodgers et al., 2007), KMP-11 (Li and Wang, 2008), a protein arginine

methyltransferase (Fisk et al., 2010), a small GTPase (ARL2) (Price et al.,

2010), Katanin and Spastin (Benz et al., 2012), an F-box protein (CFB2)

(Benz and Clayton, 2007), a microtubule-associated protein (AIR9) (May

et al., 2012), adenylyl cyclases (Salmon et al., 2012), and a kinetoplastid-

specific kinesin, TbKIN-C, and its partner kinesin, TbKIN-D (Hu et al.,

2012a,b). However, the precise mechanistic roles of these proteins in cyto-

kinesis are not well established, and none of these proteins was found con-

centrated at the cytokinesis cleavage furrow or at the anterior tip of the new

FAZ, thus ruling out their direct participation in cytokinesis.

5.5. Unusual roles of PLK in organelle duplication and
cytokinesis

The PLKs are evolutionarily conserved serine/threonine protein kinases and

are localized to various mitotic structures, such as centrosomes, nucleus,

central spindle, and anaphase midbody, where they play multiple essential

roles in mitotic entry, bipolar spindle assembly, chromosome segregation,

mitotic exit, and cytokinesis (Archambault and Glover, 2009; Barr

et al., 2004). All the PLKs possess a canonical catalytic domain in the

N-terminus and a C-terminal Polo-box domain consisting of one or two
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Polo-box motifs, which plays a regulatory role in controlling PLK localiza-

tion and substrate binding (Barr et al., 2004).

The PLK homolog in T. brucei, TbPLK, exhibits a characteristic PLK

structure, with a catalytic kinase domain in its N-terminus and two Polo-

box motifs in its C-terminus (Graham et al., 1998). TbPLK exhibits a

dynamic localization pattern during the cell cycle. It is initially expressed

during the S phase and is found in the basal body (de Graffenried et al.,

2008; Umeyama and Wang, 2008). When the cell cycle proceeds, TbPLK

is enriched in the bilobe structure that is undergoing duplication. After the

bilobe is replicated and the duplicated bilobe structures start to segregate,

TbPLK is found at the growing tip of new FAZ filament during late

S phase, G2 phase, and early mitotic phases, such as metaphase and early ana-

phase (de Graffenried et al., 2008). However, at late anaphase and telophase

during which the CPC is detected at the anterior tip of the new FAZ,

TbPLK disappears from the anterior tip of the new FAZ (Li et al., 2010).

Strikingly, unlike the PLK homologs found in any other organisms, TbPLK

is not localized to the nucleus throughout the cell cycle (de Graffenried et al.,

2008; Kumar andWang, 2006) despite the presence of a nuclear localization

signal located between the kinase domain and the Polo-box motif (Sun and

Wang, 2011; Yu et al., 2012). Importantly, consistent with its absence in the

nucleus, TbPLK apparently does not play an essential role in mitosis since

RNAi of TbPLK in both the procyclic and bloodstream forms does not

cause any detectable mitotic defects (Hammarton et al., 2007; Kumar and

Wang, 2006).

The function of TbPLK appears to correlate with its subcellular localiza-

tion. Depletion of TbPLK by RNAi causes defective segregation of

the duplicated basal bodies (Hammarton et al., 2007; Ikeda and de

Graffenried, 2012), presumably by inhibiting the rotation of the new basal

body (Lozano-Nunez et al., 2013). RNAi of TbPLK also causes defective

bilobe duplication, leading to defects in assembling the duplicatedGolgi appa-

ratus (de Graffenried et al., 2008). Moreover, TbPLK deficiency also compro-

mises the assembly of the new FAZ filament, resulting in detachment of the

new flagellum (Ikeda and de Graffenried, 2012; Lozano-Nunez et al., 2013).

Since TbPLK is required for basal body segregation and inhibition of basal

body segregation inhibits cell division, it is still not clear whether TbPLK is

directly involved in cytokinesis initiation. TbPLK appears to exert its effect

primarily during the S phase because it is highly expressed at S phase during

which basal body duplicates and rotation of the new basal body occurs

(Lozano-Nunez et al., 2013; Umeyama and Wang, 2008). However, since
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TbPLK remains associated with the FAZ filament until early anaphase and

cytokinesis initiation is known to initiate at anaphase in other eukaryotes, it

is likely that TbPLK also plays a direct role in cytokinesis. In this regard,

TbPLK presumably regulates certain cytokinesis regulatory proteins at the

anterior tip of the FAZ filament. Such proteins are, unfortunately, still

not identified, which hinders our understanding of the mechanistic roles of

TbPLK in regulating cytokinesis.

5.6. Roles of flagellum and FAZ in furrow positioning and
cytokinesis initiation

Defining the cytokinesis cleavage plane is fundamental to cells for symmet-

rical cell division to generate two identical daughter cells. In animals, the

division plane is defined by the position of the central spindle, which is crit-

ical for the establishment of the actomyosin contractile ring. In trypano-

somes, however, the cleavage plane is placed between the two flagella

along the longitudinal axis, which appears to be in parallel with the mitotic

spindle, and is initiated from the anterior tip of the new FAZ filament

(Robinson et al., 1995; Vaughan and Gull, 2003). Growing evidence sug-

gests that the new FAZ may provide structural information for positioning

the cleavage plane (Robinson et al., 1995). Trypanosome mutants with a

short new FAZ filament and an old full-length FAZ are capable of under-

going an asymmetrical cell division, producing a small-sized daughter cell

with the short new FAZ and a normal-sized daughter cell containing the

old full-length FAZ (Zhou et al., 2011). On the other hand, since position-

ing and elongation of the FAZ filament is defined by the flagellum (Kohl

et al., 1999), the growth of the new flagellum thus also plays a critical role

in positioning the cleavage plane. This hypothesis is supported by the obser-

vation that trypanosome mutants with defective flagellum assembly can

undergo an asymmetrical cytokinesis by producing a small-sized daughter

cell with a short flagellum and a normal-sized daughter cell with a full-length

flagellum (Kohl et al., 2003). The proposed role of the anterior tip of the

FAZ as the initiation site of cytokinesis is further confirmed by the discovery

that the CPC, a crucial regulator of cytokinesis, is localized to the anterior tip

of the new FAZ before cytokinesis initiation (Li et al., 2008a,c, 2009).

6. CONCLUSIONS AND PERSPECTIVES

During the past decade, significant advances in the understanding of

the molecular mechanism of mitosis and cytokinesis in trypanosomes have
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been made, and it is now well accepted that most cell cycle regulatory path-

ways conserved from fungi to humans are also present in trypanosomes.

However, trypanosomes have evolved some unusual cell cycle checkpoint

systems and employ many trypanosome-specific cell cycle regulators to

compensate for the absence of the regulators that are conserved in other

eukaryotes. It is also well accepted that significant differences in cell cycle

control exist between different life cycle stages.

Many questions with regard to the cell cycle control in trypanosomes

remain unanswered. For example, what are the components of the cytoki-

nesis cleavage furrow? What are the cell cycle checkpoints and how do they

control cell cycle progression? How does the CPC travel across the nuclear

envelope and how does CPC promote cytokinesis? What is the abscission

machinery and how does the machinery cleave the membrane and the

microtubule cytoskeleton? Future work should apply a combination of bio-

chemical, genetic, and proteomics approaches for further exploration of

trypanosome-specific cell cycle regulatory pathways and for identification

of novel cell cycle regulators. There is no doubt that such endeavors will

significantly advance our fundamental understanding of the mechanisms

of mitosis and cytokinesis in trypanosomes and would also provide novel

drug targets for chemotherapeutic intervention.
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Abstract

Rapid progress made in various areas of regenerative medicine in recent years
occurred both at the cellular level, with the Nobel prize-winning discovery of repro-
gramming (generation of induced pluripotent stem (iPS) cells) and also at the bioma-
terial level. The use of four transcription factors, Oct3/4, Sox2, c-Myc, and Klf4 (called
commonly “Yamanaka factors”) for the conversion of differentiated cells, back to
the pluripotent/embryonic stage, has opened virtually endless and ethically accept-
able source of stem cells for medical use. Various types of stem cells are becoming
increasingly popular as starting components for the development of replacement tis-
sues, or artificial organs. Interestingly, many of the transcription factors, key to the
maintenance of stemness phenotype in various cells, are also overexpressed in cancer
(stem) cells, and some of them may find the use as prognostic factors. In this review,
we describe various methods of iPS creation, followed by overview of factors known to
interfere with the efficiency of reprogramming. Next, we discuss similarities between
cancer stem cells and various stem cell types. Final paragraphs are dedicated to inter-
action of biomaterials with tissues, various adverse reactions generated as a result of
such interactions, and measures available, that allow for mitigation of such negative
effects.

ABBREVIATIONS
CSC cancer stem cells

ECM extracellular matrix

ES cell embryonic stem cell

GFP green fluorescent protein

GSK3 glycogen synthase kinase-3

iPS induced pluripotent stem

MSFs myocardial scar fibroblasts

RB retinoblastoma protein

RGD arginine–glycine–aspartic acid

Shc Src homology 2 domain containing

1. INTRODUCTION

Reprogramming, or reversing adult (partially) differentiated cell into a

cell with properties very closely resembling those of embryonic stem (ES)

cells, called “induced pluripotent stem” (iPS) cells, by the expression of a

set of transcription factors, was first achieved in 2006 (Takahashi and

Yamanaka, 2006). Initially, the induction of pluripotent stem cells was car-

ried out by introduction of four factors, Oct3/4, Sox2, c-Myc, and Klf4

(called commonly “Yamanaka factors”) to murine (embryonic) fibroblasts,
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under ES cell culture conditions. Nowadays, protocols exist, where

only two or three factors are used, with c-Myc appearing to enhance the

process only rather than being indispensible. For example, Li and colleagues

reprogrammed cells without introducing Sox2 transcription factor,

showing that only Oct4, Klf4 and glycogen synthase kinase-3 (GSK3)

inhibitor CHIR 99021 are sufficient for murine embryonic fibroblasts

reprogramming. They indicate that GSK3 inhibitor can replace

the reprogramming-related effects of Sox2 transcription factor (Banito

et al., 2009; Li et al., 2009b).

While initial reprogramming procedures were performed in murine

embryonic or adult fibroblasts, it is becoming increasingly evident that

(i) “younger” cells are reprogrammed with higher efficiency, (ii) cells that

by their nature already express some of the reprogramming factors become

reprogrammed with higher frequency and by using only some of the

Yamanaka factors (Kim et al., 2009b), and (iii) cells that express lower

amounts of p53 are also reprogrammed with higher efficiency. The later

observation indicates that preprogramming itself induces enormous cellular

stress, and thus it is a powerful inducer of p53-activated cell death, or senes-

cence triggered by p53, p16INK4a, and p21CIP1 (Banito et al., 2009;

Menendez et al., 2010). Thus, modern reprogramming protocols typically

include apoptosis and/or senescence inhibitors in the reprogramming

medium.

2. OVERVIEW OF REPROGRAMMING METHODS

Before transcription factor-based reprogramming protocol had been

published by Yamanaka group, such process could only be achieved either

by transfer of nuclei of mature, differentiated cells into oocytes from which

pronuclei were removed, or by fusion with ES cells (Moawad et al., 2011).

Somatic cell nuclear transfer has sometimes been used in humans, but it is

controversial because of ethical issues related to human egg destruction

(Wilmut et al., 1997).

One of the most efficient methods to generate iPS cells is lentiviral

transduction of Yamanaka factors (Nakagawa et al., 2008). In this

approach, retroviruses integrate into host’s genome and allow for sustained

expression of reprogramming factors at a sufficient level. Interestingly,

newly generated iPS cells are able to methylate and switch off the expres-

sion of lentivirally introduced Yamanaka factors, while relying instead on

the expression of the same intrinsic transcription factors (Hotta and Ellis,
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2008). Lentiviruses have been used for the delivery of Yamanaka factors in a

monocistronic form (one factor per virus), or as a multifactor cassette (poly-

cistronic, offered, i.e., by Millipore) in a single lentiviral particle (Sommer

et al., 2009). Lentiviral delivery of Yamanaka factors, like other retroviral

methods, carry significant risk of insertion mutagenesis related to their

genomic integration (Hockemeyer et al., 2008; Sommer et al., 2009); there-

fore, while they are a valuable research tools, they cannot be safely used in the

clinic.

Contrary to report by Hotta and Ellis (2008), viral transgenes may not

always be inactivated completely, and during the longer culture period they

may reactivate. It has been shown that chimeric mice produced from viral

iPS cells frequently developed tumors, because of reactivation of c-Myc

expressing virus, used as one of the original Yamanaka factors (Nakagawa

et al., 2008). Some Yamanaka factors are also frequently upregulated by cer-

tain tumors and their expression level generally correlates with increased

metastatic potential and thus with bad prognosis (see below) (Huang

et al., 2011; Lengerke et al., 2011).

Adenoviral vectors are another option for the delivery of reprogramming

factors. They do not integrate into host’s genome, and some adenoviral vec-

tors deliver genes with high efficiency to certain cell types like hepatocytes.

In general however, lower efficiency and shorter expression kinetics, that

would require repeated transductions to maintaining an adequate level of

transgene expression makes adenoviral vectors less suitable for the task

(Esteban et al., 2010; Sommer et al., 2009).

Reprogramming has been successfully achieved by Fusaki et al. (2009)

using Sendai virus-based delivery of Yamanaka factors (nonintegrating

RNA virus). As the used Sendai virus-based vector was replication-

deficient, its copies became diluted during cell divisions, and eventually

virus-free iPS cells were available. Remaining Sendai virus-harboring

cells could be removed using antibody recognizing hemagglutinin-

neuraminidase surface marker (expressed only on Sendai virus-infected

cells). Thus, this reprogramming technique works without changes to

genome.

Precisely due to the above highlighted safety issues, labs around the

world aim at developing efficient nonviral reprogramming methods. In this

way, one could obtain iPS cells without introducing changes into their

genome (beside epigenetic changes). Such methods include (i) minicircle

vectors, (ii) PiggyBac transposon system, (iii) already mentioned episomal

vectors, and (iv) the delivery of Yamanaka factors as proteins. The common
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denominator of such methods is much lower reprogramming efficiency as

compared to lentiviral vectors-based reprogramming.

Minicircle vectors-based reprogramming was for the first time described

in 2010 (Jia et al., 2010). Minicircle vectors are circular, nonviral DNA ele-

ments that are generated by PhiC31 integrase-based intramolecular recom-

bination from parental plasmids that contain sequences of interest (i.e.,

Oct3/4, Sox2, Nanog, Lin28, green fluorescent protein (GFP)). Expression

of minicircle-coded genes lasts weeks, and occurs in both dividing and non-

dividing cells. Minicircle vectors get introduced (transfected) into cells with

higher efficiency, and typically yield higher expression levels of desired pro-

teins, as they are less likely to be inactivated by cellular mechanisms targeting

foreign nucleic acids. The plasmid used by Jia et al. (2010) contains a single

cassette of four reprogramming factors and GFP as a marker sequence, all

separated by self-cleavage peptide 2A sequences.

PiggyBac transposon reprogramming was first proposed by Kaji et al.

(2009). In this method, transgene sequence can be removed from integration

site without changing host’s DNA. The PiggyBac transposon carries

a cassette that contains all four reprogramming factors, linked with 2A

self-cleavage peptides. For removal purposes, the cassette containing

reprogramming factors is flanked by loxP sites (Kaji et al., 2009). To remove

the exogenous reprogramming factors, iPS cells were transiently transfected

with Cre. This system minimizes genome modification in iPS cells and

enables complete elimination of nucleic acid sequences encoding exogenous

reprogramming factors.

High-efficiency, synthetic mRNA-based reprogramming was recently

described (Warren et al., 2010). To achieve that, authors used large quan-

tities of synthetic mRNAs coding for Yamanaka factors, modified to over-

come innate antiviral responses. Since mRNA is translated to protein in the

cytoplasm they do not have to enter the nucleus, thus further minimizing

chance of unwanted modifications of hosts DNA. This method appears

to work fast and efficiently (reprogramming in just 2-week period, much

shorter than lentiviral vector-based reprogramming, and 4% efficiency—

several orders of magnitude higher than lentiviral vector-based reprogra-

mming) (Warren et al., 2010). The major drawback is the need to produce

large quantities of high-quality, very long stretches of synthetic mRNA

(rather technically challenging and expensive). Furthermore, the cellular

RISC (RNA-induced silencing complex) system attempts to degrade

such synthetic mRNAs (mechanism of RNA destruction like in RNA-

interference technology) (van den Berg et al., 2008). To overcome that
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problem, researchers tested synthetic mRNAs chemically modified so that

they were not readily recognized as a foreign RNA. As an alternative to

chemical synthesis, in vitro transcription systems exist, which allow for the

synthesis of desired mRNAs.

Protein-based reprogramming carries the advantage that it does not cause

any genetic changes. As already mentioned, current methods of protein-

based reprogramming are several order of magnitudes less efficient that

lentiviral delivery of Yamanaka factors (Kim et al., 2009; Esteban et al.,

2010). Typically, synthesized in bacteria Yamanaka factors are modified

so that they express basic amino acids or other transport peptides enabling

to cross the cell membrane (Hauff et al., 2005). Table 5.1 summarizes cur-

rent reprogramming methods highlighting their most important advantages

and disadvantages.

Beside reprogramming, and subsequent differentiation into desired cell

type, several authors have recently reported the possibility of trans-

differentiation, or conversion of one cell type to another one, while

bypassing the iPS-state. Here are some examples. Recently, conversion of

pancreatic cells to hepatocytes by the treatment with dexamethasone was

reported (Eberhard and Jockusch, 2010). Another group converted

B cells into hematopoietic multipotent progenitors and then reprogrammed

them into T cells and macrophages (Cobaleda, 2010). Vierbuchen et al.

(2010) describe direct conversion of fibroblasts into neurons by the expres-

sion of neural-lineage-specific transcription factors Ascl1, Brn2/Pou3f2, and

Myt1l. Direct conversion of myocardial scar fibroblasts (MSFs) to

cardiomyocytes by infection of human MSFs with a lentivirus vector

encoding the potent cardiogenic transcription factor myocardin was

achieved (van Tuyn et al., 2007). Those are just a few examples of the strong

scientific interest into direct conversion of one cell type into another.

3. REPROGRAMMING, ANTIPROLIFERATIVE RESPONSE,
APOPTOSIS, AND SENESCENCE

An activation of the antiproliferative response during reprogramming

has been shown by several authors (Banito et al., 2009). The role of tumor

suppressors in reprogramming is inherent at different levels and highlights

how stressful the reprogramming is for the cell (Marion et al., 2009). p53

converts various upstream cellular-stress signals into downstream responses

including cell cycle arrest, senescence, DNA repair, and apoptosis (Vincent

and Los, 2011). Several groups analyzed whether the expression of the
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Table 5.1 Advantages/disadvantages of different reprogramming techniques/vectors
Vector Advantages Disadvantages

Lentivirus Sustained expression of

reprogramming factors (Hotta

and Ellis, 2008)

Can be used to transduce both

proliferating and nondividing cells

(Patel and Yang, 2010)

Insertion mutagenesis which may

lead to cancer (Yu et al., 2009)

Adenovirus Transient expression causes

removal of viral vector following

reprogramming (Okita et al.,

2008)

No genomic integration thus

preventing insertional

mutagenesis (Okita et al., 2008)

Low reprogramming efficiency

(Okita et al., 2008)

Requires repeated transduction in

order to successfully reprogram

fibroblasts (Okita et al., 2008)

Sendai

virus

Efficient introduction of genomic

material into host cells (Fusaki

et al., 2009)

Can affect several types of cells

(Fusaki et al., 2009)

No genomic integration thus

preventing insertional

mutagenesis (Fusaki et al., 2009)

Transfected cells tend to contain

viral remains following

transduction that requires

additional techniques for removal

(Okita and Yamanaka, 2011)

Plasmids Long-term transient gene

expression allows reprogramming

with only a single transfection

(Yu et al., 2009)

Episomal gene expression

prevents insertional mutagenesis

(Yu et al., 2009)

Plasmids are lost following

repeated culturing (Yu et al.,

2009)

Can be used in a wide variety of

cells (Yu et al., 2009)

Low transfection efficiency

(Fusaki et al., 2009)

Successful reprogramming

requires several plasmids ( Jia et al.,

2010)

Minicircle Higher transfection efficiency

than plasmids ( Jia et al., 2010)

Unlike standard plasmids,

minicircles does not contain

bacterial DNA ( Jia et al., 2010)

Can reprogram somatic cells using

only one vector ( Jia et al., 2010)

Low transfection efficiency

compared to viral techniques

( Jia et al., 2010; Okita et al.,

2008).

Continued
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Table 5.1 Advantages/disadvantages of different reprogramming techniques/
vectors—cont'd
Vector Advantages Disadvantages

Longer expression that plasmids

( Jia et al., 2010)

Minicircle vectors are lost

following repeated culturing ( Jia

et al., 2010)

Can be used in a wide variety of

cells ( Jia et al., 2010)

PiggyBac

transposon

Sustained expression allow for a

higher reprogramming efficiency

(Woltjen et al., 2009)

Reprogramming vectors can

theoretically be removed to

produce vector-free iPS cells

(Woltjen et al., 2009)

Cells might contain remains of

vector following reprogramming

( Jia et al., 2010)

Low reprogramming efficiency

compared to viral techniques ( Jia

et al., 2010; Okita et al., 2008)

mRNA No introduction of ectopic DNA

(Plews et al., 2010)

The small size of mRNA

molecules results in a high

introduction into the cells with a

low cytotoxicity (Plews et al.,

2010)

Better control of the

reprogramming (Plews et al.,

2010)

Good reprogramming efficiency

(Okita and Yamanaka, 2011)

mRNA is degraded within 2 or

3 days. As such, repeated

transfection is required for

successful reprogramming (Plews

et al., 2010)

Proteins No introduction of ectopic

nucleic acids (Kim et al., 2009a)

Proteins produced by bacteria

might be misfolded or lack

essential modifications (Plews

et al., 2010)

Proteins provided as cell lysate

contain several poorly defined

substances beside the

reprogramming factors (Plews

et al., 2010)

Low reprogramming efficiency

(Kim et al., 2009a)

174 Agata M. Wasik et al.



reprogramming factors is sufficient to trigger directly an antiproliferative

response and showed that the expression of the four Yamanaka factors, or

combinations of Oct4, Sox2, and Klf4, in human or murine fibroblasts

induces p53 and p21CIP1 (Banito and Gil, 2010; Hong et al., 2009;

Kawamura et al., 2009). Moreover, the same studies also suggest that a com-

bination of Oct4 and Sox2 or even the individual factors is also sufficient to

trigger the activation of p53 and/or p21CIP1 (Banito et al., 2009; Kawamura

et al., 2009). The main determinants of p53 activation during repro-

gramming have not been clearly established (Fig. 5.1). The expression of

the four Yamanaka factors in human fibroblasts results in oxidative stress

and subsequent DNA damage, which leads to the activation of p53 (Egler

et al., 2005; Vafa et al., 2002). In addition to p53, transcriptional profiling

revealed that reprogramming also activates other genes involved in DNA

replication and cell cycle progression such as: POLI, RCF4, MCM5,

CCND1, CCND, and the cyclin-dependent kinase inhibitors p21CIP1

and p16INK4a (Banito et al., 2009; Mikkelsen et al., 2008; Sridharan

et al., 2009).

Somatic cell reprogramming

Less impaired
antiproliferative response

Impaired antiproliferative
response

Low pluripotency
Low oncogenic

potential 
High

pluripotency 
High oncogenic

potential 

iPSC CSCPartialy induced iPSC

Figure 5.1 The relationship between antiproliferative response, pluripotency, and
oncogenesis. Antiproliferative response is activated during reprogramming. At the
same time expression of reprogramming factors impairs antiproliferative response by
causing mutations on the main tumor suppressor genes. This impairment makes repro-
gramming more susceptible but increase the possibility for oncogenic transformation.
Cell commitment depends on this complex interplay.
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3.1. Apoptosis and senescence as outcomes of aborted
reprogramming

Murine and human fibroblasts expressing reprogramming factors suffer a

cell-cycle arrest that presents multiple characteristics of senescence, such

as upregulation of p16INK4a (Banito et al., 2009). Upregulation of both

BAX and its antagonist molecule BCL2 in response to the expression of

Oct4, Sox2, and Klf4 enhance reprogramming (Kawamura et al., 2009).

Other reports suggest that the expression of the reprogramming factors syn-

ergizes with the induction of DNA damage to trigger apoptosis. In such a

scenario, the expression of BCL2 restores the ability of these cells to be rep-

rogrammed (Marion et al., 2009). Therefore reprogramming is limited by

both antiproliferative responses as happens during tumor suppression, in

which both senescence and apoptosis are implicated.

3.2. Tumor suppressor loss, differentiation, and oncogenic
transformation

Antiproliferative response is activated during the reprogramming process.

However, this response is an obstacle in the development of pluripotent cell.

Suppression of antiproliferative response increases the efficiency of repro-

gramming to a more dedifferentiated state but at the same time increases

the oncogenic potential of cells. Genomic alterations that occur during

reprogramming can cause inefficient antiproliferative response, enhance

reprogramming, and increase susceptibility for oncogenic transformation.

Commitment of the cell depends on these complex relations (Fig. 5.1).

Several groups have shown that knocking down p53 in human ormurine

cells significantly increase the efficiency of reprogramming (Banito and Gil,

2010; Hong et al., 2009; Kawamura et al., 2009; Marion et al., 2009). The

expression of MDM2 or a dominant-negative mutant of p53 also results in

enhanced reprogramming, whereas the activation of p53 through different

strategies reduced the reprogramming efficiency (Kawamura et al., 2009;

Marion et al., 2009), emphasizing the importance of controlling p53 activity

to modulate reprogramming. Similarly, low levels or absence of p16INK4a or

p21CIP1 expression leads to more efficient and faster reprogramming in

mouse and human cells (Banito et al., 2009; Li et al., 2009).

Genomic instability that occurs during and after reprogramming (i.e.,

prolonged passaging of iPS cells) may contribute to the increase of transfor-

mation potential of iPS cells (Gore et al., 2011). Mutations in the p53 and

p16INK4a/retinoblastoma protein (RB) pathways are found in the majority
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of tumors, thus any changes that would destabilize those pathways in iPS

cells are particularly dangerous, as they would increase the probability of

the emergence of iPS-derived tumors.

Defects in the p53 or the p16INK4a/RB pathways have an impact on

tumorigenesis as they appear to be especially common in tumors showing

plasticity and loss of differentiation characteristics, thus increasing the pool

of cancer stem cells (CSC) (Banito et al., 2009). p53 loss was associated with

poorly differentiated thyroid cancers (Fagin et al., 1993), breast cancer (de

Cremoux et al., 1999; Kochhar et al., 2005; Miller et al., 2005; Mizuno

et al., 2010), lung cancer (Junttila et al., 2010), and hematopoietic system

malignancies (Chylicki et al., 2000; Feinstein et al., 1992). Collateral muta-

tions of p53 and PTEN are the most common tumor suppressor aberrations

in glioblastomas, which are poorly differentiated, developmentally plastic

brain tumors derived from the neuronal stem/progenitor cells (Zheng

et al., 2008). Deletion of the three RB family proteins triggers the repro-

gramming of MEFs to generate CSC-like cells (Liu et al., 2009).

4. REPROGRAMMING AND AUTOPHAGY

4.1. Autophagy
Autophagy is a catabolic process that is initiated in cells which is facing stress

or starvation conditions (Abounit et al., 2012) and, beside apoptosis and

necrosis, if hyperactivated, it may constitute a separate cell death mechanism,

removing damaged cells (Ghavami et al., 2010; Yoshimori, 2004). There are

three major forms of autophagy: (1) macroautophagy, (2) microautophagy,

and (3) chaperone-mediated autophagy. During macroautophagy, parts of

the cytoplasm and whole damaged organelles are sequestered into

double-membrane autophagosomes (Ghavami et al., 2012a; Rotter and

Rothermel, 2012). Macroautophagy could be also involved in sequestration

of damaged andmisfolded proteins (Gustafsson andGottlieb, 2009). Follow-

ing autophagosomes formation, they will fuse with lysosomes to generate

single-membrane autophagolysosomes, where degradation of their contents

occurs (Yoshimori, 2004). Microautophagy refers to direct engulfment of

the organelle by lysosomes without formation of autophagosomes (Rotter

and Rothermel, 2012). The third form of autophagy, referred to as

chaperone-mediated autophagy, is initiated when proteins (mainly cyto-

solic) carrying a KFERQ amino acid motif are directed by a complex of

chaperone proteins to combine with lysosomes, via the latter’s LAMP 2A

receptors, for engulfment and degradation (Rotter and Rothermel, 2012).
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The molecular mechanisms that regulate autophagy are not yet fully char-

acterized, however, genetic studies in yeast have identified a set of

autophagy-related genes (ATG) such as ATG5, ATG12, ATG16, ATG8,

andATG7, which are the major regulators for molecular signaling pathways

in autophagy (Ghavami et al., 2012b; Nakatogawa et al., 2009).

Four major steps could be distinguished during the course of autophagy:

initiation, elongation, closure, and maturation. Initiation is considered as an

autophagosomal membrane isolation step that is driven by an upstream signal

(i.e., an ATG14–Beclin 1–hVPS34 complex). The establishment of this

complex is required for the formation of phagophores (Abounit et al., 2012;

Kanget al., 2011).hVPS34 (phosphatylinositol3-kinase), oneof thekeyplayers

in the initiation step, is a member of the class III PI3 kinases. hVPS34 is

inhibitedbyprotein (Beclin-1) or chemical [3-methyladenine (3-MA)] factors,

which results in disruption of the initiation complex (Wu et al., 2010).

Elongation involves the formation of a double-membrane structure

comprised of an ATG512-16 complex and LC3. LC3 is a mammalian

homologue of yeast ATG8 (Ghavami et al., 2011). LC3 is converted to

LC3-I via proteolytic cleavage of its C-terminus by ATG4. Then, two

E3- and E2-like enzymes, ATG7 and ATG3, respectively, drive the cova-

lent conjugation of phosphatidylethanolamine to LC3-I, thus forming

LC3-II. Similarly, ATG5 becomes covalently bound to ATG12 in the

presence of another E2-like enzyme, ATG10. Finally, ATG7 coordinates

the formation of the ATG5-12-16 complex (Hanada et al., 2007).

Closure consists of final adjustments to LC3-II and ATG5-12-16 in for-

ming the double-membrane autophagosome. LC3-II in the autophagosome

membrane interacts with p62, which is a cargo for ubiquitinated misfolded

proteins and organelles. LC3-II is extensively used to measure autophagy

flux, the rate of formation of autophagosomes, and is considered the golden

standard for autophagometer scale (Rubinsztein et al., 2009). Maturation is

the final step in the autophagic process, and mainly describes the transloca-

tion and fusion of autophagosomes with lysosomes to form autolysosomes

(Ravikumar et al., 2010). It is here in the autolysosomes that sequestered,

damaged proteins and organelles are finally degraded, and their components

recycled or disposed of (Abounit et al., 2012).

4.2. Autophagy and stem cells
High basal level of autophagy has been reported in human mesenchymal

stem cells, whereas after differentiation autophagy is largely downregulated

and even undetectable in some cases (Oliver et al., 2012). Hypoxic
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conditions facilitate MSCs self-renewal (Lee et al., 2013), whereas

autophagy inhibition has been shown to facilitate hypoxia-induced apopto-

sis in MSCs (Zhang et al., 2012b). Similarly, high basal autophagy level has

been shown in hematopoietic stem cells (HSCs), dermal and epidermal stem

cells (Salemi et al., 2012) with a trend to decrease to a basal level activity after

differentiation (Salemi et al., 2012). Different groups have demonstrated that

ATG7 knock down in murine HSCs resulted in decelerated HSCs self-

renewal and negatively affected myeloproliferation (Liu et al., 2010;

Mortensen et al., 2011). In contrast, upregulation of autophagy genes has

also been shown during neuronal differentiation in mouse embryonic olfac-

tory bulb (Vazquez et al., 2012). Vazquez et al. (2012) also demonstrated that

chemical inhibition of autophagy pathway will block the nervous system

development in this animal.

Autophagy also plays a central role in controlling somatic repro-

gramming. Chen et al. (2011) have shown that autophagy is a positive reg-

ulator of pluripotency and that rapamycin facilitates mouse embryonic

fibroblast reprogramming to pluripotent stem cells. In this context,

autophagy may negatively regulate cellular apoptosis and senescence and

therefore positively affecting the reprogramming progress (Menendez

et al., 2011). On the other hand, in some experimental systems,

mitochondrial-targeted autophagy (mitophagy) ( Jangamreddy and Los,

2012) facilitates reprogramming via decreasing reactive oxygen species pro-

duction (Fimia et al., 2007; Vazquez et al., 2012).

4.3. Possible role of autophagy in iPS cell generation
As we have previously indicated, autophagy is a quality control mechanism,

which guarantees normal cell function at different stages of cellular life ( Jia

et al., 2011a). Transcription factors Oct3/4, Sox2, c-Myc, and Klf4 are

employed to reprogram differentiated cells toward an embryonic-like state

(Marchetto et al., 2010), called iPS. Interestingly, iPS cells not only express

stem cell markers, but also stem cell characteristics including anaerobic

metabolism, low reactive oxygen species generation and decrease in mito-

chondrial mass and number (Armstrong et al., 2010; Prigione et al., 2010;

Suhr et al., 2010). It has been suggested that the decrease in mitochondrial

numbers contributes to lower generation of superoxide ions in iPS cells as

compared to their progenitors (Vessoni et al., 2012).

Autophagy plays an important role during differentiation of hematopoi-

etic progenitor cells to erythrocytes and adipocytes by selectivemitochondrial
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autophagy (Lafontan, 2008; Singh and Cuervo, 2011). Thus it could be

hypothesized that autophagy might also participate in reprogramming of dif-

ferentiated cells to pluripotent form during iPS generation. The observed

lower mitochondria numbers in iPS cells may be achieved by selectively

targeting mitochondria (mitophagy). Additionally, autophagy may actively

facilitate generationof cellswith pluripotent stemcell properties via lysosomal

degradation of proteins typical for more differentiated cellular stage. Lastly,

autophagy may also play a role during phenotype-conversion process by

improving protein synthesis via amino acids recycling. Therefore, autophagy

could be considered as a potential mechanism, participating not only during

cell differentiation, but also throughout reprogramming, or even trans-

differentiation processes.

5. REPROGRAMMING FACTORS AND CARCINOGENESIS

Cancer cells and stem cells share certain characteristics, like the ability

of self-renewal (Reya et al., 2001), and already discussed above expression of

certain stemness factors, including Yamanaka factors. Many pathways that

are altered in cancer cells regulate functions of embryonic and adult stem

cells. Reprogramming factors (Yamanaka factors) are at the same time

proto-oncogenes and may directly affect the proliferation. On the other

hand, Yamanaka factors expression is associated with a high level of genomic

instability and also indirectly affects proliferation. In Table 5.2, we list the

key genes important for the induction of iPS cells, and their function in

oncogenic transformation, tumor progression, dissemination or (poor)

prognosis.

Besides being part of the Yamanaka reprogramming cocktail, c-Myc and

Klf4 are well-known proto-oncogenes, they also play a role in stem-cell self-

renewal. Both above facts emphasize the parallels between the induction of

pluripotency and carcinogenesis. The Klf4 encodes a transcription factor

that is associated with both tumor suppression and oncogenesis. As transcrip-

tional repressor of p53, Klf4 acts as a context-dependent proto-oncogene

(Rowland et al., 2005). Klf4 and c-Myc lead to DNA replication stress

and genomic instability. Comparative genomic hybridization analysis of

iPS cells has revealed occasional presence of genomic deletions and ampli-

fications, a signature suggestive for oncogene-induced DNA replication

stress. The genomic aberrations were to a significant degree dependent

on c-Myc expression and their presence could explain why p53 inactivation

facilitates reprogramming (Marion et al., 2009). The expression of some
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Table 5.2 Examples of the cancer types in which transcription factors important for cell
reprogramming are expressed
Reprogramming
factors Cancer type and observed association References

Sox2 Nasopharyngeal cancer

Clinical prognosis

Wang et al. (2012)

Melanoma

Cell invasion

Girouard et al. (2012)

Colon cancer

Cell invasion and metastases

Neumann et al.

(2011)

Osteosarcomas

Survival and self-renewal

Basu-Roy et al.

(2012)

Gastric cancer Matsuoka et al.

(2012)

Lung cancer

Transformation

Chen et al. (2012)

Prostate cancer Jia et al. (2011b)

Breast cancer Stolzenburg et al.

(2012)

Oct4 Gastric cancer

Negative prognostic factor

Matsuoka et al.

(2012)

Oral squamous cell carcinoma Chiou et al. (2008)

and Tsai et al. (2011)

Klf4 Breast cancer

Good prognosis

Nagata et al. (2012)

Leukemias

Different Klf4 mRNA levels mirror

differentiation state, not a prognostic factor

Guo and Tang (2012)

Squamous cell carcinoma

Poor prognosis

Chen et al. (2008)

Breast cancer Rowland et al. (2005)

Nanog Hepatocellular carcinoma Shan et al. (2012)

Breast cancer

Poor prognosis

Nagata et al. (2012)

Oral squamous cell carcinoma (OSCC)

(Nanog/Oct-4/CD133 coexpression)

Poor prognosis

Chiou et al. (2008)

Continued
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oncogenes such as c-Myc in epithelial tumors is sufficient to reactivate an ES

cell-like transcriptional signature.

Other reprogramming factors, such as Sox2 and Lin28, have been docu-

mented as oncogenes in small cell lung and esophageal squamous-cell car-

cinomas and germ-cell tumors (Bass et al., 2009; West et al., 2009).

Aggressive, poorly differentiated tumors also express high levels of the ES

cell-associated factors (Ben-Porath et al., 2008). Lengerke and colleagues

have shown that Sox2 is expressed in a variety of early stage postmenopausal

breast cancers and associated metastatic lymph nodes. They conclude that

Sox2 plays an early role in breast carcinogenesis and high expression may

promote metastases (Lengerke et al., 2011). Others have demonstrated that

Sox2 alone or Sox2/Oct4A expression in hepatocellular cancer could serve

as a prognostic marker, predicting the outcome of the treatment of hepato-

cellular cancer patients even at an early stage of the diseases. Thus, Sox2 and

Oct4A are predictors of poor prognosis for patients undergoing resection of

hepatocellular cancer (Huang et al., 2011).

Table 5.2 Examples of the cancer types in which transcription factors important for cell
reprogramming are expressed—cont'd
Reprogramming
factors Cancer type and observed association References

Lin28 Breast cancer

Poor prognosis

Feng et al. (2012)

Transformation Viswanathan et al.

(2009)

Lung cancer

Transformation

Viswanathan et al.

(2009)

Colon cancer

Transformation

Viswanathan et al.

(2009)

Cervical cancer

Transformation

Viswanathan et al.

(2009)

Germ cell tumors

Transformation

Extragonadal germ cells tumors

Transformation(diagnostic marker)

West et al. (2009) and

Cao et al. (2011)

Ovarian cancer (coexpressed with Oct4)

cell growth and survival

Peng et al. (2010)
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6. STEMNESS FACTORS AS TRANSCRIPTION
FACTORS—EFFECTS IN TRANSFORMATION
AND REPROGRAMMING

Functionally, Yamanaka factors are transcription factors that regulate

the expression of a number of genes, including some of the reprogramming

factors. Below we discuss the regulatory functions of selected Yamanaka

factors.

c-Myc proto-oncogene is a transcription factor that regulates a number

of genes involved mainly in proliferation and DNA replication. It is over-

expressed in many tumor types, thus not surprisingly, it is also at least par-

tially responsible for tumor formation in tissues derived from iPS cells (Okita

et al., 2007). Nakagawa et al. (2008) and Wernig et al. (2008) showed inde-

pendently that the iPS cells generation from mouse embryonic fibroblast

using only three Yamanaka’s factors, omitting c-Myc, is possible; however,

the lack of retroviral c-Myc does not exclude endogenous c-Myc recruit-

ment in the iPS cells generation process. Interestingly, in the study by

Nakagawa et al. 6 of 37 chimeras derived from iPS cells generated using four

Yamanaka’s factors died of tumor within 100 days, while all 26 chimeras

derived from three factors cocktail (without c-Myc), survived during the

100 days. Also, the iPS cells generation from human adult fibroblast is pos-

sible when retroviral c-Myc is absent, although with the lower repro-

gramming efficiency (Nakagawa et al., 2008). Further attempts to resolve

the importance of c-Myc in iPS cells generation clarified that different prop-

erties of c-Myc are responsible for carcinogenic transformation and different

for the iPS cells generation. Hence, oncogenic c-Myc could be replaced by

genetically engineered c-Myc or other Myc family member L-Myc, which

fulfills both criteria (Nakagawa et al., 2010).

Sox2 is a transcription factor belonging to the SOXB1 group of Sry-

related HMG box. Sox2 heteredimerizes with another transcription factor

Oct4 and together they are important for activating genes important for stem

cells maintenance (Lefebvre et al., 2007). Sox2 and Oct4 have been found at

high levels in many types of tumors, for example, neuroblastoma (Yang

et al., 2012), gliomas (Guo et al., 2012), liver cancer (Huang et al., 2011)

and are of importance for the outcome of cancer therapy (Hu et al.,

2012; Stolzenburg et al., 2012). However, Cantz et al. (2008) showed that

HeLa andMCF-7 cancer cell lines are Oct4-negative and in accordance, the

Oct4 promoter is hypermethylated in those cells. Suo et al. (2005)
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demonstrated that Oct4 pseudogenes, which are not important for iPS cell

generation, in addition to, or instead of Oct4 gene are variably expressed in

different cancer types and therefore the role of Oct4 gene in cancrogenesis is

debatable.

Klf-4, depending on its target genes, may have multiple, sometimes

opposing, roles in regulating cell proliferation, apoptosis and differentiation

(Evans and Liu, 2008). Its dual role extends to the cancer cells where Klf-4

can act as both tumor suppressor and an oncogene depending on the cancer

type. The first function has been found, for example, in gastric cancer (Zhang

et al., 2012a) or B-cell malignancies (Kharas et al., 2007). The fluctuating

Klf-4 levels can also mirror the differentiation state of malignant cells (Guo

and Tang, 2012). One of the functions of Klf-4 is suppression of the Wnt/

b-catenin signaling. Hence, disturbed Wnt/b-catenin is associated with

the tumorigenesis. Klf4-b-catenin interaction is crucial for regulating telo-

mere length (Hoffmeyer et al., 2012). Klf4 also interacts with p53–p21 path-

way (Zhang et al., 2000) by downregulating p53 promoter, as described for

breast cancer cells (Rowland et al., 2005). The p53 protein is a well-known

tumor suppressor and its mutations are frequently associated with the tumor

progression. Hong et al. (2009) showed that the suppression of p53 and p21

results in increased efficiency of iPS cell generation in mice and in human.

Lin28 and Nanog, although not included in the original Yamanaka’s

“cocktail”, are currently used in some protocols for the cell reprogramming.

Lin28 and its human homologue Lin28B regulate let-7 miRNA by blocking

let-7 precursor from processing (Viswanathan et al., 2008). Both the repres-

sion of let-7 (Kumar et al., 2008; Nadiminty et al., 2012) and the expression

of Lin28 have been associated with tumorigenicity (Viswanathan et al.,

2009). Among other functions, Nanog drives the expression of Oct4. Sev-

eral studies showed the expression of Nanog in the context of cancer cells

(Jeter et al., 2009; Zbinden et al., 2010). However, there are 11 human

Nanog pseudogenes (Booth and Holland, 2004), whose function might dif-

fer from Nanog gene and those might be of importance for tumorigenicity.

