4

Edited by
Motonari Kondo

. N

12 -
} %& Hhmaanga Press




Hematopoietic Stem Cell Biology



Stem Cell Biology and Regenerative Medicine

Series Editor
Kursad Turksen, Ph.D.
kturksen @ohri.ca

For other titles published in this series, go to
http://www.springer.com/series/7896



Motonari Kondo
Editor

Hematopoietic Stem Cell
Biology

M,

>« Humana Press



Editor

Motonari Kondo

Duke University Medical Center
Durham, NC

USA

motonari.kondo @duke.edu

ISBN 978-1-60327-346-6 e-ISBN 978-1-60327-347-3
DOI 10.1007/978-1-60327-347-3
Springer New York Dordrecht Heidelberg London

Library of Congress Control Number: 2009936792

© Humana Press, a part of Springer Science+Business Media, LLC 2010

All rights reserved. This work may not be translated or copied in whole or in part without the written
permission of the publisher (Humana Press, c/o Springer Science+Business Media, LLC, 233 Spring
Street, New York, NY 10013, USA), except for brief excerpts in connection with reviews or scholarly
analysis. Use in connection with any form of information storage and retrieval, electronic adaptation,
computer software, or by similar or dissimilar methodology now known or hereafter developed is
forbidden.

The use in this publication of trade names, trademarks, service marks, and similar terms, even if they are
not identified as such, is not to be taken as an expression of opinion as to whether or not they are subject
to proprietary rights.

Printed on acid-free paper

Humana Press is part of Springer Science+Business Media (www.springer.com)



Preface

In the summer of 1988, my developmental biology professor announced to the class
that hematopoietic stem cells (HSCs) had finally been purified. Somehow, I never
forgot the professor’s words. When I started working in Dr. Irv Weissman’s labora-
tory at Stanford as a postdoctoral fellow, I realized that the findings mentioned by
the professor were from Weissman’s laboratory and had been published in a 1988
edition of the journal Science. It has been over 20 years since the publication of that
seminal paper, and since then tremendous advances in understanding the biology
and maturation of HSCs, namely the process of hematopoiesis, which includes
lymphocyte development, have been made. These discoveries were made possible
in part by advancements in technology. For example, recent availability of user
friendly fluorescence activated cell sorting (FACS) machines and monoclonal anti-
bodies with a variety of fluorescent labels has allowed more scientists to sort and
analyze rare populations in the bone marrow, such as HSCs.

All classes of hematopoietic cells are derived from HSCs. Stem cell biology
draws enormous attention not only from scientists, but also from ordinary people
because of the tremendous potential for development of new therapeutic application
to diseases that currently lack any type of effective therapy. Thus, this type of
“regenerative medicine” is a relatively new and attractive field in both basic science
and clinical medicine. The potential of regenerative medicine has been proven with
bone marrow transplantation, which is a common therapy used to treat patients with
leukemia or congenital immunodeficiency. Discovery and identification of somatic
stem cells, such as neuronal stem cells and liver stem cells, has lead to the idea that
somatic stem cells may also be used in regenerative medicine. However, for clinical
application, the barrier we must overcome is the source of the somatic stem cells
used. Embryonic stem (ES) cells, which can be maintained and expanded in cul-
ture, can give rise to all types of cells in the body. However, since human embryos
are necessary for the establishment of human ES cells, it is ethically challenging to
obtain human ES cells. Since HLA matching is a critical factor for success in organ
transplantation, enormous numbers of ES cells need to be established if ES cells are
to be used for therapies. Therefore, it may not be realistic to use ES cells for clinical
application. An alternative approach is to establish pluripotent stem cells with the
nuclear transfer technique. Although nuclear transfer can be used to establish custom-
made stem cells, it is again not realistic to use this technique for clinical application
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because nuclear transfer is a very difficult technique. In this sense, identification of
inducible pluripotent stem (iPS) cells from mature cells by introduction of a set of
transcription factors (approximately four genes) is striking. Establishment of iPS
cells is accomplished by transfection of the set of genes into mature cells using
methods already common to most laboratories. Although there are various issues
that have to be overcome, we have finally reached the starting point where we can
begin to apply stem cells to clinical settings.

Hematopoiesis research is the leading field in stem cell biology because experi-
mental systems have already been established and HSCs can be purified relatively
easily by FACS sorting. However, a lot of issues remain to be resolved. For example,
how self-renewal potential is maintained in HSCs is still not understood. To under-
stand this issue, we need to examine HSCs themselves as well as the bone marrow
microenvironment, namely the HSC niche. In Chapter 1, Drs. Ema, Kobayashi, and
Nakauchi provide an overview of the regulation of self-renewal and asymmetric cell
division of HSCs. In Chapter 2, Drs. Iwasaki and Suda review recent advances in
understanding the HSC niche. Drs. Tan, Kim, Wagers, and Mayack provide more
insight by comparing HSCs to other somatic stem cells in Chapter 3.

Investigation of hematopoiesis and lymphopoiesis is a very important subject in
hematology and immunology. Since HSCs localize at different organs during the
development of animals, it is necessary to characterize HSCs from animals of dif-
ferent ages. Drs. Ezine, Gautreau, Parcelier, and Canque review characteristics of
HSCs in animals at different maturational stages in Chapter 4. The role of transcrip-
tion factors in hematopoiesis from HSCs is reviewed by Drs. Moriguchi, Suzuki,
Engel, and Yamamoto in Chapter 5. Drs. Ikuta and Tani-ichi provide an overview
of the role of cytokines in lymphopoiesis from HSCs by focusing on IL-7 function
in YOT cell development in Chapter 6. Among hematopoietic cells, dendritic cells
are unique because they are derived from either lymphoid or myeloid progenitors.
The nature of dendritic cells is precisely described in Chapter 7 by Drs. Merad and
Manz. Finally, recent advances in the understanding of leukemia stem cells are
reviewed by Drs. Dao and Jamieson in Chapter 8.

These authors are experts and frontrunners in their fields. I sincerely appreciate
each author’s time and contribution to each chapter.

Motonari Kondo, M.D., Ph.D.
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Principles of Hematopoietic Stem Cell Biology

Hideo Ema, Toshihiro Kobayashi, and Hiromitsu Nakauchi

Abstract Hematopoietic stem cells (HSCs) are able clonally and persistently to
produce all blood cells while maintaining the HSC pool size, permitting sustained
hematopoiesis throughout life. HSCs have served as an excellent model in stem cell
biology, and HSC transplantation has served as a prototype for stem cell therapy
in regenerative medicine. The research field of stem cell biology and regenerative
medicine has been conceptually and practically established through the study
of HSCs. After many years of work, we have finally begun to understand self-
renewal and multilineage differentiation in HSCs at the molecular level. This
chapter briefly introduces how particular molecules play roles in HSC function
and regulation. The principles of HSC biology, however, are the focus of this
review, which provides an overview of basic concepts in stem cell biology with
reference to some historic work.

Introduction

Hematopoiesis is the tightly regulated process of blood cell formation. Short-lived
mature blood cells are replenished on a daily basis by hematopoietic stem cells
(HSCs) through large numbers of HSC progeny such as multipotent progenitors
and lineage-committed progenitors. HSCs are the first-identified and the best-charac-
terized stem cells, providing a first model for the stem cell system applicable to
many other stem cells. Figure 1 shows the hematopoietic system, which is orga-
nized hierarchically with a series of cell populations arranged in rank from stem

H. Ema (D<), T. Kobayashi, and H. Nakauchi

Division of Stem Cell Therapy, Center for Stem Cell and Regenerative Medicine, Institute of
Medical Science, University of Tokyo, 4-6-1 Shirokanedai, Minato-ku, Tokyo, 108-8639, Japan
e-mail: hema@ims.u-tokyo.ac.jp

M. Kondo (ed.), Hematopoietic Stem Cell Biology, Stem Cell Biology 1
and Regenerative Medicine, DOI 10.1007/978-1-60327-347-3_1,
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Fig. 1 The hematopoietic system. The hematopoietic hierarchy is illustrated. In concept, one stem
cell asymmetrically gives rise to a stem cell to maintain its line and to a daughter cell destined for
multilineage differentiation. Multipotent progenitor cells rather rapidly undergo symmetric self-
renewal a limited number of times, leading to their amplification in a short interval. The entire
hematopoietic system is established and maintained by a hematopoietic stem cell (HSC)

cells to mature blood cells. Most importantly, one stem cell is sufficient for
establishment of the entire system.

Many basic concepts in stem cell biology have been created based on the study
of HSCs. An asymmetric division model, a stochastic model (Till et al. 1964), a
clonal succession model (Kay 1965), and a stem cell niche model (Schofield 1978)
are good examples of such work. Some of these important concepts are revisited in
this review. Although much progress has recently been made in this field, our
understanding of the molecular mechanisms underlying the regulation of HSCs has
just begun. This review presents the current understanding of the regulation of
HSCs at the molecular level and highlights molecules controlling self-renewal.
How do individual HSCs make a decision to self-renew or not self-renew in each
division? How many times, and through what pathways, can they repeat this event?
This review discusses why these two questions are still the main theme in the study
of self-renewal.
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The Definition and Entity of HSCs

Definition of Stem Cells

Stem cells are defined as cells with both self-renewal and differentiation
potentials. This definition was initially framed by J. E. Till and E. A.
McCulloch, based on their discovery and characterization of colony-forming
units in the spleen (CFU-S) (Till et al. 1964; Till and McCulloch 1961). When
mouse bone marrow or spleen cells are injected into lethally irradiated mice,
visible colonies develop in the spleen of the recipient mice during a relatively
narrow window of time after transplantation (e.g., 8—12 days). These colonies
consist mainly of myeloid cells such as neutrophils, macrophages, erythro-
blasts, and megakaryocytes. The clonal nature of CFU-S was proven using
chromosomal markers (Abramson et al. 1977). The sizes and cell composi-
tions of colonies change with time after transplantation, indicating that
CFU-S are heterogeneous. It is now known that CFU-S belong to a certain
class of progenitors distinct from HSCs. The multipotent progenitor popula-
tion is highly enriched in day 12 CFU-S (Yang et al. 2005), and the erythroid/
megakaryocytic progenitor population is highly enriched in day 8 CFU-S
(Pronk et al. 2007). Nonetheless, most of the concepts established, based on
detailed analyses of CFU-S, have been proven to apply to stem cells, an
instance of how concepts or models can remain important throughout the his-
tory of research in a particular field.

To self-renew is a process of producing one or two daughter cells identical to
their parental cell via cell division. More precisely, it copies the entire genome,
including epigenetic modifications. In practice, an act of self-renewal is a cell
division that produces one or two daughter cells functionally equivalent to the
parental cell. Both self-renewal potential and the full range of differentiation
potentials (“multipotency”) are maintained throughout self-renewing division.
Differentiation is the process by which cells become more specialized, functional
cells. Stem cells least likely differentiate without cell division. In this regard, to
differentiate is a process of epigenetic change via cell division. In practice, an act
of differentiation is a cell division that produces one or two daughter cells in
which self-renewal potential or some part of multipotency is lost.

HSCs give rise to daughter cells that progressively restrict their differentiation
potentials during their differentiation. Lineage commitment is the event that allows
cells to differentiate further along one or more particular lineage, but not along
other lineages. It can occur in cells at all differentiation stages, from HSC daughter
cells to bipotent progenitor cells. In general, cells cannot cancel lineage commit-
ment or reverse differentiation sequences. It is hoped that these events—self-
renewal, differentiation, and commitment—will be more clearly and simply defined
in molecular terms in the near future.
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The Functional Heterogeneity of HSCs

The HSC population is composed of heterogeneous stem cells. HSCs are able
both to differentiate into all possible blood lineages and to self-renew. Since
this is basically a qualitative definition, if there is any difference among
HSCs, this difference must be quantitative. It seems more difficult to quanti-
tate differentiation potential than to quantitate self-renewal potential. The
amount of repopulating activity in HSCs has been expressed in terms of the
repopulating unit (RU) (Harrison et al. 1993). One RU is defined as the
amount of repopulating activity per 10° bone marrow cells. The number of
RUs in a certain number of test donor cells is calculated based on data from
analysis of the peripheral blood of recipient mice in competitive repopulation
(see the section “In vivo Assays” and Fig. 2 for details). The formula for RU
calculation is: RU = ([% chimerism of test donor-derived cells]x[No. of com-
petitor cells])/([% chimerism of competitor-derived cells] x 10%). When RUs
for individual HSCs were measured by single-cell competitive repopulation,
variation in RU per HSC was detected among adult mouse HSCs. Since a
positive correlation between RU and the number of secondary HSCs (the
number of HSCs generated in a primary recipient mouse, as estimated by
secondary transplantation) was found on analysis of single HSCs and their
individually cloned descendants (e.g., on a clonal basis), it was suggested that
HSCs are a heterogeneous population in regard to self-renewal potential (Ema
et al. 2005). Retroviral tracking analysis (Jordan and Lemischka 1990) and
single-cell transplantation (Dykstra et al. 2007) have demonstrated that, after
transplantation, the in vivo kinetics of individual HSCs differ. How levels of
self-renewal potential relate to particular patterns of in vivo kinetics is uncer-
tain. Nonetheless, these data show that mouse HSCs are functionally hetero-
geneous. Similar heterogeneity has also been suggested for human HSCs
(Guenechea et al. 2001).

When HSCs or pre-HSCs emerge in a developing embryo, they must consti-
tute a small and homogeneous population. As these cells divide, the level of
self-renewal potential might progressively fall. As a result, HSCs can become
diverse in self-renewal capacity. In the generation-age hypothesis (Rosendaal
et al. 1979), the previous division history of each stem cell is one determinant of
the functional organization of the HSC population. Stem cells that have gener-
ated many stem cells (old stem cells) are hypothesized to form blood before stem
cells that have generated few stem cells (new stem cells). After a given number
of generations, two progenitor cells arise during division, and a stem cell thereby
is lost. While we are not sure that order exists in the use of HSCs, we find this
hypothesis attractive (Ema and Nakauchi 2003). In the strict sense, HSCs may
not be able to regenerate HSCs that are exactly the same as themselves.
Elucidation of the molecular mechanisms underlying self-renewal potential will
address this issue.
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In vivo and In vitro Assays for HSCs

In vivo Assays

Patients with hematological disorders such as leukemia and lymphoma have been
successfully treated with bone marrow or cord blood transplantation. Conditioning
regimens such as chemotherapy and total body irradiation are used to eliminate
dysfunctional or malignant hematopoietic cells and to suppress the immune system
before transplantation. When bone marrow cells are intravenously injected into
myeloablated patients, the entire hematopoietic systems of the recipients are gradu-
ally but durably reconstituted with donor bone marrow cells if immunological reac-
tion and infection are under control. Long-term reconstitution is solely due to
engrafted HSCs. Experimental bone marrow transplantation in animal models is
basically similar to therapeutic bone marrow transplantation in humans (Fig. 2).

In vivo, long-term, multilineage reconstitution is the gold standard for detection of
HSCs. In a mouse model, test donor cells are retrospectively inferred to have con-
tained one or more HSCs when their transplantation into lethally irradiated mice
results in long-term multilineage reconstitution. Competitive repopulation is a modi-
fied version of transplantation that ensures the survival of lethally irradiated recipient
mice and permits the quantitative evaluation of repopulation levels. Competitor cells,
which are usually normal bone marrow cells, are cotransplanted in most instances
(Fig. 2). In experimental transplantation, test donor cells and competitor cells are
distinguished by certain genetic markers. The markers CD45.1 (Ly5.1) and CD45.2
(Ly5.2) are commonly used. CD45.1 C57BL/6 mice are congenic to CD45.2 C57BL/6
mice. CD45 is the leukocyte common antigen expressed on all leukocytes and their
progenitor cells, including adult HSCs, but not on red blood cells, platelets, and
their committed progenitors. A minimum criterion is that myeloid, B-lymphoid,
and T-lymphoid populations need to be demonstrably reconstituted with test donor—
derived cells for 3—4 months to show that test donor cells contained HSCs. When
these three lineages are demonstrably reconstituted, erythroid and megakaryocytic
lineages will almost certainly have been reconstituted with progeny of the same test
donor cells. However, a better system, one that permits simultaneous analysis of leu-
kocytes of all lineages, red blood cells, and platelets, should be used when it is avail-
able. Among these three lineages, the myeloid lineage is more important than the
lymphoid lineages. In rare instances, the myeloid lineage is demonstrably reconsti-
tuted 4 months after transplantation, but the lymphoid lineages are not. Lymphoid
lineage reconstitution might become detectable later on in such cases.