For example, Nanog pseudogene 8 has been associated with tumorigenecity

and cell proliferation (Uchino et al., 2012; Zhang et al., 2006).

7. DIFFERENCES AND SIMILARITIES BETWEEN iPS CELLS
AND CSC

iPS cells exhibit similar behavior not only to stem cells but they also

may have some similarities to CSC, particularly with respect to expression of
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certain stemness factors, and proliferative properties. CSC, so far reported in

several human solid and hematological tumors, are able to initiate tumor for-

mation and metastasis (Galli et al., 2004; Ribatti, 2012). They are associated

with chemo- and radiotherapy resistance and poor patient prognosis (Saigusa

et al., 2009). Some of them express specific cell surface markers like CD133

(Beier et al., 2008; Tirino et al., 2008; Zhou et al., 2007). Moreover, CSC

express increased levels of anti-apoptotic proteins in comparison to mature

cell types from the same tissue which could explain CSC’s resistance to cyto-

toxic drugs (Bitarte et al., 2011; Ribatti, 2012). Like iPS cells, CSC may

have gene expression profile different from respective, normal progenitor

cells (Reya et al., 2001), possess high proliferation rate and thus positivity

for Ki-67 (Tirino et al., 2008).

CSC and iPS cells exhibit several similarities that we summarize in

Table 5.3, furthermore iPS cells form teratomas when injected into tissues

(Hanley et al., 2010;Miura et al., 2009). Moreover, differentiated tissues that

originate from iPS cells have an increased propensity to form tumors.

Table 5.3 Differences and similarities between iPS and cancer stem cells
Feature iPS cells Cancer stem cells

Tumor

formation

Increased propensity to form

teratomas (Hanley et al., 2010;

Miura et al., 2009)

Form tumors by definition (Galli

et al., 2004; Ribatti, 2012)

p53 p53 loss increases pluripotency

(Hanna et al., 2009; Hong et al.,

2009; Kawamura et al., 2009)

p53 loss increases tumor initiation

frequency (Godar et al., 2008;

Zhang et al., 2008)

Senescence Premature senescence (Feng

et al., 2010)

Reduced senescence (Karimi-

Busheri et al., 2010; Sabisz and

Skladanowski, 2009)

Cell cycle Short G1 phase, abbreviated cell

cycle (Ghule et al., 2011), arrest in

G2 phase after DNA damage

(Momcilovic et al., 2010)

Long G2 phase, high proportion

of cells in the G2 (Chappell and

Dalton, 2010; Harper et al., 2010;

Tirino et al., 2008)

Treatment

resistance

Hypersensitivity to DNA-

damaging agents, induction

of apoptosis (Momcilovic

et al., 2010)

Resistance to DNA-damaging

agents, efficient DNA repair (Bao

et al., 2006)

Gene

expression

Small differences between iPS

cells and ES cells gene expression

(Yu et al., 2009)

Gene expression different in CSC

and tumor cells (Reya et al., 2001)
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Formation of tumors seems to depend on the origin of cells. iPS cells derived

from different adult tissues may vary in their capacities to differentiate into

certain tissues, and may vary substantially in their teratoma-forming propen-

sity (Miura et al., 2009; Yamanaka, 2009). The increased tendency of iPS

cell-derived tissues to form tumors may be directly connected to the use

of c-Myc in some protocols for generation of iPS cells. Retroviral introduc-

tion of c-Myc may result in tumor formation in even �50% of chimeric

mice generated from iPS cells (Okita et al., 2007). Although reprogramming

methods exist that do not use c-Myc (Nakagawa et al., 2008; Wernig et al.,

2008), they are less efficient, the reprogramming is protracted, and

pluripotency is weakened (Yamanaka, 2009). Furthermore, the other three

reprogramming factors may also cause tumors (Yamanaka, 2009), and they

are often overexpressed in subset of cancer cells (Huang et al., 2011;

Lengerke et al., 2011).

Senescence induction during reprogramming is another crucial aspect

contributing to lowered efficiency of iPS production and culture, as well

as playing pivotal role in CSC biology. Factors and processes involved in

reprogramming evoke cellular senescence and therefore impair successful

reprogramming to pluripotent stem cells (Banito et al., 2009). It has been

shown that human iPS-derived early blood progenitor cells appear to

undergo premature senescence (Feng et al., 2010). It was also suggested that

in order to control the efficiency of iPS generation, senescence may be acti-

vated by tumor suppressors like p53 and p16(INK4a) (Banito and Gil, 2010).

CSC seem to behave in a distinct way. CSC found amongMCF-7 breast

cancer cells showed significantly reduced propensity to undergo senescence,

which could be a result of increased telomerase activity and a low level of

p21 protein. These cells also had a reduced level of reactive oxygen species,

and more active DNA single-strand break repair pathway (Karimi-Busheri

et al., 2010). Sabisz and Skladanowski (2009) observed in turn that A549

cells treated with DNA-damaging antitumor drugs revealed premature

senescence; however, a small fraction of them (CSC) escaped from senes-

cence and lead to regrowth of tumor cell population.

One of the most intriguing issues concerning iPS cells involves the fact

that p53 may prevent pluripotency. It turns out that when p53 is damaged,

or deleted from cell genome—cells more easily become iPS cells (Hong

et al., 2009; Kawamura et al., 2009), and the generation of iPS cells may

increase even up to 20% in cells without p53 (Hong et al., 2009). p53 loss

mainly contributes to reprogramming by accelerating cell cycle progression

(Hanna et al., 2009). To enhance the reprogramming of cells one may target
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p53 pathway in a safer way, by carrying-out the process under hypoxic con-

ditions (Bae et al., 2012; Yoshida et al., 2009) or in the presence of ascorbic

acid (Esteban et al., 2010). Alternatively, inhibition of p53 is achieved by the

increase of expression of SV40 large T antigen or Rem2 GTPase (Stadtfeld

and Hochedlinger, 2010). However, both manipulations carry an increased

risk of oncogenic transformation.

Undoubtedly loss of p53 plays also an important role in CSC biology.

Several scientific groups reported that CSC derived from p53-null mice

have a high tumor-initiating frequency (Zhang et al., 2008) and link the loss

of p53 function to increased expression of CD44, which promotes expan-

sion of tumor-initiating cells (Godar et al., 2008). These chapters suggest that

loss of p53 permits expansion of presumptive CSC especially in mouse

mammary tumors and in human breast cell lines. Suppression of CSC phe-

notype is an additional activity by which p53 can inhibit tumors.

CSC, as already mentioned, are often resistant to DNA damage inducers,

and show greater DNA repair capacity than their non-stem-like counter-

parts (Bao et al., 2006). For example, CSC contribute to radioresistance

of glioma cells through preferential activation of the DNA damage check-

point response and an increase in DNA repair capacity. Tumor cells

expressing CD133 (a marker for brain (cancer) stem cells) survived ionizing

radiation and their fraction was enriched in gliomas following ionizing

irradiation (Bao et al., 2006). However, human iPS cells exhibit hyper-

sensitivity to DNA-damaging agents following gamma-irradiation,

which results in rapid induction of apoptosis (Momcilovic et al., 2010).

Expression of pluripotency factors in iPS cells did not appear to be dimin-

ished after irradiation (Momcilovic et al., 2010). Moreover, high degree of

similarity in DNA damage responses between iPS cells and ES cells was

found. After irradiation, similar to ES cells, iPS cells activated checkpoint

signaling, evidenced by phosphorylation of ATM, NBS1, CHEK2,

TP53, and localization of ATM to the double-strand breaks (Momcilovic

et al., 2010).

Both CSC and iPS cells have altered cell cycle as compared to normal and

stem cells. Experiments carried out by Ghule and coworkers revealed that

human iPS cells have a short G1 phase and an abbreviated cell cycle

(16–18 h). Furthermore, histone locus bodies are formed and reorganized

shortly after mitosis within 1.5–2 h (Ghule et al., 2011). Other results sug-

gest in turn that the expression of reprogramming factors increase the per-

centage of cells arrested in G1 without significant induction of apoptosis

(Banito et al., 2009). It was also reported that exposure of iPS cells to
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DNA-damaging agents results in arrest of cell cycle progression in the G2

phase and the population display high percentage of cells in S phase

(Momcilovic et al., 2010).

CSC subpopulations of epithelial, breast, and prostate carcinoma are

characterized by high proportion of cells in the G2 phase, whichmay suggest

that they spend a consistently longer time in G2 (Harper et al., 2010). Longer

G2 phase was also observed by Chappell and Dalton (2010) suggesting lon-

ger time for DNA repair in CSC.

Growing body of evidence collected mainly in the last three decades

shows important role of epigenetic changes in carcinogenesis and cancer

progression (Hellebrekers et al., 2007; Rius and Lyko, 2012). Low-

resolution scanning of genomes of ES, iPS, and cancer cells revealed largely

overlapping but not identical pattern of DNAmethylation (Doi et al., 2009).

8. INTERACTION OF BIOMATERIALS WITH CELLS

Some earlier biomaterials tested in animals have caused higher inci-

dence of oncogenic transformation within the surrounding tissues

(Denishefsky et al., 1967). One possible mechanism responsible for such

events is Ras pathway activation via the interaction of integrins (types b1,
aVb3, or a6b4) with their ligands and subsequent activation of Shc (Src

homology 2 domain containing). Activated Shc in turn triggers the

Ras/MAPK signaling cascade that then alters gene expression (Wary

et al., 1996), sometimes leading to oncogenic transformation (see below).

Therefore, we felt that a dedicated chapter covering interactions of bioma-

terials with cells is needed.

Due to pathologies or traumatic injuries, organs or tissues can lose their

function. Thus, there is a large need for engineered replacements, including

joints, heart valves, corneas, and intraocular lenses made from a number of

different biomaterials (Binyamin et al., 2006; Hench, 1980). A biomaterial

can be defined as any substance, synthetic or natural in origin, that is used to

replace or restore function to a body tissue or organ, maybe continuously or

intermittently in contact with body fluids, cells, and tissues, and can be

divided into ceramics, polymers, metals, and composites (Binyamin et al.,

2006). Initially, research focused on producing biomaterials that did not

elicit a biological response from the host, that is, a bioinert material. By

the 1980s a shift developed, where new biomaterials were designed to inter-

act with the surrounding cells and tissues (Hench and Wilson, 1984). This

include biomaterials that mimic the extracellular matrix (ECM) or release
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soluble factors that influence activity of the surrounding cells (Hench and

Thompson, 2010; Place et al., 2009).

Orthopedic replacements should be capable of supporting functional

loading and for this reason, metal biomaterials are often used due to their

excellent mechanical strength (Zreiqat et al., 2005). Titanium alloys (e.g.

Ti-6Al-4V) are commonly used as bioinert metalic biomaterials (Zhao

et al., 2012). In order to sustain functional loading, the implant should be

anchored to the bone, through the actions of osteogenic cells. It was found

that osteoblasts were able to adhere to titanium through production of

ECM proteins that was absorbed onto the surface of titanium (Matsuura

et al., 2000). The quantities of ECM proteins produced were, however,

insufficient while some proteins were not produced at all, leading to inad-

equate bone anchorage. To improve the integration of implant into the

bone, it has been attempted to alter the surface of metal biomaterials to com-

bine the excellent mechanical features of metal biomaterials with a bioactive

surface. Examples of bioactive surfaces include hydroxy-apatite, that is the

main mineral component of normal bone, and Bioglass (Hench and

Thompson, 2010; Zreiqat et al., 2005). Bioglass is a type of bioactive glass

consisting of Na2O, CaO, P2O5 and SiO2. When Bioglass is implanted into

bone tissue, an ion exchange between the Bioglass surface and the surround-

ing fluids initiates. This ion exchange leads to absorbance of Ca, PO4, and

CO3 that later crystallize to form hydroxyl carbonate apatite. Surrounding

osteoblasts will then integrate the newly formed Bioglass surface with the

surrounding bone. Bioglass has been bound to the surface of titanium

implants, where the Bioglass allows strong integration of the titanium-

Bioglass implant (Hench and Thompson, 2010). The effects of different

orthopedic or dental biomaterials on osteoblast function are presented in

Table 5.4. In summary, both hydroxy apatite coating and Bioglass positively

affect the bone integration of implants (Hench and Thompson, 2010;

Zreiqat et al., 2005).

Bioactive surfaces have been investigated as a tool in tissue engineering,

with much of the research being focused on mimicking the ECM. Bioma-

terials based on components of the ECM may direct differentiation of plu-

ripotent stem cells toward different lineages (Table 5.5; Dickinson et al.,

2011). Besides serving as structural support, the ECM provides biochemical

and mechanical signals to the cells, mainly mediated by integrins, which

helps control cell fate (Eshghi and Schaffer, 2008). Integrins are transmem-

brane proteins that serve to link the intracellular compartment with the

ECM. Binding the ECM components vitronectin and fibronectin with
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Table 5.4 Genes upregulated in osteoblasts in response to the surface of different
biomaterials and their effects
Biomaterial Protein/gene Effect References

Titanium

alloy

Vinculin Formation of focal adhesions

leading to stronger cell adhesion to

biomaterial

Räisänen

et al. (2000)

NDRG1 Marker of stress response Zhao et al.

(2012)
TGFbI Stimulates cell migration while

inhibiting cell adhesion

Ferritin Intracellular storage of iron.

Upregulates pro-inflammatory

mediators

Hydroxy-

apatite

coating

b1 integrin Activates Shc in response to integrin-

ECM binding

Zreiqat

et al. (2005)

Shc Stimulates RAS/MAPK signaling

Gold Vinculin Formation of focal adhesions leading

to stronger cell adhesion

Räisänen

et al. (2000)

a6b4 integrin Activates Shc in response to

integrin-ECM binding

Bioglass RCL Initiates cell cycle Xynos et al.

(2000)
Cyclin D Causes progression from G1 phase

to S phase of the mitosis
Cyclin K

CDKN1A

Insulin like

growth

factor II

Osteoblast homeostasis

VEGF Enhances osteogenic differentiation

of osteoblasts

b1 Integrin Activates Shc in response to ECM

components

MAPK Components of the MAPK signaling

pathways, thus indicating activity of

the MAPK signaling cascade
MAP2K

MAPK3

CD44 Marker of osteocytic differentiation
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integrins of the types b1, aVb3 or a6b4 activates the cytosolic protein Shc

resulting in activation of the Ras/MAPK signaling cascade that in turn alters

gene expression (Wary et al., 1996). Integrins bind to small peptides in the

ECM adhesive components, termed RGD (arginine–glycine–aspartic acid)

(Ruoslahti and Pierschbacher, 1987). Using phosphonic acid groups as

linker molecules, titanium may be covalently covered with RGD peptides.

These peptides bind to aVb3 integrins and engage the subsequent Ras/MAP

signaling cascade, inducing adhesion of osteoblasts to the implant. These

events also subsequently induce the proliferation of fibroblasts and osteo-

genic differentiation resulting in a strong incorporation of the implant into

the surrounding bone (Auernheimer et al., 2005).

Despite the obvious advantages of using biomaterials, negative reactions

have been noted. While traditional biomaterials strived to reach bio-

inertness, most of them do produce some biological foreign body response.

Zhao et al. (2012) found that osteoblasts reacted to supposedly bioinert bio-

materials like titanium alloys by an increased production of inflammatory

proteins (Table 5.5). This manifested as formation of a fibrous cap that sep-

arated the implant from the surrounding tissues. Since the biomaterial and

the fibrous cap do not adhere to each other, this severely weakens the ability

of the implant to withstand mechanical loading (Hench, 1980).

During the 1950s and 1960s studies indicated that mice and rats that were

implanted with solid materials including plastic, metals, and glass had a high

risk of developing sarcoma (Denishefsky et al., 1967). The originator cells of

the sarcoma were eventually isolated and identified as pericytes, which are

pluripotent stem cells serving as progenitors of small blood vessels.

Table 5.5 Differentiation of pluripotent stem cells in response to biomaterials coated
with different ECM components

ECM component
Differentiation of pluripotent
stem cells References

Collagen I Cardiomyogenic lineage Sato et al. (2006)

Collagen IV Hematopoietic cells

Smooth muscle cells

Schenke-Layland et al.

(2008)

Laminin Neural cells

Pancreatic islet cells

Dickinson et al. (2011)

Fibronectin Mesodermal and ectodermal

lineages

Dickinson et al. (2011)
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Development of a fibrous capsule surrounding the implant required

neovascularization that is why the pericytes proliferated. Hyperplasia of

the pericytes increases the risk of developing genetic errors, which could

result in formation of precarcinogenous cells and eventually malignancies.

Despite the findings in rodents, no human cases of foreign body-related can-

cers were known at that time (Brand, 1994). Newer studies focused on

metals like cobalt, iron, nickel, and chromium that are released to the body

bymetal biomaterials like hip replacements, and can be found in liver, lymph

nodes, and spleen (Case et al., 1994). Chromium ions pass the cell mem-

branes through membrane anion transporters. In the cell, chromium is

reduced and can form covalent interactions with the DNA, thereby causing

double-strand DNA breaks (Singh et al., 1998). Thus chronic chromium

exposure has been linked with an increased risk of malignancies (Parry

et al., 2010; Tsaousi et al., 2010).

9. CLOSING REMARKS

The rapidly developing field of regenerative medicine will certainly

revolutionize clinical handling of numerous diseases in not so distant future.

In medicine and biomaterials science, there has been a paradigm shift from

replacement to regeneration of tissues and organs, and consequently a shift

from synthetic to natural-based biomaterials to enhance the interactions

between the body and biomaterials. Therefore, it is critical to gain sufficient

understanding about the nature and consequences of interactions between

biomaterials introduced to the body and the induced biological responses.

As outlined above, the focus of dedicated research has been mostly on an

inflammatory reaction and possible carcinogenic effects of biomaterials.

There is an urgent need to look into those interactions at a mechanistic level.

For example, (i) how cell death and cell survival processes are affected by

those interactions (Jain et al., 2013; Jangamreddy and Los, 2012; Maddika

et al., 2007), (ii) if and how certain genetic markers may influence carcino-

genic process in the vicinity of implanted biomaterials (Denishefsky et al.,

1967;Wiechec, 2011;Wiechec et al., 2013), and (iii) what are the long-term

effects of coexistence of biomaterial and cells. It is crucial to fully charac-

terize iPS cells and explore complex relations between pluripotency repro-

gramming and carcinogenes before their use for therapeutic applications in

humans. New generation of anticancer drugs that preferentially target CSC

( Jangamreddy et al., 2013) may help decreasing the risk of transplant-

induced malignancies.
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Abstract

Epithelial tight junctions (TJs) seal off the intercellular space to generate a paracellular
barrier as well as a selective transport pathway. They also maintain apicobasal polariza-
tion of cells. In addition, TJs serve as signaling platforms that orchestrate many epithelial
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functions. The past years have brought about a remarkable increase in our understand-
ing of the structure and function of TJs. The overall aim of this review is to provide an
update on this new knowledge, with special emphasis on TJs in the kidney tubular epi-
thelium. TJs are key determinants of tubular transport processes, contributing to ion and
fluid homeostasis. They are also central organizers of the structure of the tubular epi-
thelium and many aspects of tubular cell functions, beyond transport processes. Many
pathological states in the kidney, including inflammation, acute kidney injury, and
chronic progressive diseases affect the tubular TJs, with important consequences with
regards to the pathogenesis and pathophysiology of various nephropathies. In fact,
altered TJ structure and function are increasingly recognized as a key step in the gen-
eration of renal diseases. In this review, we provide an overview of the protein compo-
sition, function and regulation of TJs in the kidney tubules, as well as their involvement
and role in diseases.

1. INTRODUCTION

The tubular epithelium is well adapted for efficient transport of large

volumes of water, ions, and substances. This function adjusts the composi-

tion of the primary filtrate generated by the glomeruli, and is vital for ion and

fluid homeostasis. Two fundamental characteristics allow the epithelium to

perform these tasks. First, the layer generates a permeability barrier that

blocks passive movement of substances both through the cells and the inter-

cellular space, which is sealed off by junctional complexes. Second, epithelial

cells contain highly regulated specialized transport pathways. Key to the

directional transport processes is the high degree of apicobasal polarity of

the cells, that have distinct apical (facing the lumen), lateral (facing the

neighboring cell), and basal (facing the renal tissue) sides. Whereas the apical

and lateral membranes are divided by the intercellular junctions, compo-

nents of the basal and lateral membranes can freely mix, and the whole area

is referred to as the basolateral membrane. The apical and basolateral mem-

branes have unique lipid and protein compositions and functions, including

differential expression of transport proteins (Fig. 6.1A). The overall perme-

ability of an epithelial layer is determined by the combined function of all

transcellular and paracellular transport proteins. Transcellular transport is

achieved by the coordinated action of transport proteins localized at the api-

cal and basolateral sides. Importantly, the differential expression of trans-

porters at these two sides is the basis for vectorial transport (Fig. 6.1A)

(Nelson, 2003). In contrast, the paracellular pathway allows only selective

passive transport of ions, water, and small solutes. The electrochemical

206 Katalin Szaszi and Yasaman Amoozadeh



gradient that drives paracellular transport is generated by the transcellular

transport processes (Tsukita and Furuse, 2000). The tubular epithelium is

an excellent example of this general principle. The barrier and permeability

properties of the layer show large variations in distinct segments which cor-

relates with the overall transport functions of the specific segment. The

intercellular junctions and specifically the tight junctions (TJs) fundamen-

tally determine epithelial characteristics through their effects on cell polarity

and paracellular transport (Hartsock andNelson, 2008). In the past years, our

understanding of the TJs has significantly increased. This review provides an

overview of the exciting new knowledge of the structure, protein compo-

nents, functions and regulation of TJs, with special focus on the tubular

epithelium.

The four types of intercellular junctions that connect epithelial cells are

the TJs, adheres junctions (AJs), desmosomes, and gap junctions (Anderson

and Van Itallie, 2009; Delva et al., 2009; Rudini and Dejana, 2008; Sohl and

Willecke, 2004). These multiprotein complexes can be distinguished based

on their composition and functions, although there is some degree of

Figure 6.1 (A) Simplified scheme of directional NaCl transport in the proximal tubules.
This example illustrates how the differential localization of transport proteins can medi-
ate vectorial transcellular transport. Transcellular transport generates a transepithelial
electrical and chemical driving force for paracellular transport. Please note that for
the sake of clarity not all transporter types expressed in the cells are shown. (B) Overview
of types of proteins at the TJs. The transcellular proteins bind to adapters that connect
them to the actomyosin ring. Adapters also bind various regulatory proteins involved in
the regulation of TJs, and also localize signaling intermediates and TJ-regulated tran-
scription factors.
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overlap. TJs, AJs, and desmosomes show similar principle organization: all

three contain unique transmembrane and associated cytosolic proteins that

are linked to the cytoskeleton. The TJs and AJs interact with actomyosin

structures, while the desmosomes are anchored to the intermediate fila-

ments. The focus of this review is the TJ, the apical–most junctional com-

plex. These structures are responsible for the permeability barrier and

paracellular pathway and also contribute to apicobasal polarity. We discuss

these “classic” gate and fence functions in Section 2.2.

The major function of the AJs and the desmosomes is to generate cell–

cell adhesion and resistance against mechanical forces (Delva et al., 2009;

Rudini and Dejana, 2008). Both structures contain integral membrane pro-

teins belonging to the cadherin family: epithelial AJs express classical

cadherins (predominantly E-cadherin), while desmosomes have desmo-

somal cadherins. These complexes form Ca2þ-dependent bridges between
neighboring cells that organize and maintain the epithelial monolayer. The

gap junctions differ from the other three complexes. The connexins that

make up these junctions form hydrophilic ion channels that directly connect

the cytoplasm of neighboring cells. Such a connection allows rapid commu-

nication between cells to organize coordinated fast responses of the whole

monolayer.

Importantly, the AJs, TJs, and desmosomes also act as signaling hubs that

relay information from the environment to modify and organize vital cellu-

lar functions. Although this role was first recognized in the case of the AJs,

the TJs are now emerging as regulators of epithelial growth, differentiation

and motility. These “nonclassical functions” will be the topic of Section 3.

The junctional complexes also affect each other. For example, the formation

and maintenance of the AJs and TJs are interconnected, and so are some of

their signaling functions. Thus, although we focus on the TJs, it is important

to note the existence of functional overlaps, especially when functions can-

not be clearly separated.

A number of well-established and commercially available tubular cell

lines have been used to obtain insights into the general properties of TJs.

Various lines that originate from different parts of the tubules are also invalu-

able tools for exploring the cell biology and physiology of specific segments

of the tubules (Bens and Vandewalle, 2008; Prozialeck et al., 2006).

However, care should be taken, as most cell lines show somewhat mixed

phenotypes. The most widely used tubular lines include several proximal

tubule-like cells such as the Lilly Laboratories cell porcine kidney 1

(LLC-PK1), the opossum kidney (OK) and the human kidney-2 cells, the
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distal tubule-likeMadin–Darby canine kidney (MDCK) and the inner med-

ullary collective duct cells. Under the right culture conditions, these cell

lines can form well-polarized layers with mature TJs. The MDCK cells

are particularly favored models of polarized epithelial cells, and a large por-

tion of our knowledge on polarized traffic and junctions was obtained using

this cell line. It is important to note that many cell lines were established

decades ago and by now several subtypes have developed, with differences

in their permeability properties and expression of junctional proteins (e.g.,

Dukes et al., 2011). These differences are not always recognized, but might

explain some inconsistencies between studies. Nevertheless, experiments

using overexpression or knockdown of the TJ protein of interest in cell lines

followed by functional assessments played a key role in developing our

current models of the TJs.

2. STRUCTURE AND FUNCTION OF TJs

2.1. Morphology of TJs
TJs (zonula occludens (ZO)) are present in all epithelial and endothelial cells.

They are located apically from the other three junctions and form a belt-like

structure that circumscribes the cell. Various early studies provided detailed

description of the intriguing morphology of the TJs decades before their

molecular components were identified. Transmission electron microscopy

revealed that the membranes of two neighboring cells form direct contact

points at the TJs, which were referred to as “kissing points” (Farquhar

and Palade, 1963). In these areas, the membranes of the adjacent cells seem

to fuse to seal off the intercellular space. More detailed pictures obtained

using freeze fracture electron microscopy showed the TJs as anastomozing

continuous fibrils found on the cytoplasmic leaflet with corresponding

grooves on the exoplasmic leaflet (Staehelin, 1973, 1974). These fibrils

are referred to as the TJ strands. They form a net-like meshwork composed

of particles within the membrane that encircles the cell. Interestingly, these

early studies also revealed large variations in the morphology and complexity

of the TJ strands found in different epithelial cells. Most notably, in some

cells the TJs show up not as fibrils, but as discontinuous particles (Claude

and Goodenough, 1973). Based on systematic comparisons between the

TJ morphology and the properties of transepithelial transport in different

epithelial layers, Claude proposed a logarithmic correlation between the

TJ strand number and the electrical resistance (Claude, 1978). Indeed, in

many epithelial cells, more complex strands were associated with increased
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resistance and lower permeability. However, many examples were also

uncovered where resistance did not correlate well with the number of TJ

strands. We now know that permeability best correlates with the properties

of the proteins in the strands. The molecular basis of the described structure

and the identity of the strand-forming proteins however remained unknown

for several more years. The first TJ proteins identified during the 1980s were

not transmembrane but cytoplasmic proteins (Tsukita and Furuse, 1998).

The real breakthrough in our understanding of the TJs came with the

discovery of the integral membrane components of the TJs. The first such

protein, occludin, was identified by the group of Shoichiro Tsukita 20 years

ago (Furuse et al., 1993). This was followed by the discovery of the first two

claudins, claudin-1 and -2, by the same group (Furuse et al., 1998a). These

seminal discoveries indeed revolutionized the field of TJ research and started

us on a path toward real understanding of the TJs. Since then, the number

of identified TJ proteins has increased significantly (Furuse, 2010;

Schneeberger and Lynch, 2004). In the next sections, we first provide a brief

overview of TJ functions followed by a description of the major

TJ-associated proteins.

2.2. Classic functions of TJs: gate and fence
TJs generate a permeability barrier and maintain the polarization of the epi-

thelia. These two functions are referred to as “gate and fence.”

2.2.1 Gate function
The TJs have a dual role in permeability: they seal off the intercellular space

to generate a permeability barrier between the two sides of the epithelial

layer, but at the same time also create a selective pathway that allows passage

of some ions and solutes (Shen et al., 2011). Segments of the tubular epithe-

lium show large variations in their permeability due to two major factors.

First, plasma membrane transporters catalyzing transcellular transport differ

in the various segments, resulting in differences in transcellular transport and

the generated electrochemical driving forces. Second, there are also large

variations in the TJ gate properties in different tubular segments.

In various epithelial layers, the paracellular pathway exhibits unique

characteristics that are specific for the given epithelium. Thus, differences

can be observed in overall permeability, ion selectivity, and size cutoff for

nonionic solutes. These properties together are referred to as per-

mselectivity. For an exciting historical look-back on how our understanding

of permselectivity evolved, the readers are directed to an excellent review by
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Anderson and Van Itallie (2009). To gain more insights into the properties of

the TJ pathway, its permeability toward molecular tracers with progressively

increasing size was explored. This “size profiling” revealed the existence of

two distinct pathways. One is a high capacity pathway with a steep size cut-

off for solutes larger than �4 Å, which was labeled the pore pathway. In

contrast, the second pathway, termed the “leak pathway” allows transport

of larger solutes (Knipp et al., 1997; Van Itallie et al., 2008; Watson

et al., 2001). The surprising finding that transport through the leak pathway

can be altered independent from changes in ion permeability substantiates

the notion that these two pathways are indeed distinct (Watson et al., 2001).

The pore pathway is generated by the claudin family of transmembrane

proteins. It mediates paracellular ion transport and exhibits ionic charge

selectivity. Transepithelial resistance (TER) is often used to characterize

its properties. To assess TER, cells are grown on a permeable support (filter)

or in an Ussing chamber. TER is measured across the whole epithelial

monolayer using electrodes. It has to be kept in mind however, that

although it is a good indicator of the properties of the pore pathway,

TER is actually influenced by the resistance of both the paracellular and

transcellular pathways. As a further complication, the measurement is also

affected by the resistance of the space between the basal membrane and

the cell support (Lo et al., 1999). Thus, although a useful and easy-to-

measure parameter, TER does not entirely reflect the properties of the para-

cellular pathway. Two new techniques, two-path impedance spectroscopy

(Gunzel et al., 2012; Krug et al., 2009b) and electric cell–substrate imped-

ance sensing (Lo et al., 1999; Tiruppathi et al., 1992) can overcome these

problems by offering means to separate paracellular resistance from other

influencing factors.

The leak pathway that mediates the flux of larger solutes does not show

charge selectivity, but has a size cutoff (Shen et al., 2011). The exact molec-

ular nature and properties of this pathway remain unknown. The transport

of larger solutes is thought to occur through temporary breaks in the

dynamic TJ strands, or at the sites where three cells meet (tricellular tight

junctions (tTJs)) (Shen et al., 2011). However, how selectivity of this path-

way is achieved is not clear: why don’t small charged molecules and ions pass

through it indiscriminately? The permeability of the leak pathway is usually

assessed by measuring the transepithelial flux of tracer molecules, such as

fluorescently tagged dextran of various sizes or radioactive inulin. Due to

the size cutoff of this pathway, larger molecules do not readily permeate

through it; and this property is used to distinguish between paracellular
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and transcellular transport of the tracers. Importantly, many studies on TJ

functions do not distinguish between the two types of permeability path-

ways. More systematic approaches will be needed to enhance our under-

standing of the molecular nature of the leak pathway and of the

relationship between the two types of paracellular pathways.

2.2.2 Fence function
The TJ complex also generates a barrier within the plasma membrane to

establish and maintain apicobasal polarity, that is, the different compositions

of the two membrane compartments. The TJs prevent free diffusion and

mixing of lipid and protein components between the two compartments,

referred to as the fence function. Establishment and maintenance of

apicobasal polarity requires the interaction between the junctions and spe-

cialized polarity proteins complexes (Schluter andMargolis, 2012). This will

be discussed in Section 2.3.6.

2.3. Tight junction proteins
TJ-associated proteins fall into two categories: transmembrane and associ-

ated cytoplasmic proteins (Chiba et al., 2008; Furuse, 2010; Fig. 6.1B).

The transmembrane proteins can be further subdivided into three major

types: claudins, tight junction-associated Marvel proteins (TAMP), and sin-

gle span proteins. TJ-associated cytosolic proteins are collectively referred to

as the cytoplasmic plaque, and they include a large array of adapters, signaling

proteins, transcription factors, and cytoskeletal components (Fig. 6.1B).

2.3.1 Claudin family
2.3.1.1 Structure and homology
Claudins are small molecular weight (21–28 kDa) integral membrane pro-

teins with four transmembrane domains (tetraspan proteins) (Fig. 6.2A).

They belong to the PMP22/EMP/MP20/claudin superfamily (PFAM fam-

ily 00822) (Van Itallie and Anderson, 2006). They incorporate into the TJ

strands that typically contain multiple claudin isoforms. Claudins are essen-

tial components of the TJs, and they determine permselectivity (Angelow

et al., 2008; Tsukita and Furuse, 2000; Van Itallie and Anderson, 2004).

With recent additions, the human claudin family has now expanded from

the original 24 members to 27 (Lal-Nag and Morin, 2009; Mineta et al.,

2011). All claudins show some degree of homology to each other, but some

are more homologous. Based on a phylogenetic tree, the family has been

subdivided into two major groups. The classic claudin group includes

212 Katalin Szaszi and Yasaman Amoozadeh



Figure 6.2—Cont'd
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Figure 6.2 Structure of some of the transmembrane TJ proteins (A) and multidomain
adapters in the cytosolic plaque (B).
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claudin 1–10, 14, 15, 17, 19, and the nonclassic group contains claudin

11–13, 16, 18, 20–24, although the exact place of some of the claudins is

still debated (Krause et al., 2008; Lal-Nag and Morin, 2009). Claudins form

complex homo- and heterotypic interactions with one another as well as

other TJ membrane proteins. The extracellular loops of claudins in adjacent

cells form trans interactions, which are key for the generation of the para-

cellular barrier and permeability pathway. The two extracellular loops differ

in length, and the larger first loop contains a conserved GLWxxC(8–10 aa)C

motif. Elegant mutational and domain swapping experiments demonstrated

that the charged amino acids within this loop are critical for determining the

ion selectivity and permeability of the paracellular pathway (e.g., Colegio

et al., 2002; Van Itallie and Anderson, 2006). Both the N- and

C-terminal portions of claudins are cytoplasmic. The C-terminal domain

of various claudins is highly variable both in lengths (21–63 amino acids)

and sequence. It connects claudins to intracellular proteins through a post-

synaptic density 95, Disc large (Dlg), ZO-1 (PDZ)-binding motif that medi-

ates interaction with adapters. In contrast, the N-terminus is short, and its

function is yet to be established. In addition to the trans interactions, claudins

within the same cell also bind each other through cis interactions, which is

mediated by the transmembrane domains. Such interactions regulate inser-

tion into the TJ strand and possibly also modulate functions. Interestingly,

the amino acid sequences of the first and fourth transmembrane regions are

highly conserved; while the sequences of the second and third are more

diverse. Such differences might underlie specific affinities of claudins for

other claudins and TJ proteins.

2.3.1.2 Function
Claudins play central role in the gate functions. The dual nature of the TJ

gate (barrier and permeability) is evident in claudin functions. They not only

create a barrier preventing free diffusion of solutes but also generate the para-

cellular pore pathway with unique cation- or anion-selectivity (Colegio

et al., 2002; Van Itallie and Anderson, 2004). The first indication that

claudins are TJ strand-forming proteins came from pioneering studies by

the Tsukita group. Overexpression of claudin-1 in fibroblasts lacking

endogenous claudins proved to be sufficient to induce the formation of

TJ strand-like networks at the plasma membrane (Furuse et al., 1998b).

In the following years, a large array of silencing and overexpression exper-

iments performed in various epithelial cell lines combined with physiolog-

ical measurements to detect changes in resistance and ion permeability
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revealed that specific claudins have unique properties (Anderson and Van

Itallie, 2009; Van Itallie et al., 2003). These studies resulted in a functional

classification of claudins into four groups (Schulzke et al., 2012). Claudins

that reduce permeability are referred to as sealing (or barrier forming)

claudins (1, 3, 5, 11, 14, 19), while those that specifically enhance perme-

ability are the channel forming, also known as pore-forming claudins. This

latter group can be further subdivided into cation-selective (2, 10b, 15) and

anion-selective (10a, 17) claudins. The other two groups contain claudins with

inconsistent (4, 7, 8, and 16) or unknown (6, 9, 12, 13, 18, 20–27) functions. Of

course, these groups are bound to change in the future as our knowledge

about incompletely characterized claudins will improve.

Importantly, epithelial tissues express multiple claudins, and their TJ

strands are a mosaic of different claudins. The complex, tissue-specific

expression pattern poses a significant challenge to uncovering the in vivo

functions of individual claudins, since epithelial permselectivity is deter-

mined not only by the presence or absence of individual claudins, but by

the overall claudin expression profile. In fact, changes in the expression of

a specific claudin might have different effects depending on the cell lines

studied, which might explain inconsistencies in the literature. Thus, the

function of a single claudin has to be assessed in the context of the expression

profile of all claudins in the tissue investigated. In this respect, studies using

knockout mouse models and the analysis of diseases caused by natural

claudin mutations provided valuable information (Furuse, 2009). Typically,

knockout or mutation of a specific claudin results in complex phenotypes,

involving increased epithelial leakiness due the lack of sealing function

and/or transport changes due to the absence of specific ion permeability

pathways. But in addition, there is accumulating evidence demonstrating

that claudins might affect expression of other claudins. Thus, the absence

of one claudin can alter the expression of other claudins, further complicat-

ing the phenotype. Exciting new observations also suggest that in addition

to their “classic” functions, some claudins can regulate cell survival and

motility. This opens up an exciting new area of claudin research (Balda and

Matter, 2009; Matter et al., 2005; see Section 3). The complex phenotypes

of knockout mice reflect these functions of claudins too.

2.3.2 Expression and function of claudins in different tubule segments
Paracellular ion transport through the pathway formed by claudins is a

passive process driven by the transepithelial electrochemical gradient.

The paracellular permeability and ionic conductance of the TJs vary along
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the nephron, with a decrease in overall leakiness from the proximal tubules

toward the collecting ducts. In addition, there are also large differences in

the driving forces in different segments, due to differential transcellular trans-

port processes along the nephron that alter the composition of the filtrate.

Claudin expression was characterized in the tubules by several researchers

using Northern analysis and immunohistochemistry. Overall, claudins

1–4, 7,8, 10–12, 16, 17, and 19 were found in different tubule segments

(Kirk et al., 2010; Kiuchi-Saishin et al., 2002; Krug et al., 2012; Lee

et al., 2006b; Reyes et al., 2002). In addition, claudins 5 and 15 are also

present in the kidney, but seem to be expressed only in endothelial cells.

However, reports on claudin expression do not always agree, which might

be partially due to cross-reaction of antibodies between claudin isoforms.

Further, some species-specific differences in claudin localization were also

reported (e.g., Gonzalez-Mariscal et al., 2006). Nevertheless, claudin

expression profiles in different segments can be well correlated with segmental

variations in the paracellular pathway (Fig. 6.3). As a rule, the proximal, more

leaky segments express channel-forming claudins (e.g., claudin 2 and 10),

while the distal parts with reduced paracellular permeability and solute trans-

port typically express sealing claudins (e.g., claudins 1, 3, 11, and 14). There

are excellent reviews on claudins in various tubule segment (Balkovetz, 2009;

Hou et al., 2012; Li et al., 2011; Muto et al., 2012).

Figure 6.3 Tubular segments and the corresponding claudin expression pattern.
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The proximal tubules mediate the largest volume of transport. Based on

morphological and functional properties, it can be further divided into three

distinct parts. Segment 1 (S1), which is the early andmiddle convoluted por-

tion of the proximal tubule, exhibits the largest rate of solute transport. Epi-

thelial cells in this segment have well-developed brush borders that enlarge

the apical surface area. They are also very rich in mitochondria supplying

energy for the transport processes. Segment 2 (S2) includes the end of the

convoluted and beginning of the straight part, while Segment 3 (S3) is

the distal portion of the straight part. Fluid transport rates gradually decrease

toward the S2 and S3 segments and the transporting phenotype as well as the

brush border of the epithelium in these segments becomes less pronounced.

The proximal tubules reabsorb two-thirds of the NaCl content of the

primary filtrate (Aronson and Giebisch, 1997; Rector, 1983). Naþ and

Cl� reabsorption takes place through both transcellular and paracellular

routes. Apical transporters involved in transcellular Naþ absorption include

Naþ/Hþ exchanger isoform 3, and Naþ-coupled cotransporters (Naþ-
glucose andNaþ-amino acid transporters), while the basolateral side contains

theHCO3
�/Naþ cotransporter andNaþ/KþATPase.The initial portions of

the proximal tubule preferentially reabsorb HCO3
� over Cl�, and the gen-

erated electrochemical force drives passive Cl� reabsorption in more distal

parts of the proximal tubule. Cl� reabsorption in turn generates a positive

potential in the lumen that helps passive Naþ reabsorption (Liu and

Cogan, 1986). The proximal tubules express two channel-forming claudins,

the cation-selective claudin-2 and anion-selective claudin-10a (Enck et al.,

2001; Gunzel et al., 2009; Kiuchi-Saishin et al., 2002; Reyes et al., 2002).

Claudin-2 is the best characterized channel-forming claudin in the kidney

(Amasheh et al., 2002; Furuse et al., 2001; Hou et al., 2006; Yu, 2009). Its

overexpression in various cell lines decreases TER, an effect that is attributed

to increased cation-selective TJ permeability (Amasheh et al., 2002; Furuse

et al., 2001). Short interfering RNA-mediated claudin-2 silencing experi-

ments in MDCK cells further supported that claudin-2 increases cation-

selective permeability.When claudin-2 was silenced, decreased permeability

toward Naþ was registered and the preference of the paracellular pathway

toward Naþ over Cl� disappeared (Hou et al., 2006). Structure–function

analysis revealed that the cation selectivity is due to a negatively charged site

within the pore formed by claudin-2 that mediates electrostatic interactions

with permeating cations (Yu et al., 2009). In contrast, the claudin-2 channel

was found to be relatively impermeable to uncharged solutes (Amasheh et al.,

2002; Furuse et al., 2001). Surprisingly however, it was recently shown to
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mediate water transport (Rosenthal et al., 2010). A knockout mouse model

verified the key role of claudin-2 in proximal tubuleNaþ reabsorption: the S2

segment of these mice showed significantly reduced transepithelial

reabsorption of Naþ, Cl�, and water, and the loss of Naþ selectivity of the

paracellular pathway (Muto et al., 2010). Claudin-10a is a major anion-

selective claudin expressed in the proximal tubule. Claudin-10 exists in six

splice variants, and of these claudin-10a increases permeability toward small

anions, but reduces permeability toward large organic anions (Gunzel et al.,

2009). Interestingly, the claudin-10b splice variant, expressed in the Henle’s

loop has entirely different properties. Although both variants form low-

resistance pores when expressed in tubular cell lines, claudin-10b was found

to be more selective for cations than claudin-10a (Van Itallie et al., 2006).

Claudin-10a is probably not the only paracellular anion channel in the prox-

imal nephron, as recently the anion-selective claudin 17was also shown to be

expressed there (Krug et al., 2012). Taken together, claudin-2 likelymediates

paracellularNaþ transport, while claudin-10a and 17 are responsible for para-

cellularCl� reabsorption in theproximal tubules.The relativepermeabilityof

Naþ and Cl� (PNa/PCl) varies between different segments of the proximal

tubules (Berry and Rector, 1978; Schafer et al., 1974). Although it is sugges-

tive that segmental expression of claudin-2 and 10a might account for such

permeability differences, this notion remains to be tested.

The Henle’s loop consists of the thin descending, thin ascending, and thick

ascending limbs (TAL). The specific distribution and function of claudins in

these segments is a prerequisite for the countercurrent mechanism, which

depends on the water impermeability of the ascending limb associated with

selective absorption of NaCl. The thin descending limb still shows some sim-

ilarities with the proximal tubules, as it contains claudin-2. In addition,

claudin-7 and -8 are also expressed here, but the exact function of these

is under debate (Enck et al., 2001; Li et al., 2004). Overexpression studies

suggest that claudin-8might have an indirect effect on permeability, through

the regulation of claudin-2. Notably, claudin-8 overexpression resulted in

enhanced barrier functions, which was at least in part attributed to reducing

claudin-2 synthesis, resulting in a decrease in claudin-2 expression.

Claudin-8 was also shown to displace claudin-2 from the junctions

(Angelow et al., 2007b).

More distal portions of the Henle’s loop express several cation channel-

forming claudins, including 10b, 16, and 19, as well as sealing claudins (3, 11,

and 14), and claudin-4, the function of which remains undecided (Elkouby-

Naor et al., 2008; Gonzalez-Mariscal et al., 2006; Ohta et al., 2006).
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Claudin-3 and -4 attracted special interest, because their extracellular loops

bind the endotoxin of the bacterium Clostridium perfringens, which results in

their removal from the TJs. This elevates permeability, suggesting that these

are sealing claudins (Fujita et al., 2000; Sonoda et al., 1999). This is further

supported by findings that overexpression of these claudins in tubular cells

enhances the barrier (Borovac et al., 2012; Milatz et al., 2010; Van Itallie

et al., 2001). In fact, claudin-3 probably forms a seal against all ions

(Milatz et al., 2010). However, the exact function of claudin-4 remains

undecided, as contradicting findings have been reported. Claudin-4 silenc-

ing in the porcine tubular cell line LLC-PK1 was found to reduce Cl� per-

meability (Hou et al., 2006). These findings do not substantiate the role of

claudin-4 as a sealing claudin. In contrast, claudin-4 overexpression in

MDCK cells resulted in decreased cation permeability (Van Itallie et al.,

2001), and in proximal tubule-like OK cells overexpression of claudin-4

reduced both Naþ and Cl� permeability, leading to significantly reduced

TER (Borovac et al., 2012). This effect however was associated with an

increase in claudin-1, -6, and -9 mRNA levels, suggesting a possible indirect

effect. A similar complex effect could explain results from yet another study

that contradict the sealing function of claudin-4. In the collective duct

claudin-4 formed an anion-selective paracellular pathway (Hou et al.,

2010), and interestingly, this required interaction with claudin-8. These

studies therefore highlighted some of the difficulties in studying the prop-

erties of individual claudins. The complex interactions between claudins

might explain the contradicting results obtained in different cell lines. Taken

together, claudin-4, similar to claudin-8 might exert its effect through the

regulation of other claudins. This possibility however will need further

experimental verification.

The TAL reabsorbs about one-third of the filtered Naþ, and much of the

remaining bicarbonate. This segment also plays a major role in both Kþ

homeostasis and Ca2þ and Mg2þ reabsorption (Hou and Goodenough,

2010). Apical Kþ channels that mediate Kþ secretion contribute to the

development of a lumen-positive transepithelial voltage that in turn drives

the passive paracellular reabsorption of both Naþ and divalent cations. Two

claudins, claudin-16 and -19, were found to play a key role in this process

(Angelow et al., 2007a; Gunzel and Yu, 2009; Hou and Goodenough, 2010;

Ohta et al., 2006). Mutations in these claudins cause the hereditary dis-

order familial hypomagnesemia with hypercalciuria and nephrocalcinosis

(FHHNC). This syndrome is associated with Ca2þ and Mg2þ wasting,

and will be discussed in more detail in Section 5.1. The TAL also expresses
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claudin-11 and -14. Based on overexpression studies, both of these reduce

cation permeability (Ben-Yosef et al., 2003; Van Itallie et al., 2003).

Claudin-11 and -14 knockout mice show slightly enhanced urine Ca2þ

and Mg2þ levels (Elkouby-Naor et al., 2008). As discussed in Section 5.1,

recent studies suggest that claudin-14 acts as a regulator of claudin-16 and

-19, that in turn play key role in Ca2þ transport (Gong et al., 2012). In line

with this notion, variants of claudin-14 are associated with elevated risk of

kidney stones (Thorleifsson et al., 2009).

The distal nephron consists of the distal convoluted tubule, the connecting

tubule, and the collecting duct. Together these are referred to as the

aldosterone-sensitive distal nephron. These segments play a vital role in the

control of extracellular volume and blood pressure. In these segments, up

to 10% of the remaining NaCl is reabsorbed (Hou, 2012). An apical Naþ

channel coupled with the basolateral Naþ/Kþ ATPase is responsible for

the transepithelial Naþ absorption, which generates a negative luminal trans-

epithelial potential. This in turn can drive Cl� absorption through the para-

cellular pathway. Transcellular Naþ absorption and Kþ secretion in these

segments are under the control of aldosterone. Several claudins are expressed

in these parts, including claudin-3, -4, -7, -8, and -14 (Hou, 2012).

Multiple studies suggest that claudin-8 might be a key regulator of para-

cellular permeability in the collecting duct, partly through the regulation of

other claudins. In collecting duct cell lines coimmunoprecipitation and

colocalization experiments demonstrated that claudin-4 and -8 interact with

each other (Hou et al., 2010). As mentioned earlier, claudin-4 was impli-

cated in Cl� transport, since its silencing in LLC-PK1 cells resulted in

decreased Cl� permeability (Hou et al., 2006). The assembly of claudin-4

into TJ strands required its interaction with claudin-8, and the absence of

claudin-8 reduced the recruitment of claudin-4. Thus, claudin-8 might play

a key role in the collecting duct Cl� permeability through the regulation of

claudin-4. In addition, claudin-8 was also shown to increase barrier proper-

ties through decreasing proton, ammonium and bicarbonate permeability,

and is therefore likely to play an important role in acid–base homeostasis

(Angelow et al., 2006). Importantly, claudin-8 in the mouse nephron was

found to be expressed along the aldosterone-sensitive distal nephron

(Li et al., 2004). Although there are currently no data available about the

role of claudin-8 in aldosterone-sensitive reabsorption, in colon cells

claudin-8 expression was found to be increased by aldosterone. This effect

was necessary to form a paracellular seal that prevents Naþ back-leak

(Amasheh et al., 2009).
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Claudin-7 is also expressed in high levels in the distal convoluted tubules

and collecting ducts (Alexandre et al., 2005; Li et al., 2004; Reyes et al.,

2002). Although the exact function of this claudin is still not clarified, when

overexpressed in the porcine tubular cell line LLC-PK1 it increased TER,

decreased and increased paracellular Cl� and Naþ conductance, respectively

(Alexandre et al., 2005). Silencing claudin-7 in collecting duct cells reduced

TER without affecting ion selectivity of the paracellular pathway (Hou

et al., 2010). Consistent with a potential role of claudin-7 as a nonselective

ion barrier, claudin-7 knockout mice die within 12 days after birth from

severe salt wasting and chronic dehydration. Urinary Naþ, Cl�, and Kþ

excretion in these mice is significantly elevated (Tatum et al., 2010). Loss

of a nonselective paracellular barrier in the collecting duct is consistent with

this phenotype: reduced sealing between the cells causes back leak of ions

and disrupts Naþ and Cl� reabsorption. This also leads to fluid loss that

in turn elevates aldosterone levels, causing increased Kþ excretion.

Taken together, the segmental expression of claudins appears to explain

segmental differences in the paracellular permeability that plays a major role

in the overall tubular transport.

2.3.3 Tight junction-associated Marvel proteins family
This newly defined family (also referred to as the Marvel family proteins)

consists of occludin, tricellulin, and MarvelD3 (Mariano et al., 2011). These

tetraspan proteins contain a conserved Marvel (MAL and related proteins

for vesicle traffic and membrane link) domain formed by their predicted

transmembrane helices. This structural motif was originally discovered in

proteins involved in membrane apposition and fusion events. All three pro-

teins incorporate into TJ strands. Despite the high degree of similarities in

these proteins, when compared based on a number of criteria they all exhibit

unique properties and functions too (Raleigh et al., 2010).

Occludin was the first TJ membrane protein identified by the Tsukita

group (Furuse et al., 1993). It is present in all TJs and is often used as a marker

of the TJs (Cummins, 2012). Several occludin variants have been identified,

that are produced by differential splicing and alternative promoter usage.We

do not know what the functional differences between these occludin vari-

ants are, although some were found to exhibit distinct subcellular distribu-

tion (Mankertz et al., 2002). The 522-amino acid, 65-kDa variant is referred

to as occludin (Gu et al., 2008; Mankertz et al., 2002; Muresan et al., 2000).

This protein has two extracellular loops, four transmembrane domains and

intracellular C- and N-terminal portions, as well as the above-mentioned
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Marvel domain (Fig. 6.2A). The C-terminal region interacts with the

adapter proteins ZO-1, -2, and -3, and regulates intracellular trafficking

and dimerization (Cummins, 2012; Feldman et al., 2005). The extracellular

loops also play a role in localization. Occludin was shown to cooligomerize

with claudins, that probably controls its localization to the TJs (Cording

et al., 2012; Furuse et al., 1998b).

Despite its status as the first identified TJ membrane protein, the exact

function of occludin remains unresolved. Overexpression and down-

regulation studies failed to provide a clear picture. Some findings suggest that

it has roles in TJ formation and regulation. Expression of occludin in fibro-

blasts that lack TJs induced the formation of TJ-like strands (Furuse et al.,

1996). In MDCK cells occludin overexpression elevated TER, but surpris-

ingly it also increased the paracellular flux of small molecular weight tracers

(Balda et al., 1996; McCarthy et al., 1996). Expression of occludin mutants

lacking the N-terminal portion or the extracellular domains led to defective

barrier functions and decreased TER. But even more surprisingly, this was

also associated with enhanced paracellular flux of small tracers (Bamforth

et al., 1999). These studies raise the possibility that occludin might contrib-

ute to the leak pathway. In contrast, knockdown of occludin inMDCK cells

caused no major alterations in the TJ structure or fence function but caused

an increase in mono- and divalent cation permeability (Yu et al., 2005). It is

important to note however, that in these experiments occludin knockdown

also decreased the expression of claudin-1 and -7 and increased claudin-3

and -4. Similarly, expression of mutant occludin proteins in MDCK cells

also leads to the accumulation of claudin-4 (Balda et al., 2000). Thus, the

observed effects on barrier functions might be due to changes in claudins

rather than the direct effect of occludin at the TJs. Nonetheless, how

occludin regulates claudin expression remains to be established.

An occludin knockout mouse model provided further clues suggesting

that occludin does not directly regulate gate functions but has other roles.

The mice are viable and show no obvious TJ morphological phenotype

(Saitou et al., 2000; Schulzke et al., 2005). Instead, they have postnatal

growth retardation and histological abnormalities that include chronic

inflammation and hyperplasia of the gastric epithelium.Overall these findings

point to the possible role of occludin as a signal organizing molecule. Indeed,

several studies suggest that occludin is important for cell–cell adhesion andTJ

signaling functions (see Section 3). Knockdown of occludin in MDCK cells

leads to defects in the extrusion of apoptotic cells, and alterations in the actin

cytoskeleton and Rho GTPase regulation (Yu et al., 2005). Occludin was
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also implicated in the formation of cell–cell adhesion. Its overexpression in

fibroblasts promotes weak cell–cell adhesion (Van Itallie and Anderson,

1997). Further, an exciting new study showed that occludin localizes to

the centrosomes in dividingMDCKcells, suggesting possible additional roles

in growth regulation (Runkle et al., 2011). Occludin might have a role in

inflammation too, as it was suggested to modulate the transmigration of neu-

trophil leukocytes through epithelial layers (Huber et al., 2000). Specifically,

mutations in the N-terminal portion of occludin upregulated, while muta-

tions in the extracellular domains inhibited neutrophil transmigration.

Finally, the presence of occludin was also shown to modulate the sensitivity

of epithelial cells for cytokine-inducedTJ alterations (Van Itallie et al., 2010).

Taken together, these and other studies suggest that rather than being a direct

contributor to barrier functions and paracellular permeability, occludin

might have a role in TJ assembly, maintenance and remodeling, as well as

in signaling.

Tricellulin (MarvelD2) is the only protein known to be concentrated at

the tTJs where three cells make contact. At these sites, TJ strands expand

along the lateral membrane of all three cells to form vertical strands and a

central tube (Ikenouchi et al., 2005). The exact protein structure of this tube

remains to be established, but tricellulin likely contributes to its generation.

Four isoforms of the human tricellulin gene have been identified with the

longest gene, TRIC-a (558-amino acid long, 65-kDa protein) referred to

as tricellulin (Mariano et al., 2011; Riazuddin et al., 2006). Occludin and

tricellulin show high degree of homology in their C-terminal cytoplasmic

domains through which both proteins bind to ZO-1 (Riazuddin et al.,

2006). However, ZO-1 binding is dispensable for the incorporation of

tricellulin into claudin-based TJ strands. Although tricellulin is highly con-

centrated in the tTJs, under some conditions it can be found at the bicellular

TJs (bTJs) (Ikenouchi et al., 2005). How is tricellulin targeted to the tTJs?

During TJ development, tricellulin localizes to the edges of elongating bTJs

(Ikenouchi et al., 2008). Interestingly, when occludin is silenced, tricellulin

becomes localized mostly at the bTJs, implying that the presence of occludin

might exclude tricellulin from bTJs and/or enhance its delivery to the tTJs

(Ikenouchi et al., 2008). Moreover, tricellulin and occludin were reported

to form heteromeric complexes (Westphal et al., 2010), although this

remains controversial (Raleigh et al., 2010). According to a model based

on multiple studies, tricellulin and occludin are transported together to

the edges of elongating bicellular junctions but upon establishment of the

tTJs, they dissociate. A newly identified tTJ-associated membrane protein,
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the lypolysis-stimulated lipoprotein receptor (a receptor for triacyl-glycerol-

rich lipoproteins) was shown to bind tricellulin (Furuse et al., 2012; Masuda

et al., 2011). This protein might act as a landmark that recruits tricellulin to

tTJs to form the vertical TJ strands.

The exact function of tricellulin remains to be established. Interestingly,

tricellulin mutations cause a recessive form of nonsyndromatic deafness,

with no obvious other epithelial phenotype (Riazuddin et al., 2006). When

overexpressed in cell lines, tricellulin increases TJ strand cross-linking,

suggesting that it might organize strands (Ikenouchi et al., 2008). On the

other hand, tricellulin silencing results in disorganized tTJs with com-

promised barrier, decreased TER and elevated flux of small tracer molecules

(Ikenouchi et al., 2005). At least in some cells, tricellulin might also have a

sealing function at the bTJs. This conclusion is supported by experiments

using different levels of tricellulin expression. If the expression levels are

low, tricellulin localizes exclusively at the tTJs, but with higher expression

it is also incorporated into the bTJs. Tricellulin at the tTJs was shown to form

a barrier only against macromolecules, while at the bTJs it appeared to act as

a barrier against all solutes (Krug et al., 2009a). Taken together, tricellulin

likely has an important role in TJ sealing and regulating the passage of

macromolecules.

MarvelD3 is the third member of the TAMP family. Similar to its rela-

tives, it also has alternatively spliced isoforms that show broad tissue distri-

bution. MarvelD3 colocalizes with occludin at the TJs. However, similar to

occludin, its silencing by RNA interference does not affect the formation of

functional TJs, but causes an elevation in TER. Like occludin, it might exert

its effects on TER through interactions with other TAMP proteins and/or

claudins (Cording et al., 2012). MarvelD3 is able to partially compensate for

occludin or tricellulin loss, but it cannot fully restore all lost functions, sub-

stantiating the existence of distinct roles for the three proteins (Raleigh

et al., 2010).

2.3.4 Single-span transmembrane proteins of TJs
Single-span proteins at the TJs can be divided into two categories: immu-

noglobulin superfamily members, and others. None of these proteins are

incorporated into the TJ strands, and they likely contribute to TJ regulation

and signaling. Overall, the role of these proteins in the kidney remains not

well established. The immunoglobulin family proteins at the TJs include

the coxsackie and adenovirus receptor (CAR) (Coyne and Bergelson,

2005) and the three junction-associated molecules (JAM-A, -B, and -C, also
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referred to as JAM-1, -2, or -3) (Bazzoni, 2003; Mandell and Parkos, 2005).

JAMs are glycoproteins that contain two immunoglobulin folds in their

extracellular domains. In addition to endothelial and epithelial cells, circu-

lating leukocytes and platelets also express JAMs suggesting a role in immune

functions (Bazzoni, 2003). JAM-A appears to stabilize the TJ barrier and its

knockdown in cell lines induces leakiness (Bazzoni et al., 2000; Liu et al.,

2000). However, this might be an indirect effect, as JAM-A silencing was

also shown to elevate the expression of the pore-forming claudins 10 and

15. JAM-A also regulates the small GTPase Rap1, which has a key role

in junction formation (Mandell et al., 2005).

Single span TJ transmembrane proteins that do not have immunoglob-

ulin domains include Crumbs homologue 3 (Crb3), a polarity complex pro-

tein (see Section 2.3.6) and blood vessel epicardial substance (Bves) (Balda

and Matter, 2008). This latter protein may contribute to the establishment

and/or maintenance of epithelial integrity and polarity and to signaling,

including the regulation of the small GTPase RhoA (Russ et al., 2011).

2.3.5 Cytosolic plaque proteins
The integral membrane proteins of the TJs interact with a large array of

cytoplasmic proteins that collectively form the cytoplasmic plaque

(Fig. 6.1B).These interactions regulate junctionassembly/disassembly andgate

functions, but also control gene transcription, proliferation, migration, cell

polarity, and cytoskeleton organization (Guillemot et al., 2008b). The plaque

contains various adapter (scaffolding), cytoskeletal and signaling proteins, that

couple the membrane proteins to the cytoskeleton and small GTPases, that

have a central role in TJ regulation (Ivanov, 2008; Kapus and Szaszi, 2006;

Rodgers and Fanning, 2011).

The modular structure of adapter proteins enables them to act as scaffolds

assembling large protein networks (Fig. 6.2B). One of the most important

protein–protein binding domain present in many junctional adapters is the

PDZ domain. This is a sequence of 80–90 amino acids that has a central role

in junction assembly and regulation. It binds the COOH-terminal T/SXV

residues of various target proteins, including many of the transmembrane

junction proteins (Lee and Zheng, 2010). Small variations in the context

surrounding the PDZ domains ensure binding specificity. Adapter proteins

containing PDZ domains form the structural backbone of the TJs. They

anchor integral membrane proteins to other members of the cytosolic plaque

and to the cytoskeleton. This creates a complex network of protein–protein

interactions that controls TJ assembly and function. Here, we will give a
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brief overview of the major TJ plaque proteins. For more details, the reader

is directed to excellent recent reviews (Bauer et al., 2010; Citi et al., 2012;

Fanning and Anderson, 2009; Furuse, 2010; Gonzalez-Mariscal et al., 2008,

2012; Guillemot et al., 2008b).

2.3.5.1 PDZ domain containing TJ-associated adapters
ZO-1, -2, and -3 are the best-characterized PDZ domain containing

adapters in the cytoplasmic plaque (Fanning and Anderson, 2009). In fact,

ZO-1 was the first identified TJ-associated protein (Stevenson et al.,

1986). Its homologues ZO-2 and -3 were found through the analysis of pro-

teins that coprecipitate with ZO-1 (Gumbiner et al., 1991; Haskins et al.,

1998). The ZO proteins belong to the membrane-associated guanyl kinase

(MAGUK) family (Fig. 6.2B). They contain several protein–protein inter-

action domains, including PDZ, SH3, guanylate kinase homology, and

F-actin-binding domains. Experiments using RNA interference revealed

that ZO-1 and -2 are indispensable for the formation of TJs (Adachi

et al., 2006; Umeda et al., 2006). ZO proteins also bind AJ and desmosome

proteins, and have critical roles in the maintenance of those structures too.

Targeted disruption of either ZO-1 or -2 in mice prevents the formation of

cell junctions and results in embryonic lethality (Katsuno et al., 2008; Xu

et al., 2008). How do ZO proteins regulate junction assembly? We do

not have a complete answer to this question, but the ability of ZO proteins

to organize and cross-link junctional proteins into higher order arrays and to

link them to the underlying cortical cytoskeleton is likely a key factor

(Fanning and Anderson, 2009).

Other PDZ domain containing scaffolding proteins, such as MAGI

(membrane-associated guanylyl kinase inverted) 1–3 and MUPP-1 (multi-

PDZ domain protein) are also important regulators of junction assembly,

and contribute to TJ-mediated regulation of signaling and cell growth.

Polarity complexes, that are involved in the establishment and maintenance

of apicobasal polarity also contain PDZ domain proteins (Assemat et al.,

2008; Dow and Humbert, 2007; see Section 2.3.6). Angiomotin (Amot),

and its relatives angiomotin-like-protein-1 (also known as Junction

Enriched and Associated Protein, JEAP) and angiomotin-like-protein-2

(also called MAGI-associated coiled-coil tight junction protein, MASCOT)

constitute a newly characterized group of related adapters with emerging

important functions in junction assembly and signaling (Guillemot et al.,

2008b). Amot was first characterized in endothelial cells, but multiple recent

studies associate it with important functions in epithelia as well. It localizes
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cdc42 activation to the forming junctions, thereby promoting junction

assembly. Amot also interacts with the Hippo pathway transcription

coactivator Yes-associated protein (YAP), thereby regulating cell growth

and contact inhibition (see Section 3.3; Zhao et al., 2011).

AF6/afadin is a PDZ domain containing adapter found both at the TJs

and AJs (Mandai et al., 1997). It was shown to interact with ZO-1 during

junction formation and its knockdown in MDCK cells impaired the forma-

tion of both AJs and TJs (Ooshio et al., 2010). This effect might be at least in

part due to the role of afadin in local Rap1 signaling during epithelial mor-

phogenesis (Severson et al., 2009). Afadin is targeted by the Ras signaling

pathway, suggesting a potential role in oncogenic transformation

(Guillemot et al., 2008b). It interacts with immunoglobulin family proteins

(nectins at the AJs and JAMs at the TJs) and the Eph tyrosine kinase receptor

family (Guillemot et al., 2008b; Ogita et al., 2010; Ooshio et al., 2010).

2.3.5.2 Non-PDZ domain containing TJ-associated proteins
These are mostly involved in signaling, and include kinases, phosphatases,

transcription factors and small GTPases and their regulators. Some adapters

also lack PDZ domains. Two such related proteins are cingulin and para-

cingulin (also called JACOP, that stands for junction-associated coiled-coil

protein; Citi et al., 2012). These proteins have significant sequence homol-

ogy and consist of a globular head, a coiled-coil rod domain and a globular

tail (Fig. 6.2B). They have a role in connecting TJ membrane proteins with

the cytoskeleton (Citi et al., 2012; Cordenonsi et al., 1999; Ohnishi et al.,

2004). Cingulin is recruited to the junctions through binding to ZO-1

(Umeda et al., 2004). Since it also binds myosin, it may convey

contractility-mediated regulatory signals to the TJs (Cordenonsi et al.,

1999). Knockdown and knockout studies revealed that cingulin does not

contribute directly to TJ strand formation, but regulates gene expression,

maybe through its effect on Rho family GTPases (Citi et al., 2012). Para-

cingulin is present both in AJs and TJs, but is also recruited to stress fibers

(Ohnishi et al., 2004). Similar to cingulin, it has a role in localized regulation

of the small GTPases Rac and RhoA (Guillemot et al., 2008a; see

Section 3.2).

2.3.6 Polarity protein complexes
Apicobasal polarization refers to the asymmetrical distribution of proteins

and lipids at the two distinct membrane compartments. Polarity is a funda-

mental feature of epithelial cells, and is the basis for specialized epithelial
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functions, including directional transport. Accordingly, the generation and

maintenance of apicobasal polarization is central for normal kidney develop-

ment and functions. In recent years, the characterization of the polarity

complexes brought a significant increase in our understanding of how

apicobasal polarity is established and maintained. This process involves

the interplay between three multiprotein complexes and the intercellular

junction proteins (Fig. 6.4; Assemat et al., 2008; Pieczynski and Margolis,

2011; Schluter and Margolis, 2012). The three-core polarity complexes

are the apically localized Crumbs and Partitioning defective (Par), and the

lateral Scribble complex. These complexes are evolutionarily conserved

and were first characterized inDrosophila andCaenorhabditis elegans, but were

later found to play vital roles in mammalian epithelia. Through their mul-

tilateral interactions and mutual antagonisms, that is still not fully explored,

these protein complexes segregate the apical and basolateral membrane.

They also target and retain junctional proteins at the border between them

to promote junction formation. Establishment of the TJs is a central event in

the generation of polarity, because the TJs physically separate the two

domains and prevent intermixing of lipids and proteins. The Crumbs com-

plex consists of the integral membrane protein Crumbs (Crb), and two

adapters, protein associated with lin seven 1 (Pals1) and Pals-associated tight

junction protein (PATJ) (Fig. 6.4). The Par complex includes two adapters,

Figure 6.4 Core polarity complex proteins. The figure shows only some of the known
interactions between these proteins. The red arrow indicates phosphorylation.
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Par3 and 6 and the atypical protein kinase C (aPKC) (Assemat et al., 2008;

Dow and Humbert, 2007). The Crumbs complex has an important role in

targeting and connecting the Par complex to the TJs. Crb is a single-span

integral membrane protein associated with the TJs. Of the three Crb

isoforms, Crb3 is the predominant kidney protein (Makarova et al.,

2003). Pals1 and PATJ are MAGUK proteins with multiple protein–protein

interaction motifs, including PDZ domains. Pals1 is targeted to the TJs by

binding PATJ, a protein with multiple PDZ domains, that can also bind

directly to ZO-3, claudin-1, and JAM-A (Adachi et al., 2009; Roh et al.,

2002). PatJ also binds Crb. These interactions provide a direct link between

the TJs and the polarity complexes. The Par complex proteins Par3 and 6 are

also multidomain scaffold proteins. Par3 was shown to bind to JAM-A

(Ebnet et al., 2001). Importantly, this complex interacts with cdc42, the acti-

vation of which is required for the establishment of apicobasal polarity.

Phosphorylation is an important modulator of protein–protein interactions

in the polarity network. The Par proteins localize aPKC, a serine/threonine

kinase to the apical side, which in turn phosphorylates and regulates them.

The basal polarity complex consists of scribble (Scrib), Dlg, and lethal giant

larvae (Lgl) (Roberts et al., 2012). The exact role of the Scrib complex in

apicobasal polarity remains to be established (Pieczynski and Margolis,

2011). The Scribble complex is associated with the lateral membrane, but

also has various interactions with the apical polarity complex proteins.

For example, Lgl interacts with the Par polarity complex. Importantly, a

multitude of studies now show that this complex has a key role in signaling,

and interacts with numerous signaling pathways. All members of the Scrib

complex have been shown to act as tumor suppressors. Scrib is a large, cyto-

plasmic scaffold protein that binds Lgl through its N-terminal, which is nec-

essary for its targeting to the lateral membrane. Mammals contain multiple

Lgl proteins (Lgl1–4) with similar and/or redundant functions. In the renal

epithelium Lgl1 is highly expressed. The third member of the complex is

Dlg, an adapter protein that is the funding member of the MAGUK family

proteins with PDZ domains. Similar to Lgl, in mammalian cells four Dlg

genes have been identified (Roberts et al., 2012). Dlg is also localized in

the lateral membrane, however how exactly it interacts with the other

two components remains to be determined.

Taken together, the combined function of the polarity complexes is

central for epithelial morphogenesis and TJ maintenance. Future studies will

no doubt refine our understanding of how these proteins fulfill their vital

functions.
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3. “NONCLASSIC” FUNCTIONS OF TJs

3.1. Tight junctions as signaling platforms
It is now well established that similar to the AJs, the TJs also act as signal

integrating and initiating platforms that orchestrate many epithelial func-

tions. In fact the TJ signaling network is bidirectional: TJ-associated signal-

ing molecules affect cell functions (outside-in signaling), but the TJs

themselves are also targeted by multiple signaling pathways (inside-out sig-

naling). One of the best known example of such bidirectional signaling is the

control of small GTPases and the cytoskeleton, which are regulated by and

are major regulators of the TJs (see Sections 3.2 and 4.3). For the sake of

clarity we will discuss these two arms of TJ-associated signaling separately,

but the intertwined nature of these complex pathways should always be kept

in mind.

Initial evidence suggesting that the TJs have signaling roles came from

downregulation and overexpression experiments, which demonstrated that

altered expression levels of various TJ-associated molecules affect multiple

cell functions. In fact, in cancer cells many TJ proteins show altered expres-

sion (Escudero-Esparza et al., 2011), and the development of cancer is

frequently associated with the failure of epithelial cells to form TJs and to

establish apicobasal polarity. Alterations in the composition of TJs, or TJ

disruption affect proliferation and migration, and promote epithelial–

mesenchymal transition (EMT; Martin and Jiang, 2009). While the

underlying mechanisms are still poorly understood, TJs clearly affect the

cytoskeleton, small molecular weight GTPases, gene transcription, prolifer-

ation, cell migration, and EMT. Many signaling molecules are specifically

localized to the TJs, providing the structural basis for bidirectional signaling

networks. TJ-associated kinases and phosphatases include the Src family

kinase c-Yes, the serine phosphatase PP2A, the lipid phosphatase PTEN,

andWNK4, a kinase that regulates ion transport in the kidney, and contrib-

utes to the development of hypertension (Gamba, 2005). Small GTPases at

the TJs include membrane traffic regulator Rab proteins, the cytoskeleton

regulator Rho family small GTPases, and the Ras family member Rap1

(Guillemot et al., 2008b). Regulators of these proteins are also present. Some

receptors are also colocalized with junctions, and interactions with junction

proteins could affect activation and trafficking of these. Another mode

whereby TJs regulate receptors is by segregating them from coreceptors

or ligands. Such mechanisms control the ErbB family that is a potent
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regulator of cell growth (Carraway and Carraway, 2007). Surprisingly, sev-

eral transcription factors are also found at the TJs. Indeed, controlling

nucleocytoplasmic shuttling is a potent mode of transcription factor regula-

tion. Accordingly, their retention at the TJ cytosolic plaque inhibits, while

release from these interactions triggers nuclear accumulation. This mecha-

nism can translate environmental information through the state of the junc-

tions to gene transcription. In addition to transcription factors, TJ adapter

proteins were also found to shuttle between the nucleus and the periphery.

The following sections will discuss some of the important signaling and

regulatory roles of the TJs.

3.2. Regulation of small GTPases by junctional proteins
Four small GTPase proteins were implicated in the establishment of cell

polarity, and the generation of junctions: three members of the Rho family

(RhoA,Rac, and cdc42) and theRas family protein Rap1 (Pannekoek et al.,

2009; Samarin and Nusrat, 2009). In a typical bidirectional signaling net-

work, these proteins not only regulate junctions, but are also regulated by

them. Small GTPase proteins cycle between inactive (GDP-bound) and

active (GTP-bound) states, a mechanism that allows for signaling inputs

to rapidly turn them on and off (Fig. 6.5). The activation/inactivation cycle

is controlled by three regulator families (Cherfils and Zeghouf, 2013). GDP

dissociation inhibitors (GDIs) bind to the GDP-coupled small GTPases,

preventing their activation and localizing them to the cytosol. GDI has to

dissociate prior to activation of the small GTPase by guanine nucleotide

exchange factors (GEFs) that stimulate the exchange of GDP to GTP. In

contrast, GTPase-activating proteins (GAPs) enhance the intrinsic GTPase

activity of the proteins to promote cleavage of GTP, thereby leading to their

inactivation (Moon and Zheng, 2003; Rossman et al., 2005). Active RhoA,

Rac, and cdc42 stimulate various effectors to control actin polymerization,

myosin phosphorylation, and cytoskeletal organization. They regulate a

large array of cellular functions, including junction formation, gene tran-

scription, proliferation and migration (Hall, 2005; Jaffe and Hall, 2005).

Our knowledge about junction-dependent control of small GTPases was

largely enhanced by the introduction of fluorescent probes and imaging

techniques that revealed the spatiotemporal activation/inactivation patterns

of specific GTPases (Pertz, 2011; Yoshizaki et al., 2003). Live imaging

showed coordinated and localized activation of Rac, RhoA, cdc42, and

Rap1 at the junctions at different stages of cell–cell contact formation, con-

trolled by GEFs and GAPs that are recruited to the junctions by adapters.
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The complex interplay between the junctions and small GTPases is best

characterized during the process of new cell–cell contact formation. AJ mol-

ecules play a central role in the initiation of new contacts. Nectins, a group of

immunoglobulin-like molecules, cooperate with cadherins to promote the

assembly of AJs (Ogita et al., 2010; Sato et al., 2006). TJs form apically from

the nascent AJs, although the exact molecular events controlling this are

largely unknown. Nevertheless, nectin-based signaling and small GTPase-

mediated actin reorganization seem to play a central role in TJ formation.

Formation of nectin-based contacts induces c-Src-dependent activation of

Rap1. In epithelial cells two GEFs, C3G and PDZ–GEF, have been impli-

cated in Rap1 activation at the new junctions (Pannekoek et al., 2009). C3G

directly binds to E-cadherin, while PDZ–GEFs bind the MAGI proteins.

Activated Rap1 in turn binds the adapter afadin that appears to play a key

role in AJ formation (Sato et al., 2006). Active Rap1 controls E-cadherin

vesicular sorting and recruitment to the surface and promotes actin cytoskel-

eton remodeling that induces junction maturation (Pannekoek et al., 2009).

Importantly, Rap1 can also signal to activate Rho family small GTPases,

although the exact underlying mechanisms remain poorly characterized

Figure 6.5 Activation/inactivation cycle of RhoA, and its role in myosin light chain phos-
phorylation and remodeling of the actomyosin ring. GEF, guanine nucleotide exchange
factors; GDI, GDP dissociation inhibitor; GAP, GTPase activator protein.
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(Sato et al., 2006). Activation of cdc42 and Rac by nectin- and cadherin-

based cell–cell contacts requires c-Src and Rap1 (Sato et al., 2006).

Cdc42 activation is regulated by the GEF Tuba and the GAP Rich1. Active

cdc42 in turn controls the formation of the Par polarity complex and the

establishment of apicobasal polarity (Kim, 2000; Yamanaka et al., 2001).

Tuba is recruited to the junctions by ZO proteins, and Rich1 binds to Amot

(Otani et al., 2006; Wells et al., 2006). The Par polarity complex is both a

target and regulator of Rac and cdc42. Par6 binds both of these small

GTPases, and Par3 and the junctional adapter paracingulin directly bind

and recruit the Rac GEF Tiam-1 (Chen and Macara, 2005; Guillemot

et al., 2008a). Tiam-1 activation is also stimulated by phosphatidyl-inositol-

3 kinase. Once these interactions induce localized activation of Rac and

cdc42, a feedback loop is established to promote the formation and matu-

ration of cadherin-based adhesions and the perijunctional actomyosin ring.

Rap1 also has a role in recruiting myosin IIb to the junctions (Smutny et al.,

2010). During the early stages of junction establishment active Rac1 accu-

mulates at the tips of lamellipodia-like structures in the junctional area

(Ehrlich et al., 2002). The relocalization of Rac to the edges of the newly

formed junctions is associated with actin polymerization and junction stabi-

lization (Braga et al., 1997). In contrast, the role of RhoA during junction

formation is less clear. Active RhoA specifically accumulates at the edges of

newly formed cell–cell contacts, and RhoA-dependent myosin phosphory-

lation is necessary for the lateral expansion of the junctions (Yamada and

Nelson, 2007). ARHGEF11, a member of the regulator of G proteins–

RhoGEF family was shown to associate with ZO-1, and it might regulate

RhoA-dependent myosin light chain (MLC) phosphorylation at the early

cell–cell contacts (Itoh et al., 2012). Another GEF that may contribute to

spatially restricted RhoA activation during junction assembly is p114Rho-

GEF, which is recruited by cingulin (Terry et al., 2011). Interestingly,

cingulin and paracingulin can also sequester the RhoA and Rac activator

GEF-H1 at the junctions (Aijaz et al., 2005). This however likely does

not have a role in junction formation. Instead, binding of GEF-H1 to the

junctional adapters occurs as cell layers reach confluence and inhibits its

activity, leading to downregulation of RhoA signaling and cell proliferation

(Aijaz et al., 2005; Guillemot et al., 2008a).

Taken together, interactions between the polarity complex and junc-

tional scaffolds provide a mechanism for spatially and temporally controlled

activation/inactivation of small GTPases. This drives cell polarization and

junction assembly and organizes the perijunctional cytoskeleton to stabilize
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the junctions (Citi et al., 2012). Whether these junction-bound regulators

contribute to junction maintenance in established epithelial layers remains

to be explored. It is conceivable that at least some of them can shuttle

between the junctions and other cellular locations to promote small GTPase

activation induced by different signals. GEF-H1, for example, is activated by

Ca2þ-removal-induced junction disruption and mediates Rho activation

(Ly et al., 2013; Samarin et al., 2007). Binding of GEFs and GAPs to junc-

tional adapters could therefore be important not only for localized small

GTPase activation, but could also represent a more general regulatorymech-

anism, similar to the control of transcription factors.

3.3. Regulation of proliferation and gene expression by TJs
Contact inhibition of proliferation, that is, the phenomenon that cells stop

proliferating upon contact formation has been described several decades ago

(Fisher and Yeh, 1967), but the underlying mechanisms are only now

emerging. Importantly, loss of contact inhibition is a hallmark of cancer.

The first indications that the integral membrane proteins in the TJs can affect

proliferation came from observations made using knockout mice. Absence

of occludin, JAM-A, or claudin-15 is associated with enhanced cell prolif-

eration (Laukoetter et al., 2007; Schulzke et al., 2005; Tamura et al., 2008).

In intestinal cells, downregulation of JAM-A stimulates the kinase Akt,

which promotes phosphorylation, nuclear translocation and increased tran-

scriptional activity of b-catenin, thereby promoting proliferation (Nava

et al., 2011). There is accumulating evidence that various claudins also reg-

ulate proliferation, but the underlying mechanisms are not known. Claudin-

15 knockout mice showed enhanced proliferation of intestinal cryptic cells,

resulting in the development of megaintestine (Tamura et al., 2008). A large

number of studies also found dysregulation of claudin expression in various

cancers (e.g., Escudero-Esparza et al., 2011; Lee et al., 2010; Shang et al.,

2012; Takehara et al., 2009; Turksen and Troy, 2011; Zavala-Zendejas

et al., 2010). Altered claudin expression in many cases correlates with inva-

siveness of the cancer. Silencing or overexpression of specific claudins pro-

vided further experimental evidence for a role of claudins in migration and

proliferation (Ikari et al., 2011a,b). This role was hypothesized to be at least

in part due to their general effects on epithelial microenvironment and

homeostasis (Tsukita et al., 2008). Occludin also affects cell proliferation.

Interestingly, in MDCK cells occludin was shown to localize to the centro-

somes during interphase, and to regulate mitotic entry and centrosome
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separation in a phosphorylation-dependent manner (Runkle et al., 2011).

Occludin and its splice variants were also found to affect apoptosis and

the extrusion of apoptotic cells (Gu et al., 2008; Yu et al., 2005).

Tissue culture models verify that cells in an intact epithelial monolayer

do not proliferate. Subconfluent cultures have reduced expression of many

transmembrane TJ proteins, and some plaque proteins are present in the

nucleus. Importantly, upon the establishment of junctions, TJ proteins

not only show increased expression, but they also sequester many signal reg-

ulators and transcription factors at the periphery, thereby suppressing gene

transcription and proliferation (Farkas et al., 2012; Rathinam et al., 2011).

An increasing number of proteins are known to shuttle between the

junctions and the nucleus. These proteins have been collectively called

nuclear and adherent junction complex components (NACos) (Balda and

Matter, 2009; McCrea et al., 2009). They can bind either to the AJs

(e.g., b-catenin) or the TJs, or in some cases both. The first identified

TJ-associated NACos protein was symplekin (Keon et al., 1996). This pro-

tein regulates proliferation and differentiation probably through its effects on

mRNA polyadenylation (Balda and Matter, 2009). It can bind ZO-1 and

was also suggested to regulate junction functions. This finding suggests that

NACos proteins might have not only dual localization, but also dual func-

tions. Several proteins that were initially characterized as TJ cytosolic plaque

proteins later proved to also shuttle between the junctions and the nucleus.

Most notably, in proliferating epithelial cells ZO-1 and -2 are localized at the

nucleus. ZO proteins likely affect gene expression indirectly through the

regulation of transcription factors including AP1 and ZO-1 nucleic acid

binding protein (ZONAB/DbpA) (Balda and Matter, 2009; Bauer et al.,

2010). Levels of the Y-box transcription factor ZONAB in the nucleus

are high in proliferating cells when ZO-1 expression is low. In contrast,

in confluent cells ZO-1 sequesters ZONAB at the junctions (Lima et al.,

2010). ZONAB controls proliferation through multiple mechanisms, both

as a transcription factor, and as a scaffold that binds other regulators. Its active

(nuclear) form promotes cell cycle progression by upregulating Cyclin D1.

This effect involves interaction between ZONAB and symplekin (Kavanagh

et al., 2006). ZONAB also forms a complex with cell division kinase (CDK)

4, and regulates its nuclear localization (Lima et al., 2010; Sourisseau et al.,

2006). ZONAB can also bind to the guanine nucleotide exchange factor

GEF-H1 that stimulates Cyclin D1 through this transcription factor

(Nie et al., 2009). Finally, stress-induced activation of ZONAB can also

induce posttranscriptional upregulation of the prosurvival molecule p21
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(Nie et al., 2012). Cyclin D1, along with the associated CDK4, is an impor-

tant regulator of cell cycle progression, and all three ZO proteins were

shown to regulate its localization, stability, and expression (Capaldo et al.,

2011; Gonzalez-Mariscal et al., 2009, 2012; Huerta et al., 2007;

Sourisseau et al., 2006; Tapia et al., 2009).

Another important pathway with inputs from the junctions is the Hippo

pathway (Genevet and Tapon, 2011; Harvey and Hariharan, 2012). This is

an evolutionally conserved signaling pathway that controls proliferation, dif-

ferentiation, stem cell activity and cell death, and has a central role in deter-

mining epithelial tissue size. In fact, in the last few years the Hippo pathway

has emerged as a major mediator of contact inhibition. Many inputs that

control this pathway are associated with the cell junctions and polarity com-

plexes. Through these the activity of the pathway reflects cell density and

intactness of the junctions. The core of the Hippo pathway is a phosphor-

ylation cascade that regulates the nuclear localization of two transcription

factors, Taz and Yap, whose targets include progrowth and antiapoptotic

genes. At low cell density, Taz and Yap are nuclear and drive proliferation

(Harvey and Hariharan, 2012). In contrast, in layers with high density these

factors are phosphorylated and localize to the cytoplasm, which is associated

with decreased proliferation. Yap can also localize to the junctions through

its binding to Crb3, Pals1, and Amot. Overall, although key details of the

interactions between the junctions and the Hippo pathway remain to be

established, regulation of Taz and Yap is a central mechanism in growth con-

trol by the junctions.