When multilineage reconstitution takes place 4 months after transplantation, this
is conceivably due to self-renewal and differentiation potentials in HSCs. To con-
firm self-renewal potential, however, secondary transplantation needs to be per-
formed. When long-term multilineage reconstitution takes place again in secondary
recipient mice, this is certainly due to self-renewal and differentiation potentials in
HSCs. We have recently realized that some HSCs show little reconstitution activity
4 months after primary transplantation, but show significant reconstitution activity
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after secondary transplantation. To detect all HSC activities, serial transplantation
is mandatory. In the strict sense, the criteria of HSCs may have to depend on data
from serial transplantation.

We hold that only transplantation of HSCs enables long-term reconstitution of
granulocytes, and that unbalanced reconstitution between myeloid and lymphoid
lineages, rarely observed, may be associated with HSC aging (Sudo et al. 2000).
Because lymphocytes have a long lifespan compared with granulocytes and other
myeloid lineage cells, when lymphoid lineages are reconstituted 4 months after
transplantation but the myeloid lineage is not, it most likely indicates that test donor
cells included lymphoid progenitors, but not HSCs.

Needless to say, we are unable to assay human HSCs experimentally in patients.
Nonobese diabetes/severe combined immunodeficiency (NOD/SCID) or NOD/
SCID mice crossed with common gamma receptor knockout (NOG/SCID) mice are
currently used as a surrogate xenotransplantation assay (Larochelle et al. 1996).
This assay is useful to detect human multilineage repopulating cells, but most
recipient mice hardly survive beyond a year. We are not certain that such observation
periods are long enough to detect self-renewal and multilineage differentiation
potential in human HSCs. Primates can be used as an alternative animal model. For
instance, monkey HSCs, instead of human HSCs, can be studied. But, who will be
able to monitor those animals for up to 50 years of life after bone marrow trans-
plantation to identify monkey HSCs? The only practical way to identify human
HSCs is to find human cells equivalent to mouse HSCs in every possible respect.
For instance, HSCs might be identified by expression of a combination of func-
tional molecules, such as p57%i?, the c-Kit and c-Mpl receptors, and the ABC
transporter G2.

In vitro Assays

In vitro colony assays (Fig. 3) have already become classic, and they remain one of
the most important assays in the study of hematopoiesis. This assay was invented
in the 1960s by two research groups, one in Israel (Pluznik and Sachs 1965) and
the other in Australia (Bradley and Metcalf 1966). Hematopoietic progenitor cells
can grow in semisolid media such as agar and methylcellulose, finally forming
colonies just like bacteria. Unlike bacteria, hematopoietic progenitor cells need to
be supplemented with growth factors to proliferate in culture. Also unlike bacteria,
a variety of cell types are derived from a single cell. This assay thus can be called
a clonal differentiation assay. Don Metcalf, one of the pioneers in use of this assay,
describes colonies as three-dimensional populations of cells of wonderfully vari-
able shapes and sizes that look like galaxies as approached by a fast-moving space-
ship (Metcalf 2000). Their beauty has continued to fascinate him for over 40 years!
The significance of this assay system has been appreciated, for the most part, after
discovery of a number of colony-stimulating factors. These factors, interleukins
among them, are collectively called cytokines. To date at least 20 hematopoietic
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Fig. 3 In vitro colony assays. Cells from hematopoietic tissues are plated in semisolid medium
with a combination of cytokines, such as stem cell factor (SCF), thrombopoietin (TPO), interleukin-3
(IL-3), and erythropoietin (EPO) at minimum. One progenitor gives rise to a colony composed of
a variety of cell types in 7-14 days

cytokines are known. Had colonies grown in vitro been unattractive to Metcalf and
others, this assay might not have been used by so many researchers for so long.
When 10,000 mouse bone marrow cells are plated in methylcellulose culture
containing a combination of cytokines minimally required for colony formation,
such as stem cell factor (SCF), thrombopoietin (TPO), interleukin-3 (IL-3), and
erythropoietin (EPO), a hundred or more colonies are formed. Most colonies are
derived from progenitors but not from HSCs; HSCs are barely present in this num-
ber of bone marrow cells. Whether HSCs could form in vitro colonies was not
known until 2004 (Takano et al. 2004). Using this assay with highly purified cells,
testing can show which cytokines directly act on HSCs. Unfortunately, purification
levels have not reached 100%. Researchers continue to try to increase the degree of
HSC purification, as discussed below. SCF, TPO, IL-3, IL-6, IL-11, and others are
the cytokines that affect HSCs. These cytokines were earlier recognized as early
acting cytokines, using blast-colony assays in which blast colonies were formed by
bone marrow or spleen cells from mice treated with the cytotoxic drug 5-fluorou-
racil. HSCs are barely present in these blast colonies. But most of what was found
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in blast-colony assays has also been found to apply to HSCs. A series of blast-
colony studies systematically performed by Makio Ogawa (Ogawa 1993) has been
found to be of great value by many HSC researchers.

In vitro colony assays are useful for analysis of HSCs and progenitor cells.
Myeloid differentiation potential can be examined at the clonal level for newly
isolated populations. Using knockout mice, stages at which differentiation block
occurs can be analyzed. If early hematopoietic differentiation is blocked in knock-
out mice, it becomes impossible to detect HSC activity properly. The primary
importance in HSC studies is to determine, using in vitro colony assays, whether
myeloid differentiation potential in HSCs is normal or not; but many published
studies neglect this simple test.

Whether human HSCs can form colonies in vitro is not clear. CD34* cells from
human bone marrow and cord blood contain a subset of HSCs (Kato et al. 2001).
These cells unlikely express CD38. Most CD34*CD38" cells do not form colonies
in methylcellulose culture, even in the presence of a combination of many cytok-
ines. In humans, as in mice, CD34- cells are considered more immature than CD34*
cells (Bhatia et al. 1998). CD34- cells do not form colonies at all. This is possibly
because culture conditions are not optimal for human HSCs. Human HSCs may be
able to form a colony only in contact with stromal cells.

The Purification of Mouse HSCs

High Degrees of Mouse HSC Purification by Flow Cytometry

The frequency of HSCs among bone marrow cells in adult C57BL/6 mice has been
estimated to be on the order of 1 in 10°~10° cells. To study HSCs, we must prospec-
tively isolate them from other bone marrow cells. Visser et al. were the first to attempt
to enrich HSCs by flow cytometry (Visser et al. 1984). This approach was further
refined by Spangrude et al., who succeeded in higher purification of adult mouse
HSCs (Spangrude et al. 1988). The Thy-1"", Sca-1*, and lineage marker—negative
fraction was most enriched in adult bone marrow HSCs at that time. Because the
Thy-1 marker is only applicable to Thy-1 congenic mice (C57BL/Ka-Thy-1.1), it has
been replaced by c-Kit receptor in many laboratories. Single-cell transplantation was
very difficult with this Thy-1"%, Sca-1*, and Lin~ population (Smith et al. 1991).
Introduction of anti-CD34 antibody significantly increased the level of HSC enrich-
ment. Unexpectedly, HSCs (Osawa et al., 1996), were found in the CD34lov/nezuive
fraction of bone marrow cells. This has defined cells with the CD34~"°v, ¢-Kit*, Sca-1*,
Lin~ (CD34°KSL) phenotype as highly enriched in HSCs (Osawa et al., 1996), thus
enabling single HSC transplantation and clonal characterization (Ema et al., 2006).
On average, 25% of recipient mice show long-term multilineage reconstitution
after transplantation of single CD34"KSL cells from 8- to 10-week-old C57BL/6
mice (Ema et al. 2005). Recently Slam-family receptors have been used for HSC
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purification. CD150*, CD48~, CD41" cells are also highly enriched in mouse HSCs
(Kiel et al. 2005; Kim et al. 2006). Most of these cells express c-Kit and Sca-1, but
not lineage markers. On the other hand, most CD34°KSL cells express CD150.
CD34°KSL cells and CD150*CD48 CD41- cells mostly overlap, but the precise
relationship of these two phenotypes remains to be determined. The side population
(SP) phenotype detected by flow cytometry analysis of cells stained with the
supravital dye Hoechst 33342 has also been useful for HSC purification (Goodell
et al. 1996). However, it should be kept in mind that not all HSCs show the SP
phenotype at any one time (Morita et al. 2006), although most HSCs express the
adenosine triphosphate—binding cassette transporter Bcrpl whose function is
responsible for the SP phenotype (Zhou et al. 2002).

In our experience, data vary significantly among individual single-cell transplantation
experiments. This might result from a number of reasons, but is perhaps due to varia-
tions among individual donor mice, the number of HSCs included in competitor cells,
and conditions of competitor cells and recipient mice. To control these conditions
appears difficult. Nevertheless, the criteria for long-term multilineage repopulating cells
must be unified. The source and number of competitor cells, with the definition of long-
term and multilineage reconstitution, are the most important conditions. From both
logical and practical points of view, we propose that 8- to 12-week-old male or female
C57BL/6 mice be used as HSC donors and recipients, that 2x 10° normal and unma-
nipulated bone marrow cells be used as competitor cells, that long term be defined as at
least 4 months, and that 1% or more peripheral blood chimerism with detectable test
donor cell-derived myeloid, B-lymphoid, and T-lymphoid cells be defined as multilin-
eage reconstitution. This percentage is obtained by ([% test donor cells] x 100)/(% test
donor-derived cells + % competitor-derived cells). In some laboratories, 0.1-0.3% chi-
merism is adopted as defining multilineage reconstitution, which is useful for certain
purposes. We, however, believe that if one wishes to compare purification levels
between different protocols, the above criteria should be agreed on and shared.

Toward the Ultimate Purification of HSCs

If only 25% of cells in recipient mice show long-term multilineage engraftment after
transplantation of single CD34°KSL cells, what are the remaining 75% of cells?
Every step from the purification and transplantation processes through the in vivo
repopulating process must be carefully reviewed, taking into account cell damage by
laser or high-pressure sorting, technical error upon injection of a cell mixture, seeding
(or homing) failure, and self-renewal failure by chance. Some find it difficult to
believe that every CD34°KSL cell successfully homes to a bone marrow niche and
starts self-renewing division. Most CD34"KSL cells exhibit myelopoietic activity on
in vitro assay. Their in vitro proliferation capacity varies greatly. Multipotent progeni-
tor cells with variably limited self-renewal potentials may be similar to HSCs in
respect to their surface markers. These two types of cells, HSCs and multipotent
progenitor cells, are rather artificially separated based on the outcome of transplanta-
tion assays, but they could be cells along a continuous gradient.
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Nevertheless, we have attempted to detect repopulating cells among CD34-KSL
cells by increasing the sensitivity of competitive repopulation. When compromised
bone marrow cells were used as competitor cells, 54% and 26% of mice transplanted
with single CD34"KSL cells showed, respectively, long-term and short-term recon-
stitution. If technical error is<10%, approximately 90% of cells in this particular
experiment proved to be repopulating cells. We still do not know what the remaining
10% of cells were. Nonetheless, HSC seeding efficiency should be very high. Such
experiments must be repeated and extended.

We have recently realized that not many antibodies that recognize cell surface
markers can be used to separate the CD34-KSL cell population further into positive
and negative subpopulations. Some markers, such as integrin, can further separate
cells in this population but do not always lead to further enrichment of HSCs. So
far our screening of antibodies that can distinguish subclasses of CD34 KSL cells
has not identified any whose use significantly increases the engraftment rate.
Although most cells in the SP tip reportedly have stem cell activity (Matsuzaki
et al. 2004), this finding has been difficult to reproduce. Is it possible that CD34~
KSL cells cannot be further functionally separated by surface markers? We shall
persevere in this approach to selection of HSCs with high self-renewal activity.

The Fate of HSCs

Fate Determination Units

Francois Jacob said that “The dream of every cell is to become two cells.” That is
also the dream of HSCs. The task of HSCs is to divide as many times as they can,
but most HSCs are asleep, or hibernating, at any given time. HSCs may dream of
becoming daughter cells while they are sleeping. Historically, the concept of the G
phase in the cell cycle emerged from the study of HSCs (Lajtha 1979). HSCs in the
G, phase, presumably residing in their niches, seem to maintain their pool size and,
in effect, be protected from a variety of pressures, such as proliferative stress and
oxidative stress, under physiological and pathological conditions.

Knockout mouse studies have convincingly shown that the lack of a negative
regulator in the cell cycle leads to the reduction of the stem cell pool. The Forkhead
O (FoxO) subfamily of transcription factors is present in the nucleus of hibernating
HSCs (Yamazaki et al. 2006). By activation of the PI3K/Akt signal transduction
pathway, FoxO proteins are phosphorylated and exported from the nucleus to the
cytoplasm. As a result, HSCs enter the cell cycle. FoxO1, FoxO3, and FoxO4-triple
knockout HSCs are defective in long-term reconstitution (Tothova et al. 2007).
These results suggest that a return to the G, phase after cycling is necessary for
HSC:s to reconstitute successfully and durably the hematopoietic system of lethally
irradiated mice. We do not yet know how the G to G, phase transition or its reverse
is controlled in HSCs. FoxO proteins might play a role in the HSC G /G, transition
or the maintenance of HSC hibernation. Cyclin C in combination with Cdk3 has
been reported to stimulate pRb phosphorylation, which occurs when cells exit from
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the G, phase (Ren and Rollins 2004). It would be interesting to know whether the
cyclin C/Ddk3 complex plays a similar role in HSCs.

It is generally accepted that most HSCs in the adult mouse bone marrow enter
the cell cycle at least once per month. By calculation, over 10,000 HSCs exist in
the bone marrow of an adult mouse. It is important to know how individual cell
cycle status is orchestrated among such a large number of HSCs. To imagine that
this is controlled only by the local niches is difficult.

Figure 4 sets out possible explanations of many aspects of HSC behavior. Once
HSC:s enter the cell cycle, fate choices exist. Till et al. provisionally called HSC fate
either “birth” or “death” (Till et al. 1964). Certainly, HSCs have a choice of dying
by apoptosis. But Till et al. called differentiation “death” since many cells die at the
end of terminal differentiation. They assumed that HSC fate is controlled by varying
birth and death probabilities. Their concept is still vivid. Our hypothesis is that HSCs
undergo either self-renewal or differentiation at each cell division. If this is the case,
one cell cycle could be the minimum unit for fate determination in HSCs.

Three Types of Cell Division

Figure 5 illustrates three manners of stem cell division. When two daughter cells
are stem cells, this division is termed symmetric self-renewal. When one daughter
cell is a stem cell and the other is a progenitor cell, this division is termed asymmetric

HSC
Hibernating Cycling
/v - Self-renewal
<+—> - Differentiation
\ - Apoptosis

Niche

The minimum unit
for fate determination

Fig. 4 Fate determination in hematopoietic stem cells (HSCs). Under physiological conditions,
most HSCs are likely hibernating in particular niches. HSCs regularly enter the cell cycle by
unknown mechanisms. HSCs take one of three choices—self-renewal, differentiation, or apopto-
sis—via cell division
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Fig. 5 Manners of stem cell division. Three types of cell division in hematopoietic stem cells are
shown

self-renewal. When both daughter cells are progenitor cells, this division is termed
symmetric differentiation. HSCs are detectable only by in vivo functional assays.
Their surface markers have been characterized extensively, but no specific marker
associated with HSC function has yet been identified. Thus we cannot be absolutely
sure which cells in situ, as in the bone marrow, are HSCs. At this moment, it is
impossible to study each HSC division in vivo. We therefore have attempted to
recapitulate the three types of HSC division in culture.