4. REGULATION OF TJs

Adaptation of epithelial transport processes to changing needs is cen-

tral to homeostasis. Accordingly, reabsorption and secretion processes in the

kidney tubules are acutely affected both by alterations in the composition of

the filtrate and by various hormones. The paracellular ion transport is crucial

for maintaining continuous transepithelial transport since it prevents the

buildup of a transepithelial electrochemical gradient that would stop tran-

scellular transport. Further, in contrast to the cellular transporters, the para-

cellular pathway does not saturate over a large concentration range. The TJs

must maintain the barrier at all times, while also allowing alterations in para-

cellular transport to take place. Since the solute flux is passive, any change in

the electrochemical gradient is reflected in the magnitude of the transport.

However, coordination of transcellular and paracellular transport can
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enhance the efficiency of epithelial transport. Indeed, various mechanisms

have developed, through which the presence of certain substrates can alter

paracellular transport. A powerful example is the effect of Naþ-coupled
apical transporters on the paracellular pathway, which will be discussed

below. Furthermore, it is becoming increasingly clear that the properties

of the paracellular pathway are controlled by many inputs both under phys-

iological and pathological conditions. For example, a number of hormones,

growth factors and inflammatory mediators are known to affect paracellular

permeability, causing both acute and chronic changes.

The TJs are dynamic structures that undergo continuous assembly and

disassembly, controlled by a multitude of signaling pathways. Physiological

junction regulation and pathological junction disruption most likely involve

similar pathways and mechanisms, and the outcome is likely determined by

the magnitude and timing of the signal. What are the molecular mechanisms

that control the TJs? We do not have a complete answer to this question. In

principle, modifications can be achieved by two ways: either by changing

the properties of TJ components in situ or by altering the composition of

the junctions through retrieval of specific constituents or insertion of new

proteins. It is possible that both of these mechanisms are involved, although

there is more evidence supporting the second one. Junction assembly is con-

trolled by complex protein–protein interactions, which are in turn affected

by posttranslational modifications, including phosphorylation of TJ proteins

(Dorfel and Huber, 2012; Gonzalez-Mariscal et al., 2008). The cytoskeleton

has long been known as a key regulator of the TJs, and it was recently shown

to control endocytosis of TJ proteins (Shen, 2012). Finally, synthesis and

degradation of the different components are also under tight control, which

likely underlies longer-term remodeling. Indeed, changes in the expression

of TJ proteins may be critical to meet physiological needs but may also occur

under pathological conditions.

4.1. Protein–protein interactions and posttranslational
modifications of TJ proteins

Multilateral cis interactions between TJ membrane proteins, mediated by

their transmembrane helices, promote their insertion into the TJ strand.

Insertion of occludin for example requires a claudin backbone (Cording

et al., 2012; Furuse et al., 1998b). Claudins also regulate each other:

claudin-4 and -8 were shown to interact in the Golgi and to be

cotransported to the TJs (Hou et al., 2010). The binding between the TJ

membrane proteins and the adapters that connect them to the cytoskeleton
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is also a prerequisite for junction formation and maintenance. These crucial

dynamic protein–protein interactions are affected by various posttranslational

modifications. Many TJ transmembrane proteins are phosphorylated on

multiple sites, and this regulates their insertion into the TJ strands and their

interactionswithother proteins. For example, theC-terminal cytoplasmic tail

of occludin is heavily phosphorylated and this controls its localization

(Sakakibara et al., 1997). The growing list of kinases targeting occludin

includes various protein kinase C (PKC) isoforms, protein kinase A (PKA),

extracellular signal-regulated kinase (ERK), casein kinase (CK) 1 and 2,

andRho kinase (ROK) (Cummins, 2012; Dorfel andHuber, 2012). In addi-

tion, several phosphatases also regulate occludin phosphorylation, including

the serine phosphatase PP1, the threonine phosphatase PP2Aand the tyrosine

phosphatase density-enhanced phosphatase-1 (Nunbhakdi-Craig et al.,

2002; Sallee and Burridge, 2009; Seth et al., 2007). Some of the phosphory-

lation events stabilize occludin at the TJs, whereas others destabilize it. For

example, PKCZ andPKCzphosphorylate severalC-terminal threonine sites,

thereby promoting occludin localization to the TJs (Jain et al., 2011; Suzuki

et al., 2009). In contrast, c-Src-mediated tyrosine phosphorylation weakens

binding between occludin and ZO-1 and causes release of occludin from

theTJs (Elias et al., 2009).There is ample evidence that phosphorylation alters

interactions between occludin and other TJ proteins. For example, the phos-

phorylation state of S408 controls binding between occludin, ZO-1 and

claudin-1 and -2 (Raleigh et al., 2011). Moreover inhibition of CK2-

mediated occludin phosphorylation on S408 reduces paracellular cation flux,

suggesting an important functional role for these interactions.

Many claudins are also phosphoproteins, and several of the kinases

targeting occludin also mediate claudin phosphorylation. Claudins are phos-

phorylated by PKC, PKA, ERK, c-Src, ROK, as well as WNK kinase and

the ephrin receptor kinases (Gamba, 2005; Gonzalez-Mariscal et al., 2008).

Similar to occludin, several claudins require phosphorylation for insertion

into the TJs (Schulzke et al., 2012). For example, claudin-2 was shown

to be heavily phosphorylated on its C-terminus, and its phosphorylation

on serine 208 is necessary for membrane retention (Van Itallie et al., 2012b).

Phosphorylation also regulates some of the TJ cytoplasmic plaque pro-

teins. The functional significance of phosphorylation of the ZO proteins

is not well known, but it might determine localization, for example, to

the nucleus (Gonzalez-Mariscal et al., 2012). Taken together, these data

strongly imply that junction regulation involves phosphorylation-dependent

changes in the dynamic protein–protein interactions within the TJs.
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Other known posttranslational modifications include palmitoylation that

is necessary for insertion of several claudins into the TJs (Van Itallie et al.,

2005). Claudin-2 is SUMOylated, which might regulate its expression

(Van Itallie et al., 2012a). Finally, the role of ubiquitination in regulating

occludin and claudin expression, endocytosis and localization is also starting

to emerge (Murakami et al., 2009).

4.2. Membrane trafficking
While studying the membrane dynamics of a GFP-tagged claudin-3 mole-

cule in mouse Eph4 epithelial cells, the Tsukita group described a remark-

able dynamic behavior (Matsuda et al., 2004). Claudin-3 forms homotypic

trans interactions. In confluent layers, individual cells constantly remodel

their TJs to move within the cellular sheets, without losing structural con-

tinuity. During this remodeling, the membranes from the two opposing cells

containing GFP-claudin-3 were coendocytosed into one of the cells. More-

over, this process was even more pronounced during repair of an injured

layer. Surprisingly, other TJ proteins, such as occludin, JAM, and ZO-1,

were not endocytosed together with claudin-3. The authors labeled this

process as a “peculiar internalization of the claudin” and concluded that fine

regulation of the endocytotic process is important for TJ integrity and rem-

odeling (Matsuda et al., 2004). We now know that many TJ proteins

undergo continuous endocytosis and recycling to the plasma membrane.

This ongoing cycling is likely the basis of rapid junction remodeling both

under physiological and pathological conditions. Proteins that control vesic-

ular trafficking, including Rab family small GTPases can be found at the TJs

(Guillemot et al., 2008b; Nishimura and Sasaki, 2009). Trafficking of TJ

proteins is controlled by the actin cytoskeleton, myosin phosphorylation,

and the microtubules (Rodgers and Fanning, 2011).

Endocytosis of junction proteins is best characterized in intestinal cells,

and much less data are available in kidney cells. However, the mechanisms

described are likely similar in all epithelial cells. All classical endocytotic

pathways have been implicated in junction protein endocytosis under differ-

ent conditions. Uncoupling of the junctions, for example, by Ca2þ removal

induces wholesale, clathrin-dependent and ROK-mediated endocytosis of

both AJ and TJ proteins (Ivanov et al., 2005). Under these conditions,

the proteins were found to accumulate in large actin-coated intracellular

vacuoles that originate from the apical plasma membrane. AJ and TJ proteins

however do not always internalize simultaneously. Large-scale caveolar
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endocytosis of TJ but not AJ molecules was induced by the Escherichia coli

cytotoxic necrotizing factor-1 (CNF-1), which activates Rho, Rac, and

cdc42 (Hopkins et al., 2003). Interestingly, CNF-1 also delocalized the

TJ-associated pool of phosphorylated MLC. Under these conditions,

occludin was present in early and recycling endosomes, but not in late endo-

somes, suggesting that it is recycled to the surface and does not get degraded.

Yet another internalization mechanism was described in cells stimulated by

the proinflammatory cytokine interferon-g (IFN-g), where TJ proteins but
not AJ proteins were macropinocytosed (Bruewer et al., 2005).

Proinflammatory cytokines including IFN-g and tumor necrosis factor-

alpha (TNF-a) were also shown to induce myosin-dependent caveolar

endocytosis of occludin (Shen, 2012). Moreover, this was demonstrated

not only in cell lines, but also in a series of elegant studies that used live imag-

ing in animals (Marchiando et al., 2010). Taken together, continuous inter-

nalization is likely to contribute to the normal turnover of TJ and AJ

proteins. During this process, the proteins might get recycled or degraded

in the late endosomes. In resting state the continuous endocytosis and exo-

cytosis are in balance, and the process does not affect TJ function. However,

various stimuli, including inflammatory cytokines can induce selective

endocytosis of the TJ proteins, thereby altering gate functions. Finally, more

disruptive stimuli can enhance the internalization of both AJ and TJ proteins,

thereby impairing not only the barrier, but also the fence function, cell–cell

adhesion and polarity (Capaldo and Nusrat, 2009; Chalmers and Whitley,

2012; Ivanov, 2008; Shen, 2012).

Although there are still large gaps in our knowledge of how trafficking of

TJ proteins is modulated, several regulatory factors have been identified. As

discussed in section 4.1, phosphorylation can alter protein–protein interac-

tions that affect localization. Rab family small GTPases also play crucial roles.

These proteins are master regulators of vesicular trafficking, and can direct

proteins specifically to distinct subcellular sites along actin and microtubule

filament tracks (Nishimura and Sasaki, 2009). Targeted transport of proteins

is a prerequisite for establishing junctions and apicobasal polarity. Rab pro-

teins regulate the assembly and disassembly of epithelial apical junctions

(Nishimura and Sasaki, 2009). Rab8, Rab13 and its binding partners

junctional Rab13-binding protein (JRAB)/molecule interacting with

CasL-like 2 (MICAL-L2) mediate the endocytosis and recycling of occludin

and claudin-1. Thus, these proteins play a central role in the formation of

functional TJs (Terai et al., 2006; Yamamura et al., 2008).
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4.3. Cytoskeletal regulation of TJs
The cytoskeleton and specifically actomyosin-based contractility is well rec-

ognized as a mediator of physiological and pathological TJ regulation. Struc-

tural studies have demonstrated a close association between the TJs and the

perijunctional actomyosin ring that is found at the border of the apical and

lateral membrane (Rodgers and Fanning, 2011; Turner, 2000). Actin-

binding scaffold proteins, such as ZO1–3 and the myosin-binding adapter

cingulin connect the integral TJ proteins with the actomyosin ring

(Rodgers and Fanning, 2011). Disruption of F-actin by drugs that inhibit

actin polymerization, for example, cytochalasin B reduces TER (Meza

et al., 1980) and decreases TJ strand numbers (Madara et al., 1986). Never-

theless, when actin is disrupted, the paracellular permeability pathway retains

its size selectivity, suggesting that the effect is not due to a nonspecific loss of

the barrier. Myosin-dependent contractility also regulates gate functions.

Cell contractility is determined by the phosphorylation state of nonmuscle

MLC (Fig. 6.5; Somlyo and Somlyo, 2003). Enhanced MLC phosphoryla-

tion elevates contractility. MLC phosphorylation in turn is regulated

by two major pathways. The classical pathway involves Ca2þ-
calmodulin-dependent activation of the myosin light chain kinase

(MLCK) that phosphorylates MLC on threonine 18 and serine 19. The sec-

ond pathway involves the small GTPase RhoA and its downstream effector

ROK. ROK inhibits MLC phosphatase, thereby enhancing MLC phos-

phorylation. In addition, in some cells ROKwas also found to directly phos-

phorylate MLC (Somlyo and Somlyo, 2003). Interestingly, experimental

evidence suggests that the contribution of these two pathways to MLC

phosphorylation is not the same in epithelial cells of different origin. MLCK

is an important regulator of intestinal epithelial contractility (Cunningham

and Turner, 2012), but in the kidney tubular cell lines LLC-PK1 and

MDCK MLC phosphorylation is predominantly mediated by the Rho–

ROK pathway (Di Ciano-Oliveira et al., 2005; Szaszi et al., 2005).

Irrespective of the upstream mechanisms however, the central role of

myosin-mediated contractility in the regulation of epithelial permeability

is supported by a large array of experimental data (Kapus and Szaszi,

2006; Turner, 2000). Increased MLC phosphorylation elevates paracellular

permeability. Many stimuli, including pathogens and inflammatory cyto-

kines increase paracellular permeability by altering myosin phosphorylation

(Ivanov, 2008). In LLC-PK1 cells expression of a dominant negative, non-

phosphorylatable myosin prevented permeability rise induced by plasma
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membrane potential changes and TNF-a (Kakiashvili et al., 2009; Waheed

et al., 2010). The regulation of junctions however seems to require finely

tuned MLC activity. Resting MLC phosphorylation is necessary for

maintaining barrier and both a decrease and an increase in the level of

phospho-MLC or RhoA activity can elevate permeability. In MDCK cells

elimination of basal myosin activity by 2,3-butanedione monoxime, an

inhibitor of myosin II ATPase induced marked increase in paracellular per-

meability (Castillo et al., 2002). On the other hand, sustained activation of

RhoA and ROK, that leads to increased MLC phosphorylation, can

enhance barrier functions in tubular cells (Martin-Martin et al., 2012).

Rac, cdc42, and RhoA, that are central regulators of actin polymeriza-

tion and myosin phosphorylation, also play a key role not only in junction

assembly, but also maintenance. Various signaling pathways converge on

these proteins to induce alteration in junction functions. However, similar

to contractility, both enhanced and reduced RhoA activity can lead to junc-

tion disruption (Hopkins et al., 2003; Jou et al., 1998; Miyake et al., 2006;

Nusrat et al., 1995; Utech et al., 2005). Whether these effects are due to

alterations in the actin cytoskeleton or myosin-mediated contractility, or

both, remains to be established. Many of the junction-associated regulators

of Rho proteins also affect junction maintenance. Depletion of two

junction-associated Rho GEFs, GEF-H1, and p114RhoGEF caused an

increase in paracellular permeability (Benais-Pont et al., 2003; Terry

et al., 2011). p114RhoGEF forms a junction regulating signaling complex

with cingulin, myosin IIA and ROK (Terry et al., 2011).

What is the molecular mechanism whereby phosphomyosin regulates

the TJs? In principle, myosin may act as a force generating motor protein,

and/or as an adapter and integrator of various permeability-altering inputs.

Since alterations in myosin phosphorylation also affect the actin cytoskele-

ton, and vice versa, the effects of the above-described manipulations might

be indirect.

Overall, whether acting directly, or through the actin cytoskeleton,

myosin might control protein–protein interactions at the junctions, and/or

endocytosis of transmembrane proteins. Indeed, there is evidence for both.

The activity of MLCK that regulates myosin-dependent contractility was

shown to affect the interaction between actin and junctional adapters. In

addition, evidence is accumulating that contractility controls dynamic

assembly/disassembly of the junctions, probably by affecting membrane traf-

ficking of the junctional components. Stimulus-induced endocytosis of

junction proteins was shown to be myosin-dependent (Hopkins et al.,
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2003; Ivanov et al., 2004; Samarin et al., 2007; Schwarz et al., 2007; Shen,

2012; Shen et al., 2006). ROK also controls localization of TJ proteins,

probably through the regulation of their endocytosis (Samarin et al.,

2007; Walsh et al., 2001).

In transporting epithelia such as the intestinal cells and the kidney

tubules, the cytoskeleton coordinates transcellular and paracellular flux. This

mechanism ensures efficient transepithelial transport by preventing the

buildup of inhibitory electrical and osmotic gradients, and allowing a para-

cellular pathway for enhanced transport of substances. This mechanism was

first described in intestinal cells, where the activation of the apical Naþ-
coupled glucose uptake was found to increase paracellular flux of water

and solutes (Turner, 2000). This effect was mediated by enhanced contrac-

tility (Kapus and Szaszi, 2006; Turner, 2000). Such coupling also exists in

kidney tubular cells: apical Naþ-coupled transporters enhance myosin phos-

phorylation and paracellular permeability in LLC-PK1 cells (Waheed et al.,

2010). While the central role of phosphomyosin was shown in both intes-

tinal and tubular cells, the upstream mechanisms whereby apical transport

elevates phosphomyosin differ in these two cell types. In intestinal cells

p38 MAP kinase-induced, Naþ/Hþ-exchanger-mediated alkalinization

plays a central role, and leads toMLCK-dependent myosin phosphorylation.

In tubular cells, myosin phosphorylation is induced through plasma mem-

brane depolarization triggered by the electrogenic Naþ-cotransporters.
Depolarization activates the Rho exchange factor GEF-H1 through an

ERK-dependent mechanism and induces MLC phosphorylation through

RhoA and ROK. Elevated contractility in turn mediates enhanced para-

cellular transport of small molecules (Szaszi et al., 2005;Waheed et al., 2010).

Taken together, the following general mode of myosin-dependent per-

meability increase has emerged. Amultitude of pathways that affect TJs do so

by altering the organization of the perijunctional actomyosin belt. Myosin

phosphorylation is controlled through MLCK, and/or Rho/ROK, while

the actin changes are mediated by Rho, Rac, and cdc42 activity. Remo-

deling of the perijunctional actomyosin alters trafficking of TJ proteins,

increasing endocytosis and/or decreasing exocytosis. The end result is ele-

vation in paracellular permeability (decrease in TER).

5. KIDNEY DISEASE AND TJs

Increased knowledge about the role of various TJ proteins in tubular

transport allows us to gain new insight into their potential contribution to
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diseases. Changes in TJ protein expression or function alter kidney ion and

fluid handling, with important consequences for ion and fluid homeostasis.

Indeed, mutations or genetic variants of claudins have already been associ-

ated with specific diseases. The tubular epithelium is also increasingly rec-

ognized as an active contributor to both acute kidney injury and chronic

kidney disease (CKD). Since many pathological states, including inflamma-

tion and oxygen deprivation directly affect junctions, disruption of para-

cellular transport and signaling through the TJs is emerging as a key step

in tubular pathology. Section 5.1 will provide an overview of the role of

the TJs in kidney pathology.

5.1. Mutations affecting TJ functions in kidney
5.1.1 Claudin mutations and variants
In the past years, several disease-causing mutations in claudin genes have

been characterized. We are now aware of two types of disease causing

“claudinopathies”: Familiar hypomagnesemia with hypercalciuria and

nephrocalcinosis (FHHNC), and hypercalciuria associatedwith kidney stone

disease. FHHNC is an autosomal recessive renal tubular disorder that is asso-

ciated with disturbed Mg2þ and Ca2þ homeostasis. The disease usually pre-

sents with kidney stones, recurring urinary tract infections, polyuria, and

polydipsia. It often also associates with convulsions and carpopedal spasm,

a typical muscle spasm of the hands and feet due to tetany. It also causes early

onset CKD (Benigno et al., 2000). The cause of this disease is a loss-of-

function mutation in the CLDN16 (previously known as paracellin-1) or

the CLDN19 gene that encode claudin-16 and -19, respectively.

Anumber of differentmutations of these two genes have been associatedwith

the disease. Interestingly, in the subset of patientswithmutations ofCLDN19

the disease also involves visual impairment (Konrad et al., 2006). CLDN

16 and 19 knockout mice phenocopy the disease (Himmerkus et al.,

2008; Hou et al., 2007, 2009; Shan et al., 2009). Initially claudin-16 and/or

-19 were thought to form divalent cation-selective pores in the TAL, where

the majority of Mg2þ reabsorption takes place. However, evidence from

in vitro studies did not support this hypothesis (Hou et al., 2005, 2008).

Instead, it seems likely that claudin-16 and 19 interact to form monovalent

cation-selective channels, which are necessary for the generation of an elec-

trochemical gradient that drives Mg2þ and Ca2þ reabsorption in the TAL.

Hypercalciuria is a major risk factor for Ca2þ-containing kidney stones.
Recently, genome-wide association studies showed that common, synony-

mous variants in the CLDN14 gene confer risk of kidney stones and low
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bone mineral density (Thorleifsson et al., 2009; Vezzoli et al., 2011).

Claudin14 is expressed in the TAL (Ben-Yosef et al., 2003; Elkouby-

Naor et al., 2008; Gong et al., 2012). When exposed to high Ca2þ dietary

conditions, claudin-14 knockout animals develop hypermagnesaemia,

hypomagnesiuria, and hypocalciuria. These findings substantiate a key role

for claudin-14 in Ca2þ and Mg2þ homeostasis. Recently, claudin-14 was

found to block the paracellular cation channel generated by claudin-16

and -19, suggesting that it regulates Ca2þ absorption through its effects

on these claudins (Gong et al., 2012). In order to match Ca2þ excretion

to changes in serum Ca2þ the kidneys alter Ca2þ reabsorption. This mech-

anism helps to maintain serumCa2þ concentration within the normal range.

Ca2þ-sensing receptors (CaSR) play an important role in regulating renal

calcium reabsorption and calcium homeostasis. Under normal dietary con-

ditions, the expression of claudin-14 in the TAL is suppressed by micro-

RNAs. In a mouse model elevated serum Ca2þ was shown to induce a

marked increase in claudin-14 mRNA in the kidneys. This effect required

the CaSR, and resulted in elevated urinary Ca2þ excretion (Dimke et al.,

2013). Taken together, an exciting mechanism is emerging that can fine-

tune Ca2þ reabsorption/excretion. Activation of the CaSR in the TAL

by elevated levels of Ca2þ in the serum and tubular filtrate stimulates

claudin-14 expression. This is mediated at least in part throughmicroRNAs.

Claudin-14 in turn blocks the formation of cation channels generated by

claudin-16 and -19, thereby reducing the electrochemical gradient for para-

cellular reabsorption of Ca2þ. This increases Ca2þ excretion, which can nor-

malize serumCa2þ levels. Disturbances in this fine control can increase urine

Ca2þ levels that promotes kidney stone formation.

5.1.2 Pseudohypoaldosteronism type II
Mutations in the WNK4 gene cause pseudohypoaldosteronism type II (also

known as Gordon syndrome), an autosomal-dominant disorder associated

with hyperkalemia, hyperchloremic metabolic acidosis and hypertension.

Two WNK kinases, WNK1 and WNK4 are predominantly expressed in

the distal convoluted tubule and collecting duct. They regulate the activity

of apical and paracellular ion transport pathways. Interestingly, claudins 1–4

are among the many identified targets ofWNKs. Expression ofWNK4 con-

taining the disease-causing mutation in a tubular cell line resulted in

enhanced claudin phosphorylation, indicating a possible gain-of-function

effect, that likely contributes to altered transport processes (Yamauchi

et al., 2004).
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5.2. TJ and polarity changes caused by inflammation and
ischemia–reperfusion

There is overwhelming evidence that inflammation is a major contributor to

loss of function in acute kidney injury and CKD. Inflammation of the

tubules and the surrounding interstitium is referred to as tubulointerstitial

inflammation (TI) (or tubulointerstitial nephritis). This state involves focal

tubular necrosis, interstitial edema, and infiltration of leukocytes into the

interstitial space. As discussed later, inflammation also has a major effect

on epithelial junctions. Acute and chronic TI evolves through an interplay

between the epithelium and inflammatory cells, and is a self-augmenting

pathological process, that can culminate in fibrosis (Fig. 6.6). Several inflam-

matory mediators play key roles in the generation and maintenance of TI.

Importantly, the tubular cells are now recognized as both initiators and

Figure 6.6 Mechanisms involved in the generation of TI and interstitial fibrosis, and
epithelial–mesenchymal cross talk.
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targets of inflammation. Many injury-causing factors can trigger inflamma-

tory responses in the epithelium. One of the most common initiators of

acute TI is ischemia–reperfusion injury, that often leads to acute renal fail-

ure, a condition that has high mortality to this day (Kinsey et al., 2008; Lu

et al., 2012; Thurman, 2007). The renal tubules are very susceptible to hyp-

oxic injury because of the high energy demands of their transport processes.

Ischemia and experimental ATP depletion have been shown to disrupt the

actin cytoskeleton and the junctional complexes in tubular cells, leading to

loss of polarity (Gopalakrishnan et al., 1998; Kellerman and Bogusky, 1992;

Molitoris, 2004; Tsukamoto and Nigam, 1999). Hypoxia and reactive oxi-

dants are also potent triggers for the production of inflammatory cytokines

by the tubular cells (Lee et al., 2011; Thurman, 2007). The tubular epithe-

lium also expresses Toll-like receptors (TLR), a pattern recognition receptor

family that regulates innate immune responses (Lu et al., 2012). These recep-

tors are stimulated by danger-associated molecular pattern molecules

(DAMPs) released by damaged tissues. Thus, TLRs can mediate the

response to tissue injury, including hypoxic damage (Rosin and Okusa,

2011). Hypoxic injury also induces the expression of kidney injury

protein-1 (KIM-1). This immunoglobulin family protein enhances phago-

cytosis of damaged cells by the epithelium (Ichimura et al., 2008), which

further augments the inflammatory response. Yet another common and

important factor that can trigger epithelial inflammation is albumin, which

can be significant in nephropathies when glomerular damage causes protein-

uria (Rodriguez-Iturbe and Garcia Garcia, 2010; Vallon, 2011). Irrespective

of the trigger, inflammatory responses in the epithelium stimulate the pro-

duction and release of chemokines and proinflammatory cytokines

(Fig. 6.6). These act as chemoattractants for leukocytes. The infiltrating,

activated leukocytes are also a rich source of various inflammatory media-

tors, and initiate a positive feedback that augments inflammation. In addition

to affecting the epithelium through the released cytokines, leukocytes also

directly interact with the tubular layer. Excessive leukocyte transmigration

though the epithelial layer can lead to enhanced junction disruption due to

several mechanisms. The interaction between leukocytes and the epithelium

induces signaling pathways (e.g., leading to enhanced myosin phosphoryla-

tion) that can trigger disassembly of junctions (Schnoor and Parkos, 2008).

Leukocytes can also release proteases that cleave junction components to

promote transepithelial leukocyte migration.

In acute TI, the epithelial damage causes tubular dysfunction, and can

culminate in renal failure. The tubular epithelium however has a high
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regenerative capacity, and tubular functions may be restored. Inflammatory

cytokines likely enhance regeneration too. As mentioned earlier, transmem-

brane TJ proteins might contribute to such regenerative processes through

the regulation of proliferation and migration. Sustained, unresolved inflam-

mation on the other hand contributes to the development of progressive

interstitial fibrosis. Indeed, TI is increasingly recognized as an important

early phase leading to the development of CKD. Regardless of its initial

cause, CKD is characterized by tubulointerstitial fibrosis, during which

the normal tissue is replaced by large amounts of extracellular matrix, reduc-

ing the number of functional nephrons. Importantly, the impairment of

kidney function correlates well with the magnitude of the tubular damage.

Overall, the process is progressive toward kidney failure and end-stage

kidney disease.

Despite the importance of inflammation in kidney injury, the effect of

cytokines on the TJs in the tubules is much less explored than in the intes-

tinal epithelium, where inflammation has been recognized as a key patho-

genic factor for a longer time. It is likely that the responses of tubular cells to

inflammatory cytokines are in many aspects similar to those observed in the

intestinal epithelium. In intestinal cells cytokines cause marked elevation in

permeability, which is probably due to enhanced endocytosis of TJ proteins

(Schulzke et al., 2009). Expression of various TJ proteins is also altered.

However, due to the large variations in the composition and permeability

properties of the TJs along the nephron, it is very likely that unique differ-

ences exist in the responses of various tubular segments. Also, although basic

regulatory mechanisms, for example, the role of actin and myosin might be

the same, specific differences clearly exist in some of the signaling mecha-

nisms. For example, as mentioned earlier, in tubular cells ROK plays a

larger role than MLCK. The specific responses of various tubular segments

however remain to be established.

Studies using LLC-PK1 andMDCK cell lines have shown that inflamma-

tory cytokines including IFN-g andTNF-a, as well as their combination cause

complex responses. These cytokines were shown to induce an initial drop in

TER, and enhanced paracellular permeability toward larger solutes, followed

by an increase in TER (Kakiashvili et al., 2009; Lechner et al., 1999; Leone

et al., 2007; Mullin et al., 1992; Patrick et al., 2006; Van Itallie et al.,

2010). Interestingly, occludin plays a key role in modifying the sensitivity

of the cells to the cytokines, probably due to its effects on caveolin-1 (Van

Itallie et al., 2010). There is also evidence that inflammatory cytokines also

affect the junctions in tubular cells through myosin. TNF-a-induced elevated
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permeability of small molecular tracers in tubular cells was mediated by pho-

sphomyosin that was induced through GEF-H1-dependent Rho/ROK acti-

vation (Kakiashvili et al., 2009). Interestingly, the TNF-a-induced activation
ofGEF-H1was found to bemediated by the epidermal growth factor receptor

(EGFR; Kakiashvili et al., 2009, 2011; Waheed et al., 2013). Indeed, trans-

activation of the EGFR is emerging as an important mechanism in kidney

pathology. In addition toTNF-a, the fibrogenic peptide hormone angiotensin

II, that plays a key role inCKD,was also found to activate theEGFR in tubular

cells (Lautrette et al., 2005). Epidermal growth factor (EGF) family ligands on

the other hand were shown to modulate TJ functions and composition. For

example, in MDCK cells EGF alters claudin expression and elevates TER

(Flores-Benitez et al., 2007; Ikari et al., 2011c; Singh et al., 2007).

Taken together, disruption of the junctions and particularly the TJs is

emerging as a central step associated with tubular injury. Importantly, more

work will be needed to entirely understand the underlying mechanisms.

5.3. Consequences of altered junction function in kidney
epithelium

Disruption of the TJs could have multiple consequences, both beneficial and

harmful. As a beneficial effect, cytokine-induced junction disruption might

promote wound healing and regeneration of the epithelial layer (Waheed

et al., 2013). However, the reduced paracellular barrier and/or lack of spe-

cific paracellular pathways could impair the effectiveness of the tubular trans-

port processes, leading to back leak of the filtrate or reduced absorption of

specific ions and solutes. The altered ion composition of the tubular filtrate

in turn affects glomerular functions through the tubuloglomerular feedback

mechanism (Fig. 6.6) (Lee et al., 2006a; Singh and Okusa, 2011). The dis-

ruption of the TJs also leads to the loss of the fence function and affects

apicobasal polarity. Indeed, ischemia was shown to induce redistribution

of apical proteins, including microvillar actin and villin to the basolateral

membrane (Brown et al., 1997). Mislocalization of the basolateral Naþ–
Kþ ATPase further impairs vectorial transport. Interestingly, correct

targeting of the Naþ–Kþ ATPase was also shown to be necessary for TJ

organization, and therefore mistargetting of this transporter might further

augment junction disruption (Rajasekaran and Rajasekaran, 2003). Finally,

the disruption of intercellular junctions can also affect junctional signaling.

Since a number of signaling components and transcription factors are

inhibited through sequestration at the junctions, their release can cause

activation. Some of these effects might contribute to regeneration, for
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example, through enhanced proliferation and migration. However, they

might also further augment inflammatory responses, and can contribute

to tumor formation. Importantly, as discussed in section 5.4, junction dis-

ruption has also emerged as an important input for epithelial plasticity

and EMT.

5.4. Epithelial plasticity and EMT
Plasticity is a genetically determined property of epithelial cells, whereby

they can lose their epithelial phenotype and acquire mesenchymal proper-

ties, such as increased motility. The best known role of this process is during

rapid and effective monolayer repair after injury. Upon adequate stimuli

epithelial cells can undergo EMT, or its more advanced form, epithelial–

myofibroblast transition(Carew et al., 2012; Masszi and Kapus, 2011b).

During EMT cells lose their epithelial characteristics, including junctions

and apicobasal polarity, and acquire mesenchymal properties. They become

matrix-producing, motile and contractile, apoptosis-resistant fibroblasts or

myofibroblasts. EMT has been classified into three types based on the bio-

logical processes it is associated with. Accordingly, type 1 is developmental

EMT, type 2 takes place during wound healing and may contribute to organ

fibrosis, while type 3 is cancer EMT (Kalluri and Weinberg, 2009). EMT

was suggested to play an important role in kidney fibrosis (Carew et al.,

2012). The accumulation of myofibroblasts shows strong correlation with

the severity and progression of fibrotic diseases. Myofibroblasts are thought

to originate from multiple sources, including the tubular epithelium,

although recent studies have questioned this paradigm (Quaggin and

Kapus, 2011). EMT is induced by inflammatory cytokines and growth fac-

tors released by the injured epithelium and inflammatory cells. The most

important such factor is transforming growth factor b1 (TGFb1). EMT

requires the activation/inactivation of a multitude of transcription factors

and microRNAs that mediate the dramatic phenotypic change. The cyto-

skeleton and intercellular junctions undergo major remodeling, leading to

loss of the perijunctional actomyosin ring. Stress fibers and peripheral

F-actin branches become more pronounced. These structures also become

positive for a-smooth muscle actin (SMA), an actin isoform typically absent

from epithelial cells. The intermediate filaments undergo a cytokeratin-to-

vimentin switch. The junctions are also dismantled, and expression of many

junctional proteins decreases. E-cadherin transcription can be suppressed by

repressor transcription factors including Snail, Zeb, E47, and KLF8, and
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possibly Twist, as well as indirectly acting factors such as Goosecoid, E2.2,

and FoxC2 (Burns and Thomas, 2010). Claudins and occludin are also

suppressed in kidney tubular cell models of EMT (Carrozzino et al.,

2005; Martinez-Estrada et al., 2006; Medici et al., 2006). Some of the listed

transcription factors regulate the expression of claudins (Carrozzino et al.,

2005; Ikenouchi et al., 2003; Martinez-Estrada et al., 2006; Medici et al.,

2006; Ohkubo and Ozawa, 2004; Vincent et al., 2009). Junctional proteins

might also be cleaved by various proteases, such as matrix metalloproteases

(Bojarski et al., 2004; Lochter et al., 1997).

Importantly, the junctions seem to be not only targets, but also regulators

of EMT. The presence of intact junctions is protective against TGFb1-
induced EMT (Masszi et al., 2004). Disruption of the junctions induces acti-

vation of the Rho/ROK and Rac/Pak pathways, which stimulates

myocardin-related transcription factor (MRTF) that controls the expression

of many cytoskeletal proteins including SMA (Fan et al., 2007; Masszi and

Kapus, 2011a; Masszi et al., 2010; Sebe et al., 2008). Recent findings suggest

that altered expression of TJmembrane proteinsmight also affect EMT.Over-

expression of claudin-1 in liver cells induced the expression of the transcrip-

tion factors Slug and Zeb1, thereby leading to EMT-like changes, including

reduced E-cadherin and b-catenin and elevated N-cadherin and Vimentin

expression (Suh et al., 2012). Although similar effects have not yet been dem-

onstrated in tubular cells, the expression of some TJ proteins in the kidney is

altered by conditions that promote fibrosis. For example, the immunosuppres-

sant drugs cyclosporine A and sirolimus were shown to elevate claudin-1 and

reduce claudin-2 expression in tubular cell lines (Martin-Martin et al., 2010,

2011, 2012). These drugs are used in combination to reduce transplant rejec-

tion, but were also found to promote tubular EMT and kidney fibrosis

(McMorrow et al., 2005; Slattery et al., 2005). Expression of claudin-1 was

also increased in an endotoxin-induced mouse acute kidney injury model,

and in MDCK cells exposed to EGF. Conversely, claudin-1 is reduced by

H2O2 treatment (Eadon et al., 2012; Gonzalez et al., 2009; Singh and

Harris, 2004). Claudin-2 levels on the other hand are decreased by EGF,

H2O2, and metabolic acidosis (Balkovetz et al., 2009; Gonzalez et al.,

2009; Singh and Harris, 2004). Taken together, these findings point to the

possibility that altered claudin levels might promote EMT and fibrosis.

Accumulating new data suggest that the epithelial–mesenchymal cross

talk plays an even more important physiological and pathological role in

the kidney than previously recognized. Most notably, mediators released

from the injured epithelium have important effects on mesenchymal cells.
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For example, profibrotic factors such as TGFb1 were found to be released by
the injured epithelium which can affect local pericytes to induce pericyte–

myofibroblast transition (Wu et al., 2013). Disruption of the epithelial TJs

could be an important trigger for such cross talk. Finally, it is also becoming

increasingly clear that epithelial plasticity involves a full range of morpho-

genic changes. In fact, epithelial layers repair injured parts via the process

of sheet migration, wherein cells migrate into a denuded area as a unit,

and cells facing the intact areas maintain cell–cell contacts (Rorth, 2009;

Szaszi et al., 2012). Moreover, cells adjacent to the injury site might undergo

partial EMT. The regulation and the signaling events associated with such a

partial loss of junctions remain largely unknown.

Future studies will be needed to explore the underlying mechanisms and

the exact functional consequences of altered expression of various TJ pro-

teins in the tubules.

6. CONCLUDING REMARKS

The past years have brought about a tremendous increase in our under-

standing of the structure, function, regulation, and physiological role of

the TJs in the kidney tubules. The exciting new findings also raised many

unanswered further questions. Future work will have to further address the

correlation of the transport-specificity and capacity with expression and alter-

ations in various claudins in different tubular segments. Another important

question is whether cellular transport processes affect the paracellular transport

other than influencing driving forces? TJs proteins also clearly affect each

others expression, but the underlying mechanisms are unknown. We are

now starting to recognize the role of “claudinopathies” in genetically

inherited diseases. Having uncovered the central role of claudins in tubular

transport, it will be exciting to see if claudin mutations are also associated with

susceptibility to imbalances or dysregulation of ion and fluid homeostasis,

including hypertension. Finally, it is increasingly likely that claudins and other

TJ proteins can act as modulators/effectors of injury repair, epithelial plasticity

and kidney fibrosis. Indeed, while much research has focused on the role of

glomerular epithelial cells, that is, podocytes as the quintessential players in the

pathogenesis of CKDs, the contribution of the tubules has so far been under-

studied and possibly underestimated.With the emerging role of TJ proteins in

kidney disease pathogenesis, this aspect warrants reevaluation. Such a tubular

and TJ-centered approach will likely uncover exciting new knowledge about

the role of genetic and acquired “tubulopathies” in kidney diseases.
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Abstract

Understanding the process by which an uncommitted dividing cell produces particular
specialized cells within a tissue remains a fundamental question in developmental biol-
ogy. Many tissues are well suited for cell-fate studies, but perhaps nonemore so than the
developing retina. Traditionally, experiments using the retina have been designed to
elucidate the influence that individual environmental signals or transcription factors
can have on cell-fate decisions. Despite a substantial amount of information gained
through these studies, there is still much that we do not yet understand about how cell
fate is controlled on a systems level. In addition, new factors such as noncoding RNAs
and regulators of chromatin have been shown to play roles in cell-fate determination
and with the advent of “omics” technology more factors will most likely be identified. In
this chapter we summarize both the traditional view of retinal cell-fate determination
and introduce some new ideas that are providing a challenge to the older way of think-
ing about the acquisition of cell fates.

1. INTRODUCTION

1.1. Retina
The proper integration of sensory information as vital as vision requires a

precisely functioning instrument. In vertebrates, this process begins in the

retina. The retina is responsible for phototransduction—the conversion of

light energy to neural signals—and the initial processing of visual informa-

tion before the signals are passed on to the brain (Burns and Arshavsky,

2005). Specialized retinal neurons contribute to basic signal modulation

even before those features are forwarded on to the visual centers of the brain.

These retinal nerve cells range from the light-sensing photoreceptors with

their unique outer segments to the long axon bearing retinal ganglion cells

that must connect with specific partners in the brain. Interestingly, each

mature retinal neuron emanates from the same retinal progenitor population

and precisely integrates into the retinal circuitry to perform its own specific

role in vision.

Understanding the factors directing each progenitor cell to its final fate as

a specialized neuron is important for a couple of reasons. First, the factors

that drive the transition from an uncommitted progenitor cell to a fully func-

tioning neuron may be shared among additional developing central nervous

system (CNS) neurons. Knowledge regarding how these factors function in

concert would, therefore, inform our understanding of how different neu-

ronal populations are generated. Second, a greater understanding of how
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each retinal progenitor cell chooses a cell fate is of great interest not only for

developmental biologists, but also for those interested in diseases of the visual

system. Many degenerative conditions affecting the retina potentially could

be treated through cellular replacement therapy. These cell-based treatments

involve either regenerating lost retinal neurons in the diseased tissue or

injecting new cells that have been produced in culture to replace those that

have been lost (Schmeer et al., 2012). Therapies such as these require a solid

knowledge of how to generate a significant number of different types of

neurons to replace those that are deteriorating. Only through studies of

the mechanisms behind retinal cell-fate decisions will we uncover all of these

factors to be used in these cutting edge replacement strategies.

1.2. Cell types that comprise retina
Although much remains to be elucidated regarding how the precise retinal

circuitry is established, there is a significant amount that is understood about

the different cells that make up the retina. The retina possesses a laminar

organization that is well conserved throughout vertebrate evolution. It is

composed of six major types of neurons and one type of glia, all of which

are located within specific layers of the retina (Altshuler et al., 1991;

Masland, 2012; Rodieck, 1998). The two types of photoreceptors, rods

and cones, array themselves at the outer portion of the eye in the outer

nuclear layer (ONL) (Fig. 7.1A). Rod photoreceptors, containing the

photopigment rhodopsin, are best suited for low-light conditions and distin-

guish between light and dark (Morrow et al., 1998). Cone photoreceptor

cells are distinguishable from rod photoreceptors by the presence of special-

ized opsins that react to ranges of light at different wavelengths (Masland,

2012). In general, photoreceptors are depolarized in the absence of light,

which leads to a constant sodium influx and release of the neurotransmitter

glutamate to activate downstream interneurons (Yau, 1994). Conversely,

when stimulated by light, photoreceptors hyperpolarize and cease to release

glutamate (Yau, 1994). The main role of photoreceptors is the conversion of

photons of light into chemical signals, which can then be passed on to inter-

neurons in the inner nuclear layer (INL) for further processing.

Among the interneuron cell classes, horizontal cells function to even out

signals from bright and dim areas of the visual field (Masland, 2012). In gen-

eral, mammals (except rodents) possess two types of horizontal cells, distin-

guishable by the presence or absence of an axon that communicates signals

back to photoreceptors (Masland, 2001). Bipolar interneurons are generally

referred to as either cone or rod bipolar cells, since they are exclusively

275Review of Retinal Cell-Fate Determination



connected to one or the other type of photoreceptor. Studies of the anat-

omy, physiology, and gene expression place the number of different kinds

of bipolar cells at 12 (Kim et al., 2008;Masland, 2001). The main function of

bipolar cells varies based on their connectivity, but their two most promi-

nent subdivisions are OFF and ON bipolar cells (Masland, 2012). When

photoreceptors depolarize and release glutamate, these cells take up the glu-

tamate and depolarize in turn. Therefore, OFF bipolar cells are active when

light is off. ON bipolar cells, on the other hand, are inhibited by glutamate

and hyperpolarize in its presence. Only when photoreceptors cease releasing

glutamate—that is, when they are hyperpolarized due to the presence of

light—do these ON bipolar cells depolarize (Masland, 2012). The ON

Figure 7.1 Retinal organization. (A) The organization of vertebrate retina. Retinal layers
are labeled, including the photoreceptor outer segments (OSs), the ONL containing
photoreceptor cell bodies, the outer plexiform layer (OPL) containing synapses between
photoreceptors and interneurons, the INL containing the cell bodies of interneurons
and Muller glia, the inner plexiform layer (IPL) containing synapses between interneu-
rons and retinal ganglion cells, and the ganglion cell layer (GCL) containing ganglion
cells as well as displaced amacrine interneurons. Some cell types, such as the red gan-
glion cells or yellow amacrine cells, show diverse morphologies. (B) Examples of the
diversity within themajor kinds of retinal cells. Bipolar cells are largely classified as either
ON or OFF based on the location and connectivity of their dendrites within the sub-
laminae of the IPL, as well as their reactivity to light.
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andOFF subtypes are distinguishable by the location of their dendrites in the

inner plexiform layer where the processes meet those of the ganglion cells

(Masland, 2001)—OFF cells do not extend far from the INL

(Fig. 7.1B—sublamina A), while ON cells extend farther past their OFF

neighbors (Fig. 7.1B—sublamina B).

The final two retinal neurons are also the most diverse. The most highly

diverse class of cells in the retina is the amacrine interneurons. Morpholog-

ical studies estimate that there are somewhere between 20 and 30 different

subtypes of amacrines (depending on the species examined) with an array of

receptive fields (MacNeil and Masland, 1998). These cells are generally

inhibitory, using the neurotransmitters glycine or g-aminobutyric acid

(GABA). The most common amacrine cell type, named AII, connects rods

to bipolar cells with added modulation from cones to heighten the signal

intensity even in low light (Strettoi et al., 1992). Others, such as starburst

amacrines, form highly branched and overlapping receptive fields that con-

tribute to directional sensitivity in downstream signaling (Vaney et al.,

1988). The retinal ganglion cells, the main output neurons of the retina,

are another diverse group of retinal cells. Over 20 subtypes of ganglion cells

have been isolated with functionality ranging from feature and color detec-

tion, direction and motion selectivity, and even photoreception (Rockhill

et al., 2002). One ganglion cell subtype in particular has been receiving

much attention recently. These intrinsically photosensitive retinal ganglion

cells react to light independently of rods and cones using their own photo-

pigment, melanopsin, and are important in establishing circadian rhythms

and the normal pupillary reaction to light (Munch and Kawasaki, 2013).

Each retinal cell type is present in different proportions within the adult

retina, although those proportions are conserved within a given species.

For example, rods are very common at around 75% of the total retinal cell

population in mice, while ganglion cells comprise only 2.5% (Drager and

Olsen, 1981; Young, 1985a). It is challenging to develop a full catalog of

the subtypes of the most diverse types of retinal neurons such as amacrine

and ganglion cells, especially given the rarity of those cell types in general

and their subtypes specifically. Nevertheless, to fully understand the control

of retinal cell-fate decisions, we must have a better appreciation for the

diversity of neuronal end points. It is only then that we can understand

how progenitor cells sort through the myriad cues available to them and

decide on a final cell fate. These decisions must be coordinated with the goal

of generating the full cohort of retinal cells and functionally distinctive

retinal cell subtypes in the right place and time.
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2. RETINAL CELL-FATE SPECIFICATION

Since the retina is not only where the first step in the processing of

visual information occurs but also a relatively simple and easily manipulated

extension of the CNS, it is a widely used model system for studying nervous

system development. The complex processing that is initiated by retinal cells

is stunning, and their wide range of responsibilities is only more impressive

given the understanding that all this diversity arises from a common progen-

itor population (Holt et al., 1988; Turner and Cepko, 1987; Turner et al.,

1990). Each progenitor cell’s multivariate fates are directed through a com-

bination of intrinsic signals and differential reactions to extrinsic signals

(Livesey and Cepko, 2001). Intrinsic signals include significant differences

in gene expression, even among progenitor cells examined at the same

developmental time point (Trimarchi et al., 2008). In addition to the intrin-

sic gene expression of individual progenitor cells, there are also cell-extrinsic

factors—signals in the extracellular environment that help push progenitor

cells toward a certain cell fate and assist in their path to final differentiation.

Studies involving both types of signalingmechanisms are ongoing. Although

many important discoveries have been made regarding the control of retinal

cell-fate decisions, much about the precise combinations of genes and envi-

ronmental factors and how they interact remains to be discovered. With a

greater understanding of the forces driving retinal progenitor cells to a spe-

cific neuronal or glial cell fate, we can grow closer to a better understanding

of how neurogenesis is accomplished in general.

Though the lessons learned from retinal development can be generalized

to other parts of the nervous system, elucidation of how normal retinal devel-

opment occurs is also important for its own sake. For example, retinal degen-

eration can specifically or preferentially affect individual subsets of retinal cell

types, such as photoreceptors (retinitis pigmentosa or macular degeneration)

or ganglion cells (glaucoma). Though current treatments can ameliorate

symptoms andpossibly delay degeneration, there are no current interventions

that stimulate regeneration of the full functional cohort of lost cells (Kuehn

et al., 2005). The onlyway regeneration could be possible iswith a full under-

standing of the gene expression pathways that drive undifferentiated progen-

itors to take on those specified roles. With that knowledge, it could be

possible to generate the necessary cell types in vitro using cultures such as

induced pluripotent stem cells (Tucker et al., 2011) or, perhaps, in vivo by

stimulating the stem cell potential of Muller glia (Karl et al., 2008).
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In this review, we will discuss some of the critical players in retinal cell-

fate determination, with a particular focus on some of the most recent ones.

We will focus on key environmental factors as well as different families of

transcription factors that have been shown to influence cell-fate decisions.

Recently, new factors including epigenetic mechanisms and different types

of noncoding RNAs have been shown to play crucial roles in the determi-

nation of retinal cell fates. As in many biological fields, the expansion of new

technologies and techniques in transcriptomics has opened new windows

into how progenitor cells arrive at a particular developmental destination.

With this increased understanding in recent years, new stochastic and prob-

abilistic models of cell fate have been proposed. As the field seeks additional

evidence for one model or the other, it becomes even more critically impor-

tant to understand the early differences between progenitor cells that are

responsible for cell-fate decisions.

2.1. Multipotency of retinal progenitor cells
Various approaches have been utilized to uncover the mechanisms through

which a progenitor cell chooses its eventual fate during retinal development.

One method, called birthdating, stems from the notion that the final division

of a progenitor cell is the newly developing daughter cell’s “birthday.”

Birthdating aims to label cells during the DNA synthesis step of the cell cycle

by exposing cells to a nucleotide analog such as radioactive thymidine or

bromodeoxyuridine (BrdU) for a period of time (Cepko et al., 1996). After

its uptakeduringDNAsynthesis, themarker becomesdiluted by successive cell

divisions and strongly marks only those cells that terminally divided immedi-

ately after exposure to themarker.Early birthdating studies in themurine retina

demonstrated that the different retinal cell types are generated at distinct but

overlapping time points throughout development (Sidman, 1961; Young,

1985a,b). The first retinal cells to be generated are the retinal ganglion cells,

followed closely by horizontal cells, amacrines, and cone photoreceptors

(Farah and Easter, 2005). Later-born cell types include rod photoreceptors,

bipolar cells, andMuller glia (Altshuler et al., 1991; Fig. 7.2).These birth orders

are highly conserved across amultitudeof different species.More recent studies

examining amacrine cells more closely have discovered that even some sub-

types have distinct birthdays, such that glycinergic amacrine cells are born ear-

lier than their GABAergic relatives (Cherry et al., 2009; Voinescu et al., 2009).

In addition to birthdating, one can track the lineage of a single progenitor

cell—that is, all the different cell types produced—by injecting a developing
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retina with a low-titer retrovirus expressing a reporter, such as GFP, or a

fluorescent dye to allow visualization. Investigations of progenitor lineages

demonstrated that retinal progenitor cells are multipotent throughout devel-

opment, or capable of generating multiple kinds of cells including neurons

and glia (Holt et al., 1988; Turner and Cepko, 1987; Turner et al., 1990;

Fig. 7.2). These progenitor cells show transient biases in the proportion

of cell types they generate, as seen through comparisons of the population

of daughter cell types generated at either embryonic or postnatal time points.

Specifically, retroviral injections of mouse progenitor cells at birth resulted

Figure 7.2 The competencemodel of retinal development. A timeline of retinal progen-
itor cell competence duringmouse development is shown at the top. The lineage that is
displayed is from a hypothetical retinal progenitor cell. Although the ratios of cells gen-
erated are not directly proportionate to the retina as a whole, this figure illustrates pro-
genitor multipotency. A single progenitor cell may undergo a proliferative division
yielding two progenitor cells for daughters, a neurogenic division resulting in two dif-
ferentiated neurons, or an asymmetric division to produce a differentiated neuron as
well as a dividing progenitor. It is important to note that while progenitor cells appear
to be capable of generating any given retinal cell type, a single progenitor does not
necessarily produce them all. At the bottom, a timeline of progenitor competence is
shown. This diagram demonstrates the distinct but overlapping timepoints during
which a progenitor cell may generate a given type of retinal neuron. These timepoints
correspond to the lineage diagrammed above.
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in labeling of rod photoreceptors, bipolar cells, amacrine cells, and Muller

glia (Turner and Cepko, 1987).When the injections were performed during

the embryonic period many progenitor cells were observed to now produce

all of the cell types (Turner et al., 1990). Therefore, the current understand-

ing is that a given progenitor cell is capable of generating several, if not all, of

the cell types present in the mature retina. With this knowledge, retinal

development studies have focused on elucidating the influence of intrinsic

gene expression patterns and the extrinsic environment on each progenitor

cells’ fate decision.

2.2. Competence model of retinal cell-fate choice
Based on the data from the lineage experiments, we know that individual

retinal progenitor cells are capable of generating an array of cell types.

A progenitor cell which is not yet determined to give rise to a particular cell

type, but rather has the capability to become any of a variety of retinal cells, is

said to have the competence to generate those cell types (Cepko et al., 1996).

Retinal progenitor cells are competent to generate a different set of cells at

distinct and overlapping timepoints (Fig. 7.2). The probability that a progen-

itor cell will generate a daughter cell of one type or another changes as devel-

opment progresses (Fig. 7.2). One example is that early-born retinal cells

such as ganglion cells or cone photoreceptors are less likely to emerge from

late-stage progenitors. The proposed progression of retinal progenitor cells

through distinct states of competence is highly reminiscent of the generation

of neurons from neuroblast progenitor cells in Drosophila. These neuroblasts

produce intermediate cells called ganglionmother cells that in turn produce a

stereotyped set of neurons in a distinct order (Pearson and Doe, 2004). Par-

ticular transcription factors (hunchback, kruppel, PDM, and castor) are sequen-

tially activated to control the transition in neuron production (Pearson and

Doe, 2004). Extension in the time that Hunchback is expressed, for example,

results in an extension in the generation of the first-born neurons (Isshiki

et al., 2001). Misexpression of Ikaros, the mouse ortholog of hunchback,

can prolong the window during which early-born cells are generated, while

loss of Ikaros specifically leads to a loss of early-born cells (Elliott et al., 2008).

However, these effects were not as pronounced as those induced by hunch-

back. Additionally, single cell profiling analyses failed to uncover distinct

genetic programs that may be regulating changes in competence

(Trimarchi et al., 2008). Currently, it is unclear exactly which factor(s)

control these changes in retinal neuron production over time.
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The likelihood of a progenitor cell producing one cell type over another

could be determined by intrinsic factors (the genes expressed by that progen-

itor cell), extrinsic factors (signals contributed by the progenitor’s environ-

ment), or some combination of the two. The extent to which intrinsic and

extrinsic signals influence a progenitor cell’s fate decision is still a hotly

debated topic. Several studies have attempted to address the relative impor-

tance of these signals. In the first study, embryonic retinal progenitor cells

were isolated, mixed with an excess of postnatal cells and their resulting cell

fates analyzed. Importantly, no embryonically derived progenitor cells were

observed to prematurely adopt any postnatally generated cell fate (Belliveau

and Cepko, 1999). The same basic idea held true during the converse exper-

iment. Progenitor cells derived from postnatal retinas did not adopt early-

generated cell fates when mixed with an excess of embryonic cells

(Belliveau et al., 2000). While there were some slight changes in the relative

proportions of some cells, these experiments point to intrinsic signaling as

the driving force behind a progenitor cell’s ability to become a given cell

type, in spite of any environmental signals. In one final experiment, progen-

itor cells that were dissociated from one another and cultured in vitro gen-

erated the normal proportions of the different retinal cells with the correct

timing (Cayouette et al., 2003). Again, these results demonstrate that retinal

cell-fate decisions proceed normally even in the extreme case where there

are no external signals at all.

3. EXTRINSIC SIGNALING

3.1. Importance of environment in retinal cell-fate
determination

Since we know that each retinal cell fate can develop without the input from

external signals, why should we even bother to examine the environment as

it relates to retinal cell fate? There are hints that setting up the relative pro-

portions of all the retinal cell types relies on extrinsic signals. In addition, the

required developmental synchronization in vivo suggests a coordinated

mechanism of intercellular communication that goes beyond cell-intrinsic

factors that are needed in vitro. Indeed, secreted signaling proteins are an

important part of coordinating development among populations of progen-

itor cells in many contexts. The retina is no exception, as external signaling

molecules have been strongly implicated in the control of progenitor cell

proliferation and cell-fate decisions (Livesey and Cepko, 2001). These sig-

naling molecules come in many different varieties, including secreted
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proteins, small molecules, and cell-surface factors. In this section, we will

explore the effects that many different environmental factors have on the

cell-fate choices of retinal progenitor cells.

3.2. Secreted signaling proteins
3.2.1 Hedgehog
The first hedgehog (hh) gene was discovered as part of a classic screen for

mutants that disrupted the basic body plan of Drosophila. True to its name,

hedgehog mutant flies are covered in extra spike-like processes that convey

the appearance of a hedgehog (Ingham and McMahon, 2001). As it turns

out, fruit fly hh also plays an important role in eye development. Hh activates

the gene atonal, which is responsible for the generation of the Drosophila R8

cell, the first photoreceptor cell generated in any cluster in the fly eye

(Amato et al., 2004). The Hedgehog family soon grew with the discovery

of three vertebrate members, Sonic Hedgehog (Shh), Desert Hedgehog

(Dhh), and Indian Hedgehog (Ihh) (Ingham and McMahon, 2001). For

the purposes of murine retinal cell-fate control, Shh is the key family mem-

ber. Both Ihh and Dhh have been shown to be secreted from the nearby

retinal pigment epithelium, but any roles these factors have on retinal cell

fate remain to be determined (Amato et al., 2004).

Classic studies in chick demonstrated that retinal ganglion cells secrete a

factor that feeds back and inhibits the production of additional ganglion cells

(Amato et al., 2004). This cell-fate control mechanism is important for

ensuring that ganglion cells are produced at the correct time and in expected

amounts during development. As it turns out, Shh is the factor that mediates

this effect. Overexpression of Shh-expressing retroviruses in the developing

chick led to a decrease in ganglion cell numbers while blocking Shh with an

antibody led to an increase in these cells (Zhang and Yang, 2001). However,

a conserved role for Shh in general cell-fate determination across different

organisms has been difficult to discern. Blocking all Hh family activity with

the drug cyclopamine led to a complete inhibition of retinal neurogenesis in

the zebrafish, while deletion of Shh from the mouse retina resulted in a pre-

mature induction of photoreceptors and an overproduction of ganglion cells

(Neumann and Nuesslein-Volhard, 2000; Wang et al., 2005). These obser-

vations suggest a key role for Shh in retinal cell-fate acquisition, although the

various roles played by Shh, including the maintenance of progenitor cell

division, the correct layering of the retina, and the prevention of

programmed cell death complicate this interpretation (Stenkamp et al.,

2002; Wang et al., 2002, 2005). Interference with cell proliferation, for
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example, can appear as a cell-fate effect with an increase in early-generated

cells and a decrease in late-generated cells. Furthermore, Shh concentration

gradients may also determine which cell fate is adopted, much as it does in

the developing neural tube (Amato et al., 2004).

In an attempt to further clarify the role of Shh in retinal cell fates,

researchers have moved to studying the downstream signaling components

of the pathway. Hedgehog signaling relies on binding of the ligand to a

transmembrane receptor called Patched (Ingham and McMahon, 2001).

In the absence of Shh, Patched interacts with another transmembrane pro-

tein, Smoothened (SMO), and represses the ability of SMO to alter the

activity of the Gli family of transcription factors (Zhu et al., 2003). Using

a conditional knockout strategy to remove SMO from cycling retinal cells

resulted in a significant increase in ganglion cells and a smaller increase in

cone photoreceptor cells (Sakagami et al., 2009). This was not merely the

result of premature cell cycle exit, as horizontal cells, which are also gener-

ated during early development, were not affected (Sakagami et al., 2009).

Deletion of suppressor of fused (Sufu), an antagonist of the Shh pathway,

led to the production of only amacrine and horizontal cells in the mutant

retinal cells and no other retinal cell types (Cwinn et al., 2011). This effect

was mediated through Gli2, as removal of Gli2 together with Sufu appeared

to restore the ability of retinal progenitor cells to produce the normal diver-

sity of fates (Cwinn et al., 2011). In all of these cases one observation was

consistently seen: the Shh signaling pathway mediates its effects on retinal

development and cell fate through the modulation of numerous transcrip-

tion factor families, including bHLH-transcription factors such as Math5.

A detailed global analysis of how all the connections between the Shh signal

and distinct transcription factors regulate cell fate specifically will be needed

to reveal all the roles for this pathway.

3.2.2 FGF signaling
Additional extrinsic cell-fate factors have been identified using a combina-

tion of expression studies and in vitro assays. For example, many different

members of the fibroblast growth factor (FGF) family and their receptors

are expressed during retinal development (Blackshaw et al., 2004; Lillien

and Cepko, 1992; Trimarchi et al., 2008). Since so many FGFs are expressed

in the retina, a dominant negative receptor approach was used to elucidate

any cell-fate role played by FGF signaling. Injection of the mutant receptor

into Xenopus resulted in a 50% loss of amacrine cells and photoreceptors

with a corresponding increase in Muller glia (McFarlane et al., 1998). This
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effect appears to be specific to these cell fates since no alterations in either cell

death or cell proliferation were observed in this system (McFarlane et al.,

1998). However, this does not mean that the role of FGF signaling in retinal

cell-fate determination is straightforward. Using a specific inhibitor

(SU5402) to block FGF receptor signaling in either the developing chicken

or zebrafish retina led to a complete blockage in ganglion cell genesis

(Martinez-Morales et al., 2005; McCabe et al., 1999). This result appears

to be a generalized inhibition of neurogenesis as none of the retinal cell types

were generated. These observations leave open the exact role for FGF sig-

naling in the acquisition of specific retinal cell fates.

One alternative approach is to examine the effects of specific members of

the FGF family on retinal cell fate. Overexpression of FGF2 in Xenopus

increased ganglion cells by 35% while decreasing Muller glia by 50%

(Patel and McFarlane, 2000). Additionally, FGF2 changed the relative pro-

portions of rods and cones, but did not alter the overall number of photo-

receptors (Patel and McFarlane, 2000). Again, there are species-specific

differences in the effects of FGF on retinal cell fate. In rat retinal cultures,

addition of FGF2 resulted in a large increase in opsin-positive photoreceptor

cells, while not significantly altering the genesis of other retinal cells (Hicks

and Courtois, 1992). Further examination of additional FGFs revealed that

in the developing chick retina, treatment with FGF1 could drive the pro-

duction of retinal ganglion cells, but treatment with FGF8 did not

(McCabe et al., 1999). Unfortunately, the overall effects of FGF signaling

in vivo are much less clear. Mice either deficient for FGF2 or misexpressing

FGF2 showed no apparent retinal defects (Ozaki et al., 1998). Many other

single FGF deletions in mice have showed no discernable retinal cell-fate

defect as well. With a total of 22 FGFs and 4 FGF receptors present in

the genome, it is reasonable to believe that some overlap and crosstalk occurs

among the different FGFs themselves and with other signaling pathways.

Teasing apart the exact roles for each FGF in retinal cell determination will

require the development of tools to look at the gain and loss of combinations

of these factors at the same time.

One other approach to uncovering the effects of FGF signaling in the

developing retina is to focus on the downstream components of the path-

way. Shp2 is a protein tyrosine phosphatase that is believed to be required

to achieve maximal FGF downstream signaling (Feng, 1999). Interestingly,

removal of Shp2 conditionally from developing retinas using either a Six3-

cre or aPax6-cre did not lead to an observable phenotype (Cai et al., 2010).

However, using an Rx-Cre to remove the Shp2 gene led to a loss of all the
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retinal cell fates as the retinal tissue was converted into retinal pigment epi-

thelium (Cai et al., 2010). This phenomenon had been observed previously

in a variety of retinal culture experiments (Guillemot and Cepko, 1992).

These results indicate that FGF signaling is precisely regulated and controls

an early step in the acquisition of retinal identity, but not necessarily con-

trolling the determination of any specific retinal cell fate. Pea3 is an Ets-

family transcription factor that is also downstream of FGF signaling. This

factor is expressed in the developing retina and is an example of other pro-

teins downstream of FGF signaling that will be studied in the future to shed

more light on the role of the FGF pathway in different retinal cell fates

(McCabe et al., 2006).

3.2.3 Ciliary neurotrophic factor signaling
Ciliary neurotrophic factor (CNTF) stimulates a signaling cascade through

its interaction with a receptor (CNTFRa) that contains significant homol-

ogy to cytokine receptors (Rhee and Yang, 2010). Cytokines play various

roles in the development of immune cells, including the ability to influence

their cell fates (Murphy and Reiner, 2002). Given its presence in the retina,

it was, therefore, reasonable to believe that CNTF could affect retinal cell

fates as well. This prediction was borne out as in vitro treatment of retinas

with CNTF led to a decrease in rod photoreceptor cells, a slight increase

in amacrine cells and Muller glia and a substantial increase in bipolar cells

(Ezzeddine et al., 1997). Furthermore, removal of the CNTF receptor

yielded the opposite result of additional rod photoreceptors being produced

(Ezzeddine et al., 1997). However, additional experiments have produced

confusion regarding the true role of CNTF in cell-fate determination.

Treatment of chick retinal cells with CNTF resulted in an increase in the

number of cone photoreceptors generated (Fuhrmann et al., 1995).

In vivo retinal injection of a virus engineered to produce CNTF resulted

in fewer rod photoreceptors, but because of an increase in cell death and

not a change in cell-fate specification (Elliott et al., 2006). Overexpression

of leukemia inhibitory factor (LIF), which is highly related to CNTF, also

resulted in an interference with photoreceptor development, but not a

blockage of cell-fate decisions (Graham et al., 2005). One recurring theme

in the CNTF experiments is that the timing of the signal is of paramount

importance. This may be due to the expression dynamics of the CNTF

receptor or to other downstream signaling components (Fuhrmann et al.,

1995). Taken together these studies make it clear that factors such as CNTF

and LIF can play critical roles in photoreceptor development and
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differentiation, but leave many unanswered questions regarding any poten-

tial role for these signaling molecules in cell-fate acquisition specifically.

3.3. Notch pathway
No review of retinal cell-fate determination would be complete without an

examination of the Notch signaling pathway. Much like the other extrinsic

signals discussed here, the Notch pathway can regulate a multitude of pro-

cesses, including cell proliferation, cell death, and cell fate. Both the Notch

receptor and its ligands, Delta or Serrate, are transmembrane proteins,

requiring direct cell-to-cell contact (Guruharsha et al., 2012). When acti-

vated by its ligand, the Notch intracellular domain (NICD) is cleaved and

translocates to the nucleus where it directly affects transcription of target

genes (Guruharsha et al., 2012). The networks formed by these target genes

are complex and context-specific, as Notch has been shown to play roles in

cell-fate determination in practically every tissue (Fortini, 2012). We will

focus our attention on the role of Notch signaling in retinal cell fate.

The initial studies aimed at elucidating the role of Notch signaling in ret-

inal cell-fate decisions used an antisense oligonucleotide strategy to lower

the levels of Notch expressed. In the chick retina, a decrease in Notch levels

led to a corresponding increase in retinal ganglion cells produced (Austin

et al., 1995; Silva et al., 2003). Conversely, retroviral introduction of a con-

stitutively active form of Notch decreased the number of ganglion cells

(Austin et al., 1995). Introduction of activated Notch into newborn rat ret-

inas led to a block in differentiation of all cell types (Bao and Cepko, 1997;

Furukawa et al., 2000). Similar experiments performed in Xenopus and

zebrafish showed either a similar block in differentiation or an increase in

Muller glia (Dorsky et al., 1995; Scheer et al., 2001). Since Notch has a

documented role in the control of cell proliferation, it was reasonable to

believe that the changes in ganglion cell number might have reflected either

premature or prolonged cell cycles. However, there was no observed alter-

ation in the incorporation of radioactive thymidine (a marker for the S-phase

of the cell cycle) in these experiments (Austin et al., 1995). These results

identify Notch as a key regulator retinal development, but left its precise role

in regulating cell fate (specifically ganglion cell fate) unclear.

In an attempt to resolve these differences, conditional Notch1-deficient

mice were generated. Using a Chx10-cre, a Foxg1-cre, or an aPax6-cre to
ablate Notch1 from early in retinal development resulted in a substantial

increase in cone photoreceptors ( Jadhav et al., 2006; Yaron et al., 2006).
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Surprisingly, no additional ganglion cells were observed. In fact, the oppo-

site result was found with ganglion cells decreasing in number (Jadhav et al.,

2006; Yaron et al., 2006). Removal of Notch1 at a later developmental time

led to an increase in rod photoreceptors instead of the previously observed

increase in cone photoreceptors ( Jadhav et al., 2006). At this time it is still

unclear why removal of Notch1 leads to different cell-fate consequences in

the mouse versus the chick. One possible model postulates that different

levels of Notch1 are read out differently and have distinct cell-fate outcomes

(Jadhav et al., 2006). Experiments where the levels of Notch1 can be care-

fully controlled will be required to address the validity of this hypothesis.

One way to approach this problem is through the use of pharmacological

inhibitors. As mentioned above, when Notch is activated, the NICD is

cleaved. This cleavage is facilitated by the presenilin/g-secretase enzyme

complex, which is in turn inhibited by a compound called DAPT

(Saxena et al., 2001). Treatment of early stage mouse or chick retinas with

DAPT led to an increase in cone photoreceptors and ganglion cells, while

treatment at later stages led to an increase in rod photoreceptors (Nelson

et al., 2007). These results are consistent with both the early chick antisense

experiments and the observations from the knockout mice. The most likely

explanation for the lack of a ganglion cell phenotype in the Notch1-

deficient mouse appears to be the presence of additional Notch proteins

(such as Notch3) in the developing retina (Bao and Cepko, 1997). In fact,

removal of Notch3 led to a slight increase in ganglion cells (Riesenberg et al.,

2009b).When retinas are treated with DAPT, all Notch activity is inhibited,

thereby revealing all of the cell-fate functions of Notch signaling in the

retina.

As with other signaling pathways, one additional strategy to gain insight

into the cell-fate role of Notch signaling is to examine the roles of other pro-

teins in the pathway. Overexpression of a Notch ligand, delta, inhibited the

ganglion cell production (Austin et al., 1995). However, overexpression of

Delta-1 mRNA in the early Xenopus retina coaxed progenitor cells to pre-

maturely differentiate into ganglion cells and cone photoreceptors (Dorsky

et al., 1997). Again, experiments performed in two different organisms

yielded two different results. There are a couple of potential explanations

for these differences. First, the cellular environment has proven to be crit-

ically important when it comes to the Notch/Delta signaling cell-fate read-

out. Delta-expressing cells surrounded by wild-type cells react differently

from Delta-expressing cells surrounded by additional Delta-expressing cells

(Dorsky et al., 1997). Second, there are four related Delta family members
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and at least three of these are expressed during retinal development

(Trimarchi et al., 2008). This redundancy no doubt affects the outcome

of the Notch signaling pathway in distinct progenitor cells.

Other downstream components of the Notch signaling pathway also

show profound cell-fate effects during retinal development. When the

NICD translocates into the nucleus, it forms a complex with additional pro-

teins, RBPJ and Mastermind, to activate the transcription of the Hairy/

enhancer of split bHLH-transcription factors. Hes5-deficient mice have a

substantial decrease in Muller glia cells, but show no defects in retinal neu-

rons (Hojo et al., 2000). Hes1 knockout mice, on the other hand, display an

increase in amacrine and horizontal cells, while also showing a decrease in

bipolar cells (Tomita et al., 1996a). In mice lacking Rbpj in the retina gan-

glion cells and cone photoreceptors are overproduced just as in the DAPT

experiments (Riesenberg et al., 2009b). All of these experiments point to a

critical role for Notch signaling in the inhibition of the ganglion cell and

cone photoreceptor cell fate and also a second important positive role in

the acquisition of the later Muller glia cell fate.

4. INTRINSIC SIGNALS AND RETINAL DEVELOPMENT

In addition to external signaling molecules, intrinsic factors expressed

inside retinal progenitor cells can also play critical roles in determining final

cell-fate decisions. Most often, these intrinsically expressed proteins are tran-

scription factors that bind specific DNA sequences and control the expres-

sion of cohorts of downstream genes that execute the cellular differentiation

program. However, more recent studies have revealed that other factors,

such as noncoding RNAs and DNA-modifying enzymes, can also have

substantial effects on retinal transcription and, therefore, retinal cell-fate

acquisition.We begin by examining a few of the myriad transcription factors

that have been shown to influence retinal cell fate and then discuss the roles

of more recently identified cell-fate controllers.

4.1. Basic helix–loop–helix factors
Members of the basic helix–loop–helix (bHLH) transcription factor family

have been shown to be involved in multiple developmental processes,

including retinal neurogenesis (Lee, 1997). These proteins are composed

of a helix–loop–helix domain that contributes to dimerization with other

bHLH factors, and a basic region that binds to the E-box sequence

(CANNTG) of DNA (Murre et al., 1989). In addition, bHLH proteins
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can either repress or activate the transcription of downstream genes. Gen-

erally the bHLH activators promote neurogenesis, while the repressors work

to inhibit neuronal differentiation (Hatakeyama and Kageyama, 2004).

Given that different combinations of all the bHLH factors are expressed

in different subsets of retinal progenitors (Brzezinski et al., 2011;

Trimarchi et al., 2008), their contributions to individual retinal cell fates

have proven to be a bit more complicated than was initially predicted.

4.1.1 Ath5
Ath5 belongs to a subfamily of bHLH-transcription factors that is homolo-

gous to the Drosophila atonal protein. Atonal is required for the specification

of the initial photoreceptor (R8) during Drosophila eye development

( Jarman et al., 1994, 1995). Given this result, it was of great interest to test

whether vertebrate homologs of atonal could play similar roles. Over-

expression of the frog homolog, Xath5, significantly increased the popula-

tion of retinal ganglion cells and led to fewer amacrine cells, bipolar cells, and

Muller glia (Kanekar et al., 1997). This effect appeared specific to Xath5 as

overexpression of different bHLH factor, NeuroD, did not lead to a change

in ganglion cell numbers, but rather to an increase in amacrine and bipolar

cells (Kanekar et al., 1997). However, it is unclear whether this effect of

Xath5 is generalizable or species-specific. Overexpression of the mouse

homolog, Math5, in the same assay resulted in an increase in bipolar cells

and not an increase in ganglion cells (Brown et al., 1998). Using viruses

to misexpress either Math5 or the chicken homolog (Cath5) in developing

chicken retinas did lead to an increase in the number of cells expressing gan-

glion markers (Liu et al., 2001). In total, misexpression of Ath5 in different

organisms pointed toward a role in retinal cell-fate acquisition with a specific

emphasis on retinal ganglion cells. The exact nature of that cell-fate role was

not fully clear as homologs from different species displayed different

potencies.

To better understand the role of Math5 in cell-fate determination, it

helps to know exactly which cells in the mature retina have a history of

Math5 expression. To trace the lineage of Math5-positive progenitor cells,

cre recombinase was inserted into the Math5 locus and these mice were

crossed to a cre-dependent reporter mouse for cell visualization. These mice

demonstrated that the lineage of Math5-expressing cells includes most of the

ganglion cells and some photoreceptors, amacrine cells, and horizontal cells

(Yang et al., 2003). A second cross of the Math5-cre mice to a GFP reporter

confirmed the earlier lineage results and showed that Math5-expressing cells
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contribute to both rod and cone photoreceptor populations and to a subset

of amacrine cells (GABAergic, cholinergic, and AII subtypes) (Feng et al.,

2010). Given the multitude of cell types with a history of Math5 expression,

a simple model where Math5 instructively drives the formation of ganglion

cells seems unlikely.

The role of Math5 in retinal cell-fate determination was further investi-

gated through the generation of Math5-deficient mice by several laborato-

ries. In the absence of Math5, many cell-fate-related phenotypes were

observed including some that differed between the mice from distinct labs.

The most consistent phenotype was a severe reduction in ganglion cell

populations (80–90% of ganglion cells lost) (Brown et al., 2001; Wang

et al., 2001). In fact, complete loss of ganglion cells is also observed in

the Lakritz zebrafishmutant for Ath5 (Kay et al., 2001). However, additional

scrutiny revealed other retinal phenotypes in the Math5 knockout mice. In

at least one study, the number of cone photoreceptors increased (Brown

et al., 2001). This observation suggested a possible simple cell-fate switch

from ganglion cells with Math5 to cone photoreceptors without Math5.

The situation has proven to be more complicated than that simple model,

though, as the amacrine cell population is also affected in the absence of

Math5. One study found that a syntaxin, a marker of all amacrine cells,

was expressed normally in the absence of Math5 (Brown et al., 2001). Even

with this normal expression, however, the numbers of two subtypes of

amacrine cells, A2 and dopaminergic, were substantially decreased in Math5

mutant mice (Brown et al., 2001). Surprisingly, in a different study with a

different Math5 mutant mouse, syntaxin staining was increased and cholin-

ergic amacrine cells (as defined by ChAT staining) were also increased

(Wang et al., 2001). Altogether the results from the Math5-deficient mice

demonstrate the importance of this bHLH factor in cell-fate acquisition in

the early developing retina.

RecentMath5-related studies have focused on the deciphering the com-

plexity of bHLH interactions and compensation. When Math5-null mice

instead express the related bHLH factors NeuroD1 or Math3 under the

Math5 promoter, retinal ganglion cell development is partially rescued to

40% and 10% of wild-type populations, respectively (Mao et al., 2008).

Conversely, insertion of Math5 into the NeuroD1 locus reprogrammed

future amacrine cells into retinal ganglion cells (Mao et al., 2013). However,

this is not a universal feature of Math5 since it could not convert rod pho-

toreceptor precursor cells into ganglion cells when inserted into the Crx

gene locus (Prasov and Glaser, 2012). All bHLH factors were not created
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equal either as replacement of Math5 with a different bHLH, Ascl1, failed to

rescue ganglion cell production (Hufnagel et al., 2013). These results demon-

strate that bHLH factors in general and Ath5 specifically execute their func-

tions in a context-dependent manner. Under certain conditions, Ath5

expression provides a permissive environment for the production of ganglion

cells, whereas under other conditions it fails to do so. Unraveling the addi-

tional factors and precise conditions are challenges for future research.

4.1.2 NeuroD family
The NeuroD family of bHLH-transcription factors is also important in eye

development, though the various family members have a range of over-

lapping, though not identical, expression patterns and effects. Over-

expression of NeuroD1 leads to an increase in rod photoreceptors at the

expense of Muller glia (Morrow et al., 1999; Ochocinska and Hitchcock,

2009). However, mice engineered to lack NeuroD1 only show a slight

increase in bipolar cells (Morrow et al., 1999). Amacrine cell differentiation

is delayed, but by adulthood the total number of amacrine cells is normal in

NeuroD1-deficient mice (Morrow et al., 1999). Generating a compound

mutant mouse where both NeuroD1 and another bHLH factor, Math3,

are deleted resulted in a loss of amacrine cells and an increase in both gan-

glion cells andMuller glia (Inoue et al., 2002). Overexpression experiments,

meanwhile, have demonstrated that while these bHLH factors are necessary

for amacrine cell fates, they are not sufficient (Inoue et al., 2002). Other

factors, either bHLH factors or factors belonging to additional transcription

factor families, are clearly necessary to combine with these bHLHs to drive

the cell-fate determination of amacrine cells. In an interesting twist on these

overexpression experiments, NeuroD1 was recently knocked into the

Math5 locus in mice. This meant that there was no endogenous Math5 pre-

sent and NeuroD1 was now expressed under the control of Math5 regula-

tory sequences. When this is the case, NeuroD1 is capable of partially

rescuing the production of ganglion cells in a Math5-deficient mouse

(Mao et al., 2008). These results show that while NeuroD1 has evolved

its own functions in amacrine and photoreceptor cell-fate specification, it

still has the capacity to behave similarly as a completely distinct bHLH factor

when expressed at a different time and place.

Recently, other NeuroD family members also have been implicated in

retinal cell-fate determination. Loss of NeuroD2 in mice led to a specific

decrease in AII amacrine cells while overexpression led to an increase in

amacrine cells at the expense of bipolar cells and Muller glia (Cherry
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et al., 2011). Surprisingly, overexpression of NeuroD2 at postnatal day

0 (P0) led to an increase in the production of ganglion cells beyond the time

when retinal progenitor cells are normally competent to produce these cells

(Cherry et al., 2011). Removal of another related family member,

NeuroD6, also leads to a change in amacrine cell fate. In this case, more

glycinergic amacrine cells are produced at the expense of GABAergic cells

(Kay et al., 2011). These experiments show that to fully understand the gen-

eration of all retinal cells, studies of cell-fate determination must be brought

to the level of small subtypes of retinal neurons.

4.1.3 Acsl1/Mash1
Acsl1, also referred to as Mash1, is the mammalian homolog of the Drosoph-

ila achaete-scute like family of bHLH-transcription factors. Mice deficient

for Acsl1 die at birth, making a thorough assessment of early- and late-

generated retinal fates in vivo impossible (Guillemot et al., 1993). Experi-

ments in which retinas were explanted and cultured ex vivo revealed a

possible cell-fate connection between Ascl1 and bipolar cells (Tomita

et al., 1996b). Retinas that were mutant for both Ascl1 and another bHLH

factor Math3 displayed a complete loss of bipolar cells and an increase in

Muller glia in explant culture experiments (Tomita et al., 2000). Taken

together, these mouse results point to a role for Ascl1 in bipolar cell-fate

determination, but since in vitro culture experiments can be difficult to inter-

pret in the absence of the in vivo environment, further experimentation is

warranted. Recently, some interesting results have come to light regarding

Ascl1 and its ability to promote neurogenesis at the expense of gliogenesis. In

the zebrafish, ascl1a is upregulated rapidly after retina injury and is required

for retinal regeneration (Fausett et al., 2008). In mouse, forced expression of

Ascl1 in Muller glia led to a downregulation of glial gene expression and an

acquisition of the capacity to produce retinal neurons (Pollak et al., 2013).

These observations reinforce the idea that insights gleaned from retinal cell-

fate experiments will be crucial for informing efforts to achieve regeneration

of particular retinal cells or entire retinas.

To gain further insight into the role of Acsl1 in retinal cell-fate acquisi-

tion, lineage tracing studies were performed to determine which cells had a

history of Acsl1 expression. In general, all major cell classes in the retina were

represented except for the almost complete lack of retinal ganglion cells

derived from Acsl1-positive progenitors (Brzezinski et al., 2011). This

was somewhat surprising since Acsl1-deficient retinas produce a normal

number of ganglion cells. Additionally, the other early-generated retinal
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neurons (horizontal cell, cone photoreceptors, and amacrine cells) were

overrepresented in the Acsl1-lineage, while rod photoreceptors were under-

represented (Brzezinski et al., 2011). These results indicate that the hetero-

geneity in transcription factor expression observed in retinal progenitor cells

can affect the competence of particular cells to choose a certain cell fate.

4.1.4 Additional bHLH family members
In addition to the very well-studied bHLH-transcription factors, other

bHLH-transcription factors are also expressed in the developing retina

(Blackshaw et al., 2004; Trimarchi et al., 2008) and are, most likely, also

involved in retinal cell-fate determination. For instance, deletion of Bhlhb5

in the mouse results in a decrease in GABAergic amacrine cells and a subset

of bipolar cells (Feng et al., 2006). Olig2, another bHLH from the Olig sub-

family, is expressed in only a small subset of retinal progenitor cells (Hafler

et al., 2012). Cone photoreceptors, horizontal cells, amacrine cells, and

bipolar cells all displayed a history of Olig2 expression. Overexpression of

Olig2, however, did not convey any specific cell fate, but rather led to a gen-

eral cell cycle exit (Hafler et al., 2012). In addition, loss of Olig2 did not lead

to any observable cell-fate defect (Hafler et al., 2012). These results point to

the fact that distinct bHLH factors have distinct roles in retinal cell-fate

determination. Further studies will be required to fully elucidate any over-

lapping and combinatorial roles these transcription factors might play.

Pancreas transcription factor 1a (Ptf1a) is a bHLH factor that had been

linked to cell-fate acquisition in the developing pancreas (Kawaguchi

et al., 2002). Lineage tracing analyses in the retina showed that only hori-

zontal and amacrine cells have a history of expressing Ptf1a (Fujitani

et al., 2006; Nakhai et al., 2007). Loss of Ptf1a in the developing mouse ret-

ina led to a complete loss of horizontal cells, a significant decrease in

amacrine cells and a corresponding increase in ganglion cells (Fujitani

et al., 2006; Nakhai et al., 2007). Along these same lines, overexpression

of Xenopus Ptf1a led to an increase of GABAergic cell types, such as hor-

izontal and amacrine cells (Dullin et al., 2007).While it is currently unclear if

Ptf1a will be sufficient to drive amacrine and horizontal cell fates in the

mouse, these experiments demonstrate that this bHLH factor is a key player

in the cell-fate determination of horizontal and amacrine cells.

4.2. Homeodomain-containing transcription factors
Homeotic genes are perhaps most well known for the Drosophila mutants

where one body segment has transformed into another such that the mutant
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flies can have a pair of legs emanating from their head (Gehring and Hiromi,

1986). However, homeodomain-containing proteins can regulate many dif-

ferent developmental processes including cell-fate determination. These

proteins contain a widely conserved homeobox domain that is 180 bp in

length and is responsible for conferring sequence-specific DNA-binding

activity on this set of transcriptional regulators (Gehring et al., 1994).

Homeodomain-containing transcription factors are well known for their

importance in the initial formation of the eye field itself (Zuber et al.,

2003), but we will not discuss these roles in detail here. Not surprisingly,

many homeodomain transcription factors are involved in the determination

of particular retinal fates and we will discuss several examples here to provide

a framework for understanding the functions of this family.

Visual system homeobox 2 (Vsx2), formerly known as Chx10, is one

member of the homeodomain transcription factor family. Mice that harbor

a mutation in the Vsx2 gene display microphthalmia (small eye) (Burmeister

et al., 1996), primarily due to the upregulation of a cyclin-dependent kinase

inhibitor, p27Kip1, in retinal progenitor cells (Green et al., 2003). In fact,

removal of p27Kip1 in a Vsx2 mutant mouse significantly rescues the small

eye phenotype by restoring progenitor cell proliferation (Green et al.,

2003). However, these mice also showed that Vsx2 is critically important

for the production of bipolar cells, as they are absent in both Vsx2 mouse

models (Burmeister et al., 1996; Green et al., 2003). Vsx2 is not simply

instructive for bipolar cell production on its own. This is observed through

Vsx2 overexpression experiments that led to an increase in Muller glia cells

(Hatakeyama et al., 2001). However, when Vsx2 was expressed in combi-

nation with either of two bHLH proteins, Math3 or Mash1, an increase in

bipolar interneurons was observed (Hatakeyama et al., 2001). These exper-

iments demonstrate that homeodomain proteins play important roles in spe-

cific retinal cell fates and that combinations of transcription factors from

different families will prove critical for driving cell-fate acquisition in differ-

ent retinal cell types.