Micromanipulation techniques for so-called paired daughter cells (Suda et al.
1984) have been adapted to single-cell transplantation (Fig. 6). After single HSCs
divide once, each daughter cell is separated from the other and is transplanted into
a lethally irradiated mouse, together with rescue cells. Recipient mice are analyzed
12 weeks or more after transplantation to evaluate whether transplanted single
daughter cells were HSCs. We have so far observed only asymmetric self-renewal,
but not symmetric self-renewal, in HSCs from wild-type mice when division was
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Fig. 6 Paired daughter cell experiments. Single-cell cultures are performed in a 96-well microti-
ter plate. Single hematopoietic stem cells (HSCs) divide once in the presence of cytokines (e.g.,
SCF + TPO). Following division, each daughter cell is separated by micromanipulation and is
individually injected into a lethally irradiated mouse together with competitor cells. Long-term
multilineage repopulation by individual daughter cells is evaluated 3—4 months or more after
transplantation

induced in serum-free medium by a combination of minimal cytokines such as SCF
and TPO (Ema et al. 2000; Seita et al. 2007). This is why ex vivo expansion and
maintenance of HSCs have not been easily achieved. However, we could observe
symmetric self-renewal divisions in Lnk-deficient HSC. Lnk seems negatively to
control the probability of self-renewal downstream of TPO/c-Mpl signaling in
HSCs (Seita et al. 2007). Because of this, Lnk-deficient HSCs have a higher chance
of self-renewal divisions even in vitro.

Whether the fate of HSCs is determined after only one division has not yet been
formally tested. Whether daughter cells of HSCs are stem cells can be known only
retrospectively. This raises the possibility that their fate is actually determined
after subsequent divisions. We are not sure that this alternative mode is useful for
further study because the latter model is more complicated than the former. For
example, the outcome of a first asymmetric self-renewal division might be the
outcome of the combination of a first division, resulting in symmetric self-renewal
division with, in one daughter cell, a second division, resulting in asymmetric or
symmetric self-renewal, and, in the other daughter cell, a second division, resulting
in symmetric differentiation.

We are not entirely sure that the data from paired daughter cell experiments
faithfully reflect in vivo events, but the experimental system should serve in
searches for molecular mechanisms underlying fate determination in HSCs.
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Molecular Basis for Self-Renewal

How can we address self-renewal at the molecular level? Two aspects of self-renewal
should be kept in mind. First, self-renewal is a type of cell division, and whether to
self-renew is chosen by HSCs under the influence of various extrinsic factors.
Second, although the self-renewal capacity of HSCs is extensive, it is not infinite.
Cytokine networks and niche elements play crucial roles in induction and inhibition
of HSC division. Subsequent intracellular signal transduction and transcriptional
activation play major roles in HSC fate determination.

We have begun to identify the molecules that regulate the self-renewal division
of HSCs. Basic cell cycle machinery has to function all the time for all dividing
hematopoietic cells. The genome must be protected from DNA damage or muta-
tion. DNA repair (Nijnik et al. 2007) and maintenance of sufficient telomere length
(Allsopp et al. 2003a) are necessary to support a number of self-renewal divisions
in HSCs (Rossi et al. 2007). These protective mechanisms should be held in common
with most cells, but abnormalities in these mechanisms are more readily detected
in HSCs than in HSC progeny. The argument that slowly dividing cells with a long
lifespan have increased chances to suffer genomic DNA damage and telomere
shortening than do rapidly dividing cells with a short lifespan makes no sense. If
HSCs have a problem in their genome, their progeny have the same problem.
Hematopoiesis is more severely disturbed by defects in HSCs than by defects in
progenitor cells. Hibernation should be a necessary behavior in HSCs. There is no
evidence that mechanisms controlling hibernation in HSCs differ from those in
memory B- and T-cells. At the moment, p57%?2, which may function in HSCs but
not in lymphocytes, is the only possible exception (Yamazaki et al. 2006). All
molecular mechanisms regulating or supporting self-renewal in HSCs are closely
related to one another, but in studies they must be individually addressed. Otherwise,
we may not be able to understand which mechanism is specific to HSCs.

Extrinsic Control of HSCs

In the adult bone marrow, HSCs seem to lie in contact with osteoblasts and vascular
endothelial cells. Accordingly, osteoblastic niches (Calvi et al. 2003; Zhang et al.
2003) and vascular niches (Kiel et al. 2005) have been proposed to regulate HSCs.
The niche has two hypothesized roles. One role is to induce or support self-renewal
in HSCs. The other is to induce and maintain hibernation in HSCs. It is not easy to
imagine that both events are controlled by the same niche. This could be explained
by an interesting assumption, which is that the osteoblastic niche controls hibernat-
ing HSCs and the vascular niche controls cycling HSCs (Arai et al. 2005). So far
no published data support this distinction.

To control HSCs in number, the niche might provide specific molecules required
for HSCs to self-renew. Reya et al. reported that Wnt3a is one such candidate
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molecule (Reya et al. 2003; Willert et al. 2003). A constitutively active form of
B-catenin reportedly enhances self-renewal in HSCs and the canonical Wnt/f-
catenin pathway reportedly is activated in self-renewing HSCs (Reya et al. 2003).
Unfortunately, none of these claims has been supported by subsequent studies. We
have not observed Wnt3a to act as a mitogen for HSCs in the presence of SCF nor
seen that Wnt3a can promote self-renewal in HSCs (Ema, unpublished data, 2007).
Two groups reported instead that conditional expression of a constitutively active
form of B-catenin in HSCs blocks differentiation in HSCs, leading to loss of their
repopulating activity (Kirstetter et al. 2006; Scheller et al. 2006). Other studies
using a conditional knockout strategy showed that reconstitution activity in
B-catenin”~ HSCs is unaffected (Cobas et al. 2004). Concern that y-catenin might
compensate for absence of its closely related homologue, 3-catenin, in the canonical
pathway was allayed when two independent groups convincingly showed that
y-catenin and B-catenin double knockout mice have HSCs with normal repopulating
activity (Jeannet et al. 2008; Koch et al. 2008). Later, Reya et al. claimed again that
repopulating activity in B-catenin”’- HSCs is reduced (Zhao et al. 2007), leaving
observers confused. Whether any Wnt protein is provided to HSCs in vivo after
transplantation remains uncertain. If there is no Wnt signal, it must be difficult to
see any difference between wild-type and B-catenin”~ HSCs after transplantation.
We believe that other potential self-renewal factors must be sought rather than to
expect too much from the positive effect of one or two particular members of the
Whnt family on self-renewal in HSCs (Trowbridge et al. 2006).

Nevertheless, HSCs must be susceptible to external mitogenic stimuli. Cytokines
should play a major role in HSC division. The other role of the niche is to keep
HSCs in hibernation, as discussed above. Several lines of evidence clearly show
that the G, phase in HSCs is necessary for maintenance of the HSC pool. This is
rather easily understood if we believe that continuously cycling HSCs are soon
exhausted because their number of cell divisions is limited. The question again is
how their hibernation is controlled. Some cytokines negatively regulate HSCs, for
instance TGFP1 (Yamazaki et al. 2008) and angiopoietin 1 (Arai et al. 2004). But
there is little evidence that these play a role in vivo. Members of the TGF[3 super-
family signal through a complex consisting of type I and type II serine/threonine
kinase receptors. Upon ligand binding, type II receptors recruit and transphospho-
rylate type I receptors, and then activate Smad transcription factors. The TGFf
signal is processed through Smad2 and Smad3; the BMP signal is processed
through Smad 1, Smad5, and SmadS8. Receptor-activated Smads of both pathways
form heterooligomers with the common mediator Smad4. Studies of conditional
Smad4 knockout mice showed that maintenance of the HSC pool depends on acti-
vation of Smad4 (Karlsson et al. 2007). Redundancy among negative regulators
should exist. However, it can be reasonably assumed that at least certain members
of the TGFf superfamily are involved in the regulation of HSC hibernation.

With respect to asymmetric division, the niche may play a role in cellular
polarization in HSCs under conditions of self-renewal or hibernation. The study of
germline stem cells (GSCs) in the fruit fly, Drosophila melanogaster, has provided
great insights into interactions between stem cells and their niches. In the ovary,
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two or three GSCs reside in a niche comprising cap cells and other cells. When a
GSC gives rise to two daughter cells, one daughter cell stays as a stem cell in the
niche, given decapentaplegic (Dpp, a homolog of human bone morphogenetic
proteins 2 and 4) signaling. The other daughter cell moves out of the niche and
begins a program of differentiation (Xie and Spradling 2000). In the testis, GSCs
are maintained in a niche composed of hub cells. GSCs in the testis also undergo
asymmetric division. One daughter cell remains in the niche as a stem cell, and the
other, displaced from the niche, begins to differentiate (Yamashita et al. 2003).
Activation of Jak-Stat and E-cadherin/Armadillo (B-catenin) signaling is reportedly
required for self-renewal (Yamashita et al. 2003; Tulina and Matunis 2001). In the
central nervous system of Drosophila, a neuroblast asymmetrically divides into a
neuroblast and a ganglion mother cell (GMC) (Wodarz and Huttner 2003; Roegiers
and Jan 2004). A GMC in turn gives rise to a neuron and a glial cell. The orientation
of the mitotic spindle is perpendicular to the plane of the overlying neuroepithe-
lium. Cell fate determinants are known to be segregated exclusively to one daughter
cell or another. For example, Numb, Prospero, Partner of Numb, and Miranda are
localized to the basal pole of parental neuroblasts during mitosis and are segregated
into GMC:s. In contrast, Bazooka, Par-6, and PKC as a complex are localized to the
apical pole of parental neuroblasts and are segregated into neuroblasts. Numb acts
as an inhibitor in Notch signaling, but it is unclear how Numb and other proteins
regulate the fate of neuroblasts.

In all these stem and progenitor cells, polarization of cells upon mitosis seems
critical for asymmetrical fate specification, with fate determined in a fixed manner.
The number of cell divisions that differentiated daughter cells can undertake is
limited. Unlike these stem cells, polarity has not been recognized in HSC division.
Even if polarity exists, it might arise in the absence of the niche. The probabilities
of asymmetrical self-renewal in HSCs may change under certain conditions, and
daughter cells of HSCs can undergo numerous divisions. It is possible that the regu-
latory mechanisms of asymmetrical division in HSCs fundamentally differ from
those in other stem cells. To address this issue, we need to identify HSC-specific
niches and the niche-associated molecules that regulate HSCs.

Intrinsic Control of HSCs

Changes in intracellular signal transduction and transcriptional activity remarkably
affect the outcome of division in HSCs. In the context of self-renewal, outcomes
would be modulation of self-renewal probability and modulation of numbers of
divisions remaining to HSCs. No particular self-renewal signal transduction path-
way has been identified. Self-renewal may instead result from activation and inac-
tivation of multiple signal transduction pathways.

Lnk is an adaptor protein that negatively regulates multiple signal transduction path-
ways. HSCs are increased in number and self-renewal potential in Lnk” mice (Ema
et al. 2005). This has turned out to be due to hypersensitivity to TPO, with increased
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probability of symmetric self-renewal in response to TPO or to TPO and SCF (Seita
et al. 2007). How Lnk negatively regulates self-renewal events and self-renewal poten-
tial in HSC:s is extremely interesting, but mostly remains to be clarified.

Pten is a phosphatase that negatively regulates phosphatidylinositol-3-OH
kinase (PI3K)-Akt signaling. Conditional knockout studies showed that Pten™
HSCs are continuously driven into cell cycle, resulting in poor maintenance of the
HSC pool after transplantation into lethally irradiated mice (Yilmaz et al. 2006).
The mammalian target of rapamycin (mTOR) is activated downstream of the PI3K-Akt
pathway in Pten” HSCs. Interestingly, the drug rapamycin inhibits mTOR activity,
leading to restoration of the HSC pool in mice transplanted with Pten”~ HSCs.
A consequence of Pten knockout apart from HSC impairment is that T-lymphoblastic
leukemia develops from a progenitor compartment in Pten™" mice, accompanied by
additional chromosomal translocation (Guo et al. 2008).

Constitutive activation of Jak2/Stat5 signal transduction at HSC level leads to
myeloproliferative diseases. Point mutations that result in a valine to phenylalanine
substitution at amino acid 617 of JAK?2 kinase (JAK-V617F) are frequently found
in patients with polycythemia vera, essential thrombocytopenia, and idiopathic
myelofibrosis (Baxter et al. 2005; James et al. 2005; Kralovics et al. 2005). These
diseases have recently been created in mouse models (Tiedt et al. 2008).
Interestingly, differences in JAK-V617F mutant dosage seem to lead to different
disease phenotypes. Expression of constitutively active forms of Stat5 in mouse
HSCs results in aggressive myeloproliferative diseases (Schwaller et al. 2000; Kato
et al. 2005). These studies together suggest that Jak2/Stat5 signaling is involved in
the control of HSC self-renewal.

Transcription factors that play important roles in self-renewal must meet at
least two conditions. First, they must be expressed in HSCs. Second, when they
are deleted, self-renewal activity in HSCs must be reduced or lost. Runx1 (Okuda
et al. 1996), Scl (Tall) (Porcher et al. 1996; Robb et al. 1996), and Gata2 (Tsai
et al. 1994) are considered essential for the development of HSCs because mouse
embryos deficient for one of these transcription factors die due to lack of defini-
tive hematopoiesis. Definitive hematopoiesis in the fetal liver is initiated mainly
by progenitor cells derived from the yolk sac rather than from HSCs, so that mice
lacking one of the above-named factors do not die for want of HSCs. HSCs are
responsible for definitive hematopoiesis in later life, but HSCs do not have to
contribute to hematopoiesis in murine embryos or fetuses. For instance, after
HSCs emerge in E12.5 fetal liver, it takes 1 week or more for them to differentiate
into mature neutrophils. Most of their mature progeny are used after birth. Mice
deficient in Runxl, Scl, or Gata2 die mostly due to anemia and/or bleeding
(impaired definitive hematopoiesis) (Okuda et al. 1996; Porcher et al. 1996; Robb
et al. 1996; Tsai et al. 1994), but there is little evidence that generation of HSCs
is impaired in such mice. Interestingly, the function of adult HSCs is not signifi-
cantly impaired by conditional deletion of Runx1 (Ichikawa et al. 2004) or Scl
(Mikkola et al. 2003; Hall et al. 2003). The number of HSCs is even increased
in Runx17 adult mice (Ichikawa et al. 2008). So far there is no evidence that
certain molecules essential for generation of HSCs are also required for self-renewal
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in HSCs. In analysis of mice deficient in a certain molecule, if fetal liver hematopoi-
esis occurs with more or less normal hematopoietic differentiation, if transplanta-
tion of fetal liver cells deficient for that molecule and adult bone marrow harboring
a conditional deletion of that molecule into lethally irradiated mice results in
long-term reconstitution failure, and if no homing or migration defect in HSCs
exists, that molecule would be a good candidate for close association with self-
renewal in HSCs.

The Hox family consists of an evolutionally highly conserved group of genes that
encode DNA-biding transcriptional factors. Overexpression of Hox family genes in
HSCs leads to enhancement of self-renewal potential. HoxB4 overexpression in par-
ticular can induce self-renewal in vitro (Sauvageau et al. 1995) as well as in vivo
(Antonchuk et al. 2002) without leukemic transformation. When Nucleoporin 98
(NUP98)-HoxB4 or -HoxA10 fusion protein is overexpressed in HSCs, HSC self-
renewal is privileged (Ohta et al. 2007). Overexpression of HoxB3, HoxB6, HoxB8§,
HoxA9, or HoxA 10 affected HSCs similarly, but resulted in impaired differentiation
along various lineages (Argiropoulos and Humphries 2007). Leukemia developed,
with a long latency in some cases. The frequency of leukemia was increased by over-
expression of NUP98-HoxA9 fusion protein. NUP98-Hox fusion proteins seem to
collaborate with Meisl to accelerate the onset of leukemia (Argiropoulos and
Humphries 2007). Why Hox members other than HoxB4 cause leukemic transforma-
tion is a curious point. HoxB4 is not essential for HSC development and maintenance
(Brun et al. 2004). HoxA9 plays a crucial role in the maintenance of self-renewal in
HSCs (Lawrence et al. 2005; Magnusson et al. 2007a). A conditional transgenic
mouse for HOXA10 has been reported (Magnusson et al. 2007b). Interestingly, a
moderate but not high level of HOXA10 expression enhanced self-renewal in HSCs
and its expression at high levels blocked differentiation along erythroid/megakaryo-
cytic lines. A dose effect of each Hox gene is suggested to be important for the prob-
ability of self-renewal in HSCs (McKinney-Freeman et al. 2008).