A second homeodomain transcription factor expressed during retinal

development is Otx2 (Baas et al., 2000). Conditional removal of mouse

Otx2 in the retina leads to a complete loss of photoreceptor and bipolar cells

with a corresponding increase in several different types of amacrine cells

(Koike et al., 2007; Nishida et al., 2003). Misexpression of Otx2 in P0

rat retinas promotes a photoreceptor cell fate at the expense of the other

late-generated cells (amacrine, bipolar, and Muller glia) (Nishida et al.,

2003). These results point to Otx2 as a key inducer of the photoreceptor
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fate and, perhaps, as a repressor of the amacrine fate. It is noteworthy that a

highly related transcription factor, Crx, is not involved in photoreceptor cell

fate, but rather in the further downstream terminal differentiation of pho-

toreceptors (Chen et al., 1997; Furukawa et al., 1997). This indicates that

there is an exquisite specificity operating at the level of these cell-fate-

inducing transcription factors. In fact, it has recently been demonstrated that

another homeodomain transcription factor, Rax, can activate the Otx2 pro-

moter, while the Notch pathway has been implicated in the repression of

Otx2 (Muranishi et al., 2011). Deciphering the interplay of these intrinsic

mechanisms and extrinsic signaling pathways is an important future direction

for gaining a complete understanding of how retinal cell-fate determination

is controlled.

Retinal homeobox 1 (Rax) is homeodomain-containing transcription

factor that is essential for the development of the eye (Mathers et al.,

1997). Retroviral misexpression of Rax resulted in an inhibition of neuro-

genesis and a promotion of Muller glia formation (Furukawa et al., 2000).

This glial induction may be occurring through a Notch1-dependent mech-

anism (Furukawa et al., 2000). However, it is still not known what role

endogenous Rax is playing in retinal cell-fate determination, since removal

of murine Rax results in a complete loss of eyes. A fuller understanding of

the role of Rax in cell-fate determination awaits the characterization of cell-

type-specific knockout mice. One potential hint as to the role of Rax in

individual cell types come from studies on the zebrafish homologues.

Zebrafish contain three Rax-related genes (rx1, rx2, and rx3).

Morpholino-mediated knockdown of either rx1 or rx2 during the period

of photoreceptor production led to a decrease in many photoreceptor-

expressed mRNAs (Nelson et al., 2009). Through the use of these “late-

injected morphants” these studies were able to reveal a possible role for

rx genes in the acquisition or maintenance of the photoreceptor fate.

The paired-type homeobox transcription factor Pax6 has powerful func-

tions in eye development. It is essential for the development of the eye field

and, when overexpressed in Drosophila, generates ectopic eyes on wings,

legs, and antennae (Grindley et al., 1995; Halder et al., 1995; Nornes

et al., 1998). To bypass the early requirement for Pax6 and to better under-

stand its downstream cell-fate effects, the gene was conditionally inactivated

in older retinal progenitor cells. In the absence of Pax6, progenitor cells sur-

prisingly produced only amacrine interneurons (Marquardt et al., 2001).

The mechanism by which Pax6 normally controls the multipotency of pro-

genitor cells is still unclear, but it most likely involves the regulation of a
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network of other transcription factors. For example, Pax6 has been shown to

positively regulate the bHLH factor Math5 and negatively regulate the pho-

toreceptor transcription factor Crx (Oron-Karni et al., 2008; Riesenberg

et al., 2009a). It will be important, as part of future studies, to fully define

the gene networks downstream of Pax6 and to link each of those networks

to specific functions of this important transcription factor.

Other homeodomain-containing transcription factors also play signifi-

cant roles in retinal cell-fate acquisition. When both of the Distal-less

homeobox proteins Dlx1/Dlx2 are removed from the retina, a subset of

the ganglion cell population is absent (de Melo et al., 2005). These

double-knockout mice are embryonic lethal so it is difficult to discern

the precise downstream targets of the Dlxs and whether they play any addi-

tional roles in other cell types. Postnatal misexpression of the homeodomain

transcription factor Prox1 led to an increase in horizontal cells (Dyer et al.,

2003). Along the same lines, deletion of mouse Prox1 led to the complete

absence of horizontal cells demonstrating that this factor is both necessary

and sufficient for the production of horizontal cells (Dyer et al., 2003). These

experiments also showed a potential role for Prox1 in amacrine cells, rod

photoreceptors, and Muller glia (Dyer et al., 2003). As with all the other

factors involved in retinal cell determination, it will be of interest to delin-

eate the exact downstream targets that are involved in the cell-fate controls

of the different retinal cell types.

4.3. Other transcription factors and their effects on retinal
cell fate

While the bHLH and HD families are two of the largest with identified roles

in retinal cell-fate determination, there are many additional intrinsic factors

that also influence retinal cell fate. Many members of the forkhead/winged

helix family of transcription factors are expressed in the developing retina

(Trimarchi et al., 2008). Mice deficient for one of these members, Foxn4,

show a near complete loss of amacrine cells, a complete ablation of horizon-

tal cells and an increase in photoreceptor cells (Li et al., 2004). Misexpression

of Foxn4 results in the overproduction of amacrine cells, showing that

Foxn4 is both necessary and sufficient for this retinal cell fate (Li et al.,

2004). The downstream mechanisms through which Foxn4 exerts its effects

are still being worked out, but this factor has been shown to impact numer-

ous pathways, including upregulating bHLH and HD transcription factors

and influencing Notch activity through the regulation of a Delta (Dll4)

(Li et al., 2004; Luo et al., 2012). Given the plethora of Forkhead factors
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expressed during retinal development, it will be of interest to determine the

phenotypes of all the others, alone or in combination.

Undoubtedly, we have only scratched the surface in our understanding

of the roles played by different transcription factors and their downstream

networks in retinal cell-fate determination. We have highlighted some of

the larger transcription factor families in this review, but there are certainly

additional factors that we have omitted. Each year, phenotypes related to

additional factors are identified and added to our growing knowledge of

the cell-fate process. In the future, the biggest challenge will be to integrate

all of these distinct factors and their regulatory networks into a comprehen-

sive snapshot of how the cell-fate programs are initiated and executed to

produce not only each retinal cell type, but their subtypes as well. With this

information in hand, we will be better able to produce or regenerate any

retinal cell types that may be dying or dysfunctional in different retinal

disorders.

5. RECENT DISCOVERIES CONTRIBUTING TO RETINAL
FATE DECISIONS

5.1. Noncoding RNAs
Throughout this review thus far, we have focused on classic experiments and

well-studied effectors of cell-fate decisions. However, since the large-scale

Encyclopedia of DNA elements (ENCODE) project revealed that�75% of

the human genome is transcribed (Djebali et al., 2012), we must reevaluate

the repertoire of potential cell-fate factors and consider some that have been

largely ignored. Included among these factors are long noncoding RNAs

(lncRNAs), opposite strand transcripts (OSTs), and micro-RNAs

(miRNAs). These different RNA species are expressed in a number of

CNS locations (Maiorano and Hindges, 2012), including the retina, and

although their exact mechanisms of action are still being actively investi-

gated, it is clear that these types of RNAs can play important roles in the

cell-fate acquisition process in the developing retina.

5.1.1 LncRNAs and OSTs
Different types of lncRNAs have been found in many distinct regions of the

nervous system (including the retina) throughout development (Mercer

et al., 2008). One of the more abundant lncRNAs present in the developing

retina, retinal noncodingRNA#2 (RNCR2), is a long (9 kb) nuclear RNA

originally found in a SAGE screen of retinal expressed transcripts (Blackshaw
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et al., 2004). Decreasing the levels of RNCR2 in the retina led to an increase

in both amacrine cells and Muller glia, revealing that this lncRNA normally

acts to block the generation of these cell types (Rapicavoli et al., 2010).

However, RNCR2 was only necessary and not sufficient for the cell-fate

specification of amacrine cells and Muller glia as overexpression of this

lncRNA failed to produce an increase in these cells (Rapicavoli et al.,

2010). Intriguingly, mislocalization outside of the nucleus led to the same

phenotype as RNCR2 knockdown, demonstrating that whatever function

RNCR2 plays in retinal cell-fate determination occurs in the nucleus

(Rapicavoli et al., 2010).

OSTs have been observed for numerous retina-expressed genes, most

prominently the homeodomain transcription factors (Alfano et al., 2005).

These noncoding RNAs derive their names from the fact that their tran-

scription begins nearby in the promoter of a well characterized gene and

proceeds in the opposite direction (Rapicavoli and Blackshaw, 2009).While

it has been tempting to speculate that the function of these OSTs would

involve the regulation of their counterpart “sense” transcript, there has been

little evidence to back up this hypothesis. Gain and loss of function exper-

iments targeting one particular OST, Six3OS, have shown its important role

in retinal cell-fate acquisition (Rapicavoli et al., 2011). Removal of Six3OS

expression resulted in retinas with fewer bipolar cells and a concomitant

increase in Muller glia cells (Rapicavoli et al., 2011). Further experimenta-

tion revealed that Six3OS could act to regulate the transcription factor Six3,

but that SixOS might also influence retinal cell fate through a Six3 indepen-

dent mechanism (Rapicavoli et al., 2011). The precise mechanism by which

Six3OS regulates cell fate appears to be through the recruitment of transcrip-

tional repressive complexes to DNA sites, including those of Six3 target

genes (Rapicavoli et al., 2011). These complexes contain members of the

polycomb family of repressor proteins along with histone-modifying

enzymes, but their exact biochemical composition still remains to be iden-

tified. These results, as well as those concerningRNCR2 above, suggest that

lncRNAs play critical and varied roles in the cell-fate determination of many

different retinal cell types, but it will take time and further experiments are

needed to fully elucidate the precise mechanisms these novel RNA species

play in retinal development.

5.1.2 Dicer and miRNAs
miRNAs are small (21 nucleotide), enzymatically processed RNAs that can

regulate gene expression by binding to a complementary mRNA sequence
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and targeting that mRNA for either destruction or translational inhibition

through association with the RNA-inducing silencing complex (Maiorano

and Hindges, 2012). Numerous profiling studies have been performed to

identify all of the miRNAs expressed during retinal development

(Hackler et al., 2010; Karali et al., 2010). While informative, these studies

did not address questions of functionality for these miRNAs.

Dicer is an RNA endonuclease required for the processing of miRNAs.

Mice deficient for this enzyme have been constructed, but these mice die

during early embryonic development (E7.5) (Bernstein et al., 2003), making

it impossible to assess the global role of miRNAs in these mice. Therefore, to

study the effects of Dicer loss on the fates of developing retinal cells, a con-

ditional knockout strategy had to be employed. Accordingly, the Dicer gene

was flanked by LoxP sites (floxed) and has now been deleted in the retina by

crossing it to multiple different cre-expressing mouse lines. Surprisingly,

these distinct Dicer retinal conditional knockout mice have yielded different

phenotypes. We will review each of them here and attempt to reconcile

these disparate results.

The first retinal-specific knockout inactivated Dicer using a transgenic

Chx10-cre mouse (Damiani et al., 2008). No defects were observed in the

Dicer-deficient retinas during early development of the Dicerflox/Dicerflox;

Chx10-cre mice (Damiani et al., 2008). In fact, all of the different retinal

cells were present, indicating that retinal progenitor cells acquired their cell

fates normally in the absence of Dicer. However, as the mice matured, pho-

toreceptor rosettes developed and it became apparent that the vision of these

mice was compromised (Damiani et al., 2008). These results suggest that

Dicer is not required for early retinal development, but rather functions

in the maintenance of a wild-type retina. One caveat to these experiments

is the fact that the Chx10-cre is mosaic in its expression in the developing

retina (Rowan and Cepko, 2004). Along these lines, a spot-check of

miRNA expression in the Dicerflox/Dicerflox;Chx10-cre mice showed sev-

eral miRNAs were present at wild-type levels as late as one month of age

(Damiani et al., 2008). These observations provide a potential explanation

for the lack of a developmental phenotype in these mice and led to the

generation of additional Dicer-deficient mouse models.

Further insight into Dicer’s role in retinal development was gained by

crossing the floxed Dicer mice to the aPax6cre mice (Dicerflox/Dicerflox;a
Pax6cre). In this conditional mouse there were clearly observable defects in

retinal cell fate. There was an increase in early-born retinal cell types, such

as ganglion and horizontal cells and a corresponding failure of later-born cell
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types, such as rod photoreceptors and Muller glia to be generated (Georgi

and Reh, 2010). Additionally, the developmental time window during

which ganglion cells are produced was extended beyond the normal range

(Georgi and Reh, 2010), indicating that miRNAs are strong candidates to

control the changes in competence of retinal progenitor cells. To attempt to

explain these phenotypes, Notch signaling was examined and found to be

decreased in the Dicer conditional knockout animals (Georgi and Reh,

2011). However, overexpression of a constitutively active Notch protein

(NICD) failed to rescue all the phenotypes of the Dicer knockout mice,

except for a restoration of the number of horizontal cells generated

(Georgi and Reh, 2011). To further elucidate the role of Dicer in retinal

development, two additional cre-expressing mice (Dkk3-cre and Rx-cre)

have also been crossed to the floxed Dicer mice. In each of these mice, a

small eye phenotype was observed due to massive increases in cell death

in the developing retina, but no changes in cell fate were reported (Iida

et al., 2011; Pinter and Hindges, 2010). Taken together, the results from

these Dicer-deficient mice reveal that miRNAs are critical and potent con-

trollers of both retinal cell-fate determination and retinal competence and

that different miRNAs most likely operate at distinct time points during

development.

The challenge that remains involves deciphering which miRNAs are

operating to control each of the different Dicer phenotypes. Recently, there

has been progress in this area. Three miRNAs (let-7, miR-9, and miR-125)

were identified as upregulated during the early embryonic developmental

time window (La Torre et al., 2013). Expression of these miRNAs led to

a significant decrease in the number of horizontal and ganglion cells pro-

duced, while antagonizing these miRNAs led to an increase in the numbers

of these cells (La Torre et al., 2013). Perhaps most informative, introduction

of these three miRNAs into the Dicer-deficient retinas significantly rescued

the production of later-born rod photoreceptors, but not later-born bipolar

cells (La Torre et al., 2013). Two potential target genes, Lin28b and Prot-

ogenin, were also identified and shown to be capable of extending the early

competence window in a similar fashion as the miRNAs (La Torre et al.,

2013). These experiments demonstrate that different RNA species, besides

just the traditional mRNAs, can have profound effects on retinal develop-

ment and cell-fate acquisition. Integrating the functions of these noncoding

RNAs with those of the more “traditional” intrinsic and extrinsic factors

will lead to a more comprehensive picture of how retinal cells decide on

a specific cell fate.
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5.2. Epigenetics
5.2.1 Methyltransferases
Epigenetic modifications are also a potential source of regulation of cell-fate

decisions in the developing retina. In general, DNA methylation and mod-

ifications to histone proteins are the twomost prominent epigenetic changes

that have been linked to stable alterations in gene expression ( Jaenisch and

Bird, 2003). At themoment, it is not clear what exact role DNAmethylation

plays in the acquisition or maintenance of retinal cell fates, but DNA meth-

yltransferase enzymes, which are responsible for transferring the methyl

group to DNA, are expressed in the developing retina (Nasonkin et al.,

2011). Their expression places them in the right place and the right time

to exert significant effects on the expression of key genes involved in

cell-fate decisions.

In addition to direct DNAmethylation, methylation of lysine residues in

histone proteins has been shown to affect gene transcription and to correlate

with cellular differentiation (Mohn and Schubeler, 2009). G9a histone

methyltransferase, which is expressed at high levels in the developing retina,

is an enzyme that can di-methylate the lysine residue at position 9 in histone

H3. In a G9a conditional knockout mouse, there is a significant increase in

cell death throughout development and an extension of the window in

which cycling progenitor cells can be detected (Katoh et al., 2012). Some-

what surprisingly, however, cell-fate determination appears not to have

been affected in these mice, even though differentiation of all retinal cell

types has been compromised (Katoh et al., 2012). How DNA methylation

and histone methylation may be coordinated to regulate gene expression

during retinal cell-fate acquisition is an open question. Future experiments

will examine the roles of these methylation marks in specific cell types and at

specific time points of retinal development.

Epigenetic factors do not act in isolation and, in fact, are most likely

coordinated with many or all of the intrinsic transcription factors discussed

earlier. Along those lines, repressive complexes containing chromatin rem-

odeling proteins and histone methyltransferases have profound impacts on

the activity of transcription factors that control retinal cell fate. Blocking

the function of these complexes inhibits most retinal neuron fates and leads

to an expansion in Muller glia cells (Aldiri et al., 2013). Furthermore, it has

been shown in chicken that as the expression of the bHLH-transcription fac-

tor Cath5 increases, so does the methylation of lysine 4 on histone H3

(Skowronska-Krawczyk et al., 2004). The Cath5 promoter sequences affect

the methylation of lysine 4 only in the retina and only around the time of
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ganglion cell production (Skowronska-Krawczyk et al., 2004). The fact that

this activity is highly regulated suggests that the retina has its particular set of

histone marks (histone “code”) operating during development and that this

code could be different for different transcription factor networks active as

different cells acquire their final cell fates.

5.2.2 Histone acetylation
Covalent modifications of the tails of histone proteins play important regu-

latory roles in activation and repression of transcription (Jenuwein and Allis,

2001). Perhaps the most well-studied histone modification is histone lysine

acetylation. Enzymes called histone acetyltransferases catalyze the addition

of an acetyl group onto conserved lysine residues in histone tails while his-

tone deacetylases (Hdacs) remove these acetyl groups. In general the pres-

ence of acetylated lysine residues correlates with an “open” chromatin

conformation and, therefore, an increase in gene transcription, while the

removal of the acetyl group is most often associated with gene repression

(Roth et al., 2001). The exact role of these enzymes in retinal cell-fate deter-

mination is currently under investigation. In zebrafish, mutations in Hdac1

lead to a compromised ability of retinal progenitor cells to exit the cell cycle

(Yamaguchi et al., 2005). Hdac1 was further shown to downregulate both

the Wnt and Notch signaling pathways leading to cell cycle exit and neuron

production (Yamaguchi et al., 2005). Any role for this enzyme in the cell-

fate decisions of specific retinal cell types is currently unknown though.

These roles most likely exist since pharmacological removal of histone

deacetylase activity in retinal cultures led to a loss of rod photoreceptor cells

and Muller glia with a concomitant increase in bipolar cells (Chen and

Cepko, 2007). Additional retina-specific removal of the enzymes that con-

trol these chromatin alterations should increase our understanding of the

precise role that the histone modifications play in determining and

maintaining different retinal cell fates.

6. “OMICS” APPROACHES TO UNDERSTANDING
RETINAL CELL-FATE DECISIONS

6.1. Whole retina studies
Classic studies designed to identify and characterize retinal cell-fate determi-

nants traditionally focused on the role of a single factor or, in rare instances,

several factors simultaneously. However, it is undoubtedly combinations of

genes (networks) that work together in concert to produce the distinct types
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and subtypes of retinal neurons. Therefore, in the search for intrinsic and

extrinsic factors that work together to drive the fate of retinal progenitor

cells, it is important to leave no stone unturned. Forward genetics, the tech-

nique by which an interesting phenotype (such as microphthalmia or lack of

optic nerve development) is discovered and studied to determine its genetic

root, is an extremely powerful approach to determine genes that drastically

affect large-scale developmental cascades. However, many genes may be

missed by forward genetics. A converse approach, called reverse genetics,

starts with a gene in mind and works backward to determine the role that

gene plays in a system. The process of reverse genetics may seem less exciting

at first, but it allows for a much more thorough understanding of develop-

mental factors. The key to a reverse genetics approach is knowing the

transcriptome—the full collection of mRNA transcripts that are expressed,

whether in the whole retina, a subset of retinal cells, or just within a single

developing cell. Many recent studies have tackled the problem of identifying

all the mRNA transcripts associated with different stages of retinal develop-

ment and distinct retinal cell populations.

Several groups have examined retinal gene expression using microarrays

or expressed sequence tag-based approaches to catalog all the transcripts

expressed at distinct times during normal retinal development (Chowers

et al., 2003; Livesey et al., 2004; Swaroop and Zack, 2002). Additionally,

comparisons of transcriptomes between wild-type and mutant organisms

can help to reveal previously uncharacterized factors involved in the devel-

opment of particular retinal cells. For instance, a screen for genes differen-

tially expressed between embryonic day (E)14.5 wild-type and Brn3b

knockout mice revealed a host of candidate genes to be tested for their func-

tional roles in ganglion cell development (Mu et al., 2001). Additionally,

comparisons have been made between the transcriptomes of wild-type mice

and Math5-deficient mice at multiple developmental time points. These

microarray experiments revealed a wealth of potential downstream targets

of Math5 that may be important in the cell-fate determination of several

early-generated retinal cell types (Mu et al., 2005). As with all of these

large-scale profiling studies, the future challenge is to understand which

of these genes are the critical cell-fate regulators and how all of these differ-

ent genes work together to produce the different retinal cells.

To further expand our knowledge of gene expression, serial analysis of

gene expression, or SAGE, was employed at 2-day intervals throughout

retinal development (Blackshaw et al., 2004). This technique has the added

advantage of not relying solely on those genes that are spotted down on a
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microarray. Additionally, this study further characterized the expression of

>1000 genes by in situ hybridization (Blackshaw et al., 2004). Mining this

dataset has already identified transcription factors and signaling molecules

that could play key roles in setting up distinct cell-fate choices. As sequenc-

ing techniques have improved, RNA-seq has now become a widely used

profiling technique. Thus far it has only been used to identify mRNAs

expressed in the adult retina (Gamsiz et al., 2012), but it will soon be

utilized for multiple different time points. RNA-seq allows for the identi-

fication of novel splice isoforms and long noncoding RNAs to add to the

repertoire of potential cell-fate determinants (Wang et al., 2009). These

studies will continue to produce candidate factors for study for many years

to come.

6.2. Single cell studies
Since the developing retina contains a complex mixture of uncommitted

retinal progenitor cells and different cell types in various stages of maturation

(Young, 1985a), identifying programs that drive distinct cell fates is chal-

lenging with classic whole tissue approaches. Given these issues, single

cell-based profiling techniques were adapted to retinal cells to achieve the

resolution necessary to examine gene networks in even rare cell types. After

retinal dissection and dissociation, individual cells were isolated using a small

glass needle and cDNA libraries were generated through amplification-

based strategies (Goetz and Trimarchi, 2012). The resulting microarray data

from these single cell libraries revealed a treasure trove of marker genes for

mouse retinal progenitor cells at different stages of development (Trimarchi

et al., 2008) and, specifically, for developing retinal ganglion and amacrine

cells (Trimarchi et al., 2007). In addition to the new markers, the single

cell retinal profiling studies revealed a surprising level of gene expression

heterogeneity, even among retinal progenitor cells isolated from the same

embryonic time point (Trimarchi et al., 2008). Much of this observed

heterogeneity was observed to derive from the differential expression of

transcription factors from diverse sets of transcription factor families, includ-

ing those described in this review and many others. Despite this wealth

of expression-based information, precisely how these genes work together

to produce each specific type and subtype of retinal neuron is not fully

understood. A combination of more sophisticated computational tools

and functional studies will be necessary to generate a more complete picture

of the role(s) for each of these genes in retinal cell-fate determination.
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Since it was known that retinal progenitor cells change their competence

as they progress through developmental time (Cepko et al., 1996) and that

this progression appeared to be largely controlled by intrinsic mechanisms

(Cayouette et al., 2003), one would predict that clusters of genes would

track specifically with either early or late single retinal progenitor cells.

While this was indeed found to be the case, the number of genes and their

expression patterns proved to be a surprise. Only a single gene, Secreted

frizzled-related protein 2 (Sfrp2), was found to be broadly expressed primar-

ily in early embryonic progenitor cells. A handful of additional genes showed

expression that was restricted to early progenitor cells, but each of these

genes was only observed in a small subset of cells. What these results mean

in terms of the competence model of retinal development remains unclear.

Perhaps competence is not driven by changes in mRNAs expressed in pro-

genitor cells, but rather by changes in protein expression (see Ikaros),

changes in miRNA expression, or some combination of both. Alternatively,

the gene expression heterogeneity revealed by the single cell profiling could

be pointing to a more stochastic model of retinal development. No matter

whichmodel proves to be ultimately correct, collecting more single cell pro-

files will help to sort through the meaning of all the gene expression hetero-

geneity. For these future studies either genetically encoded or electroporated

fluorescent reporters (Cherry et al., 2009) will enable the isolation of more

specific sets of cells. This refinement, combined with the change from

microarray technology to RNA-seq technology, will expand the amount

of information collected and the number of single cells analyzed.

7. ADDITIONAL FACTORS CONTRIBUTING TO RETINAL
FATE DETERMINATION

7.1. Asymmetric versus symmetric cell divisions
Wehave discussedmany intrinsic and extrinsic factors and the roles they play

in retinal cell-fate decisions, but there are other aspects to the story. For

example, the position and activity of a progenitor cell during its progression

through the cell cycle may confer information about its final cell fate beyond

its internal composition and the nearby environmental factors. It is well

documented that the nuclei of cycling progenitor cells follow a predictable

progression (Dyer and Cepko, 2001b). They migrate to the apical, or outer,

surface of the retina to undergo mitosis. As they move forward through the

first gap (G1) phase, these progenitor cells shift basally, toward the vitreal

surface of the retina. At their basal nadir, progenitor cells pass through G1
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and start the S-phase of the cell cycle. They then move apically in G2 phase

before entering mitosis again at their apical peak. By studying the kinetic

trends of progenitor cells, it was found that cells that travel much farther

basally than their neighbors tend to generate two neurons instead of another

proliferating progenitor cell (Baye and Link, 2007). However, whether this

phenomenon is linked to specific retinal fates or just neurogenesis in general

remains to be determined.

In Drosophila and Caenorhabditis elegans, asymmetric distribution of cell-

fate determinants prior to cell division is widely known to bias the cell-fate

decision-making process (Roegiers and Jan, 2004). Uneven distribution of

mRNAs or proteins within a dividing parent cell can produce different fates

between its two daughter cells. One identified factor that is asymmetrically

localized at mitosis is Numb, a negative regulator of Notch. When Numb is

misexpressed in a progenitor cell, it has a higher chance of producing rod

photoreceptors at the expense of amacrine cells, bipolar cells and Muller glia

(Cayouette and Raff, 2003). Since Numb inhibits Notch signaling, these

results are consistent with those where Notch itself was perturbed. Loss

of Notch1 late in retinal development led to an increase in rod photorecep-

tors much like overexpression of Numb. Removal of Numb from the retina

leads to a corresponding decrease in asymmetric cell divisions that produce a

photoreceptor cell. However, symmetric divisions producing rod photore-

ceptors are increased, indicating that Numb is not generally required for this

particular cell fate (Kechad et al., 2012). What are the determinants that

drive rod photoreceptor fate in symmetric divisions versus asymmetric ones?

Why does there need to be a difference in how these cells acquire their fates?

The answers to these questions await further experimentation.

7.2. Cell cycle’s influence on cell fate
Underlying all of the stimuli (extrinsic and intrinsic) that influence retinal

cell fate is the fact that this process must be coordinated with cell prolifer-

ation so that the retina produces the correct amount of total cells. Many

extrinsic and intrinsic factors that we have discussed influence the cell cycle

in addition to cell fate. Cell cycle regulators also aid in the cell-fate decision-

making process and perhaps, in some cases, help drive the specification of

particular fates. One well-studied factor that is critically involved in the reg-

ulation of cell cycle exit is the retinoblastoma tumor suppressor protein (Rb)

(Weinberg, 1995). Conditional knockout mice where Rb is deleted from

the retina do in fact show a defect in the ability of progenitor cells to exit
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the cell cycle (Zhang et al., 2004). Interestingly, loss of Rb also leads to the

production of fewer rod photoreceptors specifically (Zhang et al., 2004).

This cell-fate phenotype occurs only in rod photoreceptors and is separate

from the effect of Rb loss on the cell cycle. Instead, transcription factors that

are important for rod development, such as Nrl, are absent in Rb-deficient

retinas (Zhang et al., 2004). These results demonstrate that factors can play

different roles in determining different cell fates and that, for some factors,

their cell cycle roles are separate from other roles in cell-fate determination.

Another family of cell cycle regulators, the cyclin kinase inhibitors

(CKIs), can block the cell cycle at a number of places and, in some contexts,

promote differentiation. Overexpression of a CKI from Xenopus, p27Xic1,

inhibits retinal progenitor cell proliferation, but also shows a specific cell-fate

effect. Muller glia cells are increased, while bipolar cells are decreased

(Ohnuma et al., 1999). Interestingly, the domain that is responsible for

kinase inhibition was not required to facilitate the cell-fate switch,

suggesting a potential novel mechanism (Ohnuma et al., 1999). Both gain

and loss of the mouse homolog of this CKI, p27Kip1, show cell cycle phe-

notypes in a similar fashion as p27Xic1. However, in the case of the mouse,

neither gain nor loss of function showed significant alterations in any retinal

cell fates (Dyer and Cepko, 2001a). Perturbation of another related mouse

CKI, p57Kip2, displays aspects of both a cell cycle and cell-fate phenotype,

much as in the case of Xenopus. When p57Kip2 was removed from embry-

onic retinal progenitor cells, these cells could not properly exit the cell cycle

and subsequently died (Dyer and Cepko, 2000). On the other hand, when

p57Kip2 was removed from postnatal retinal progenitor cells, there was an

increase in amacrine cells (Dyer and Cepko, 2000). All of these experiments

point to the precise regulation of intrinsic factors (transcription factors and

otherwise) in response to extrinsic cues leading to a coordinated exit from

the cell cycle and the acquisition of specific retinal cell fates. It is important to

consider how all of these processes are coregulated when examining any

experimental results dealing with cell-fate determination.

8. RECENT PERSPECTIVES

8.1. New models of retinal cell-fate acquisition: Stochastic
models

A discussion of the influences that different intrinsic and extrinsic factors can

have on the acquisition of different retinal cell fates suggests that retinal pro-

genitor cells are enacting discrete programs that lead to the reproducible
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production of particular types of cells. These programs are represented in the

deterministic model of cell-fate determination (Fig. 7.3A). Perhaps, themost

infamous example of such a deterministic organization of cell fate occurs in

C. elegans. Researchers have discovered the identity and number of all the

cells in this nematode and even have mapped out the lineages for all cells, as

they do not change from one animal to another (Hobert, 2010). While the

case ofC. elegans is an extreme one, it has been presumed for some time that

cell-fate determination generally follows the same basic rules. In the retina

this would be that cells enact a specific intrinsic program, at a specific time

and specific position. The results of that intrinsic cell-fate program would be

the production of a specific cell type. This program would be the same each

time this particular retinal neuron type was produced. As development

proceeds, the competence of the progenitor cells would change, but the

intrinsic programs they enact would be the same for any particular cell type.

However, more recent data suggest that not all the cell-fate decisions of

retinal progenitor cells are deterministic, but instead there may be more

randomness to these decisions than was previously appreciated (Fig. 7.3B).

Stochastic cell-fate determination has been demonstrated in Drosophila

eye development, where progenitors are randomly recruited to clusters of

eight photoreceptors, or ommatidia, and adopt a photoreceptor fate based

on their position and timing of recruitment. Extracellular Notch/Delta sig-

naling plays a critical role in the differentiation of cells in the ommatidia.

Progenitor cells are initially indistinguishable until small changes in the cells’

reaction to Notch signals initiate feedback loops to differentiate those cells

further ( Johnston and Desplan, 2008). Removal of the sevenup gene, which

is repressed by Notch and is necessary to generate R1 and R6 photorecep-

tors, prevents progenitor cells from developing properly, and leaves them to

decide randomly between an R7 or an R8 photoreceptor fate (Miller et al.,

2008). The cells forced into these fates decide to become either R7 or R8

regardless of spatial considerations, and express genes specific to one photo-

receptor type completely exclusively of the other (Miller et al., 2008).

The gene networks involved in the cell-fate decision-making process in

vertebrates are complex and dynamic, which impedes experiments designed

to differentiate between a stochastic and deterministic model. To begin to

gain insight into which process is operating, researchers first set out to under-

stand the types of divisions that progenitor cells undergo. These divisions can

be classified as proliferative (generating two new progenitors), self-renewing

(generating one progenitor cell and one differentiated retinal cell), and ter-

minal (generating two nonproliferative retinal cells). In zebrafish, marked
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lineages of progenitor cells were monitored through multiple cell divisions

and the resulting data used to generate a mathematical model of retinal

development. The best model to explain the data was one where the pro-

genitor cells produced progeny without adherence to a strictly deterministic

pattern (He et al., 2012). The model is not consistent with a fully stochastic

model either, but rather one in which progenitor cells make “random” cell-

fate choices based on a weighted probability that changes throughout devel-

opment (Fig. 7.3). Interestingly, this study also showed that the bHLH factor

ath5 can “tip the scales” in favor of ganglion cell production, linking a factor

with a wealth of previous literature to this newmodel of retinal development

(He et al., 2012). This probabilistic mode of cell-fate determination is not

unique to zebrafish. When videomicroscopy was used to monitor rat pro-

genitor cells and the cell fates they produce over time, it was found that again

Figure 7.3 Models of retinal cell-fate determination. (A) The deterministic model states
that progenitor cells are fated to produce a certain subset of retinal cells, and this deter-
mination cannot be changed. For instance, the top progenitor cell will divide to yield an
amacrine cell and a ganglion cell, whereas the bottom cell will produce a cone photo-
receptor and a rod photoreceptor. (B) The stochastic model of cell-fate determination
posits that the fate of progenitor cells is not determined, but is instead subject to chang-
ing probabilities. As shown, the probability of producing an early retinal cell versus a late
retinal cell changes throughout the development of the retina.
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the most consistent model of cell-fate acquisition was a more stochastic one

(Gomes et al., 2011). Specifically, a progenitor cell was able to generate a

late-born neuron and then an early-born retinal neuron in succession

(Gomes et al., 2011). These observations suggest a stochastic probability that

each progenitor cell could differentiate into any of a few given cell types, as

opposed to a more deterministic timed cell lineage.

8.2. Concluding remarks
As we move to the future, how are we to make sense of the strategies retinal

progenitor cells use to acquire all the distinct cell fates (both cell types and

subtypes). It is apparent that a simple model wherein cells proceed along an

intrinsically determined linear pathway and arrive at a specific fate is insuf-

ficient. It is here that single cell gene expression profiling studies will be

invaluable for revealing the gene networks operating to push cells down

one cell-fate pathway or another. Experiments performed on individual

developing retinal cells have already demonstrated an incredible amount

of gene expression heterogeneity in the cycling cell population

(Trimarchi et al., 2008). Nowhere is this more apparent than when exam-

ining different subsets of transcription factors. The challenge for the future

will be to determine just which combinations of factors are the critical ones

for biasing a progenitor cell toward one fate or another. One way that this

may be possible is by combining single cell profiling with videomicroscopy

and mathematical modeling. Recently, an algorithm was developed that

could predict, with incredible accuracy, whether a progenitor cell would

produce a neuron or not (Cohen et al., 2010). In addition, this algorithm

could, in some cases, predict which type of neuron would be generated

(Cohen et al., 2010). Using this strategy, single cells could be profiled for

their gene expression with the knowledge of precisely which cell fate they

were about to generate. Correlating this information across a multitude of

individual cells would allow for specific networks to be identified and tested

for their ability to bias the production of distinct fates. With all of this infor-

mation in hand, we will be better able to control the production of particular

cell types from stem cell populations for more efficient use in cellular

replacement strategies for retinal diseases.
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Abstract

Cell–extracellular matrix (ECM) and cell–cell adhesion systems are fundamental to the
multicellularity of metazoans. Members of phylum Cnidaria were classified historically
by their radial symmetry as anoutgroup tobilaterian animals. Experimental studyofHydra
and jellyfish has fascinated zoologists for many years. Laboratory studies, based on dis-
section, biochemical isolations, or perturbations of the living organism, have identified
the ECM layer of cnidarians (mesoglea) and its components as important determinants
of stem cell properties, cell migration and differentiation, tissue morphogenesis, repair,
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and regeneration. Studies of the ultrastructure and functions of intercellular gap and sep-
tate junctions identified parallel roles for these structures in intercellular communication
and morphogenesis. More recently, the sequenced genomes of sea anemone
Nematostella vectensis, Hydra magnipapillata, and coral Acropora digitifera have opened
up a new frame of reference for analyzing the cell–ECM and cell–cell adhesionmolecules
of cnidarians and examining their conservation with bilaterians. This chapter integrates a
reviewof literature on the structure and functions of cell–ECMand cell–cell adhesion sys-
tems in cnidarians with current analyses of genome-encoded repertoires of adhesion
molecules. The postgenomic perspective provides a fresh view on fundamental similar-
ities between cnidarian and bilaterian animals and is impellingwider adoption of species
from phylum Cnidaria as model organisms.

1. INTRODUCTION

Cnidarians are early diverging metazoans descended from a common

ancestor of both protostomes and deuterostomes (Fig. 8.1). The phylum

contains approximately 10,000 species, most of which live in the oceans

and other marine environments. The following common features define

membership in the phylum: (1) digestion takes place within a central space

called the gastrovascular cavity, with the opening to the gastrovascular cavity

performing double duty as mouth and anus, (2) surrounding the opening to

the gastrovascular cavity is an array of tentacles that help capture food, (3)

they have specialized cells called cnidocytes (“cnido” is from the Greek

word meaning “nettle”) that contain organelles known as nematocysts that

are discharged explosively and can envenomate or adhere to potential prey,

and (4) they have a trilaminate body wall composed of an outer epidermis

and inner gastrodermis (sometimes referred to as “ectoderm” and “endo-

derm”) that sandwich an extracellular matrix (ECM) layer termed the meso-

glea. Radial symmetry is often listed as another feature of the phylum, hence

their inclusion in the group Radiata. However, the radial symmetry is often

only superficial and closer examination of at least some members of the phy-

lum reveals dorsal–ventral features as well as the appropriate expression of

genes that regulate the development of the dorsal–ventral axis in bilaterian

animals (Darling et al., 2005).

Much of the morphological diversity found in phylum Cnidaria results

from the presence of two different body forms, the polyp and the medusa

(Fig. 8.2A–C). Polyps are generally sessile, with the aboral end of a cylindri-

cal body attached to the substratum and the tentacles circling the mouth at

the opposite end. This is in contrast to the swimming medusa, which often
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takes the shape of an open umbrella with the tentacles hanging from or near

the edge of the umbrella surrounding a centrally located mouth. Cnidarians

of class Anthozoa, which includes the corals and sea anemones, exist only in

the polyp form (Fig. 8.3A). Adult polyps are dioecious or hermaphroditic,

releasing sperm or oocytes into the water where fertilization takes place.

A free swimming larval stage, the planula, will metamorphose into a mini-

ature polyp. Asexual reproduction can take place through transverse or lon-

gitudinal fission, pedal laceration, or fragmentation (Fig. 8.2D). Members of

other classes of cnidarians belong to the clade Medusozoa (Fig. 8.3A). Med-

usozoans belonging to the class Scyphozoa (true jellyfish) and class Cubozoa

(the cube jellies) typically have more complex life cycles (Fig. 8.2C and D).

Scyphozoan medusae are usually dioecious, with a free swimming planula

larva developing after external fertilization. The planula becomes a sessile

polyp, and medusae are usually formed by asexual transverse budding of

the polyp. Most members of the class Hydrozoa also have polypoid and

Figure 8.1 A diagrammatic representation of one widely accepted version of the tree
of life for the unikonts showing the evolutionary relationships between representative
metazoan phyla as well as the groups considered to be most closely related to the
metazoa.
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medusoid stages in their life cycle, but some are exclusively medusae and

others exist only as polyps (Fig. 8.3A). Finally, the members of class

Staurozoa have only a medusoid stage, but the medusa has a stalk that

attaches it to the substratum.

Figure 8.2 Cnidarian morphologies and life cycles. (A) Cnidarians exist as either a polyp
or amedusa; some exist as either a polyp or amedusa at different stages of the life cycle.
Both the polyp and the medusa are composed of an outer epidermis and an inner gas-
trodermis separated by an extracellular matrix termed mesoglea. (B) A typical polyp is
illustrated by the sea anemone Anthopleura xanthogrammica. (C) A typical medusa is
illustrated by the scyphozoan Chrysaora fuscescens. (D) The life cycle of a typical antho-
zoan (sea anemone) is illustrated on the left and can involve both sexual and asexual
reproduction. The life cycle of a typical scyphozoan (jellyfish) is illustrated on the right.
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The traditional, textbook taxonomy of the cnidarians has been upgraded

in part due to closer examination of the life cycles of somemembers (Werner

et al., 1971), but also due to analysis of nucleic acid sequences. For example,

Collins et al. (2006) compared the sequences of 28S and 18S ribosomal DNA

sequences from dozens of cnidarians and concluded that the staurozoans

were a sister group to all other medusozoans, that the cubozoans and scypho-

zoans belong to the same clade, and that hydrozoans are a sister group to the

cubozoan/scyphozoan clade (Fig. 8.3A). These authors and others (Bridge

et al., 1992) also conclude that the anthozoans were the earliest class of

cnidarians to diverge from an ancient common ancestor. Cnidarians are

estimated to have diverged from the Bilateria around 750 million years

ago (Ryan et al., 2007). The fossil record of cnidarians extends back to

the Cambrian period (Cartwright et al., 2007).

Figure 8.3 The classes of cnidarians and experimental models. (A) The relationships
between the cnidarian classes as proposed by Collins et al. (2006), with key features dis-
cussed in the text indicated. Four of the many families of hydrozoans are shown to illus-
trate some of the diversity found in this particular class. (B) The anthozoan Nematostella
vectensis, the starlet sea anemone. These juvenile polyps are about 5 mm in length. (C)
The freshwater hydrozoan Hydra magnipapillata. Though outwardly similar, N. vectensis
and H. magnipapillata are representative of opposite ends of the cnidarian phylogenetic
spectrum. Note the mesenteries inside the body column of N. vectensis (B) and the asex-
ual bud on H. magnipapillata (C). The photograph of H. magnipapillata is courtesy of
Hiroshi Shimizu, National Institute of Genetics, Mishima, Japan (from the NIH Image
Gallery).
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In this review, we bring together the growing literature on the molecular

components and functions of cell–cell and cell–ECM adhesion systems in

cnidarians. This topic is of special interest at this time because the availability

of complete genome sequences for several species of cnidarians has stimu-

lated many questions about the relationships between cnidarian and

bilaterian organisms. The broad evidence for many conserved cell adhesion

networks between cnidarians and mammals is reactivating interest in cnidar-

ians as experimental models or potential sources for tissue engineering mate-

rials. We will briefly describe the organisms selected for genomic analysis

and then concentrate on the anthozoan Nematostella vectensis and the hydro-

zoanHydra magnipapillata, for both of which genome sequences are available.

In addition to discussing data on adhesion molecules and their functions

from biochemical, molecular cloning, and functional studies, and identifica-

tions from postgenomic analyses to date, we will present some novel pos-

tgenomic analyses to compare predicted proteins from these cnidarians

with those from widely studied eumetazoan experimental organisms. We

will not discuss the fascinating-related fields of ECM production in corals

(Helman et al., 2008) or the specialized ECMof nematocysts. Excellent articles

on these topics are provided by David et al. (2008), Özbek (2011), and

Balasubramanian et al. (2012).

2. CNIDARIAN GENOMES

To date the genomes of three cnidarians have been sequenced: the sea

anemone N. vectensis (Putnam et al., 2007), the hydrozoan H. magnipapillata

(Chapman et al., 2010; Steele, 2012; Steele et al., 2011), and the stony coral

Acropora digitifera (Shinzato et al., 2011). Other members of phylumCnidaria

have been the subjects of large-scale transcriptome analysis and expressed

sequence tag (EST)-sequencing projects (Iguchi et al., 2011; Siebert

et al., 2011; Soza-Ried et al., 2010; Sun et al., 2013). Such projects are

becoming a focus of interest for examining the effects of climate change

on the reef-building capacities of corals (Meyer et al., 2009; Moya et al.,

2012; Polato et al., 2011).

2.1. Nematostella vectensis
N. vectensis is the starlet sea anemone, an anthozoan that burrows in muddy

estuaries along the Atlantic and Pacific coasts of the United States, as well as

along the southern coast of England (Fig. 8.3B). It was selected to be the first

member of its phylum to have its genome sequenced because of its relatively
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small genome. Also, it is relatively easy to culture in the laboratory: the small

(1–5 cm long) sexually mature polyps can be kept in diluted sea water at

room temperature in Petri dishes on the bench top; if kept well fed with

Artemia nauplii, they spawn at regular intervals, and their offspring reach

sexual maturity in half a year or less (Hand and Uhlinger, 1992). Several lab-

oratories have refined these methods and have learned how to synchronize

the spawning to simplify studies of early development (Darling et al., 2005;

Fritzenwanker and Technau, 2002). Although established only recently as

an animal model, several 100 publications have appeared featuring this hardy

anthozoan in studies of evolution, development, differentiation, responses

to stress, and regeneration.

The genome sequence ofN. vectensiswas described by Putnam et al. (2007).

The genome contains approximately 18,000 genes encoded on 30 chromo-

somes. Approximately 12,000 of the 27,000-predicted protein-coding tran-

scripts have clear orthologs in either protostomes or deuterostomes. The

numbers of exons found inN. vectensis genes were comparable to those found

inhumans andpufferfish, and splice siteswerenearly identical.Analyses alsopro-

vided insights into theoriginsofmetazoangenes: about 80%of thegenesorgene

families shared between N. vectensis and bilaterians are also found in non-

metazoan eukaryotes. Of the remaining shared genes, the largest group (about

15%) contains genes that are novel tometazoans. These include theWnt family

of signal transduction proteins and the fibroblast growth factor family. Smaller

numbers of genes encode proteins with novel combinations of previously

evolved domains or proteins with both novel and previously evolved domains

(e.g., Notch).When the authors analyzed integrin signaling and cell–cell adhe-

sionpathways, they found thatmost of the intracellular signalingmoleculeswere

ancient, but other components contained novel domains.

2.2. Hydra magnipapillata
In contrast to N. vectensis, which is a relative newcomer to experimental

biology, members of the genus Hydra have been studied experimentally

since pioneering studies by Abraham Trembley in the eighteenth century

(Galliot, 2012). Unlike the vast majority of cnidarians, Hydra live in fresh

water. Hydra are small (up to about 1 cm, but usually only a few millimeter

long) hydrozoans that exist only as polyps (Fig. 8.3C). There is abundant

literature on the anatomy of Hydra and detailed knowledge of their cell

types. These comprise the epithelial cells of the two cell layers, cnidocytes,

nerve, muscle, and gland cells and, in the interstices of the epithelial layers,

cells of the interstitial (I) stem cell lineage (Bode, 1996; Galliot and Chera,
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2010). The species and standard wild-type strain that was selected for geno-

mic analysis, strain 105 of H. magnipapillata, is used widely for research on

development, pattern formation, and regeneration. It is interesting to note

that even though N. vectensis and H. magnipapillata share a similar outward

appearance (Fig. 8.3B and C), they diverged about 500 MYA and represent

different ends of the phylogenetic spectrum within phylum Cnidaria.

The H. magnipapillata genome (Chapman et al., 2010) contains approx-

imately 20,000 predicted protein-coding transcripts. A recent description

of the transcriptome of the closely related species Hydra vulgaris (Wenger

and Galliot, 2013) finds the number to be somewhat higher (between

24,500 and 28,000), probably because their method also identifies

pseudogenes and transposons. There has been a relatively high rate of intron

loss, with 22% of the introns shared between N. vectensis and humans lost

from H. magnipapillata. The H. magnipapillata genome also lacks many of

the homeobox genes found in N. vectensis, suggesting again that hydrozoans

in general, and Hydra in particular, are a relatively specialized and modern

group that has diverged in significant ways from the common eumetazoan

ancestor. Key signaling pathways featuring Wnt, Hedgehog, and Notch,

however, are conserved, as are many gene products required for cell–cell

and cell–ECM interactions.

2.3. Acropora digitifera
Reef-building corals are at tremendous risk from warming seawater; under-

standing their molecular foundations was a major motivating factor for

sequencing the genome of A. digitifera, a staghorn coral that is abundant

in Indo-Pacific reefs. Like N. vectensis, the staghorn corals are anthozoans,

though their polyps are partially housed in a tough calcium carbonate exo-

skeleton. Analysis of the A. digitifera genome revealed approximately 24,000

predicted genes as well as evidence thatN. vectensis and A. digitifera diverged

from a common ancestor about 500 million years ago (Shinzato et al., 2011).

To date, this genome has been studied primarily to understand the effects of

stress on corals and the molecular basis for the symbiotic relationship

between corals and photosynthetic dinoflagellates. In our review of adhesion

networks, we will therefore concentrate on N. vectensis and Hydra.

3. THE ANATOMY OF N. VECTENSIS AND HYDRA POLYPS

Though outwardly similar (Fig. 8.3B and C), the adult polyps of

N. vectensis and Hydra have significantly different internal anatomies. The
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mesoglea of Hydra is acellular (Hess et al., 1957) whereas the mesoglea of

N. vectensis contains multiple cell types (Tucker et al., 2011, 2013). In addi-

tion, both the epidermis (a.k.a. ectoderm) andgastrodermis (a.k.a. endoderm)

ofHydra containmyoepithelial cells, whereas these cells are only found in the

gastrodermis ofN. vectensis (Fig. 8.4A). The epidermis of themouth of antho-

zoans is connected to a tubular pharynx, and the gastrodermis ofN. vectensis,

like that of all sea anemones and unlike that ofHydra, is thrown into a series of

infoldings known as mesenteries (Fig. 8.4B). The mesenteries contain cell

types that give it region-specific functions. For example, projecting toward

the lumen of the gastrovascular cavity is the mesenteric filament, which con-

tains numerous cnidoblasts for neutralizing ingestedprey and ciliated cells that

circulate the cavity’s contents.Also embeddedwithin themesentery is the tes-

ticular or ovarian cyst, which bursts to release its contents into the gastrovas-

cular cavity.Within the stalk that connects the reproductive cyst to the body

wall are two sets of retractor muscles composed of longitudinal arrays of

myonemes that arise from myoepithelial cells.

Epithelial and I cells in the gastric region of the body column of Hydra

proliferate continuously. This leads to axial displacement of the cells, either

apically into the tentacles where the epithelial cells undergo terminal differ-

entiation as hypostome or tentacle cells, or basally into developing buds or

the basal disk; in the latter, cells undergo terminal differentiation to the basal

disk phenotype. With time, nonproliferating cells are lost from the extrem-

ities of the organism, thus allowing for continuous renewal of the tentacles

or foot (Fig. 8.5A). During these displacements, the epithelial cells undergo

major changes in cell shape and differentiation status. For example, epider-

mal cells are cuboidal within the body column but become spindle-shaped

upon displacement into the tentacles, due to weakening of cell–cell contacts.

Basal displacement results in differentiation to columnar, mucus-producing

cells of the basal disk (Anton-Erxleben et al., 2009). Sexual reproduction in

Hydra depends on the differentiation of gamete cells from migratory I stem

cells that aggregate and proliferate in response to environmental cues such as

temperature or nutrient availability. The surrounding epithelium forms a

temporary gonad from which gametes are released to the exterior

(Künzel et al., 2010). Hydra polyps have separate sexes and sperm- or

egg-restricted stem cells are derived from multipotent stem cells during

embryogenesis and maintained in offspring during asexual reproduction.

Grafting experiments demonstrate that the sex of polyps can be determined

by interactions between multipotent, egg-restricted, and sperm-restricted

stem cells (Nishimiya-Fujisawa and Kobayashi, 2012).
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Figure 8.4 Anthozoan anatomy. (A) A schematic of the bilaminar organization of the
body wall of an anthozoan. An outer epidermis and an inner gastrodermis sandwich
an extracellular matrix called the mesoglea. In contrast to the mesoglea of hydrozoans,
the mesoglea of Nematostella vectensis is cellular. Note the diversity of cells making up
the two epithelial layers. Some cells form long muscle-like processes called myonemes.
Others are the specialized cnidoblasts (indicated by lightning bolts). (B) The gas-
trodermis of N. vectensis forms double-layered mesenteries that project into the gastro-
vascular cavity from the body wall. Longitudinally arrayed myonemes are found in the
retractor muscle. Gonadal cysts will burst and release either sperm or eggs into the gas-
trovascular cavity. The central free edge of the mesentery is the mesenteric filament,
which contains ciliated cells, secretory cells, and batteries of cnidoblasts. (C) Electron
microscopy reveals the organization of the mesoglea found in the body wall of an adult
N. vectensis. Note the bundles of faintly striated fibrils that in this section are running
parallel to the myonemes of the body wall. (D) Mesoglea ultrastructure is different in
different parts ofN. vectensis. In themesenteric filament the extracellular matrix is sparse
(arrowheads). Note the fuzzy basal lamina underlying the gastrodermis. Scale bars:
100 mm (B), 250 nm (C) and 500 nm (D).
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4. ECM IN CNIDARIANS

4.1. The ultrastructure and mechanical properties
of mesoglea

The mesoglea of Hydra includes meshwork-like basal laminae (Davis, 1975)

as well as ground substance, fibrils of between 5 and 50 nm diameter, 10-nm

thick fibrils that are typically beaded in appearance, and thicker and clearly

Figure 8.5 Organization of the Hydra polyp and methods used to study regeneration in
Hydra. (A) Schematic view of a Hydra polyp with the main regions of the body column
labeled. Gray shading indicates the regions of nonproliferative epithelial cells in the ten-
tacles and basal disk. Dotted arrows indicate the apical or basal movement of prolifer-
ating epithelial cells along the axis of the body column. (B) Some of the prominent
methods used to study regeneration in Hydra, as mentioned in this article, that include
transection of the body column, grafting of body regions with labeled cells to enable
study of cell movements or transdifferentiation, and reaggregation, cell sorting and tis-
sue assembly after mechanical or enzymatic dissociation of cells from intact Hydra.
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striated fibrils (Davis and Haynes, 1968). Cellular processes from both cell

layers of the body wall extend across the mesoglea to mediate direct cell–cell

interactions (Haynes et al., 1968; Hess et al., 1957; Wood, 1961). In accord

with the large scale changes in body length that occur whenHydra extend to

full length or contract sporadically (Passano and McCullough, 1965;

Shimizu and Fujisawa, 2003), the mesoglea is very elastic. Fluorescent

antibody tagging of Hydra collagen-1 or laminin in the intact animal by

microinjection revealed that themesoglea is a dynamic structure: in the body

column and tentacles the mesoglea undergoes continual displacement

toward the foot or tentacle tips, respectively. This is likely driven in associ-

ation with the continual proliferation and displacement of cells of the body

column toward the apical or aboral ends (see Section 3). The mesoglea is

also reorganized during the formation of asexual buds, as the bud expands

outward (Aufschnaiter et al., 2011).

The ultrastructure of the mesoglea of sexually matureN. vectensis is quite

different in different parts of the polyp (Tucker et al., 2011). In the body

wall, the mesoglea is composed primarily of bundles of faintly striated fibrils

approximately 20–25 nm in diameter found near the gastrodermis that gen-

erally course circumferentially (Fig. 8.4C). The same fibrils are abundant in

the mesoglea of the retractor muscles, where they run longitudinally (i.e.,

these fibrils run parallel to the fibers of the myoepithelial cells, or myonemes,

found in different parts of the gastrodermis). The mesoglea of both the body

wall and retractor muscles also contains a finer set of fibrils of approximately

5 nm diameter that appear to lack any particular orientation, as well as a par-

ticulate ground substance. Elsewhere in themesenteries the fibrous mesoglea

is sparse (Fig. 8.4D), but a fuzzy basal lamina underlies both epithelial layers

throughout the organism.

In medusozoans, the mesoglea of the bell of the medusa is thicker and less

rigid than the mesoglea of polyps. It has a distinct ultrastructure, including a

jelly-like, water-retaining ground substance, collagen fibrils, and other

fibrils of various morphologies including radial fibrils that contain fibrillin

(Beigel-Heuwinkel, 1982; Bouillon and Coppois, 1977; Chapman, 1953;

Reber-Müller et al., 1995; Weber and Schmid, 1985). The notable pulsatile

contractions of swimming medusae have made jellyfish a favored model for

studies on the biophysical properties of mesoglea. The swimming move-

ments depend on cycles (with periodicity of about 1 s) of muscle-driven

contraction of the bell of the medusa to displace aquatic fluid rearward,

followed by reopening (relaxation) of the bell and reinflux of fluid.

The relaxation and refilling stage is powered by energy stored by the shape
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change of the bell during contraction. In comparison to anthozoan meso-

glea, jellyfish mesoglea has much higher elastic compliance (Alexander,

1964). The biophysical properties of jellyfish mesoglea implicated that

energy sufficient for extension could be stored by contraction of the meso-

glea (DeMont and Gosline, 1988). The question of which structures might

store energy was addressed by Megill et al. (2005), with reference to the

hydrozoan jellyfish Polyorchis penicillatus. In this organism, the bell contains

inner and outer layers of mesoglea separated by a layer of gastrodermal cells

(Gladfelter, 1972). The outer layer contains radial bundles of fibrillin-

containing microfibrils, between 1.5 and 2.3 mm in diameter, at a density

of over 200 bundles/mm (Megill et al., 2005; Reber-Müller et al., 1995;

Weber and Schmid, 1985). The inner mesoglea is less stiff and contains a

network of fibers. Megill et al. (2005) demonstrated that isolated, intact

mesoglea was indeed jelly-like with a compressive stiffness of 131 Pa. The

radial microfibril bundles were calculated to have an elastic modulus of

0.9 MPa; sufficiently stiff to store the energy needed for reexpansion of

the bell.

These measurements of mesoglea properties were expanded recently by

Gambini et al. (2012) to microrheology, the measurement of stress and

deformation at the microscopic scale. Using fluorescent microbeads as

tracers in the mesoglea of Aurelia aurita, the viscoelastic properties were

found to be very heterogeneous at the local scale, perhaps reflecting the het-

erogeneous networks of small fibrils and microfibril bundles. The mesoglea

of adult A. aurita was found to be more rigid than that of juveniles. This

change correlated with the aggregation of fibrils, leading to the suggestion

that progressive stiffening of mesoglea occurs as part of aging.

4.2. ECM components of cnidarians
4.2.1 ECM components identified by biochemistry or molecular cloning
Dissection has been a popular approach to isolate the thick mesoglea of jel-

lyfish medusae, yet an experimental advantage, used widely in studies of

Hydra, is that mesoglea can be isolated from its surrounding cell layers by

a detergent extraction and freezing procedure (Barzansky et al., 1975;

Day and Lenhoff, 1981). Initial biochemical or immunohistochemical stud-

ies identified that Hydra mesoglea has characteristics similar to those of the

basement membranes of vertebrates with amino acid profiles indicative of

the presence of collagens (Barzansky et al., 1975; Sarras et al., 1991a). Abun-

dant fibrillar collagens isolated from several anthozoans are homotrimeric
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(Katzman and Kang, 1972; Nordwig et al., 1973; Nowack and Nordwig,

1974); however, heterotrimeric collagens have been isolated from the

hydrozoan sea-pen Veretillum cynomorium (Tillet-Barret et al., 1992) and

jellyfish Stomolophus nomurai (Miura and Kimura, 1985) and Catostylus tagi

(Calejo et al., 2009).

Through the combined approaches of protein isolation, peptide

sequencing, immunohistochemistry, and molecular cloning, a fibrillar col-

lagen, collagen IV, and laminin subunits have been identified as prominent

components ofHydramesoglea (Deutzmann et al., 2000; Fowler et al., 2000;

Sarras et al., 1994; Shimizu et al., 2008; Zhang et al., 2002). Purified Hydra

laminin appears in rotary-shadowed electron microscopy images as a

heterotrimer of the same molecular form as laminins from bilaterians

(Zhang et al., 2002). The laminin alpha and beta subunit proteins have

the same domain organization and are highly conserved with those of

bilaterians (Sarras et al., 1994; Zhang et al., 2002). Further molecular cloning

studies revealed that the repertoire of collagens in Hydra is quite complex

and includes in H. vulgaris four fibrillar collagens (Hcol1, Hcol2, Hcol3,

and Hcol5; the Arabic numerals are used to signify that these collagens

should not be assumed to be orthologs of the bilaterian collagens I, II,

etc.), a collagen IV (Hcol4), and a unique form of collagen in which von

Willebrand factor A domains are interspersed with interrupted triple helical

domains (Hcol6). Whereas Hcol1 and Hcol2 are expressed throughout the

adult organism, Hcol3 and -5 are expressed most strongly in tentacles and

buds. Hcol1, -2, -4, -5, and -6 were reported to be conserved in

H. magnipapillata, which was also found to express an additional collagen,

Hcol7 (Zhang et al., 2007; Table 8.1). Eight fibrillar collagen alpha chains

have been identified in N. vectensis; these include three with a whey acidic

protein domain in their N-propeptide and two that have an N-propeptide

corresponding to a TSPN domain (Exposito et al., 2008).

In terms of understanding how Hydra mesoglea is assembled, it is note-

worthy that, even though it appears to be a symmetrically organized struc-

ture, all the fibrillar collagens are principally expressed in the epidermis,

whereas laminin subunits are expressed by the gastrodermis (Sarras et al.,

1994; Shimizu et al., 2002; Zhang et al., 2002, 2007). It is not understood

how the “sided” secretion of ECM components is converted to the final

symmetrical structure. Antibody staining studies show that Hcol1 forms a

fibrillar network in the central region of the mesoglea, whereas laminin

and Hcol4 form the dense sheet of the basement membranes and also line

the 0.5–1 m diameter channels or pores that traverse the mesoglea. These
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Table 8.1 Extracellular matrix components of Hydra magnipapillata and Nematostella
vectensis that are conserved with bilaterians
Species Extracellular matrix component GenBank accession number

H. magnipapillata Fibrillar collagen Hcol1 XP_002158319

(AAM77398a)

Fibrillar collagen Hcol2 XP_002164888 (ABG80449a)

Fibrillar collagen Hcol3 XR_181671 (ABG80450a)

Fibrillar collagen Hcol5 XP_002161962 (ABG80451a)

Novel interrupted collagen

Hcol6

XR_053617 (ABG80452a)

Collagen IV, Hcol4 XP_004212647 (AAG40729a)

Fibrillin XP_001630852

Fibulin/Hemicentin XP_002154934

Laminin (LNa) XP_002170373

Laminin (LNb1) XP_002168125

Laminin (LNb2) XP_002165286

Nidogen Not detected

Perlecan XP_002168817

SPARC XP_002167014

Thrombospondin XP_002164610

N. vectensis Fibrillar collagen XP_001635016

Collagen IV XP_001626265

Fibrillin XP_001630852

Fibulin/hemicentin XP_001636480

Fibulin/hemicentin XP_001625395

Laminin (LNa, partial) XP_001623203

Laminin (LNb1) XP_001631565

Laminin (LNb2) XP_001628586

Nidogen XP_001625225

Perlecan XP_001627394

SPARC XP_001629356

Continued
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pores appear to provide the extracellular spaces by which cell processes

extending from the epidermal and gastrodermal cell layers make transverse

cell–cell contacts (Shimizu et al., 2008).

As mentioned in Section 4.1, examination of mesoglea ultrastructure in

the jellyfish Podocoryne carnea identified 10 nm, beaded fibrils that strikingly

resemble the beaded fibrillin microfibrils that are prominent in interstitial

ECM of vertebrates. Fibrillins are large, dimeric proteins that contains

around 46 epidermal growth factor (EGF)-like domains and seven TB

(for transforming growth factor b-binding protein) domains, and which

assemble into beaded microfibrils by intermolecular interactions of their

N-terminal regions. With benefit of an antibody that stained ECM fibrils,

a P. carnea fibrillin was cloned; remarkably, this has over 40% sequence iden-

tity to human fibrillins (Reber-Müller et al., 1995).

Secreted protein rich in aspartic residues and cysteine (SPARC), also

known as osteonectin or BM40, is an ECM glycoprotein expressed widely

in mammals that plays important roles in osteogenesis, basement membrane

organization, and the regulation of cell adhesion (Bradshaw, 2012). SPARC

is characterized by an N-terminal acidic domain, a central follistatin domain,

and a calcium-binding and collagen-binding C-terminal domain. Major

functions are collagen binding and modulation of collagen fibril organiza-

tion, with basement membrane-associated functions predominating in

Drosophila and Caenorhabditis elegans, and binding to fibrillar collagens being

an additional function in vertebrates (Mosher and Adams, 2012). It appears

likely that collagen-binding activity is conserved in cnidarian SPARCs and

represents an ancestral function. Four SPARC homologs are encoded in

Table 8.1 Extracellular matrix components of Hydra magnipapillata and Nematostella
vectensis that are conserved with bilaterians—cont'd
Species Extracellular matrix component GenBank accession number

SPARC XP_001626442

SPARC XP_001641541

Thrombospondin (Nv22035) 22035b

Thrombospondin (Nv168100) JX680803

Thrombospondin (Nv85341) XP_1639928

Thrombospondin (Nv30790) 30790b

aCloned from Hydra vulgaris (see Zhang et al., 2007).
bJGI transcript ID.
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N. vectensis, all of which are expressed only by gastrodermal cells and in all of

which the collagen-binding domain is well conserved (Koehler et al., 2009).

Proteolytic cleavage is essential for the processing of collagen propeptides

and collagen fibril assembly, and more generally for dynamic extracellular

turnover of ECM. Several matrix proteases have been cloned in Hydra.

H. vulgaris metalloproteinase 1 and 2 (Hmp1 and Hmp2) were identified

through analysis of gelatinolytic activities in whole animal extracts.

A major peak of activity was identified around 26 kDa, and subsequent

protein purification, peptide sequencing, and molecular cloning led to

the identification of Hmp1 as a member of the astacin family of zinc-binding

metalloproteinases (Yan et al., 1995, 2000a), with homology to a cloned

jellyfish astacin (Pan et al., 1998). Hmp2 was identified subsequently by

homology cloning (Yan et al., 2000b). In vitro, Hmp1 degrades fibronectin

(Yan et al., 1995), although this cannot be a physiologically relevant substrate

as fibronectin is only found in chordates (Tucker and Chiquet-Ehrismann,

2009). Hmp1 mRNA is expressed by gastrodermal cells in the upper part of

the body column, with highest levels at the base of the tentacles, and is not

expressed in the foot process. It appears that Hmp1 is released extracellularly

once the endodermal cells migrate to the base of the tentacles. Hmp1 protein

localizes specifically in the mesoglea of the tentacles and in gastrodermal cells

of the upper body (Yan et al., 1995). Interestingly, the meprin-like Hmp2

has a reciprocal pattern of expressionwithin the gastrodermis, both transcript

and protein being highest in the lower region of the body column and absent

from the tentacles (Sarras et al., 2002; Yan et al., 2000b). A third astacin-like

protease, foot activator responsive metalloproteinase (Farm1), was cloned

fromH. vulgaris as a transcript regulated downstream of Hydra foot activator

peptide, a peptide which promotes foot-specific differentiation of epithelial

cells. Farm1 transcript is expressed in epidermal and gastrodermal cells within

the gastric region of the body column and in early bud regions and is down-

regulated by foot activator peptide or lithium chloride (Kumpfmuller

et al., 1999).

A matrix metalloproteinase (MMP), with around 33% sequence identity

to mammalian MMPs, was identified by homology cloning from H. vulgaris

(Leontovich et al., 2000). This MMP has a similar domain organization to

vertebrate MMPs but also includes a furin cleavage site (Sarras et al., 2002).

The MPP exhibits gelatinase activity in vitro, and has proteolytic activity

against components of isolated mesoglea including laminin. Hydra MMP

is expressed by gastrodermal cells throughout the body, with highest levels

in the foot process and tentacles, similar to the expression pattern of laminin
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beta1 subunit. During foot regeneration in transectedHydra, the transcript is

upregulated at the regenerating pole (Leontovich et al., 2000).

4.2.2 ECM components identified by postgenomic analyses
Following the publication of their genomes, the N. vectensis and

H. magnipapillata genome sequences have been examined for additional

ECM components conserved with those of bilaterians. Together, the exper-

imental and in silico studies have identified a repertoire that includes many of

the central structural components of basement membranes and interstitial

ECM, as defined from studies of bilaterian ECM (Table 8.1). As discussed

in Sections 4.1 and 4.2.1, fibrillin was already identified in a jellyfish and

beaded microfibrils have been reported in Hydra mesoglea. With reference

to the N. vectensis and H. magnipapillata genome sequences, it is clear that

fibrillin orthologs are encoded in both genomes (Özbek et al., 2010;

Table 8.1). The TB domain of fibrillins originated in cnidarians and thus

fibrillins are a component of ECM specific to cnidarians and bilaterians

(Robertson et al., 2011). Fibulins, proteins that associate with fibrillin

microfibrils, are also encoded in cnidarians (Segade, 2010; Table 8.1). Of

additional interest is the general conservation of bone morphogenetic pro-

tein (BMP) and a disintegrin and metalloproteinase with thrombospondin

repeats (ADAMTS) proteases and nonfibril forming components of

ECM: SPARC and thrombospondin. We discuss here in more detail some

of the components identified through phylogenomics.

Thrombospondins are large, multidomain glycoproteins that interact

with cell surfaces, cytokines and proteases, and other ECM components.

In mammals and chicken, some thrombospondins are abundant in the ner-

vous system, and others are expressed at high levels in dense connective tis-

sues. Mammalian thrombospondins have many roles, including in

synaptogenesis (Risher and Eroglu, 2012), wound repair (Sweetwyne and

Murphy-Ullrich, 2012), the cardiovascular system and ECM organization

and function in cartilage and other connective tissues (Adams and Lawler,

2011). All mammalian thrombospondins are oligomeric and conform to

two domain architectures termed subgroup A (trimeric) and subgroup

B (pentameric); however, other domain architectures have been identified

in protostomes and basal deuterostomes that include monomeric forms

(Bentley and Adams, 2010). The postgenomic analyses show that four

thrombospondins are encoded in the N. vectensis genome and a single

thrombospondin in the H. magnipapillata genome (Bentley and Adams,

2010; Özbek et al., 2010; Tucker et al., 2013; Fig. 8.6A; Table 8.1). The

340 Richard P. Tucker and Josephine C. Adams



predicted H. magnipapillata thrombospondin has a single EGF-like domain,

but is otherwise closely related in domain organization to the subgroup

B thrombospondins of deuterostomes (Bentley and Adams, 2010; Fig. 8.6A).

All the N. vectensis thrombospondin genes are expressed in adult polyps.

Two genes are found on the same genomic scaffold and appear to be the

result of gene duplication. The gene product of one of these related throm-

bospondin genes has been cloned in its entirety and is referred to by its JGI

identification number: NvTSP16800. NvTSP16800 has features of the

Figure 8.6 Diagrams illustrating the domain architecture of representative extracellular
matrix molecules and proteases described in the text. (A) The extracellular matrix gly-
coprotein thrombospondin is highly conserved in N. vectensis, H. magnipapillata,
D. melanogaster, and Homo sapiens. There are four thrombospondins in N. vectensis
and five in H. sapiens; only one is shown here from each species. Note the presence
of one or two cysteine residues (S) that may stabilize oligomerization by the coiled-coil
domain (coil). (B) Homologs of the D. melanogaster fibrillar collagen protease tolloid are
found in cnidarian genomes and inman. Key: Epidermal growth factor domains are indi-
cated by narrow pentagons; astacin and CUB domains are indicated on the models.
LamN, N- terminal domain; FN3, fibronectin type III domain; LamG, laminin
G domain; TSPN, thrombospondin N-terminal domain; PRT-coil, domain rich in proline,
arginine, and threonine; T3, thrombospondin type 3 domain; L-lectin, L-lectin-like
domain.
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expected domain organization of a subgroup B thrombospondin, but is

unusual in containing a novel proline-rich domain near its N-terminus

and only a short coiled-coil (Fig. 8.6A). An antibody raised against a frag-

ment of NvTSP16800 labels neuron-like cells in the mesoglea of retractor

muscles and pharynx (Tucker et al., 2013). This not only suggests a highly

conserved role for thrombospondins in the nervous system, but also shows

that the cellular elements of the anthozoan mesoglea are more diverse than

previously thought. In situ hybridization and quantitative polymerase chain

reaction (PCR) show that NvTSP16800 is upregulated during regeneration,

and immunohistochemistry of regenerating polyps identified anti-

thrombospondin labeling in the exterior glycocalyx of the epidermis. This

similarity with localizations of mammalian thrombospondins suggests a con-

served role for TSPs in responses to stress and wounding.

Secreted proteoglycans (e.g., decorin, versican, aggrecan) are prominent

in the ECM of vertebrates, yet surprisingly, only the basement membrane

proteoglycan perlecan is identifiable in the cnidarian genomes sequenced

to date (Özbek et al., 2010; Table 8.1). Chemical analysis of Hydra extracts

has identified that chondroitin and heparan sulfate glycosaminoglycans are

present (Yamada et al., 2007): it would be expected that these are substituted

onto protein cores. It is possible that these glycosaminoglycans are associated

only with membrane-associated proteins because several membrane-

associated proteoglycans are conserved between cnidarians and vertebrates

(see Table 8.3). Alternatively, there may be lineage-specific mechanisms

for extracellular interactions. A recent study of the glycocalyx ofHydra iden-

tified chondroitin and chondroitin 6-sulfate disaccharides; however, these

did not appear to be associated with large core proteins (Böttger et al.,

2012). The salt-extractable fraction of Hydra glycocalyx also included seven

proteins belonging to two protein families: the PPOD (for putative perox-

idase domain) and SWT (for sweet-tooth domain) families. The PPOD pro-

teins were identified to have lectin activity inhibitable by heparin or

chondroitin (Böttger et al., 2012). Thus, one possibility is that these glycos-

aminoglycans are substituted onto small peptides and bind into ECM by

extracellular interactions. A further possibility is that cnidarian mesoglea

includes lineage-specific secreted proteoglycan core proteins. Since these

cannot be identified by sequence homology, approaches such as proteogly-

can isolation and proteomic identification will need to be applied to address

this question.

As discussed in Section 4.2.1,MMP and astacin-type matrix proteases are

known mediators of matrix proteolysis in Hydra. Astacins are conserved in
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N. vectensis (Table 8.2). In bilaterians, the C-propeptides of fibrillar collagens

are cleaved by BMP1/tolloid proteases (Hopkins et al., 2007) and represen-

tatives of this family are conserved in both N. vectensis and H. magnipapillata

(Fig. 8.6B; Table 8.2). From the N. vectensis and H. magnipapillata genome

sequences, additional MMP family members have been identified and

another major category of ECM proteases, the ADAMTS proteases, has

been revealed to be conserved in cnidarians (Table 8.2; Özbek et al.,

2010). In mammals, ADAMTS-2, -3 and -14 act as N-propeptidases for

fibrillar collagens, thus representation of this family would be expected

for efficient collagen fibril assembly to proceed. Large numbers of MMPs

and ADAMTSs are encoded, with the former predominating in

H. magnipapillata and the latter in N. vectensis (Table 8.2). These findings

open up new prospects for experimental investigations of the roles of all

these family members throughout the life cycle. The nature of the repertoire

of ADAMTS substrates in both species is of particular interest, because many

mammalian ADAMTS family members have specific roles in degrading pro-

teoglycans such as aggrecan, or thrombospondin family members such as

TSP5 (Stanton et al., 2011). Tissue inhibitors of metalloproteinases

(TIMPs) are important physiological inhibitors of ECM metalloproteinase

activity that are also conserved in H. magnipapillata and N. vectensis (Brew

and Nagase, 2010).

4.2.3 Novel ECM components of cnidarians
In addition to the conserved ECM proteins described in Section 4.2, novel

components of the mesoglea have been identified by biochemical analyses.

One interesting example comes from studies of the scyphozoan A. aurita

(Matveev et al., 2007). This jellyfish has a thick mesoglea filled with motile

amoeboid cells that engage in phagocytosis. A major protein component of

the mesoglea with an apparent molecular mass of 47 kDa was extracted at

low pH and peptide sequences were used to design PCR primers to obtain

nucleotide sequences. The resulting PCR products revealed a partial

sequence for a novel protein with a zona pellucida (ZP) domain that the

authors named mesoglein. In situ hybridization revealed that the amoeboid

cells foundwithin the mesoglea itself were the source of mesoglein. Potential

insight into the complete sequence of mesoglein can be gained by using the

ZP domain of A. aurita mesoglein to identify the homologous sequence in

N. vectensis. The most similar predicted gene (JGI protein ID 245497)

encodes two CUB domains and a ZP domain. This suggests that cnidarian

mesoglein is related to human CUZD1 (from “cub and zona pellucida
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Table 8.2 Matrix proteases of Hydra magnipapillata and Nematostella vectensis as
predicted from their genomes
Species Matrix proteasesa GenBank accession number

H. magnipapillata ADAMTS6-like XP_002168102

ADAMTS20-like XP_002166940

ADAMTS-like XP_002169841 (partialb)

ADAM-like XP_002161708

Astacin-type

metalloprotease-1c
XP_004209002 (AAA92361d)

Astacin-type

metalloprotease-2e
XP_002165576 (AAD33860d)

Farm1 astacin-type

metalloproteinase

XP_002159980 (AF125506d)

Matrix

metalloproteinasef
XP_002163794; XP_0000215860;

XP_00168433; XP_002164979;

XP_002160477; XP_002168462;

XP_002161129; XP_002170324;

XP_002166835; XP_002155089;

XP_002168334

BMP/tolloid-like XP_002154412

N. vectensis ADAMTS6-like XP_001626083; XP_001639247;

XP_001626094; XP_001627322

ADAMTS10-like XP_001626087

ADAMTS20-like XP_001636439

ADAMTS-like XP_001627302; XP_001637268;

XP_001637265; XP_001628428

(partialb); XP_001620798 (partialb);

XP_001628429 (partialb)

ADAM-like XP_001629192 (partial); XP_001629194

(partial)

Astacin-type

metalloprotease-1c
XP_001626821

Astacin-type

metalloprotease-2e
XP_001628402

Farm1-like astacin-

type metalloprotease

XP_001633483
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domain containing protein 1”), a protein of unknown function that never-

theless shows promise as a serum marker for ovarian cancer (Leung

et al., 2012).

Thrombospondins belonging to subgroup A contain thrombospondin

type 1 repeats (TSRs) in addition to the EGF domains and thrombospondin

type 3 repeats that are found throughout the thrombospondin family. Many

specific functions of subgroup A thrombospondins can be traced to the

TSRs, and TSRs are also found in a variety of other ECM and transmem-

brane proteins, many of which are found in the nervous system (Tucker,

2004). Both H. magnipapillata and N. vectensis have a number of genes

encoding repeated TSR domains, many of which are combined with other

domains in unique and mostly uncharacterized proteins. The expression of

one such TSR-containing protein inH. vulgariswas described byMiljkovic-

Licina et al. (2004). The TSR-containing protein was expressed in a subset

of neurons found in the head of the polyp, and was upregulated during

regeneration. Further characterization of this family of proteins may prove

interesting to those studying the evolution of the nervous system. Other

interesting TSR proteins include the rhamnospondins, which contain

repeated TSR domains and a C-terminal galactose-binding domain. First

identified in Hydractinia symbiolongicarpus and found to be expressed specif-

ically in the hypostome of the mouth (Schwarz et al., 2007), these proteins

are well conserved inN. vectensis andH. magnipapillata (e.g., XP_001639688

and XP_004212403).

Table 8.2 Matrix proteases of Hydra magnipapillata and Nematostella vectensis as
predicted from their genomes—cont'd
Species Matrix proteases GenBank accession number

Matrix

metalloproteinasef
XP_001640669; XP_001633230;

XP_001640565; XP_001629775;

XP_001635184

BMP/tolloid-like XP_001633846; XP_001635534

aMetalloproteinase and BMP/tolloid domain hits were also identified in additional short partial sequences
from theH. magnipapillata andN. vectensis genome predicted proteins; these are not included in the table.
bPartial¼ADAMTS-like sequences that were identified by the presence of a Zinc metalloproteinase-
ADAMTS subfamily domain and thrombospondin type 1 domains in sequences of <1000 amino acids.
cIdentified by presence of zinc metalloproteinase-astacin-like domain and ShK domain.
dCloned from H. vulgaris.
eIdentified by the presence of zinc metalloproteinase-astacin-like domain, MAM domain, and ShK
domain.
fIdentified by the presence of zinc metalloproteinase domain and hemopexin-like domain.
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4.3. ECM receptors: Identification and functional investigations
Surprisingly, few cnidarian ECM adhesion receptors have been identified

by biochemical methods. An analysis of binding of radiolabeled laminin

to isolated H. vulgaris cells identified around 10,000 binding sites per cell

of nanomolar affinity. Screening of the cells with antibodies against adhesion

proteins of vertebrates identified that monoclonal antibody JG22 to

the avian beta 1 integrin subunit could bind toHydra cells and blocked their

interaction with laminin. Proteins immunoprecipitated by this antibody had

apparent molecular masses suggestive of integrin heterodimers. Treatment

of livingHydra cells with the antibody blocked morphogenesis of Hydra cell

aggregates and I cell migration in vivo (Ağbaş and Sarras, 1994).

The presence of integrin receptors in members of the phylum Cnidaria

was established definitely over a decade ago by homology cloning of an

integrin beta subunit from the coral Acropora millepora (Brower et al.,

1997) and the cloning of single alpha and beta subunits from the jellyfish

P. carnea (Reber-Müller et al., 2001). In this jellyfish, integrin transcripts

are present at all life cycle stages including unfertilized eggs and during

asexual budding; RNA analysis of dissected medusae and in situ hybridi-

zation indicated expression of both subunits in all adult tissues of polyps

and medusae. Strong expression was noted in early developing buds and

in both cell layers of planular larvae. Isolated muscle cells treated with col-

lagenase, to induce transdifferentiation, maintained expression of both

subunits, further indicating that most cell types of the medusa are

integrin-positive.

An EST sequencing project in A. millipora identified a second coral

integrin beta subunit, designated beta 2, and an alpha subunit with highest

similarity to the vertebrate alpha4/alpha9 clade. All three A. millipora

integrin genes are present in unfertilized eggs and throughout early devel-

opment, with highest expression in the gastrodermal cell layer (Knack

et al., 2008). An initial search of the N. vectensis genome for integrin-

encoding sequences by these authors identified four integrin beta subunits

and also an alpha subunit (as listed in Table 8.3).

ECM–integrin signaling in bilaterians involves interactions of the

integrin beta subunit cytoplasmic domain with intracellular proteins of

the focal adhesion complex, talin, and kindlin. Integrin signaling activity

has not yet been demonstrated directly for any cnidarian integrin, but

both talin and kindlin are conserved in cnidarians (Khan et al., 2011;

Reber-Müller et al., 2001). In mammals, sharpin is an alpha subunit-binding

protein that inhibits integrin signaling (Rantala et al., 2011) and related
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C3HC4 zinc finger domain proteins are encoded in both N. vectensis and

H. magnipapillata (XP_001631290 and XP_002166020).

Syndecan transmembrane proteoglycans have independent adhesion and

signaling activities and frequently act as integrin coreceptors by interaction

of negatively charged regions of their glycosaminoglycan side chains

with clusters of positively charged residues in ECM integrin ligands

(Couchman, 2010). Recognizable by their very highly conserved cytoplas-

mic domains, syndecans are conserved in cnidarians and postgenomic ana-

lyses have clarified that N. vectensis and H. magnipapillata encode single

syndecans (Chakravarti and Adams, 2006; Özbek et al., 2010; Table 8.3).

Other membrane-bound proteoglycans encoded in N. vectensis and

H. magnipapillata as single genes include dystroglycan and glypican.

A discoidin domain receptor-like protein is encoded in H. magnipapillata

but not N. vectensis. NG2 or betaglycan-like proteoglycans were not iden-

tified (Özbek et al., 2010; Table 8.3).

Table 8.3 Extracellular matrix adhesion receptors of Hydra magnipapillata and
Nematostella vectensis that are conserved with bilaterians
Species Adhesion receptor GenBank accession number

H. magnipapillata Discoidin domain receptor XP_002168413

Dystroglycan receptor XP_002164217

Glypican XP_002157574

Integrin a XP_002161020.1 (partial)

Integrin b XP_002164638.1 (partial)

Syndecan Hma2.224712a

N. vectensis Discoidin domain receptor XP_001636332 (partial)

Dystroglycan receptor XP_001629936

Glypican XP_001624312

Integrin a (NvItga1) XP_001641435

Integrin b (NvItgb1) XP_001641468

Integrin b (NvItgb2) XP_001627336

Integrin b (NvItgb3) XP_001637894

Integrin b (NvItgb4) XP_001621822

Syndecan FC288353

aHydra genome project.
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5. FUNCTIONAL IMPORTANCE OF CELL–ECM
INTERACTIONS FOR TISSUE ORGANIZATION
AND REGENERATION IN CNIDARIANS

To date,Hydra species and jellyfish have been the predominant exper-

imental models for analyses of cell–ECM adhesion processes and functions in

cnidarians. IsolatedHydra cells will reattach and spread on isolated mesoglea,

irrespective of the species ofHydra used to prepare the cells or the mesoglea.

However, Hydra cells do not attach to purified mammalian ECM proteins

such as collagen, fibronectin, or serum/vitronectin (Day and Lenhoff, 1981).

Fibronectin and vitronectin are now known to be chordate-specific ECM

components, and so a physiological interaction with these proteins would

not be expected.Whether the lack of attachment to mammalian fibrillar col-

lagen reflects a requirement for the native 3D organization or mechanical

properties of intact mesoglea, or species specificity of collagen adhesion

receptors, is unclear. Interestingly, mammalian and insect cell lines attached

to plastic in preference toHydramesoglea, whereasXenopusA6 cells attached

equivalently to both substrata (Day and Lenhoff, 1981). Conservation of

adhesion mechanisms in cnidarians is also indicated by the finding that iso-

lated, decellularized mesoglea from the jellyfish Rhopilema nomadica can sup-

port the attachment, spreading, and migration of cells isolated from five

species of anthozoans. This activity was not retained by acid-extracted

mesoglea (Frank and Rinkevich, 1999).

Because of the enormous regeneration capacity of cnidarians, complete

organisms can be regenerated over several days from dissected portions. In

the case of Hydra, a minimum of one-fiftieth of an adult polyp is needed to

achieve regeneration (Shimizu et al., 1993). Experimental designs that have

been used widely to investigate morphogenesis, tissue assembly and cell dif-

ferentiation inHydra include transecting the body column into separate head

and “foot” regions, each of which will regenerate the missing structures.

Cell movements can also be traced by grafting together head and foot

regions, in which one region contains a lineage tracer such as a fluorescent

tag (Fig. 8.5B; Lenhoff, 1983). Integration of these classic methods with the

application of pharmacological inhibitors, antibodies or antisense reagents

has led to the identification of functional roles for ECM components includ-

ing Hcol-1, laminin beta subunit, Hmp1, Hmp2, and MMP in regenerative

processes (Deutzmann et al., 2000; Shimizu et al., 2002; Yan et al., 1995,

2000a,b; Zhang et al., 2002). Blockade of glycosaminoglycan substitutions
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by b-xyloside has implicated roles for glycosaminoglycans in head regener-

ation (Sarras et al., 1991b, 1993; Zhang et al., 2002).