Gfil is a transcriptional repressor expressed in HSCs. Repopulating activity is
severely reduced in Gfil”- HSCs (Zeng et al. 2004; Hock et al. 2004). The propor-
tion of cycling HSCs is increased in Gfil”~ mice. It is possible that Gfil nega-
tively regulates the G /G, transition in HSCs. Moz is a zinc finger protein with
histone acetyltransferase (HAT) activity. Transplantation of Moz~ fetal liver cells
resulted in poor long-term repopulation (Thomas et al. 2006; Katsumoto et al.
2006). Evil is a transcription factor of the SET/PR domain family. Transplantation
of Evil~ fetal liver cells resulted in poor long-term repopulation (Goyama et al.
2008). The zinc finger protein Zfx has been reported to be a shared transcriptional
regulator essential for self-renewal in both embryonic stem cells (ESCs) and
HSCs. Since ESCs differ much more from HSCs in functions and gene expression
profiles than previously thought, Zfx might have a unique role among many other
transcription factors.

More examples of signal molecules and transcription factors related to self-renewal
in HSCs certainly exist. The important question is what their final common target
molecules are. We need to know what directly controls self-renewal events in HSCs
and what determines the number of divisions that HSCs are allowed to undergo.
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Basic Machineries Supporting Self-Renewal

The Polycomb group (PcG) proteins have been a focus of attention in stem cell
biology (Lessard and Sauvageau 2003; Park et al. 2003; Iwama et al. 2004; Ohta
et al. 2002; Molofsky et al. 2003). PcG and trithorax group (trxG) genes are highly
conserved throughout evolution. PcG and trxG proteins, respectively, control tran-
scriptionally repressed and activated states of multiple gene loci, including Hox
loci (Orlando 2003). It has been shown that repopulating activity in fetal liver
HSCs is significantly reduced in mice deficient for a member of the PcG proteins,
whether Bmil, Mphl (Rae28), or Mel18 (Lessard and Sauvageau 2003; Park et al.
2003; Iwama et al. 2004; Ohta et al. 2002). RinglB seems to play a somewhat
different role in adult HSCs, as shown by analysis of Ring1B conditional knockout
mice (Cales et al. 2008). These studies indicate that PcG proteins play crucial roles
in the maintenance of self-renewal capacity in HSCs. Interestingly, all these mol-
ecules are part of a multiprotein complex, called Polycomb repressive complex
(PRC)-1. On the other hand, PRC2, containing Eed, Ezhl, Ezh2, and YY1, is
essential for early embryonic development (Ohta et al. 2002). Overexpression of
Ezh2 in HSCs has been shown to enhance HSC repopulating activity (Kamminga
et al. 2000).

Bmil was the first molecule to draw our attention to epigenetic control in HSCs.
Bmil was initially identified as an oncogene by retroviral insertional mutagenesis
in Ep-myc transgenic mice (van Lohuizen et al. 1991; Haupt et al. 1991). Analysis
of Bmil knockout mice has shown that null mutant mice are smaller than wild-type
mice, displaying progressive hypoplasia of bone marrow, thymus, and spleen, with
cerebellar atrophy and skeletal deformity (van der Lugt et al. 1994). The Ink4a
locus, which encodes both p16™“ and p19T under the control of individual
promoters, has been identified as a downstream target of Bmil (Jacobs et al. 1999).
In the absence of Bmil, the expression of p16™“ and p19T reportedly is upregu-
lated in mouse embryonic fibroblasts. As a result, progression of these fibroblasts
into the S phase of the cell cycle is impaired, mimicking premature senescence.
Conversely, overexpression of Bmil suppresses the expression of p16™“* and p19At
and allows fibroblast immortalization.

Marked reductions in repopulating activity in Bmil-deficient HSCs can be com-
pletely reversed by the deletion of both pl16™4 and p194T (Oguro et al. 2000).
pl16™“4 inhibits cell cycle progression by inhibiting cyclin D—dependent kinase and
prevents phosphorylation of the tumor suppressor Rb, whereas p194T prevents deg-
radation and inactivation of the tumor suppressor Trp53 by binding to Mdm2
(Jacobs et al. 1999). Whether Ink4a”-Arf’- HSCs can self-renew more so than wild-
type HSCs is an interesting point. Stepanova and Sorrentino have attempted to
answer this question by analyzing mice deficient in both genes (Stepanova and
Sorrentino 2005). Only a modest increase in self-renewal was observed for Ink4a”-
Arf~ HSCs, but HSC numbers increased approximately tenfold when Ink4a, Arf,
and Trp53 were deleted (Akala et al. 2008). Interestingly, numbers of mature blood
cells and myeloid progenitors were within normal ranges in the triple mutant mice.
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It is possible that the probability of self-renewal in HSCs is under the control of
these three cell cycle regulators.

Both self-renewal and differentiation in HSCs occur via division. The cell cycle
machinery should function normally, which is true not only for HSCs but also for
all dividing cells. Mitogenic stimulation initiates cell cycle progression driven by
heterodimeric kinases made of a regulatory subunit, cyclin and a catalytic subunit,
cyclin-dependent kinase (Cdk) (Malumbres et al. 2004). Two classes of cyclin-Cdk
complexes operate during G1 phase progression. D-type cyclins (D1, D2, D3) complexed
with Cdk4 or Cdk6, or E-type cyclins (E1 and E2) complexed with Cdk2, phospho-
rylate pRb, p107, and p130, which are members of the retinoblastoma (Rb) protein
family. After Rb is hyperphosphorylated by the cyclin E/Cdk2 complex, the asso-
ciation of Rb with various E2F family members is disrupted, allowing initiation of
the E2F transcriptional program. The E2F6 transcription factor acts as a dominant
negative inhibitor through competition with other members of the E2F family.
Interestingly, E2F6 can be a component of PRCI (Trimarchi et al. 2001). It has
been reported that cyclin D17, D27, D3 triple knockout mouse embryos die of
anemia and heart abnormality by E16.5 (Kozar et al. 2004). The proliferation of
HSCs and of progenitor cells is disturbed in these mutant mice, suggesting that
HSCs depend on D-type cyclins for their division. It has been shown that mouse
embryos deficient in both Cdk4 and Cdk6 display normal organogenesis (defi-
ciency of these proteins is likely compensated for by Cdk2), but die late in gestation
due to impaired erythropoiesis (Malumbres et al. 2004). It remains unclear whether
these Cdks are essential in HSCs because long-term reconstitution using fetal liver
cells from this mutant mouse has not been shown.

Cdk inhibitors (CKlIs) are assigned to one of two families based on their struc-
tures and Cdk targets. One is the Ink4 family, which consists of pl16™/p19AT,
p15™® p18™¥, and p19™. The members of this family competitively inhibit D-type
cyclin binding to Cdk4 and Cdk6. The other is the Cip/Kip family, which consists
of p21¢irt, p27%ie! "and p57%ir2. The members of this second family are potent inhibi-
tors of cyclin E- and A-dependent Cdk2 (Sherr and Roberts 1999).

Cheng et al. have examined HSCs from mice deficient in one of these CKIs in a
series of studies. In the absence of p21°P"Vafl "the number of HSCs increases via an
increase in the proportion of cycling HSCs, which are easily exhausted by serial
transplantation (Cheng et al. 2000a). Curiously, these phenotypes have not been
seen in mice of the C57BL/6 strain (van Os et al. 2007). In the absence of p18™kic,
the number of HSCs markedly increases without premature exhaustion after trans-
plantation (Yuan et al. 2004). Of interest is that in the absence of p27¥*! numbers
of HSCs did not change, but the pool size of progenitor cells enlarged under prolif-
erative stress such as serial transplantation (Cheng et al. 2000b). Neither how
p21€PWall “hut not p18™“, is linked to the proliferative capacity of HSCs, nor why
p27%P! plays a primary role in progenitor cells, but not in HSCs, is known.
Nonetheless, these studies suggest that each CKI has a distinct role in regulating
the cell cycle at different differentiation stages.

Telomeres are the genetic structures that protect chromosome ends from deg-
radation, recombination, and fusion. The mouse telomere is relatively long,
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ranging from 20 to 100 kb, while it is relatively short in man, ranging from 3 to
12 kb. Human telomerase is a ribonucleoprotein complex consisting of the RNA
and catalytic components (h'TR and hTERT). Most somatic cells, including stem
cells, show progressive telomere shortening with division because they have
little telomerase activity. Average telomere length thus can indicate division his-
tory, as shown for human fibroblasts (Allsopp et al. 1992). Self-renewal poten-
tial is diminished in HSCs when the telomere becomes too short (Allsopp et al.
2003b). However, self-renewal potential in HSCs decreases with division even
when sufficient telomere length is maintained. Overexpression of telomerase in
HSCs can prevent telomere shortening but cannot prevent a decrease in self-
renewal potential (Allsopp et al. 2003a). In human hematopoietic cells, telom-
erase overexpression did not prevent proliferation-associated telomere shortening
(Wang et al. 2005a). These data show that a decline of self-renewal capacity in
HSCs associated with proliferative stress is independent of telomerase activity
and telomere length.

It has been discovered that HSCs from ataxia telangiectasia mutated (ATM)
gene-deficient mice are unable to self-renew in vivo (Ito et al. 2004). Reactive
oxygen species (ROS) are constantly produced in living cells, mostly as a by-
product of normal mitochondrial activity (Barzilai and Yamamoto 2004). ROS cause
severe damage to DNA. ATM-deficient HSCs seem more sensitive to ROS than do
wild-type HSCs. Surprisingly, this defect almost completely disappears on treat-
ment with anti-oxidative agents such as N-acetyl-l-cysteine (Ito et al. 2004).
Moreover, enforced expression of Bmil in ATM™ HSCs restores self-renewal
capacity as well. Expression of p16™4 in ATM~~ HSCs is likely suppressed by
overexpression of Bmil in HSCs. This study suggests that oxidative stress can
cause senescence of HSCs via the p16-Rb pathway (Ito et al. 2004).

Differentiation in HSCs

In vitro colony formation by HSCs represents a paradigm for the study of epi-
genetic mechanisms. Certain transcriptional factors such as Pu.l and Gata2 are
expressed in HSCs. Probably these factors recruit coactivators or corepressors to
the regulatory regions of genes, followed by assembly of chromatin remodeling
machinery. A limited number of cytokines support these processes. A rather simple
differentiation program initiated by these cytokines might govern all sequential
epigenetic modifications and gene expressions. Although epigenetic modifications
are considered stably inherited from parental cells to daughter cells, epigenetic
asymmetry is also suggested for asymmetric cell division (Lansdorp 2007). An
individual HSC has a single pattern of epigenetic modifications but gives rise, in its
descendant mature blood cells, to cells with, one presumes, a great variety of pat-
terns of epigenetic modifications. To learn what kind of program can establish such
a diversity of epigenetic modifications from a single pattern of epigenetic modifica-
tions would be extremely interesting.
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Differentiation Pathways

The bifurcation model for HSC differentiation has been widely accepted for quite
a while now. This model simply and easily explains that HSCs differentiate exclu-
sively into either common myeloid progenitors (CMPs) (Akashi et al. 2000) or
common lymphoid progenitors (CLPs) (Kondo et al. 1997). Identification of several
distinct progenitor populations has been useful for analysis of a number of knockout
mice because it is easy to see which stages of differentiation are affected by deletion
of genes. However, this model requires major revision (Arinobu et al. 2007).
Although multipotent progenitor cells capable of giving rise to both CMPs and
CLPs have been identified, differentiation potential of these progenitor cells was
restricted to the neutrophil, macrophage, and B- and T-lymphoid lineages
(Adolfsson et al. 2005). These progenitors thus were named lymphoid-primed
multipotent progenitors. Potential to differentiate in the erythroid/megakaryocyte
lineage was likely lost during differentiation stages between HSCs and lymphoid-
primed multipotent progenitors. Erythroid/megakaryocytic differentiation seems
lost prior to the emergence of CMPs. If this is the case, CMPs do not have full
myeloid lineage neutrophil, macrophage, erythroid, and megakaryocyte differentia-
tion potential. Cells with full neutrophil, macrophage, and erythroid/megakaryo-
cyte potential were detected at the clonal level among HSCs and among populations
closely related to HSCs, but not among other populations, including conventional
CMPs (Ooehara et al., unpublished data, 2006). “True” CMPs, if they exist, might
be in a population closely related to the HSC population (Arinobu et al. 2007).
Early thymic progenitors have the potential to give rise to myeloid lineage cells
such as macrophages and dendritic cells but do not have the potential to differentiate
along B-lymphoid lineage, suggesting that CLPs do not contribute to T-cell development
(Bell and Bhandoola 2008; Wada et al. 2008). If this is the case, what are CPLs for?
A new model is required, one based not only on population-hierarchy data but also on
cell tracking analysis data that show direct relationships among populations. One
hopes that the functional significance of each isolated population will be studied.

Molecular Control of Differentiation and Lineage Commitment

In our eyes, to understand cellular differentiation programs at the molecular level is
one of the most difficult tasks in stem cell biology and even more generally in life
science. A combination of transcription factors specifies a gene expression profile
in a cell. Differentiation can be a process of selecting a certain set of transcription
factors to be expressed. Expression levels of individual transcription factors likely
bias lineage choices in differentiating cells. Transcriptional regulation is extremely
complex because a transcription factor acts as a positive or negative regulator for
gene expression, a transcription factor controls up- and downregulation of many
genes, and expression and action of transcription factors are associated with epige-
netic changes. What kind of program exists to control all of these events in a cell?
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Transcription Factors

Although many gene knockout studies have shown that particular transcription factors
play important roles in hematopoietic differentiation programs, no particular
lineage-specific transcription factor alone controls lineage commitment or promotes
differentiation along a certain lineage. Multiple transcription factors seemingly act
together to direct differentiation in complex transcriptional networks.

Pu.1 is expressed from HSCs all the way to mature neutrophils and macrophages.
This particularly interests us because all HSCs are almost certainly able to form
myeloid colonies in culture within 2 weeks. Differentiation of neutrophils and mac-
rophages is profoundly blocked in Pu.l knockout mice (Scott et al. 1994;
McKercher et al. 1996). Perhaps myeloid differentiation potential is the most
important function if HSCs are to support the life of an organism. When Gatal is
expressed at a certain stage of HSC differentiation, the Pu.1:Gatal expression ratio
appears critical in specifying the choice of erythroblast/megakaryocyte lineage.
Similarly, when C/EBPa and Pax5 are expressed at a certain stage of HSC differ-
entiation, the C/EBPa:Pax5 expression ratio appears critical in specifying the
choice of B-lymphoid lineage. Cross-regulation by key regulators is likely exerted
via direct protein-protein interaction (the cross-antagonistic model) (Orkin 2000) in
addition to transcriptional levels. Multiple transcription factors exhibit both posi-
tive and negative effects on one lineage program. It is more difficult to clarify the
effects of multiple transcription factors if these transcription factors form large
complexes. In addition, a stochastic versus deterministic debate always emerges on
the issue of fate determination, making the matter more complicated.

Epigenetic Changes

Genomic DNA methylation and histone modifications are the major epigenetic modi-
fications. DNA methylation is a postreplication modification that is predominantly
found in cytosines of the dinucleotide sequence CpG. CpG islands are often found in
promoters and first exons. Methylation of CpG-rich promoters prevents initiation of
transcription. DNA methylation in centromeres and telomeres is essential for genomic
stability. DNA methyltransferases Dnmt1, Dnmt3a, and Dnmt3b catalyze methylation
of GpG. It has been suggested that the contribution of these methyltransferases to the
maintenance of global DNA methylation varies and that its contribution is specific to
cell type and developmental stage (Chen et al. 2003; Dodge et al. 2005). A primary
role of Dnmtl, or of Dnmt3a and Dnmt3b, is the maintenance of the methylated
genome or de novo methylation of the genome (Okano et al. 1999). Dnmt3a but not
Dnmt3b has been shown to be required for spermatogenesis in mice (Kaneda et al.
2004). Dnmt3b™ murine embryonic fibroblasts have been shown to undergo either
premature senescence or spontaneous immortalization (Dodge et al. 2005).

We previously analyzed Dnmt3a”, 3b™, or 3b”-3b” adult HSCs from condi-
tional knockout mice. Differentiation of HSCs was unaffected in these three
types of mutant HSCs. However, self-renewal activity was severely impaired in
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Dnmt3a”b3” HSCs, although it remained intact in either Dnmt3a” or 3b™"
HSCs (Tadokoro et al. 2007). We used retroviral infection to introduce Cre recom-
binase into HSCs in this series of experiments. The Cre recombinase virus seems
more or less toxic to self-renewal activity in HSCs. Presumably, a persistently
high level of Cre recombinase expression adversely affects self-renewal. Therefore,
we have attempted to reevaluate self-renewal activity in Dnmt3a”3b”- HSCs by
using Mx1-Cre transgenic mice crossed with Dnmt3a/3b conditional knockout
mice. Preliminary results show that long-term repopulating activity appears not so
severely impaired in Dnmt3a”-3b”~ HSCs. Closer examination is needed to deter-
mine whether both Dnmt3a and 3b are really necessary for self-renewal in adult
HSCs. We have recently analyzed HSCs in fetal liver of Dnmt3a or 3b straight
knockout mice. Differentiation in Dnmt3a” or 3b”~ HSCs was within normal
ranges, consistent with our previous observations. However, Dnmt3b, but not
Dnmt3a, seems to play a crucial role in acquisition or maintenance of self-renewal
potential in developing HSCs (Ibata et al., unpublished data, 2008). Dnmt3b may
play a greater role in developing fetal HSCs than in established adult HSCs.
Alternatively, Dnmt3a may play a role in establishment of fetal liver niches but
not in bone marrow niches.

Nucleosomes consist of an octameric core of four types of histones: H2A, H2B,
H3, and H4. Each octamer contains two copies of each histone. Chromatin is com-
pacted by the incorporation of the linker histone H1 and its variants. Histone modi-
fication contributes to the dynamic structural characteristics of chromatin, which are
inheritable from a parental cell to daughter cells. These characteristics affect tran-
scription and, therefore, cellular identity (Sarma and Reinberg 2005). Histone tails
(N-termini) are modified by a variety of mechanisms, such as acetylation, methyla-
tion, phosphorylation, and ubiquitination (Strahl and Allis 2000). The discovery of
histone acetyltransferases (HATs) and histone deacetylases (HDACs) has facilitated
studies of roles of histone acetylation in transcription regulation. Short preferred
consensus motifs seem to exist for specificity of individual HATs and HDACS.
Selected lysines in H3 and H4 are thereby acetylated. In general, histone acetylation
is linked with transcriptional activation. Histone phosphorylation is a marker for
activation of immediate early genes and a signal for mitotic chromatin condensation
(Lachner et al. 2003). Histone lysine residues are mono-, di-, and trimethylated.
Histone H3-K4 methylation is linked to transcriptional activation (Wysocka et al.
2005). H3-K9 methylation, in contrast, is present mainly in silenced chromatin
domains. Histone modifications are associated with the function of PcG and trxG
proteins. The Ezh-Eed complex (PRC2) can recruit HDAC:s, a step followed by local
chromatin deacetylation. Because the PRC2 complex possesses histone lysine meth-
yltransferase (HMTase) activity (Su et al. 2003), this complex can methylate H3-K27
(and probably also H3-K9) and induces stable recruitment of PRC1. PRC1 nega-
tively regulates chromatin accessibility promoted by the ATP-dependent chromatin
remodeling SWI/SNF complex. The trxG proteins MLL and Ash-1 also contain the
SET domain. The SET domain proteins display HMTase activity (Dillon et al.
2005). The trxG complex performs H3-H4 methylation and triggers recruitment of
ISW/SNEF, resulting in an activated chromatin state (Lachner et al. 2003).
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To date, little is known about the roles of histone modifications in HSCs. The
differentiation of HSCs into specific progenitor cells and then into diverse blood
cell types represents a particularly powerful system for the study of epigenetic
mechanisms. We hope that a new paradigm for epigenetic analysis will be built in
this research field.

HSC Homing and Intramedullary Mobilization

Although HSCs mainly reside in the bone marrow throughout adult life, HSCs in
substantial numbers constantly leave their bone marrow niches and enter the circu-
lation (Wright et al. 2001). In mice, the spleen functions as a hematopoietic organ.
Some HSCs in the circulation go through the spleen and perhaps stay within the
spleen for a while. A portion of circulating HSCs returns to the bone marrow.
Mobilization is not always associated with cycling in HSCs.

After transplantation, HSCs, and perhaps progenitor cells, can extremely
efficiently home to the bone marrow (Matsuzaki et al. 2004). Bone marrow homing
is thus another important property of adult HSCs. Members of the integrin family,
like a4P1 or a6PB1 integrin, seem not to significantly participate in HSC homing
(Brakebusch et al. 2002; Priestley et al. 2006), as previously thought (Potocnik
et al. 2000; Qian et al. 2007). The homing receptor in HSCs has not yet been
identified. Long-term reconstitution takes place only after successful homing and
repopulation of bone marrow cells. To repopulate the whole bone marrow in the
body, intra- and intermedullary mobilization is required for HSCs (Cao et al. 2004).
CXCL12-abundant reticular cells are scattered widely throughout the bone marrow
and are candidates for the cellular component of the HSC niche (Sugiyama et al.
2006). HSCs are thought present in close association with CXCL12-abundant
reticular cells. Since CXCR4~~ HSCs exhibit poor reconstitution, CXCR4/CXCL12
interaction may be required to keep hibernating HSCs in the niche and to maintain
the HSC pool. Alternatively, CXCR4/CXCL12 interaction may play a role in a
process of intramedullary micromobilization by HSCs.

Perspectives

Stem Cell Therapy

In order to translate stem cell biology into stem cell therapy, we must know how to
control the fate of stem cells. Otherwise, the possibility of unwanted outcomes is
apparent, with harm due on the one hand to self-renewal capacity and on the other
to pluripotency or multipotency. Malignant tumors originate from cells with uncon-
trolled self-renewal and deficiency of differentiation. Overproduction of only a
particular lineage may result in a functional failure of the organ.
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ESCs have become an extremely attractive source for adult stem cells since
human ESCs and induced pluripotent stem cells were established (Thomson et al.
1998; Shamblott et al. 1998; Takahashi et al. 2007; Yu et al. 2007). In the field of
hematology, efficient generation of HSCs from ESCs is the most important key for
successful stem cell therapy. Ex vivo expansion of HSCs has been difficult. This prob-
lem should be overcome by use of ESCs. However, it remains difficult to generate
HSCs from ESCs. ESCs supposedly give rise to HSCs through multiple steps
(Matsumoto et al., 2009). In mice, enforced expression of HOXB4 supports
generation of HSCs from ESCs (Kyba et al., 2002). Certain developmental stages
of HSCs seem skipped by HOXB4. The resultant ESC-derived repopulating cells
remain significantly inferior to adult HSCs from bone marrow, however, particu-
larly in the context of repopulating activity or self-renewal potential. In humans,
repopulating cells have not been successfully generated from ESCs by any means
including enforced HOXB4 expression (Wang et al. 2005b). Therefore, we still
have far to go to achieve practical use of human ESCs and induced pluripotent stem
cells as a source of HSCs.

Cancer Stem Cells and Age-Related Changes in Stem Cells

The recognition of the hierarchical order among leukemic cells, like that in normal
HSCs, evoked the concept of leukemic stem cells in the early 1990s (Bonnet and
Dick, 1997; Lapidot et al., 1994). This concept has been gradually applied to a
variety of malignant tumors, with invocation of “cancer stem cells.” This has
occurred against a shift in thought, with the hypothesis now entertained that cancer
stem cells might have acquired properties of stem cells such as self-renewal capac-
ity and hibernation capacity. In other words, “ordinary” cancer cells become cancer
stem cells by stealing molecular mechanisms that operate in normal stem cells.
Many candidate molecules have been proposed as essential for maintenance of both
stem cells and cancer stem cells. These studies have suggested a potential new
therapeutic strategy to target cancer stem cells. A new avenue toward eradication
and complete cure of cancer will be seen if such essential molecules are specifically
inhibited only in cancer stem cells.

Stem cell biology has provided the basis for the study of cancer stem cells.
This may be reciprocated for stem cell biology by the study of cancer stem cells.
The population origin of leukemic cells has recently been the focus of studies.
Sten Eirik Jacobsen’s group has identified CD34*CD38 CD19 cells as a bone
marrow population in which leukemic stem cells arise, or blastic transformation
takes place, in the case of chronic myeloid leukemia (CML) (Castor et al. 2005).
This work is a good example of how stem cell biology made a remarkable contri-
bution to the study of leukemogenesis. Although CML has been considered a
stem cell disease, T-lymphoid lineage seems less often involved in CML than are
myeloid and B-lymphoid lineages. This suggests that CML may not always originate
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in the most immature HSCs; if so, HSCs may remain intact even though leukemic
cells occupy most of the bone marrow. It is possible that CD34- HSCs remain
spared from stem cell diseases, such as CML, myelodysplasia, and aplastic ane-
mia. If normal hematopoietic cells are recovered from diseased bone marrow,
they may contain candidate human HSCs. Most acquired aplastic anemia is con-
sidered to be autoimmune disease, which can in part be successfully treated with
immunosuppressive therapy (Young et al. 2008). If HSCs indeed survive some-
where in almost empty bone marrow of this sort, to identify HSCs in aplastic
bone marrow may be easier than to do so in normal bone marrow with a huge
number of cells.

A multistep model has been accepted for leukemogenesis. Two major steps
(class T and class II mutations) have been proposed in leukemia development
(Gilliland 2002). Class I mutations are activating point mutations in signal mole-
cules, which provide proliferation and survival signals. Class II mutations involve
upregulation of hematopoietic transcription factors, which lead to impaired differ-
entiation. Genes associated with translocations in human leukemia have often
appeared to be important regulators of hematopoiesis. This model might be applied
to manipulation of self-renewal signals in normal HSCs because self-renewal can
be interpreted as a physiologic result of imbalance between proliferation and dif-
ferentiation signals. For instance, if Jak2/Stat5 signaling in HSCs is transiently
enhanced or if expression levels of transcriptional factors in HSCs are conditionally
increased or decreased, these alterations might advantageously work to induce self-
renewal in HSCs.

We are not sure whether HSCs age. Although aging can be defined as phenotypic
change over a lifetime, aging in HSCs must be closely associated with their history of
divisions rather than with the passage of time itself. HSCs may phenotypically change
only when they approach maximum numbers of divisions. It has been suggested that
plo™* and p21“P"™f are upregulated, and that p38 MAPK is phosphorylated in aging
HSCs (Janzen et al. 2006; Choudhury et al. 2007; Ito et al. 2006). We and others have
observed a decline in self-renewal potential in serially transplanted mice, but not in
normally aged mice (Sudo et al. 2000; Morrison et al. 1996). One may generally con-
sider that stem cell function decreases as age increases, but this is not the case for
HSCs in C57BL/6 mice. HSCs with highly repopulating activity exist in aged mice,
and in numbers as large as those in young mice (Sudo et al. 2000; Morrison et al.
1996). These molecules thus may be related to the history of cell division and to DNA
damage but not directly associated with aging. We have previously observed that dif-
ferentiation potentials for myeloid and lymphoid lineages are imbalanced in aged
HSCs. Interestingly, the imbalance appeared partially reversible (Sudo et al. 2000). We
and others have proposed that self-renewal potential is extensive, but also limited, in
HSCs. We need to know how many times and how often individual HSCs are allowed
to divide in vivo.
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Hematopoietic Stem Cells and Their Niche

Hiroko Iwasaki and Toshio Suda

Abstract The stem cells’ major capabilities (i.e., the pluripotency and the
self-renewal) are the keys to sustain the lifelong functionality of the organ. Stem
cells reside in the special microenvironment called niche. The niche and stem cells
adhere to each other via adhesion molecules and exchange the molecular signals
that maintain the stem cell features. It has been suggested that tumor tissue also
contains such type of cells.

In this chapter, the hematopoietic system is exemplified to show the interaction
between the stem cell and its niche, which is the most intensively studied and arche-
typical stem cell system. Different kinds of niche and the regulatory mechanisms
are explained. Furthermore, the niche involvement in cancer stem regulation, tumor
invasion, and metastasis, as well as the novel therapeutic approaches in association
with the cancer stem cell niche are also discussed.

Introduction

Virtually every organ has stem cells. These stem cells possess two major roles: the
pluripotency that gives rise to the mature cells to compose the specific organ or
tissue, and the self-renewal capability to supply enough cells to maintain the
organ’s function. These stem cells tend to be found in specific areas in the organ,
where special microenvironment maintains the stem cell functions. This special
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microenvironment is called the niche. The stem cell and the niche cells adhere to
each other via adhesion molecules and exchange the molecular signals that main-
tain the stem cell features.

The concept of the stem cell niche was proposed by R. Schofield in 1978 for the
hematopoietic stem cell (HSC) in bone marrow (Schofield 1978). Schofield stated
“the cellular environment which retains the stem cell I shall call a stem cell ‘niche.’
As long as the stem cell remains fixed its further maturation is prevented and it
continues indefinitely to replicate as a stem cell, i.e., it exhibits immortality.” Since
this initial proposal, not only the HSCs but various other kinds of stem cells have
also been identified, and their niches and the molecular mechanisms for stemness
maintenance have been revealed.

The stem cells are not only present in healthy normal organs or tissues. Recent
findings suggest that a group of cells exist in tumors that behave in a similar way
to the normal stem cells. Such cells are called cancer stem cells and are considered
to be deeply involved in the tumor proliferation, invasion, and metastasis. Their
niche plays a regulatory role for the cancer stem cell maintenance.

As of today, the most advanced studies in the stem cell niche field can be found
in the hematopoietic system. In this chapter, the interaction between the HSC and
its niche will be discussed. Furthermore, the niche involvement in the cancer stem
regulation, tumor invasion, and metastasis and the novel therapeutic approaches in
association with the cancer stem cell niche will also be approached.

Stem Cell and Niche

The stem cell research, in terms of the maintenance of the pluripotency and self-
renew capacity, was greatly advanced through the experiment using Drosophila and
Caenorhabditis elegance. In 1997, the group of W. Deng and H. Lin demonstrated
that the female Drosophila has “cap cells” at the tip of the ovary, to which the germ
line stem cells adhere (Deng and Lin 1997). In mitosis, the daughter stem cells that
divide to the direction in which they no longer adhere to the cap cells started the
differentiation and grew into the cystoblast. In contrast, those that kept the adhesion
to the cap cells after the cell division remained as the germ line stem cells. These
results suggested that the cap cells provide the special environment for the germ
line stem cell and play a role as the stem cell niche in the Drosophila ovary.