In agreement with its localization in the body, Hmp1 has particular roles

in head regeneration and affects the differentiation status of tentacle epider-

mal cells. Loading of purified Hmp1 stimulated cell proliferation along the

body column, perhaps indicating an effect on signaling pathways (Yan et al.,

1995). In transected H. vulgaris, Hmp1 transcript levels are upregulated

in the lower body region during head regeneration (initially at the cut site

and then more generally), but are not upregulated in the head portion.

Introduction of a Hmp1-neutralizing antibody or Hmp1 antisense oligonu-

cleotides in the apical pole blocked head regeneration (Sarras et al., 2002;

Yan et al., 2000a). Hmp2 also participates functionally in foot regeneration:

transcript levels are elevated at the transection site during regeneration of the

foot, and introduction of antisense oligonucleotides into the basal reg-

enerating pole blocks foot regeneration and basal disk cell differentiation

(Yan et al., 2000b). Studies on the role ofMMP in foot regeneration provide

further evidence for the importance of ECM proteolysis in polyp homeo-

stasis and regeneration. Treatment of intact polyps with GM6001, a com-

petitive inhibitor of mammalian MMPs, led to dedifferentiation of cells

of the basal disk, resulting in reduced attachment of polyps to glass surfaces.

MMP inhibition by GM6001 or recombinant human TIMP-1 also blocked

foot regeneration in a process again involving dedifferentiation of basal cells

(Leontovich et al., 2000; Sarras et al., 2002).

Using decapitated adult Hydra as the regeneration model, Shimizu et al.

(2002) identified that after transection the mesoglea retracted from the area

of the cut, such that the epidermal and gastrodermal cell layers made direct

contact. Lateral resealing of the two cell layers across the cut site then took

place within 1 h. Between 3 and 96 h posttransection, first mRNA and then

protein levels of the studied ECM components increased around the cut site:

as in the intact organism, Hcol-1 mRNA was expressed mainly in the epi-

dermis and laminin beta1 subunit and MMP were expressed in the gas-

trodermis. Laminin was detectable in reforming basement membranes

from 7 h onward, whereas Hcol-1 was not detected in the central fibrillar

layer until around 15 h after transection. Introduction of antisense oligonu-

cleotides to either laminin beta1 orMMP inhibited head regeneration; in the

case of laminin, this effect could be reversed by addition of purified Hydra

laminin. Thus, assembly of the mesoglea, especially the basement membrane

layers, along with an associated capacity for proteolytic remodeling, are

required to drive regenerative tissue organization (Shimizu et al., 2002).
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Remarkably, cnidarians also regenerate from mechanically or enzymat-

ically dissociated cell suspensions.Hydra has again been the main experimen-

tal model for these experiments that have allowed investigation of initial

cell–cell and cell–ECM reassembly processes and how these can lead to tissue

assembly (Fig. 8.5B). InH. vulgaris, clusters of dissociated cells reform into an

epithelial bilayer within the first 24 h. Mesoglea reassembly is detectable by

immunofluorescence microscopy after 17 h, with full assembly of the lay-

ered structure by 48 h. Tentacles begin to reform around this time, and

regeneration of the complete organism with a head and crown of tentacles

is completed over 96 h to 7 days (Sarras et al., 1993). In line with the micros-

copy observations, pulse-labeling experiments show that synthesis of ECM

components is maximal between 24 to 48 h after cell dissociation.

Reassembly of a complete ECM is an essential step for full morphogenesis

in this system, as evidenced by experiments in which collagen cross-linking

or proteoglycan biosynthesis were perturbed by pharmacological agents:

these treatments led to reversible blockade of head and tentacle regeneration

(Sarras et al., 1993). Application of fragments of mammalian collagen IV, or

collagen IV antibodies, also altered cell differentiation and reduced cell pro-

liferation, resulting in a blockade of morphogenesis from cell aggregates

(Zhang et al., 1994).

I cells of Hydra are a heterogenous population of fast-proliferating cells

with multipotent stem cell properties that are located between the epithelial

cells throughout the body column (Bode, 1996). Migration of I cells is

important for differentiation of the head and foot regions of theHydra polyp.

The role of ECM in I cell migration was analyzed through grafting

experiments, in which the head regions of polyps depleted of I cells (by

hydroxyurea treatment) were grafted onto a normal distal region containing

lineage-labeled I cells. Under control conditions, I cells migrated and rep-

opulated the head region over a 24 h period. The number of migrating I cells

was strongly reduced by treatment of grafts with b-amino propionitrile, an

inhibitor of lysyl oxidase-mediated collagen cross-linking. Migration was

partially reduced in the presence of RGD peptide, but was not affected

by b-xyloside treatment (Zhang and Sarras, 1994). Thus, specific attributes

of mesoglea, collagen cross-linking and RGD-dependent interactions, are

important to enable I cell migration. Studies with a Hydra laminin-derived

peptide indicate that laminin is also needed for I cell migration (Zhang

et al., 2002).

The above studies all focused on the functions of cell–ECM interactions

in the asexual polyp. The role of integrins in fertilization has also been
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studied with the coralA. millipora. Transcripts for integrin beta 1 and alpha 1

are present in unfertilized eggs. Antibodies against an N-terminal fragment

of the extracellular domain of the beta 1 subunit blocked the binding of

sperm to eggs, resulting in decreased fertilization rates. In contrast, anti-

bodies against an N-terminal fragment of the alpha 1 subunit did not reduce

sperm binding or fertilization rates. Whether this reflects that the epitope

targeted in the alpha subunit is not part of the ligand-binding site, or whether

a different alpha subunit partners with beta 1 in the egg remains to be

established (Iguchi et al., 2007). As a role for mammalian integrins in fertil-

ization is well established, these studies implicate wide conservation of a

functional role of integrins in fertilization.

6. CELL–CELL ADHESION MOLECULES IN CNIDARIANS

In the following sections, we will discuss the cellular structures and

molecular components that have been identified to participate in cell–cell

interactions in cnidarians.Wewill then address additional molecules homol-

ogous to bilaterian cell–cell adhesion molecules that have been identified

through phylogenomics. Most of the work that has been done to date is

descriptive in nature. The emerging postgenomic data once again point

to many conserved proteins between chordates and cnidarians. However,

little is known about the specific roles or cell–cell adhesion activities of many

of the proteins discussed here. Some insights have been gained into the pos-

sible evolution of the foundations of development and morphogenesis.

6.1. Ultrastructural and functional studies of cell–cell adhesion
systems in cnidarians

6.1.1 Septate junctions
Septate junctions were identified first in Drosophila salivary glands as closely

apposed regions of plasma membrane, below adherens junctions, that have a

ladder-like appearance of electron-dense extracellular material (Wiener

et al., 1964; Fig. 8.7). InHydra, the first electron microscopy studies of inter-

cellular junctions (Wood, 1959) identified septate junctions as ladder-like

intercellular structures located between the outer lateral edges of adjacent

epidermal cells and between the inner, luminal edges of cells in the gas-

trodermal layer. In these areas, the intercellular space between plasma

membranes is around 15–20 nm across. Analysis of conventional fixed or

freeze/fracture preparations in planes across the cell layers showed the septa

to be like rungs in a ladder: parallel, electron-dense structures that extend
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across the intercellular space and are around 2–3 nm thick and spaced at

13–17 nm intervals. Additional projections from each septum extend

toward adjacent septa (Filshie and Flower, 1977; Hand and Gobel, 1972;

Kachar et al., 1986; Fig. 8.7A–D). Studies with electron-dense, extracellular

tracer dyes led to the model that the junctions are built from chains of hex-

agonal units, of around 6 nm, with projections that extend above and below

the units and link the chain to cell membranes. Low penetration of the

junctions by molecules such as horseradish peroxidase implicated a barrier

function for these junctions (Hand and Gobel, 1972). These results were

in line with prior measurements of transcellular resistance in Hydra, that

Figure 8.7 Septate junctions and gap junction in cnidarians. (A) Uranyl-acetate stained,
transmission electron microscope image of a septate junction from the gastrodermis of
Hydra oligactis in longitudinal view, showing two apposed plasma membranes and the
septa of the junction that span the inter-membrane space (white arrow). Black arrows
indicate the projections from a septum, 243,000�. (B) Longitudinal view of a septate
junction in the epidermis of Hydra littoralis from a fast-frozen, freeze-fractured sample,
170,000�. (C) and (D). En-face freeze-fracture views of septate junctions from the epi-
dermis of H. littoralis. Intramembranous particles are visible on the E-face (C), and
grooves with periodic puncta on the P face (D). Both 200,000�. (E) En-face transmission
electron microscope view of lanthanum-stained gap junctions in the gastrodermis of
H. oligactis. Each plaque contains many hexagonally packed gap junction units and is
surrounded by an electron-lucent band that separates it from the intercellular space,
185,000�. (F) A model of a septate junction from D. melanogaster showing interactions
between different molecules. The molecules that have been filled in with black are
encoded in both D. melanogaster and cnidarians. This schematic is adapted from a figure
found in Hortsch and Margolis (2003). Panels (A) and (E) are reproduced, with permission,
from Hand and Gobel (1972). © 1972 Rockefeller University Press. J. Cell Biol. 52, 397–408.
Panels (B)–(D) are reproduced, with permission, from Kachar et al. (1986).
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had demonstrated a transepithelial resting potential of around 40 mV and a

transepithelial resistance of around 166 kOhm (Josephson and Macklin,

1967). Freeze–fracture studies of several species of New Zealand sea anem-

ones later identified septate junctions with distinctive and unusual morphol-

ogies. In septate junctions of the gastrodermis, each septum appeared, not as

a continuous rung, but as two twin septa separated by a 6- to 7-nm gap

(Green and Flower, 1980). In the epidermis, the septate junctions contained

single, wavy septa, each with many lateral projections of around 7 nm in

length. Unlike the junctions described in Hydra, these projections extended

on one side of the septum only. A clearer understanding of the molecular

composition of cnidarian septate junctions is needed to understand more

fully the significance of these morphological differences, which may reflect

specializations for the organisms’ life style or ecological niche.

A study of tissue reformation in grafts of transectedHydra showed that the

process beginswith extension of finger-like protrusions from the bases of epi-

thelial cells. These bridges reach across to neighboring cells to reseal the epi-

dermis. Septate junctions start to formearly in this process, initially locally and

then with larger-scale organization (Bibb and Campbell, 1973). The rapid

reformation of these large structural junctions during dynamic tissue remo-

deling presumably reflects the importance of restoring the epidermal barrier

against pathogens and the external environment. Given the large changes in

body shape that many cnidarians are capable of, it is interesting to consider

how septate junctions are maintained during tissue deformation. This ques-

tion has been examined with regard to the septate junctions of myoepithelial

cells ofmesenteries of the sea anemoneMetridium senile. Stretchingof themes-

enteries resulted in a decrease in cell thickness from 32 to 8 mm.The integrity

of the septate junctions and the spacing of septa were maintained throughout

stretching, yet the depth of the junctions decreased and their perimeter length

increased (Holley, 1985). These studies implied mobility of the junctional

structures within the plane of the plasma membrane and potential for “slid-

ing” interactions of extracellular elements of the junctions. Since these early

microscopy studies, the molecular components of invertebrate septate junc-

tions have been elucidated principally in Drosophila (Banerjee et al., 2006).

Below, in Section 6.3.4, we discuss the encoding of known proteins of

protostome septate junctions in H. magnipapillata and N. vectensis.

6.1.2 Gap junctions
Gap junctions in Hydra are located at the apical regions of the lateral mem-

branes of the epithelial cell layers and also along the muscle processes at the
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base of the cells (Hand and Gobel, 1972). The junctions have a width of

17–20 nm. In en face electron microscope images, they appear as arrays of

hexagonally packed structures of about 8 nm diameter (Fig. 8.7E). Dye

transfer and electrical coupling activities take place betweenHydra epithelial

cells as in other animal epithelia (Fraser and Bode, 1981; Fraser et al., 1987).

These functional activities were identified to be mediated by gap junctions

through inhibition experiments using antibodies raised against rat liver con-

nexins (the major proteins of gap junctions in chordates). Introduction of

these antibodies into cells in intact Hydra led to loss of cell coupling. Fur-

thermore, antibody-treated organisms used as graft recipients had a greater

tendency to form secondary body axes. These results demonstrated the

importance of gap junctions for morphogenetic cues necessary for patterning

of the body plan, as well as for local signaling between epithelial cells (Fraser

et al., 1987).

The formation of gap junctions is influenced by ECM. If cultured in sus-

pension, cells from the subumbrella plate gastrodermis of the anthomedusa

P. carnea form spheres in which cells do not form gap junctions. However,

adhesion of the spheres to sheets of isolated mesoglea results in assembly of

functional gap junctions (Weber and Schmid, 1984).

Gap junctions have other important functions in the lineage-specific cells

of cnidarians. For example, as demonstrated in the sea anemone Haliplanella

luciae, mechanical vibration is a stimulus for the discharge of nematocysts

from the tentacles, as a result of deflection of hair bundles on the cell surfaces.

The epidermal cells of tentacles contain connexin-positive gap junctions and

mechanical stimulation results in increased gap junctional communication.

This is needed for nematocyte discharge, as demonstrated by reversible inhi-

bition of discharge upon uncoupling of gap junctions (Mire et al., 2000).

Communication between cells can also result from the electrical potential

generated by epithelial cells, as demonstrated in Hydra ( Josephson and

Macklin, 1967), with transmission of depolarization between cells via gap

junctions. Many cnidarians exhibit bioluminescence due to light emission

from photocytes that are scattered within the gastrodermis. Photocytes

exhibit gap junction structures and cell–cell coupling with surrounding epi-

thelial cells (Germain and Anctil, 1996). In the hydrozoan Obelia geniculata,

luminescence in the photocytes is activated by gap junction-mediated,

intracellular calcium signaling from adjacent supporting epithelial cells.

The calcium signaling is initiated by mechanical, chemical, or electrical

stimuli that activate depolarization of the plasma membrane in the epithelial

cells (Dunlap et al., 1987).
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6.1.3 Cell–cell interactions
Although few cell–cell adhesion molecules of cnidarians were identified

definitively prior to the availability of genome sequences (see Section 6.2),

functional investigations of cell–cell interactions and processes of cell sorting

leading to tissue organization have been vibrant areas of research, especially

with Hydra. Many of the major recent questions of developmental biology

relating to cell sorting, the set up of morphogen gradients and the molecular

identity of morphogens have been applied toHydra and resulted in the iden-

tification of a crucial importance of Wnt signaling in axial patterning of the

body column (Hobmayer et al., 2000; Holstein, 2008). Here, we discuss

some of the publications that provide insight into the functional importance

of cell–cell interactions as effectors of patterning and morphogenesis.

The Hydra cell dissociation and regeneration system has been used

widely to trace cell–cell interactions and the sorting out of epidermal and

gastrodermal cells during tissue reassembly. In initial aggregates, epidermal

and gastrodermal cells are randomly located, but after 1 h cells begin to show

homotypic preference, that is, epidermal cells cluster preferentially with

other epidermal cells, and gastrodermal cells with other gastrodermal cells.

In short-term assays, homotypic cell aggregates predominate over hetero-

typic clusters (Sato et al., 1992; Sato-Maeda et al., 1994; Technau and

Holstein, 1992). These early stage interactions are calcium-dependent

(Hobmayer et al., 2001). Quantified analysis of attachment between pairs

of single cells, through use of collagenase to remove mesoglea fragments

and a laser trap to manipulate two cells into contact, demonstrated prefer-

ential attachment of cells from the same tissue layer and that gastrodermal-

derived cell pairs formed more stable attachments than epidermal cell pairs.

By using the laser beam to detach cells from each other, the adhesive force

was estimated as >50 pN between gastrodermal cells and around 27 pN

between epidermal cells (Sato-Maeda et al., 1994).

Once clusters reached a size of 10–20 cells/cluster, heterotypic interac-

tions between epidermal and gastrodermal cells contributed to establishment

of heterotypic aggregates. In addition, epidermal cells preferentially spread

over the surface of the gastrodermal cells (epiboly), a process that can also

be demonstrated after recombination of cell layer tissue pieces (Kishimoto

et al., 1996). By around 12 h after dissociation, reformation of the epidermal

layer was complete (Technau and Holstein, 1992). These experiments dem-

onstrated that organization of the cell layers of the Hydra body wall depend

on a defined sequence of homotypic and heterotypic cell interactions, dif-

ferential adhesion, and migration of epidermal cells.
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During regeneration of Hydra, the correct reorganization of the body

column depends firstly on organization of the head region. Initial experi-

ments demonstrated that head induction in aggregates is de novo and not

driven by cells derived originally from the head region (Technau and

Holstein, 1992). The preassembly of clusters of 5–15 cells is an important

prerequisite for induction of a head. This “community effect” relates to

the production ofWnt morphogen within the head region. The clusters also

provide cues to inhibit the induction of another head within an approxi-

mately 800 m range (Technau et al., 2000). During formation of buds, epi-

dermal cells widen at their bases and gastrodermal cells curve toward the

epidermal cell layer, enabling evagination of the bud and temporary disrup-

tion of muscle fibers. These cell shape changes are accompanied by lateral

intercalation of adjacent epithelial cells that move into the bud zone. Thus,

initial evagination of the bud depends on altered cell–cell interactions in the

absence of increased cell proliferation. The cell shape changes and local

motility of cells from the mother polyp are driven by canonical and non-

canonical Wnt signaling (Philipp et al., 2009).

6.2. Cell–cell adhesion molecules identified by biochemistry
and molecular cloning

Investigations of cnidarian cell–cell adhesion molecules by biochemical or

molecular cloning approaches have been less extensive than those of

ECM components, likely due to the greater experimental accessibility of iso-

lating the mesoglea. Cadherins are a prominent family of cell–cell adhesion

molecules in bilaterians, which are linked intracellularly to the actin cyto-

skeleton by interactions of the cadherin cytoplasmic domain with catenin

family proteins including b-catenin. The existence of cadherin-mediated

adhesion systems in members of the phylum Cnidaria was first implicated

by the homology cloning of a H. magnipapillata ortholog of b-catenin. In
this molecule, the central armadillo repeats are highly conserved with the

b-catenins of bilaterians, whereas the N- and C-terminal regions are more

divergent (Hobmayer et al., 1996).

Zona occludens-1 (ZO-1) is one of the major proteins of craniate tight

junctions and is important for their barrier function. A ZO-1-like protein

cloned from H. vulgaris contains all the major domains of ZO-1 from cra-

niates, but is distinct in having an extended region between the N-terminal

PDZ domains and a longer C-terminal region. The HZO-1 transcript is

expressed throughout the epidermal cell layer, and in these cells HZO-1

protein localizes specifically to the apical region of the plasma membrane
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(Fei et al., 2000). Further investigations of the function of this protein would

be of great interest.

6.3. New views on cell–cell adhesion molecules in N. vectensis
and H. magnipapillata from postgenomic analyses

6.3.1 Usherin
Usherin is large glycoprotein with transmembrane and basement

membrane-associated ECM variants that are derived through alternative

splicing. The name comes from the transmembrane variant, which is found

in the ankle link complex of the stereocilia of the chordate cochlea: in

humans, mutations can lead to a form of Usher syndrome, or congenital

deaf/blindness. Analysis of theN. vectensis genome revealed a predicted pro-

tein with an identical domain organization to the transmembrane variants of

human usherin (AY481573) and 49% amino acid sequence similarity

(Tucker, 2010; Fig. 8.8A). The domain architecture and also the number

of domains are phylogenetically conserved. The only significant differences

between human and anthozoan usherin are: (1) one fewer fibronectin type

III domain in N. vectensis usherin, and (2) a short intracellular domain in the

anthozoan usherin homolog (Fig. 8.5A). Interestingly, despite this extraor-

dinary high conservation of domain architecture between primates and cni-

darians, usherin genes are not found in C. elegans or Drosophila melanogaster.

Thus, usherin is an example of a gene found in the common ancestor of cni-

darians and deuterostomes that was lost in ecdysozoans. Usherin transcripts

and evidence of alternative splicing are found in developing and adult

N. vectensis (Tucker, 2010) leading to the exciting possibility that usherin also

links stereocilia in cnidarians, perhaps in the trigger-like mechanosensory

cone of the cnidoblast. This could not, however, be confirmed by in situ

hybridization, which revealed widespread expression in the epidermis. It

is unknown if the ECM variants of usherin are associated with basement

membranes in cnidarians.

6.3.2 Cadherin and protocadherin superfamily
The cadherins are a major superfamily of calcium-dependent, homotypic

cell–cell adhesion molecules. Many nomenclatures are used to describe this

superfamily; for clarity, the nomenclature used by Hulpiau et al. (2013) is

adopted here. Classical type I cadherins (e.g., E-cadherin or cadherin-1)

are transmembrane proteins with short strings of extracellular cadherin

domains and an intracellular domain that can interact with b-catenin and

p120 catenin. The classical type I cadherins appear to be unique to chordates.
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Figure 8.8 Domain architectures of some of the cell–cell adhesion molecules discussed
in this chapter. (A) Schematic representations of the transmembrane protein usherin
from N. vectensis and Homo sapiens. Note the remarkable similarity in the arrangement
and numbers of domains. Usherin homologs are not found in D. melanogaster or
C. elegans. (B) Schematic representations of flamingo/CELSR1 homologs from
N. vectensis, H. magnipapillata, D. melanogaster, and Homo sapiens. In bilaterians, fla-
mingo/CELSR1 plays an important role in dendrite development; it is highly conserved
in N. vectensis and Hydra. (C) N. vectensis hedgling and hedgehog. Hedgling is a form of
cadherin found in sponges and cnidarians that is not found in deuterostomes or pro-
tostomes. Evidence suggests that the N-terminal hedgehog domain (Hh N) of hedgling
became joined with a C-terminal hedgehog domain (Hh C) to make the signaling mol-
ecule hedgehog in an early ancestral metazoan. Key: Epidermal growth factor domains
are indicated by narrow pentagons, and transmembrane domains are indicated with
vertical lines. Ca, cadherin domain; FN3, fibronectin type III domain; LamN,
N-terminal domain; LamG, laminin G domain; GPS, GPCR proteolytic site; Horm R,
diuretic hormone receptor domain; VWA, von Willebrand factor domain type A; Ig,
immunoglobulin domain; SH2, src homology domain 2.
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Type II cadherins are also known as atypical cadherins, and include des-

mocollins and desmogleins, that mediate cell–cell adhesion in desmosomes.

These also appear to be specific to deuterostomes (Hulpiau and van Roy,

2009). Type I and type II cadherins are considered to belong to cadherin

major branch-1. Cadherin major branch-2 includes the type III cadherins,

the nonchordate metazoans’ version of classical cadherins. Type III

cadherins have additional features of one or more LamG domains and

one or more EGF domains between the cadherin domains and the trans-

membrane domain (Hulpiau et al., 2013; Magie and Martindale, 2008;

Nichols et al., 2012). At least three type III cadherins were identified in

the genome ofN. vectensis (Hulpiau and van Roy, 2011; Table 8.4). Termed

NvCDH1-3, these huge predicted proteins have between 25 and 32 extra-

cellular cadherin domains and two LamG domains flanked by two or three

single EGF-like domains. The intracellular domains of NvCDH1 and

NvCDH3 are also predicted by the domain architecture program pfam

(http://pfam.sanger.ac.uk/) to have b-catenin and p120 catenin-binding

Table 8.4 Cadherin and cadherin-related proteins of Hydra magnipapillata and
Nematostella vectensis, as predicted from their genomes

Species/type Cell–cell adhesion molecule
GenBank
accession number

H. magnipapillata

Cadherin major branch-2 Flamingo/CELSR XP_002163205

Cadherin-related branch-3 Fat-like XP_002162352

Unique cadherin-related Hedgling XP_002161856

N. vectensis

Cadherin major branch-2 NvCadherin1 XP_001631293

NvCadherin2 XP_001641031

NvCadherin3 XP_001638547

Flamingo/CELSR XP_001640300

Cadherin-related branch-1a NvProtocadherin XP_001637727

Cadherin-related branch-1b NvDachsous XP_001632533

Cadherin-related branch-3 Fat/fat-like XP_001617773

Fat/fat-like XP_001633830

Unique cadherin-related Hedgling ABX84114
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domains, demonstrating the likely conserved function of these proteins in

catenin-mediated signaling. Homologs were not identified in the present

version of the H. magnipapillata genome sequence; future analysis of the

recently described transcriptome of H. vulgaris (Wenger and Galliot,

2013) may lead to the identification of a Hydra type III cadherin. Another

protein family that belongs to cadherin major group-2 includes the fla-

mingo/CELSR proteins. First identified in D. melanogaster, flamingo/

CELSR proteins play crucial roles in regulating the branching of dendrites

in both the insect and mammalian nervous systems. N. vectensis and

H. magnipapillata both have flamingo/CELSR homologs, which share

remarkably similar domain architecture to the proteins of flies and man

(Fig. 8.7B; Table 8.4).

The superfamily also includes three branches of cadherin-related pro-

teins. Branch 1a includes the protocadherins. These proteins feature extra-

cellular cadherin domains, a transmembrane domain and a conserved

intracellular “protocadherin” domain.Mammals have over 50 protocadherin

genes that are involved in many roles, including dendritic self/nonself rec-

ognition (Lefebvre et al., 2012). Because protocadherins are missing from

D. melanogaster andC. elegans, it was long assumed that they evolved together

with the deuterostome lineage. However, Hulpiau and van Roy (2009)

found a typical protocadherin gene in N. vectensis that encodes seven

extracellular cadherin domains and the highly conserved protocadherin

intracellular domain (Table 8.4). Thus, protocadherins, like usherins

(Section 6.3.1), appear to have evolved in basal metazoans and were lost

subsequently in ecdysozoans. A comparable protocadherin has yet to be

identified in the current version of H. magnipapillata’s genome sequence.

Representatives of two other branches of cadherin-related proteins are

also encoded in cnidarian genomes.N. vectensis has a representative of branch

1b, dachsous. Dachsous is a transmembrane protein composed of a long

series of extracellular cadherin domains and an intracellular domain that con-

tains the catenin-binding region. N. vectensis dachsous (Table 8.4) has

27 extracellular cadherin domains and the conserved intracellular catenin-

binding region. Both N. vectensis and H. magnipapillata have homologs of

the cadherin-related branch 3 protein Fat (or the related Fat-like protein;

Table 8.4). Fat and Fat-like proteins are composed of long strings of extra-

cellular cadherin domains as well as one or two LamG domains and a string

of EGF-like domains. Fat and fat-like bind to dachsous, and Fat/dachsous

interactions mediate cell and tissue growth through the Hippo pathway

(Sharma and McNeill, 2013). The presence of a Fat-like protein in

360 Richard P. Tucker and Josephine C. Adams



H. magnipapillata (Table 8.4) suggests that a dachsous protein, which has not

been identified in the current genome sequence, is likely to be present.

While the cadherins and cadherin-related proteins of cnidarians

described above have clear homologs in other metazoa, others appear to

be unique to basal metazoans. One example is hedgling (Table 8.4). This

huge transmembrane protein has an N-terminal Hedge domain, a von Wil-

lebrand factor A domain, 21 cadherin domains, two Ig domains, two EGF

domains, and a type 2 Src-homology (SH2) domain in its intracellular tail.

A similar cadherin with fewer cadherin domains and no SH2 domain is

found in the sponge Amphimedon queenslandica (Adamska et al., 2007).

The expression of hedgling was studied in N. vectensis and A. queenslandica

by in situ hybridization. In the former, it is found just after gastrulation in

cells associatedwith the pigment ring, in the latter it is expressed in the devel-

oping mesenteries. Interestingly, Adamska et al. (2007) have proposed that

hedgehog originated by domain shuffling of the N-terminal Hedge domain

from a hedgling in an ancestor to bilaterians to become joined with the

C-terminal Hog domain of a gene not unlike the Hog domain-containing

genes of modern choanoflagellates. A hedgehog-encoding gene is present in

N. vectensis (Fig. 8.8C) and in H. magnipapillata (XP_004207437), but

hedgling, which likely regulates some aspect of cell–cell interactions in spon-

ges and cnidarians, has been lost in eumetazoans.

Cadherin-23 is a cadherin-related protein of deuterostomes composed of

27 repeated cadherin domains, a transmembrane domain, and a short intra-

cellular tail. As with usherin (Section 6.3.1) mutations of human cadherin-

23 can result in Usher syndrome, and cadherin-23 is another component of

the so-called tip complex that links stereocilia in the inner ear (Müller,

2008). Watson et al. (2008) used the cadherin-23 sequence from zebrafish

to identify the most similar sequence in theN. vectensis genome. They iden-

tified a novel cadherin with a single Ig domain, 44 cadherin domains, and

three transmembrane domains that they propose folds like a paperclip with

the cadherin domains available for adhesion (Table 8.4). Antibodies to this

cadherin-23-like protein stain the hair bundles that act as nematocyst triggers

on the tentacles of the sea anemone H. luciae. Immunoelectron microscopy

shows clusters of gold particles along links between the stereocilia and the

inner stereocilium of the sea anemone hair bundles. This striking localization

suggests that the mechanosensory organs of the chordate inner ear and cni-

darian nematocysts share some of the same conserved building blocks.

The description of cadherins and cadherin-related proteins in cnidarians

above is very likely to be incomplete. Hulpiau and van Roy (2009) found
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13 predicted proteins in N. vectensis with more than one extracellular

cadherin domain and a transmembrane domain, and three other incomplete

sequences with long strings of extracellular cadherin domains. However,

Pfam searches reveal 41 complete or incomplete predicted proteins with

more than one extracellular cadherin domain in N. vectensis, suggesting that

this superfamily may be even larger than previously reported.

6.3.3 The immunoglobulin family of cell adhesion molecules
Calcium-independent homotypic interactions between mammalian cells are

frequently mediated by members of the immunoglobulin family of cell

adhesion molecules, sometimes referred to simply as CAMs. These mole-

cules have been studied mostly in chordates and include L1CAM and

N-CAM, both of which are transmembrane proteins with extracellular Ig

domains and fibronectin type III domains. The former also has a distinctive

intracellular Bravo domain that includes the highly conserved amino acid

motif FIGEY, the function of which is unknown. L1CAM, which is also

known as neuroglian (in D. melanogaster) or simply as L1, is able to bind

homophilically or heterophilically to contactin (see Section 6.3.4). These

interactions are critical for normal human brain development; mutations

in L1CAM can lead to mental retardation (Wei and Ryu, 2012). Mouse

knock-out models indicate that homotypic cell–cell interactions mediated

by N-CAMs are important for proper motor function and long-term poten-

tiation (Becker et al., 1996).

Pfam was used to identify the representatives of these molecules in cni-

darians by searching for predicted proteins encoded in the N. vectensis

genome that include Ig domains, fibronectin type III domains, and a trans-

membrane domain. Predicted proteins with this domain architecture

include a homolog of L1CAM/neuroglian and at least three homologs of

N-CAM (Table 8.5). The N-CAM homologs include one that is most sim-

ilar to N-CAM2 from Danio rerio (listed in Table 8.5 as N-CAM2-like) and

two that are most similar to N-CAMs from Gallus gallus. A fourth N-CAM

homolog is described by Marlow et al. (2009) with only a single Ig domain

(not unlike the single N-CAM found in H. magnipapillata). An apparent

homolog of deleted in colorectal cancer (DCC) in N. vectensis, with two

Igs and a fibronectin type III domain, was also identified with this search.

The DCC homolog inH. magnipapillata is yet to be identified in the current

version of the genome sequence; possibly, future analysis of the trans-

criptome dataset of H. vulgaris (Wenger and Galliot, 2013) may prove
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fruitful. Cnidarian homologs of protogenin, a CAM present during gastru-

lation in the chicken embryo, were also identified (Table 8.5).

The N. vectensis L1CAM homolog is illustrated in Fig. 8.9A with the

similar proteins from H. magnipapillata, D. melanogaster, and Homo sapiens.

Of note is the intracellular Bravo domain, which is conserved in each of

the proteins. However, the FIGEY sequence found in the Bravo domain

of chordate L1CAMs is not. Expression of this CAM in cnidarians has

not been studied. In contrast, the expression patterns of the N. vectensis

N-CAMs (one is illustrated in Fig. 8.9B) were studied by whole mount

in situ hybridization by Marlow et al. (2009). One of the three N-CAMs

(it is unclear which one corresponds to which sequence in Table 8.5) is

expressed in the epidermal cells of planulae and early polyps, though it is

missing from the cells of the apical ciliary tuft. The expression of a second

N-CAM, in contrast, appears to be limited to the sensory apical tuft of the

planula, and to the gastrodermis of the early polyp. The third N-CAM is

expressed widely, though the signal is strongest in the polyp in the vicinity

of the pharynx.

6.3.4 Proteins of cell–cell junctions
Tight junctions are not found in sponges or placozoans, but are found in

cnidarians. Analyses by Chapman et al. (2010) led to the identification of

claudin, one of the principal homophilic interacting transmembrane

Table 8.5 Immunoglobulin family cell adhesion molecules of Hydra magnipapillata and
Nematostella vectensis, as predicted from their genomes
Species Cell–cell adhesion molecule GenBank accession number

H. magnipapillata L1CAM/neuroglian XP_002165052

Protogenin XP_004208692

N-CAM XP_002160592

N. vectensis L1CAM/neuroglian XP_001637406

Protogenin XP_001633563

N-CAM2-like A7RYG0a

N-CAM XP_001635578

N-CAM XP_001635579

DCC-like XP_001625780

aUniProt ID.
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proteins found in the tight junctions of chordates, in the genomes of both

H. magnipapillata andN. vectensis (Table 8.6). A second four-pass transmem-

brane protein found in vertebrate tight junctions, occludin, is not encoded.

Chapman et al. (2010) also reported other proteins that are associated with

tight junctions in these cnidarian genomes. Notably, a homolog of ZO-1 is

found in both H. magnipapillata and N. vectensis genomes (see Section 6.2;

Table 8.6). ZO-1 is a cytoplasmic protein related to disk large, which is

found in septate junctions (see below); the N-terminal half contains PDZ

domains, an SH3 domain and a guanylate kinase domain, while the

C-terminal half is rich in prolines. The predicted ZO-1-like proteins from

cnidarians have this same architecture, though the predicted N. vectensis

ZO-1 protein may be missing some N-terminal sequence. The presence

of ZO-1 is surprising, since ZO-1 is associated with the cytoplasmic

domains of occludin in chordate tight junctions, and occludin has not been

found in cnidarians. Future studies of ZO-1 binding partners in Hydra or

N. vectensis may shed light on the evolution of these junctional complexes,

Figure 8.9 Key cell–cell adhesion molecules that are conserved between cnidarians,
protostomes, and deuterostomes. Domain architectures of L1CAM (A) and N-CAM (B)
homologs from N. vectensis, Hydra magnipapillata, D. melanogaster, and Homo sapiens
are illustrated. Transmembrane domains are indicated with vertical lines. Bravo, Bravo
FIGEY domain; FN3, fibronectin type III domain; Ig, immunoglobulin domain.
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Table 8.6 Cell–cell junction proteins ofHydra magnipapillata andNematostella vectensis
as predicted from their genomes
Species/type Junction protein GenBank accession number

H. magnipapillata

Tight junctions Claudin XP_002154363

ZO-1 UPI00019264D6a

Stardust/PALS1 XP_002165318

PATJ XP_002167180

PAR3 XP_002165602

PAR6 XP_004209525

Septate

junctions

Neurexin XP_002157821

Disks large XP_002168436

Scribble XP_002165472

Coracle XP_002160141

Gap junctions Innexin XP_002154796; XP_002160488;

XP_002166931; XP_002170247;

XP_002164746; XP_002170241;

XP_002165350; XP_002155033;

XP_002160898; XP_004208200

N. vectensis

Tight junctions Claudin XP_001642058

ZO-1 XP_001633912

Stardust/PALS XP_001625677

PATJ XP_001625806

PAR3 XP_001637950

PAR6 XP_001627416

Septate

junctions

Neurexin XP_001637897

Gliotactin XP_001629673

Disks large XP_001638123

Scribble XP_001625532

Coracle XP_001622324

Gap junctions Innexin XP_001623899

Adapted in part from Chapman et al. (2010).
aUniprot sequence ID.
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and also on potential novel interactions. Other intracellular tight junction-

related proteins associated with junction assembly and cell polarity (stardust/

PALS1, PATJ, PAR3, and PAR6) are also found in cnidarians (Table 8.6).

Septate junctions have been particularly well characterized in

D. melanogaster, and interactions between the various players have been

demonstrated experimentally or can be assumed because of interactions

known between homologs in other species (Fig. 8.7F; Hortsch and

Margolis, 2003). Heterophilic interactions between neurexin, contactin,

and neuroglian (also known as L1CAM, see Section 6.3.2) are key to septate

junction formation, and homologs of each of these transmembrane proteins

were found to be encoded in the genomes of H. magnipapillata and

N. vectensis (Chapman et al., 2010). The H. magnipapillata and N. vectenis

neurexin homologs (Table 8.6) have the same overall domain organization

as neurexin IV in D. melanogaster, though the latter also has a discoidin

domain at its extracellular N-terminus that is missing from the predicted cni-

darian homologs. The contactin homologs listed in the paper by Chapman

et al. (2010), however, are problematic. The H. magnipapillata homolog

(XP_002154651) does not have the characteristic contactin domain archi-

tecture, and the N. vectensis homolog (XP_001639008) is a partial predicted

protein composed of two fibronectin type III domains. A tblastn search of

cnidarian sequences with the D. melanogaster contactin sequence reveals the

L1CAM/neuroglian homologs described earlier, but no other significant

hits. A Pfam architecture search also failed to reveal a contactin in

N. vectensis. Thus, septate junctions in cnidarians may form through inter-

action between neuroglian and neurexin, but might not include contactin.

Interestingly, Fahey andDegnan (2010) failed to find neuroglian or neurexin

homologs in theAmphimedon genome, suggesting that septate junctions, like

tight junctions, may have evolved with the cnidarians. Another large trans-

membrane protein found in Drosophila septate junctions is gliotactin; this

protein is concentrated at sites where three cells meet. The accession number

for the H. magnipapillata homolog found in Chapman et al. (2010) has been

removed from the database, but there is a clear gliotactin homolog encoded

in the N. vectensis genome (Table 8.6). In addition to these transmembrane

components of septate junctions, a number of intracellular-interacting pro-

teins have been identified. These include coracle, which binds to the intra-

cellular domain of neurexin IV, and scribble and disks large, which are

proposed to interact with the PDZ-binding domains found in the intracel-

lular regions of both neurexin IV and gliotactin. Partial predicted proteins

with homologous domain architecture to Drosophila coracle are encoded
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in both the H. magnipapillata and N. vectensis genomes (Table 8.6). A disks

large homolog is encoded in both H. magnipapillata and N. vectensis, and a

partial predicted scribble sequence and a potentially complete scribble

sequence are also encoded in theH. magnipapillata andN. vectensis genomes,

respectively (Table 8.6).

The gap junctions of chordates are assembled from either connexins or

pannexins (Abascal and Zardoya, 2013). Connexins are specific for the chor-

date lineage, but pannexins (referred to as “innexins” outside the phylum

Chordata) are found inmost metazoans. Pfam recognizes the four-pass trans-

membrane domain of innexins as a distinctive domain, simplifying their iden-

tification.Caenorhadbitis elegans has 25 innexin genes, andD. melanogaster has

8. However, only one predicted protein inN. vectensis has an innexin domain

(Chapman et al., 2010; Table 8.6). In contrast, Chapman et al. (2010)

reported up to 17 innexin genes in H. magnipapillata. Unfortunately, only

10 of these could be confirmed at the present time (Table 8.6). The diversity

of innexin genes in H. magnipapillata may be related to the direct contacts

observed between cells of the gastrodermis and epidermis, an interaction that

is not seen in N. vectensis. As innexins have not been found in sponges or

placozoans, studies of the innexins of cnidarians may give particularly impor-

tant insights into the evolution of gap junctions.

7. CONCLUSIONS AND FUTURE DIRECTIONS

Postgenomic analyses of the mesoglea, cell–matrix adhesion molecules,

and cell–cell adhesionmolecules of the hydrozoanH.magnipapillata and antho-

zoanN. vectensis reveal that there are often multiple copies of related genes in

the anthozoan, whereas Hydra has only one. In cases where this occurs (e.g.,

SPARC, thrombospondins, integrins, cadherins, and N-CAM), Hydra may

prove a more tractable model for knockout or knockdown studies of gene

function. However, this is not always the case: notable exceptions are the

innexins and MMPs, which are much more diverse in H. magnipapillata than

inN. vectensis. It is important to note that relatively few of the predicted genes

listed in the tables of this review have actually been cloned and their expression

studied by in situ hybridization or, even more rarely, by immunohistochem-

istry. Given the ease with which these model cnidarians can be kept in a lab-

oratory, and their small size and transparency, such expression studies should be

completed quickly to provide the foundations for future experimental work.

Another exciting feature of the cnidarian genomes described here is the

similarity between cnidarian adhesion network proteins and their homologs
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in chordates: domain architecture is well-conserved, even in huge proteins

such as usherin, L1CAM, and flamingo. These conserved proteins are often

more similar between cnidarians and chordates than they are between chor-

dates and protostomes, which leads us to suggest that novel insights into the

functions of, and interaction between, chordate proteins will be gleaned

from experimental studies of their homologs in Hydra and N. vectensis. In

fact, several of the proteins described here that are found in cnidarians

and chordates are not found in ecdysozoans, which also argues the case

for more experimental studies with cnidarian models. Some gene families

have undergone lineage-specific expansion in cnidarians: for example, both

Hydra andN. vectensis encode more collagens than D. melanogaster. For evo-

lutionary studies, cnidarian genomes provide a unique glimpse into the ori-

gins of many key genes: many of the genes described here appear to have

evolved in an ancestral cnidarian or ctenophore (e.g., protocadherins),

together with their complex musculature and nervous systems.

Ultrastructural studies of the cell junctions of N. vectensis should be ini-

tiated as a first step in understanding the organization of tight and septate

junctions in this organism, which apparently has many of the key proteins

found in these junctions in bilaterians. Localization studies on individual

molecules now identified from the genome sequence, combined with

in vitro studies of protein-protein interactions, are likely to yield significant

information about the development and maintenance of junctional com-

plexes in metazoans.

A number of elegant studies have been published on the matrix proteases

of Hydra, but postgenomic analyses reveal numerous novel proteases. Identi-

fying the targets of these proteases should prove interesting and might pro-

vide insight into matrix remodeling more widely. The available methods

to generate Hydra transgenics will be important for reaching these goals.

Historically, as discussed in this article, jellyfish have been widely used as

experimental models; however, at present, a genome sequence from a

cubozoan, scyphozoan, or even a hydrozoan with a medusoid form, is lac-

king. This information will be important for further understanding the evo-

lution of phylum Cnidaria and is also needed to provide insight in the

molecules that underpin the medusa body form and the more complex life

cycles of these classes of cnidarians. A first step is the ongoing EST and

genome project for Clytia hemisphaerica, a hydrozoan that has medusa and

polyp stages in its life cycle (Houliston et al., 2010).

The great conservation of adhesion proteins between cnidarians and

mammals, and the advantages of cnidarians for laboratory experiments, also
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makes them attractive as models for studying cellular and molecular mech-

anisms of epithelial tissue organization, stem cell niches, regeneration, or the

role of ECM in human disease. For example, effects of high glucose on base-

ment membrane thickening, a frequent pathological complication in dia-

betic patients, have been examined in the Hydra aggregation system

(Zhang et al., 1990). In tissue engineering there is a major need for xeno-

free preparations of fibrillar collagen that has prompted evaluation of jellyfish

collagen for prospective biomedical use (Addad et al., 2011). With these

expanding frontiers, and all the benefits arising from knowledge of cnidarian

genome sequences, we anticipate further growth of research interest in

cnidarians.
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