T. Xie and A. C. Spradling demonstrated in 2000 that the newly introduced cells
to the Drosophila ovary performed as the germ line stem cell as long as they adhere
to the cap cells, thus proving that the cap cells function as the true stem cell niche
(Xie and Spradling 2000). They showed that the germ line stem cells require a
signal mediated by dpp, a member of the TGF-f (transforming growth factor beta)
super family, in order to maintain the adhesion to the cap cells (to maintain the stem
cell) and control the frequency of the cell division. Additional signals, such as
Hedgehog, Wingless, or Armadillo, were also suggested to be involved in the regu-
lation of the germ line stem cells.
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Interaction Between Hematopoietic Stem Cell and Niche

Osteoblastic Niche

In human hematopoiesis in bone marrow, the osteoblasts offer the microenvironment
as the niche (i.e., osteoblastic niche) for the HSCs. HSC and the osteoblast bind
each other via the adhesion molecules, such as N-cadherin (Fig. 1). The two inde-
pendent research groups, led by L. Li and D. T. Scadden, respectively, revealed this
new function of the osteoblast as the HSC niche in 2003. Both groups approached
the issue in the investigation of the regulatory system for the number of the HSCs.
Li’s group reported that bone morphogenetic protein (BMP) signaling pathway
through BMP receptor type IA (BMPRIA) expressed in osteoblasts controls the
number of HSCs by regulating the niche size (Zhang et al. 2003). Scadden et al.
showed that the osteoblastic cells stimulated by activated PTH (parathyroid hor-
mone)/PTHrP(parathyroid hormone-related peptide) receptors (PPRs) and increased
in number produced high levels of the Notch ligand jagged 1 and supported the
increase in the number of HSCs (Calvi et al. 2003).

It is widely known that the stem cell in general is in a quiescent state (GO phase
in cell cycle) and that this quiescence prevents the stem cells from entering into the
cell cycle and differentiation. In this regard, the evidence for the importance of Tie2
signaling in HSC—niche interaction has been demonstrated by Puri and Berstein by
using chimeric mice generated between normal embryonic cells and cells lacking
Tie family receptors (Tiel and Tie2) (Puri and Berstein 2003). Although Tie receptors
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Fig. 1 Schematic model for hematopoietic stem cell (HSC) and osteoblastic niche. Osteoblastic
niche lodges HSC via adhesion molecules, such as N-cadherin. Osteoblast and HSC exchange
various signaling in order to maintain the stem cell functions
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were not required for fetal hematopoiesis, including emergence of definitive HSCs,
relocation to fetal liver, and differentiation, HSCs lacking these receptors were not
maintained in the adult bone marrow microenvironment. Since Tiel-deficient cells,
which express normal levels of Tie2, contribute to hematopoiesis, these findings
indicate that Tie2 is required for postnatal bone marrow hematopoiesis. In addition,
they analyzed chimeric mice generated between Tiel/Tie2 deficient embryonic
cells and Rag2-deficient morula as the host, which does not produce mature lym-
phocytes, with a result that Tie-deficient cells could fully contribute to lymphopoiesis
when no wild-type competing cells coexist. These findings indicated that Tiel and
Tie2 deficiency in HSCs leads not to the defect in differentiation but to survival in
the microenvironment in adult bone marrow.

Arai et al. directly observed that angiopoietin-1 (Angl) expressed in osteoblast
interacts with Tie2, a type of receptor tyrosine kinase expressed in hematopoietic
stem cell in bone marrow, and demonstrated that Tie2/Angl interaction activates
B1-integrin and N-cadherin. This enhanced adhesion between the niche cell and the
stem cell contributes to the maintenance of the quiescence of the stem cell and self-
renew (Arai et al. 2004). Further studies are needed to elucidate the functional
relationship between cell adhesion and cell cycle regulation.

Osteopontin (Opn), expressed by osteoblast, is also reported as a key component
in HSC niche (Nilsson et al. 2005). Nilsson et al. demonstrated that the LSK (lin-
eage'Sca-1"c-Kit") cells that were isolated from bone marrow of Opn knockout
mouse after the continuous 4-week BrdU treatment were 100% BrdU positive,
meaning that the HSCs divided at least once in 4 weeks in bone marrow of the Opn
knockout mice. On the other hand, approximately 60% of the collected LSK cells
were BrdU", as in the case of wild-type mice. They also showed that CD34* human
hematopoietic progenitors were inhibited to bind to Opn when treated with the
specific 3, integrin-blocking antibody prior to the cell culture. Also, the LSK cells
were observed to be rather randomly distributed within bone marrow after trans-
planted into Opn knockout mice, whereas they were likely to be located at the
endosteal region, where osteoblasts reside, in the case of wild-type mice. These data
suggested that Opn expressed by osteoblast contributes to the adhesion between the
HSC and osteoblastic niche and negatively regulates HSC proliferation, contributing
to the maintenance of the stem cell quiescence.

Thrombopoietin (TPO) and its ligand Mpl, the regulator of megakaryopoiesis,
are also critical regulators in HSC maintenance in osteoblastic niche, as reported by
two independent groups (Yoshihara et al. 2007; Qian et al. 2007). Yoshihara et al.
found that the majority of Mpl* LSK cells were found in side population (SP), the
most concentrated fraction of quiescent HSCs. Mpl* HSCs were observed in close
contact with TPO-producing osteoblastic cells at the endosteal surface in trabecular
bone area. On the other hand, Quin et al. demonstrated that TPO/Mpl signaling is
required for postnatal HSC expansion but not in the prenatal phase, using adult
Thpo™ mice. In the knockout mice, the number of HSCs was 150-fold reduced, and
pS75r2 a cell cycle regulator specifically expressed in the quiescent population of
LT-HSC, was dramatically downregulated in HSCs. Meanwhile, Yoshihara et al.
found that p57%¥? was upregulated by stimulation with TPO and downregulated by
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AMM?2, an anti-Mpl neutralizing antibody. These data consistently indicate that the
Mpl/TPO signaling regulates cell cycle of adult quiescent HSCs to maintain the
pool at the physiologically reasonable level.

c-Myc is another important regulator of the HSC fate. Wilson et al. demon-
strated, using conditional c-Myc deficient mice, that the number of HSCs in bone
marrow was significantly higher, and that the HSC differentiation was prevented
due to the upregulated adhesion molecules between HSC and the niche, such as
N-cadherin and various integrins, resulting in the severe cytopenia. Conversely,
overexpression of c-Myc led to loss of self-renewal activity and augmented differ-
entiation of HSCs. The endogenous c-Myc mRNA level appeared to differ consis-
tently with these results (i.e., the lower expression level in the self-renewing
long-term HSCs and higher level in the differentiating short-term HSCs). c-Myc
controls the balance between the HSC self-renewal and differentiation by adjusting
the adhesion between HSCs and the niche (Wilson et al. 2004).

ECM Contribution to Osteoblastic Niche

Aside from the factors expressed in osteoblasts, various extracellular matrix (ECM)
proteins in bone marrow are also confirmed to be involved in the regulation of the
osteoblastic niche environment. Glycosaminoglycan hyaluronic acid (HA), for
example, is one of the key components of the niche regulators. HA is the major
component of the ECM and is found ubiquitously, including in bone marrow. Its
receptor, CD44, is a multifunctional transmembrane protein expressed by a wide
variety of cells, including the hematopoietic stem cells and progenitors. Matrosova
et al. reported that the 5-fluorouracil (5-FU)-treated mice for bone marrow suppression
exhibited quicker recovery in terms of the white blood cell and platelet counts when
administered with HA during the recovery period, compared to phosphate buffered-
saline as control (Matrosova et al. 2004). In order to examine the location of
injected HA in vivo, the fluorescein isothiocyanate (FITC)-labeled HA was traced
and found concentrated at bone marrow, binding to CD44. This suggests that HA
plays a role as a regulator of supportive function of niche in bone marrow for
hematopoietic stem cells.

Another report demonstrated that the xenografting of human CD34+ hematopoi-
etic stem/progenitor cells into the bone marrow of nonobese diabetic severe com-
bined immunodeficient (NOD/SCID) mice was significantly impaired by masking
the HSCs’ cell surface with anti-CD44 antibody or HA (Avigdor et al. 2004), indi-
cating that CD44-HA interaction is an important factor for homing and engraftment
of the HSC to the niche.

Because the osteoblasts are located at the endosteal area, where higher calcium
concentration is expected due to its active bone modeling/remodeling, Adams et al.
hypothesized that the sensor for calcium must be expressed on HSCs and contributes
to their homing and lodgment to bone marrow. They revealed that calcium-sensing
receptor, CaR, was expressed on normal HSCs and that CaR-deficient mice had a



42 H. Iwasaki and T. Suda

normal number of primitive hematopoietic cells in the circulation and spleen but
few of them were found in bone marrow. HSCs isolated from fetal liver of CaR-
deficient mice could not localize at the endosteal niche in wild-type recipient mice
because of the defective adhesion to the collagen I, one of the major components of
the ECM secreted by osteoblast. Thus, it was suggested that the HSCs preferen-
tially localize the calcium-rich endosteum and lodged to the niche via adhesion to
the ECM surrounding the osteoblast (Adams et al. 2006).

Vascular Niche

As described above, the adhesion molecules and their signaling play a fundamental
role in the HSC maintenance for the osteoblastic niche. There has been another
kind of niche recently found along the endothelial cells of the sinusoidal vessels in
bone marrow or spleen. This microenvironment is called the vascular niche. This
new type of niche was revealed through a recent study to distinguish the stem and
the progenitor cells in bone marrow using the SLAM family receptors. The most
purified HSCs were fractioned as CD150*CD244-CD48" cells, and the majority of
these cells were found associated with sinusoidal endothelium (Kiel et al. 2005).

Sugiyama et al. showed that the HSCs were found specifically adjacent to the
cells expressing a high level of CXCL12 (also called stromal cell-derived factor-1
or SDF-1) and surrounding the sinusoidal endothelial cells. They named these cells
CXCL12-abundant reticular (CAR) cells and demonstrated that the depletion of
CXCR4 led to the reduction of the HSC pool and a poor survival rate after
5-FU-induced bone marrow suppression, thus suggesting that CXCL12-CXCR4
chemokine signaling plays an essential role in maintaining the quiescent HSC pool
(Sugiyama et al. 2006). The connection between CAR cells and HSCs is also
observed at the endosteum. It appears to be the universal component of the
hematopoietic stem cell niche.

The homing and lodgment mechanism to the vascular niche, the integrin very late
antigen 4 (VLA-4) and its ligand vascular cell adhesion molecule 1 (VCAM-1), was
proposed to be the regulator (Papayannopoulou et al. 1995). The pretreatment of donor
cells with either anti-VLA-4 or VCAM-1 antibody prior to the transplantation into the
recipient mice resulted in impaired lodgment of HSCs to bone marrow and increased
the number of hematopoietic progenitors in circulating blood and the spleen.

Taking advantage of the VLA-4-mediated interaction between HSCs and vascular
niche in bone marrow, natalizumab, a human anti-VLA-4 antibody, has been
suggested for treating patients with poor response to granulocyte colony-stimulating
factor (G-CSF)-based protocols for the peripheral blood stem cell transplantation
(Zohren et al. 2008).

Human anti-VLA-4 antibody natalizumab was originally developed and introduced
for the treatment of autoimmune diseases, such as multiple sclerosis (MS) and Crohn’s
disease. The authors examined peripheral blood of patients with MS receiving natali-
zumab and found that the number of CD34* primitive hematopoietic cells, including
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HSCs, circulating in peripheral blood was significantly higher in natalizumab-treated
MS patients, compared to those in untreated MS patients or healthy volunteers. The
increase in the number of CD34* cells was observed as soon as 1 hour after the infu-
sion of natalizumab, and the colony-forming unit assay demonstrated that progenitors
mobilized into peripheral blood formed significantly higher numbers of BFU-E and
CFU-G/M/GM colonies compared to before infusion. The increase of CD34" cells in
peripheral blood was the result of both mobilization effect and inhibited homing by
natalizumab. The latter effect lasted longer than the half-life of natalizumab. Thus,
anti-VLA-4 antibody natalizumab with mobilizing ability may have the potential to
become an alternative in peripheral blood stem cell transplantation.

The functional difference between the osteoblastic and vascular niches is yet to be
elucidated; however, it may be reasonable to approach this issue from a physiological
aspect. One of the major differences of these two microenvironments is the oxygen
level. In vascular niche, a higher oxygen level is expected than in osteoblastic niche.
Under such a microenvironment, the cell cycle of the stem cell would resume (Parmar
et al. 2007). Thus a model of the dynamics of the hematopoiesis can be hypothesized:
the HSCs in GO state located at the osteoblastic niche under the regional hypoxia
would move to the vascular niche at a certain time, undergo differentiation, and sup-
ply the required pool of the mature cells into the peripheral bloodstream (Heissig
et al. 2002). Once the supply fulfills the necessary mature cells, the HSCs at the vas-
cular niche would move back to the osteoblastic niche, where they are maintained in
the GO state again. The logistics of the HSCs shuttled between these two types of
niches may be the key for well-balanced hematopoiesis (Fig. 2).

The endogenous oxidative metabolism in HSCs was studied by Piccoli et al.,
using human CD34* HSCs forced to mobilize from bone marrow to peripheral
blood in the G-CSF infusion regimen (Piccoli et al. 2005). The mitochondrial oxy-
gen consumption level in HSCs was significantly reduced to approximately 10%,
compared to regular types of cells, and it was found not because of inhibitory con-
trol but relatively poor content to mitochondrial cytochromes. The mitochondrial
and extramitochondrial respiration was assessed by treatment with electron trans-
port inhibitors, such as potassium cyanide, or enzymatic scavengers of reactive
oxygen species (ROS), such as superoxide dismutase. The ratio of mitochondrial
versus extramitochondrial respiratory activity was approximately 60:40, and by
combining both treatments the endogenous respiratory activity was completely
blocked. The major ROS producer in this cell is known to be cell membrane—bound
NADPH oxidase, and the authors verified this by immunoprecipitation to show
that NADPH oxidase exists on HSCs’ membrane, forming the fully assembled
functional complex coordinated with p22°hox p67°hx and p47rhex,

The amount of mitochondria was directly measured by confocal microscopy
analysis using the fluorescent dye specifically accumulated in membrane potential-
generating mitochondria, costained with CD34, an antigen expressed in HSCs or
early hematopoietic progenitor cells. In general, the higher the expression is, the
more primitive the cell is. The density and distribution of stained mitochondria have
high variation among observed cells. Interestingly, the higher the CD34 staining
signal density, the lower the mitochondria staining signal density.
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Fig. 2 Hematopoietic stem cell (HSC) logistic model between osteoblastic niche and vascular niche
in bone marrow. HSC stays in quiescence in osteoblastic niche and activates the cell cycle upon leav-
ing for vascular niche, where the differentiation is initiated. HSCs are guided by multiple factors,
such as local calcium or oxygen concentration gradient between these two different kinds of niches

Collectively, a HSCs oxygen metabolism model was proposed, suggesting that
primitive HSCs that have a low amount of mitochondria use membrane-bounded
NADPH oxidase complex as oxygen sensor and/or ROS source, contributing to
signaling inducing mitochondriogenesis, differentiation, or cell survival.

External Oxidative Stress and HSC

The evidence of the oxidative stress impact on the long-term HSCs’ capability was
demonstrated by Ito et al. (Ito et al. 2006). Treatment of the immature hematopoi-
etic cells of LSK fraction with buthionine sulfoximine (BSO), even at low levels,
affected the repopulation capacity of HSCs after transplantation, but not the num-
ber of colonies formed in culture. This result indicated that elevation of ROS
induced by BSO did not have an impact on the colony-forming progenitors in LSK
fraction but specifically lead to the defect of the HSC function. The elevation of
ROS upregulated tumor suppressors pl6™“ and p19'7, specifically in HSCs, and
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treatment with p38 MAPK inhibitor or an antioxidant N-acetyl-L-cyctein (NAC)
blocked this ROS-induced increase of p16™¥ and p19*7. This suggested that oxida-
tive stress induces the HSC-specific phosphorylation of p38 MAPK, and this
activation of p38 MAPK lead to the defect in the maintenance of HSC self-renewal
capacity.

Ito et al. also investigated the ROS effect in vivo using the ataxia telangiectasia
mutated (Azm) knockout mice, which exhibit the defect in oxidative stress regulation. In
Atm™ mice, ROS elevation and defective HSCs’ self-renewal were observed (Ito et al.
2004) and, therefore, the activation of p38 MAPK was expected. After 2 days of incu-
bation, p16™ and p19"7 were upregulated in Azm~- LSK cells as ROS level elevated.
As predicted, p38 MAPK was activated only in LSK cells, and treatment with p38
MAPK inhibitor blocked this upregulation. Furthermore, prolonged treatment with
NAC or p38 MAPK inhibitor extended the lifespan of the wild-type HSCs in serial
transplantation. Collectively, the inactivation of p38 MAPK played a role as a protector
for HSC against the loss of self-renewal capacity through ROS elevation.

Tothova et al. demonstrated that the Forkhead O family members (FoxOs) are
also mediators of HSCs resistance against oxidative stress by generating FoxOl,
Fox03, and FoxO4 knockout mice.(Tothova et al. 2007) The FoxOs play an important
role in various physiological responses, such as induction of cell cycle arrest, stress
resistance, or apoptosis. The FoxO-deficient mice exhibited a significant decrease
in LSK size, myeloid lineage expansion, and lymphoid developmental abnormalities.
The HSCs from FoxO-deficient bone marrow had defective self-renewal capacity
accompanied by increased cell cycling and apoptotic HSCs as well as increased
ROS level specifically observed in HSCs. On the other hand, NAC treatment
rescued the LSK size, HSC cell cycling profile, and apoptosis, leading to the rescue
of long-term HSC function in the cobblestone forming cell assay. Thus, FoxOs
mediate quiescence and survival of HSCs by detoxification of ROS.

Seed or Soil? Niche Disruption and Disease

If a stem cell comes out of the niche, its differentiation program resumes and the
mature cells are supplied to the organ. If the stem cell niche become corrupted for
some reason, more stem cells would be forced to leave. This may lead to the ideal
situation for the organ, at least temporarily, given plenty of healthy mature cells to
sustain the function. However, what if the majority of the stem cell niche is perma-
nently destroyed? If a disease has developed, is it because the niche is bad or
because the stem cell itself is no longer healthy due to the niche malfunction?
Walkley et al. answered this question by introducing the retinoic acid receptor y
(RARY) deficient mice (Walkley et al. 2007a). The mice exhibited myeloproliferative
syndrome (MPS) with significantly increased granulocyte/macrophage progenitors
and granulocytes in bone marrow, peripheral blood, and spleen. The phenotypes
became more severe with age. A significant reduction of trabecular bone was
observed, resulting in the osteoblasts depletion, and thus the niche was destroyed.
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In order to determine whether this disease is caused by the bad seed (HSCs) or soil
(niche), the transplantation of the wild-type bone marrow cells into lethally irradiated
RARy overexpressed and deficient mice was performed, revealing the result that the
onset of MPS occurred exclusively in RARy deficient mice. These data clearly proved
that the MPS was not due to the altered HSC but the malfunctioning niche.

At the same time, they also investigated the effect of the Rb gene, a major cell cycle
regulator, using the interferon-inducible Mx-Cre transgene and pRb™ mice (Walkley
etal. 2007b). When Rb was widely inactivated in the transgenic mice, including the bone
marrow and HSCs, the mice exhibited profound myeloproliferation, loss of HSC from
bone marrow, differentiation, and extramedullary hematopoiesis. The substantial loss of
trabecular bone was also observed after the Rb inactivation. However, when either the
transplanted HSC or recipient is the wild type, no such phenotype was observed.

The effect of Rb deletion was also examined using lysozyme-M-Cre mice, by
which the gene deletion specific to the myeloid lineage (i.e., granulocytes, mac-
rophages, and osteoclasts) is made possible. The myeloproliferation occurred when
the Rb-inactivated hematopoietic cells, including the unaffected HSCs harvested
from the lysozyme-M-Cre mice, were transplanted into the widely Rb-inactivated
mice, but not when transplanted into the wild-type mice. Collectively, this Rb dele-
tion model concluded that myeloproliferative disease is observed only when Rb-
inactivated myeloid-derived cells interacted with Rb-inactivated microenvironment,
regardless of the condition of the HSCs.

Both of these studies exhibited the loss of the osteoblastic niche and myelopro-
liferation, however, the causes were not identical. The status of the residual
microenvironment, recovery system for the lost niche, or the relevance of the gene
to hematopoiesis and microenvironment may influence the differences of the obser-
vation between these two cases. The bottom line is that the disruption of the niche
or microenvironment can trigger the system disorder, albeit even with healthy stem
cells. Knowing the pathological involvement of the niche can bring the novel therapeu-
tic strategy with enhanced effectiveness, and further studies in this area are awaited.

Is There a Niche for Cancer Stem Cell?

Recently it has been reported by various studies that there is a functional microen-
vironment that supports cancer stem cells. This should also be considered as a
niche, thus called cancer stem cell niche. A representative example is acute myeloid
leukemia (AML) and its niche in bone marrow. Jin et al. showed that the anti-CD44
antibody-treated NOD/SCID mice transplanted with AML cells exhibited signifi-
cantly lower rate of the disease onset (Jin et al. 2006). Also, Krause et al. showed
impaired induction of chronic myeloid leukemia (CML)-like myeloproliferative
disease among the recipient mice when transplanted with BCR-ABLI—transduced
CML progenitors from CD44-mutant donors (Krause et al. 2006). These results
indicate that, in both AML and CML cases, CD44 is essential for the homing
and engraftment of the cancer stem cells to the niche. In another words, the
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CD44-expressing leukemic stem cell adhere to the niche, binding to its ligand
hyaluronic acid expressed by the cells on the surface of sinusoidal endothelium or
endosteum in bone marrow, which is crucial for the niche maintenance of the stem
cells. Interestingly, this molecular mechanism resembles that of healthy HSC and
the vascular niche described earlier. Cancer and normal stem cells have much in
common in the maintenance system in the niche.

Interestingly, cancer stem cell can evolve according to the microenvironment
and initiate different type of cancer. Barabe et al. demonstrated that human
hematopoietic cells infected with a retrovirus encoding mixed-lineage leukemia
(MLL)-eleven-nineteen leukemia (ENL) fusion gene caused acute lymphoid leuke-
mia (ALL) when transplanted into sublethally irradiated immunodeficient mice, but
acute myeloid leukemia (AML) when cultured in a myeloid-promoting culture
condition prior to transplantation for a prolonged period (Barabe et al. 2007). This
indicates that the cancer stem cell with MLL fusion gene can initiate either ALL,
AML, or both, depending on the microenvironment.

In contrast to the hematopoietic system, the stem cell research in the solid cancer
field is relatively new. Among them, the stem cells study for brain tumors has made
significant progress lately. Calabrese et al. showed brain tumor cells coexpressing
Nestin and CD133, the fraction believed to contain the cancer stem cell, located
closely to the capillaries in the brain tumor (Calabrese et al. 2007). When these
cells were cocultured, the cancer stem cells selectively adhered to the endothelial
cells. These suggested that the endothelial cells secreted factors necessary to main-
tain the cancer stem cells. Furthermore, the CD133-positive cells derived from
human medulloblastoma developed brain tumor only when xenografted to the brain
of the recipient nude mouse with endothelial cells. These data collectively suggest
that the cancer stem cells of the brain tumor rely on the endothelial cells, which
forms the vascular niche, for the maintenance of their self-renewal, differentiation,
and proliferative capacity.

Roles of Niche Against Development, Maintenance,
and Proliferation of Cancer

As described above, niche has the ability to control the pool, function, and even the
fate of the stem cells. It is indeed an important aspect of niche to maintain the stem
cells in a quiescent state; however, it also has to drive the adequate number of stem
cells into the proliferation and differentiation path at the same time as far as the
maintenance of the organ is concerned. This two-way signal of the niche against
stem cell must be carefully regulated (Fig. 3). For example, in osteoblastic niche for
hematopoietic stem cell in bone marrow, Tie2/Angl adhesion or BMP (bone
morphogenetic protein), a member of TGF-f3 super family, are involved in main-
taining the quiescence and proliferation suppression, while Wnt or Notch signaling
promote the self-renewal, proliferation, and differentiation (Fig. 4) (Wilson and
Trumpp 2006).
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Fig. 3 Dynamics of two-way interaction between stem cell and niche: a comparison between a
normal and a cancer stem cell. In normal stem cell and the niche, the signaling toward stem cell
quiescence and self-renewal is dominant, while proliferative signaling is more dominant between
a cancer stem cell and its niche

It is obvious that cancer tissue is highly proliferative. Does the stem cell regulatory
system in the niche for cancer lean more toward the proliferative side than those for
normal stem cells? Li and Neaves approached this problem via the dependence of
stem cell on niche. They hypothesized that the behavior of cancer and normal stem
cell are regulated by niche at different degrees by niche (Li & Neaves 2006). Cancer
stem cells are derived through intrinsic mutation that leads to its highly proliferative
activity. This highly proliferative state itself alters the signaling balance between
niche and the stem cell. Namely, the niche function of quiescence maintenance
becomes relatively ineffective, thus the function to support proliferation and differ-
entiation become more dominant (Fig. 3). This model is supported by some clinical
symptoms, one of which is the blast crisis of the CML. The Wnt/B-catenin signal, a
causative pathway for self-renew, differentiation, and proliferation, is enhanced in
the mutated nucleus of granulocyte-macrophage progenitors in the CML patient,
due to the higher concentration of the 3-catenin and irregularly activated TCF/LEF
(T-cell factor/lymphocyte-enhancement factor) transcription activity (Jamieson et al.
2004). The blast crisis is thought to be triggered by this irregular TCF/LEF activity,
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Fig. 4 A number of signaling pathways between HSC and niche are involved in stem cell regula-
tion. Components in extracellular matrix are also important factors in niche formation. Normal
and cancer stem cells share a majority of these regulatory signals but have different phenotypes

leading to the excess transcription of Wnt target gene products. Similarly, relevance
of irregular Wnt/B-catenin activation has been reported in the cases of colon cancer
or melanoma, in which the B-catenin itself has mutation. It is important to note that
many signaling pathways involved in the normal stem cell and niche interaction are
also found between the cancer stem cell and its niche, playing a role as the promoter
of tumorigenesis and cancer proliferation. The identical set of proteins in a slightly
different condition can deliver totally different results.

Mechanism of Cancer Metastasis Regulated by Niche

Niche not only cradles existing cancer stem cells, but also the future incoming cancer
stem cell. Rather, it passively sends the inviting signal to the remote cancer stem cells.

MMPs (matrix metalloproteinases) are factors known not only for their contribution to
the repair of inflammation or wounds but also for their involvement in cancer invasion
and metastasis. A model of the molecular mechanism for remote metastasis and invasion
in association with MMPs has been proposed for the lung (Hiratsuka et al. 2002). In this
model, vascular endothelial growth factor (VGEF) secreted by primary cancer cells
induces the MMP9 expression specifically in lung endothelial cells and mac-
rophages via vascular endothelial growth factor receptor (VEGFR) tyrosine kinase,
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resulting in the formation of the cancer stem cell niche. This means that the cancer cells
can produce their own favorable microenvironment, the future cancer stem cell niche,
from a distance by secreting factors to influence the protein composition at that site.

This niche creation mechanism by cancer cells themselves has been verified for
various other kinds of metastasis as well: the bone metastasis of prostate cancer has
been shown to be supported by urokinase-type plasminogen activator (uPA) or prostate-
specific antigen (PSA) secreted by the prostate cancer cells through altering the growth
factors at the bone microenvironment, thus enhancing the proliferation of the osteo-
blasts that serve as the cancer stem cell niche (Logothetis and Lin 2005). Lung metas-
tasis of breast cancer via secreted protein acidic and rich in cysteine (SPARC),
osteonectin, or MMP?2 is also found based on this mechanism (Minn et al. 2005).

Cells are not the only component of niche. The factors existing in the ECM can
also be a part of the cancer mediator. In cancer stem cell in hypoxia, the oncogene
MET is upregulated. MET binds to its ligand hepatocyte growth factor (HGF),
which is found in the ECM, and enhances the transcription of plasminogen activa-
tor inhibitor type 1 (PAI-1) and cyclooxygenase 2 (COX2). This leads to enhanced
blood coagulation and fibrin deposition. The fibrin deposition (fibrin nest) induces
the vasculogenesis in the surrounding area, supporting the homing of cancer stem
cell and its proliferation, thus serving as the cancer stem cell niche. The migration
of the vascular vessel triggered by the fibrin nest also facilitates the metastasis to
other sites (Boccaccio et al. 2005).

Kaplan et al. recently reported on a new type of cancer stem cell niche created by
a third party. They demonstrated this mechanism using the lethally irradiated mice,
transplanted with bone marrow-derived cell (BMDCs), followed by the lung cancer
or melanoma cells. The transplanted BMDCs expressing VEGFR1 gathered at a site,
such as lung, creating a group of cells. This microenvironment is highly receptive for
cancer metastasis, and they call this microenvironment the “premetastatic niche”
(Kaplan et al. 2005). The formation of premetastatic niche has been found for breast
cancer, lung cancer, and gastrointestinal cancer in humans. The BMDCs creating the
premetastatic niche are a type of hematopoietic progenitor expressing VLA-4 (integ-
rin a,3,) and/or 1d3 (inhibitor of DNA binding 3). The primary cancer cells secrete
factors (such as cytokines) that positively regulate the expression of fibronectin (a
ligand of VLA-4) of fibroblasts located at the site of future premetastatic niche,
inducing the homing of VEGFR1-expressing BMDCs. The mice transplanted with
VEGFR 1-depleted BMDC:s or treated with anti-VEGFR1 antibody did not show the
formation of premetastatic niche or metastasis, proving the theory of this new meta-
static mechanism induced by cancer cells involving the third party.

Novel Cancer Therapy Targeting Cancer Stem Cell and Its Niche

Most of the current anticancer drugs act as inhibitors of DNA synthesis or cell
division of the cancer cell, consequently suppressing the growth of tumor.
Therefore, the cancer cells must be in the cell cycle, not in quiescence, in order to
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see the positive effect of chemotherapy. The cancer stem cells as well as normal
stem cells are supposed to be in the quiescent state. Even if the tumor size is
decreased after chemotherapy, it is simply because the regular cell-cycling cancer
cells have been killed. One must expect the quiescent, tumorigenetic cancer stem
cells to survive the chemotherapy.

A report by Graham et al. proved the cancer stem cells’ insensitivity through the
demonstration that most of the BCR-ABL expressing blood cells of patients with
chronic myeloid leukemia arrested after the cell culture with addictive of STI571
(Gleevec®), except those in the quiescent state, namely the leukemic stem cells,
survived and remained in quiescence (Graham et al. 2002). This suggests that
degenerating the quiescent cancer stem cell is one of the most promising therapeu-
tic methods in the next generation cancer treatments aimed at complete cure.
Various attempts based on this concept have been investigated, including the altera-
tion of cancer stem cell characteristics, manipulation of the niche environment to
induce a resumption of the cell cycle, and differentiation of cancer stem cells. From
the viewpoint of cancer stem cell control, complete inhibition of cell division of
cancer stem cells, even if only minimally, may also have possibility.

HSC transplantation is routinely performed for patients with blood diseases,
bone marrow diseases, or some types of cancer, such as leukemia. In transplanta-
tion, purified healthy HSCs derived from bone marrow, peripheral blood, or cord
blood are injected intravenously into patient’s bloodstream. These HSCs are then
homed to niche in bone marrow and resume the healthy hematopoiesis.

Prior to transplantation, patients undergo conditioning with aggressive antican-
cer drugs and/or irradiation, which destroy their own hematopoietic system, includ-
ing HSCs, and suppress the immune reactions. This way, the newly introduced
healthy HSC can home to the empty niche in bone marrow and successfully recon-
stitute the recipient patient’s hematopoietic system. This conditioning regimen,
however, is highly toxic and life-threatening, and patients who do not respond to
anticancer drug and/or irradiation or with low tolerance due to poor general status
should be excluded from this treatment.

Recently, Czechowicz et al. reported that treatment with an antibody that blocks
the HSC function led to the clearance of niche, suggesting the possibility of mild
but effective conditioning regimen (Czechowicz et al. 2007). They demonstrated
that administration of ACK2, an anti-c-Kit antibody, led to rapid and transient
removal of almost all endogenous HSCs in mice, and subsequent transplantation of
purified HSCs led to as high as 90% of donor chimerism. Without conditioning,
typical donor chimerism in recipient mice was 3%, perhaps due to the limited num-
ber of empty niche available for engrafting donor HSCs. Moreover, the HSCs
derived from ACK2-treated mice showed significantly (>90%) reduced engraft-
ment capability, compared to control. The another anti-c-Kit antibody, 2B8, did not
show the effect observed with ACK2. Thus, the mechanism of HSC clearance was
considered as the complete inhibition of c-Kit signaling in HSC by ACK2.

Unlike the case of human anti-VLA-4 antibody natalizumab, as described earlier,
ACK?2 does not have the mobilization effect, which was confirmed by the lack of
HSC detected in spleen, liver, and peripheral blood after infusion. Instead, ACK2
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provides a short time window to allow donor HSC to graft by depleting the host
HSC. This regimen may be an attractive alternative to the conventional condition-
ing regimen not only for those who should otherwise have been excluded in this
medical procedure but also for tolerant patients.

Parthenolide (PTL) is a sesquiterpene lactone and major component in the herbal
remedy feverfew. Recently, PTL was found to have a unique characteristic against
tumors, including inhibition of DNA synthesis, cancer cell proliferation, and nuclear
factor kappa B (NF-«xB) activation, and increase intracellular reactive oxygen spe-
cies (ROS). Guzman et al. successfully demonstrated that PTL induces stem cell—
specific apoptosis among leukemic cells in primary acute myeloid leukemia (AML)
and blast crisis chronic myeloid leukemia (bcCML) without affecting the normal
hematopoietic cells (Guzman et al. 2005). This action was identified as a result of
multiple effects of PTL, such as inhibition of upregulated NF-xB expression in
tumor cells, proapoptotic activation of p53, and increased intracellular ROS.

Glioblastoma is considered one of the most malignant cancers, extremely prolif-
erative, and resistant not only to chemotherapy but also to radiotherapy. The prog-
nosis is very poor with the average survival duration less than a year. Piccirillo et al.
showed a successful result for glioblastoma in attempting the novel therapy based
on the above-mentioned concept. They discovered that the BMPs, especially
BMP4, can induce the differentiation of the CD133* glioblastoma cells, which are
considered to be the cancer stem cells, and ultimately decrease of cancer stem cell
pool (Piccirillo et al. 2006). Moreover, xenograft of human glioblastoma cells to
mice showed significant suppression of the tumor growth and improvement of the
survival rate when treated along with BMP4, which would have been 100% lethal
otherwise. In this case, BMP4 or the other BMPs did not kill the glioblastoma cells
but let them extinct through the induced temporary differentiation and proliferation
by altering the stem cell characteristics. This positive experimental result should
stimulate the exploration of the novel therapeutic method targeting a cancer stem
cell or its niche, showing an approach for a breakthrough in treatment of otherwise
abandoned cancer patients.

For the niche-targeting therapy, Calabrese et al. suggested that alternation of
vascular niche is effective to brain tumor treatment. Medulloblastoma cells express
high levels of erythroblastic leukemia viral oncogenic homolog 2 (ERBB2), and
also VEGF, consequently. ERBB2-overexpressing mice bearing brain tumor were
treated with either ERBB2 inhibitor erlotinib (Tarceva®) or anti-VEGF antibody
bevacizumab (Avastin®). The treatment significantly inhibited the tumor vascula-
ture and suppressed tumor growth. The cancer stem cell expressing Nestin and
CD133, the self-renewing cancer cells, were not found in the mice after either treat-
ment. Similar treatment was applied to mice with glioma, and the results showed a
significant suppression of vasculogenesis and tumor proliferation, as well as the
decrease of the Nestin"CD133* cancer stem cell pool. The small number of surviv-
ing Nestin*CD133* cancer stem cells were all found in association with the tumor
vessels. These data collectively suggest that the suppression of the vascular niche
by inhibiting the vasculogenesis has a potential for novel medulloblastoma or
glioma treatment.
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Conclusion

Stem cell and its niche influence each other to maintain their capabilities, control
the fate, and ultimately sustain the healthy organ or tissue. Besides the interactions
between stem cell and niche, some intrinsic factors of stem cell have been also
revealed as a regulator of stem cell capacity. A good example is Bmi-1, a member
of polycomb group of genes involved in maintenance of transcriptional repression
of target genes. HSCs derived from Bmi--deficient mice exhibited defective self-
renewal phenotype, while maintaining the multilineage differentiation potential.
The microenvironment in Bmi-I-deficient mice was found intact. The forced
expression of Bmi-1 led to the enhanced repopulation capacity in vivo and aug-
mented expansion of the progenitors ex vivo. These data collectively suggest that
the self-renewal capacity of HSCs is controlled by the intrinsic expression level of
Bmi-1 (Iwama et al. 2005).

Stem cell regulation and maintenance, whether intrinsic or extrinsic, are not
simple single-factor phenomena, and the large part of detailed molecular mecha-
nism is yet to be elucidated. Understanding the regulatory system could lead to a
novel approach for the effective therapeutic methods that directly target stem cells
(normal or cancer) or niche. As described in this chapter, the latest drugs targeting
the cancer stem cell or its microenvironment employ this state-of-the-art strategy
and are expected to minimize the complications and improve the patients’ quality
of life at the same time. The biology of stem cell and its niche is one of the most
promising research fields of the next few decades, from both scientific and clinical
viewpoints.
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Hematopoietic Stem Cells and Somatic
Stem Cells

Kah Yong Tan, Francis S. Kim, Amy J. Wagers, and Shane R. Mayack

Abstract Stem cells are unspecialized cells that can differentiate to generate more
specialized cell types responsible for tissue-specific function. During development,
the differentiation of pluripotent embryonic stem cells leads to the production of spe-
cialized somatic cells that are ultimately responsible for the structure and function
of all adult tissues and organs. “Naturally” pluripotent cells exist only at the earliest
stages of embryonic development. However, less differentiated stem and progenitor
cells are also present in adult tissues. In contrast to pluripotent embryonic stem cells,
adult stem cells generally only form a limited number of cell types corresponding to
their tissues of origin. These multipotent or unipotent adult stem cells exist in many,
though probably not all, adult tissues including bone marrow (BM), brain, spinal
cord, dental pulp, blood vessels, skeletal muscle, epithelia of the skin and digestive
system, cornea, and retina. “Multipotent” stem cells can generate several types of
cells within a given tissue (e.g., hematopoietic/blood forming stem cells), whereas
“unipotent” stem cells give rise to only one differentiated cell type (e.g., skeletal
muscle stem cells). Though adult stem cells exist at a very low frequency in adult
tissues, they serve a critical function in maintaining tissue homeostasis and gener-
ating replacement cells to repair tissues after injury. Here, we review the current
literature on adult stem cells and specifically highlight the regulation of multipotent
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hematopoietic stems cells in contrast with that of unipotent skeletal muscle stem
cells, as well as discuss their respective roles in tissue homeostasis and repair.

Introduction

The word somatic derives from the Greek soma, meaning “body.” Hence, somatic
cells are any cells forming the body of an organism and are distinct from germ line
cells — the spermatozoa and ova — which fuse during fertilization to produce the
zygote (Eilertsen et al. 2008; National Institutes of Health 2008).

Stem cells are unspecialized cells that can initiate a differentiation program to
generate more specialized cell types that perform particular tasks within tissues
(Garry et al. 2003; Giebel and Bruns 2008; Weissman 2000). The culmination of
these events is the production of somatic cells that ultimately are responsible for the
structure and function of adult tissues and organs. Stem cell differentiation is care-
fully regulated and only under proper conditions, which are often temporally and
anatomically regulated, do stem cells begin to develop into specialized tissues and
organs, ultimately forming and maintaining the soma (Sylvester and Longaker
2004; Naveiras and Daley 2006). Importantly, in addition to generating more spe-
cialized cells, stem cells also self-renew, dividing to give rise to more stem cells,
and thereby maintaining an undifferentiated stem cell pool (National Institutes of
Health 2008).

In general, stem cells are categorized based on their “potency” (i.e., the number
of different types of cells to which they give rise) (Donovan and de Miguel 2003).
Pluripotent stem cells, which include embryo-derived embryonic stem (ES) cells
and induced pluripotent stem cells (iPS) generated by viral transduction of somatic
cells, can form all cell types of the body (Byrne 2008; Kastenberg and Odorico
2008; Liu 2008; Vats et al. 2005; Ralston and Rossant 2005). It appears that “natu-
rally” pluripotent cells exist only at the earliest stages of embryonic development,
while stem cells in adult tissues generally form a more limited number of cell types,
which typically correspond to their tissues of origin (Byrne 2008; Kastenberg and
Odorico 2008; Liu 2008; Vats et al. 2005; Ralston and Rossant 2005). These multipotent
or unipotent stem cells exist in many, though probably not all, tissues. Tissues in
which adult stem cell populations have been identified include bone marrow (BM),
brain, spinal cord, dental pulp, blood vessels, skeletal muscle, epithelia of the skin
and digestive system, cornea, and retina. However in tissues such as liver and pan-
creas, the existence of a true stem cell population remains unclear (Vats et al. 2005;
Tiedemann et al. 2001; Saini and Stewart 2006; Choumerianou et al. 2008).
Multipotent stem cells can generate several types of cells within a given tissue (e.g.,
hematopoietic/blood forming stem cells), whereas unipotent stem cells give rise to
only one differentiated cell type (e.g., skeletal muscle stem cells).

Somatic stem cells, like embryonic stem cells, share at least two characteristics
(National Institutes of Health 2008). First, they can make identical copies of them-
selves for long periods of time. This ability is referred to as long-term self-renewal
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(Weissman 2000; Weissman et al. 2001; Claudinot et al. 2005). Second, they can
give rise to at least one mature cell type with characteristic morphology and special-
ized function. Typically, the initial differentiation of somatic stem cells generates
an intermediate cell type or types prior to producing fully differentiated cells. This
intermediate cell is called a progenitor cell. Progenitor cells in fetal or adult tissues
are partly differentiated cells that divide and give rise to fully differentiated cells.
These progenitor cells are usually regarded as strictly “committed” to differentiate
along a particular cellular development pathway and importantly have lost the
capacity to self-renew (Giebel and Bruns 2008; Weissman 2000; Vats et al. 2005;
Weissman et al. 2001; Gros et al. 2005; Bonner-Weir et al. 2004; Masson et al.
2006) (Fig. 1).

Adult stem cells are typically rare (Joseph and Morrison 2005). For example,
in the case of blood forming hematopoietic stem cells (HSCs), which reside pre-
dominantly in the BM in adult animals, only an estimated 1 in 100,000 cells is
actually a blood-forming stem cell (Yilmaz et al. 2006; Kiel et al. 2005). But,
despite their low frequency, stem cells serve a critical function in maintaining tis-
sue homeostasis and generating replacement cells to repair tissues after injury
(Broxmeyer et al. 2002; Bierkens et al. 1991; Fried et al. 1978; Cline and Golde

1978; Morrison et al. 1997).
/§n:m CELL
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Fig. 1 Distinguishing features of progenitor cells and stem cells. A highly diagrammatic version
of the hierarchy of stem cell self-renewal and differentiation. In a self-renewing division a stem
cell makes identical copies of itself, maintaining the primitive stem cell pool and the capacity for
long-term cell or tissue replenishment. Alternatively, stem cells divide and differentiate into the
mature cells of a given lineage that are necessary for tissue function. Differentiation is generally
accompanied by both changes in morphology and function that are distinguishable from stem cells
as well as a loss of self-renewal potential
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What Does It Means to Be an Adult Stem Cell?
Criteria for Defining Adult Stem Cell Populations

Unlike ES cells, which are defined by their anatomical origin (the inner cell mass
of the blastocyst) and potency (ability to generate all cell types in the body),
somatic stem cells are found in many different adult tissues and it remains unclear
if they share any defining anatomical constraints. The precise developmental
origins of adult stem cells in mature tissues are also largely opaque. It has been
proposed that stem cells are somehow set aside during fetal development and
restrained from differentiating.

Adult stem cells then, instead of being defined by anatomical location, are
defined by their concordant capacity for self-renewal and differentiation throughout
the lifetime of an organism (Barker and Clevers 2007). This criterion, although
fundamental to the nature of a stem cell, can sometimes be challenging to prove
definitively in vivo. This is in part because it is difficult, particularly with respect
to human stem cells, to design experiments that allow the fate of candidate adult
stem cells to be defined and tracked in vivo over an individual’s lifetime.

Clonogenicity, or the ability of a single cell to proliferate independently to form
a colony, is one of the major properties commonly ascribed to stem cells. To be
consistent with properties of a true stem cell, the progeny of these clonogenic
progenitors should be able to completely reconstitute the mature cell types of the
stem cell tissue of origin. Therefore, clonogenicity is typically demonstrated by
showing that a single clone of a putative stem cell population can functionally
repopulate the corresponding tissue by using highly purified or enriched popula-
tions of a putative tissue-specific stem cell or by colony-forming assays (Jackson
et al. 2002).

Adult stem cells must also be able to give rise to fully differentiated cells that
have mature phenotypes, are fully integrated into the tissue, and are capable of
specialized functions that are appropriate for the tissue (Jackson et al. 2002). Stem
cell biology often exploits two characteristics: appropriate cell morphology and
demonstration that the resulting, differentiated cell types display surface markers
that identify them as belonging to the tissue. More stringent studies further demon-
strate that the differentiated cells that are derived from adult stem cells are truly
functional and that stem cell daughters are fully integrated into the differentiated
tissue in vivo and interact appropriately with neighboring cells. Strictly speaking,
the gold standard often employed for demonstrating stem cell function is engraft-
ment by a donor stem cell of an appropriate tissue to generate all of the daughter
cell types of that tissue, including renewal of the tissue-specific stem cell pool.

In order to fully characterize the tissue regenerative and self-renewal capabilities
of adult stem cells and, therefore, truly harness their potential, it is essential to
demonstrate that candidate stem cell populations have bona fide stem cell charac-
teristics and understand how these are regulated and maintained in various tissues.

In general, three experimental approaches are used to determine whether can-
didate adult stem cells give rise to specialized cells (Barker and Clevers 2007;
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Barker et al. 2007). Adult stem cells can be labeled in vivo, and then they and their
daughter cells can be tracked to determine cell fate potential and turnover time.
Stem cell labeling in some tissues has been achieved using the label retaining cell
(LRC) assay (Kiel et al. 2007). This technique exploits the fact that resident tissue
stem cells are typically quiescent and will retain a DNA synthesis label (such as
BrdU) for longer periods of time relative to their more differentiated daughters,
which divide more often during a follow-up “chase” period and therefore more
rapidly dilute the label. The LRC assay thus depends on the enrichment of stem
cells within those cells, retaining the label over a long period of time. In some stud-
ies, long-term LRCs do indeed overlap with undifferentiated stem cells (Claudinot
et al. 2005; Cotsarelis et al. 1990). However, this strategy generally does not label
stem cells exclusively (Kiel et al. 2007) and may fail to label some stem cell popu-
lations (Barker et al. 2007).

Candidate adult stem cells can also be isolated, labeled in vitro, and then trans-
planted into recipient hosts to determine whether they can functionally reconstitute
the cell types of a given tissue. Finally, candidate adult stem cells can be isolated,
grown in vitro, and manipulated by adding growth factors or introducing genes that
help determine what differentiated cell types they have the potential to yield. Such
in vitro assays are less compelling than in vivo strategies for defining the intrinsic
fate potential of putative stem cell populations, as differentiation potential can be
profoundly influenced by culture conditions, and physiological assays of cell function
are generally less available for cultured cells.

Another challenge in demonstrating that a particular cell population contains
only stem cells is that it can be difficult to distinguish adult, tissue-specific stem
cells from progenitor cells, which are also found throughout fetal or adult tissues.
This is partially because progenitor cells are often more prevalent than true stem
cells, which typically exist in a given tissue at a very low frequency. However,
unlike stem cells, progenitor cells lack long-term self-renewal capacity and,
particularly in comparison to multipotent stem cells, exhibit a more limited repertoire
of differentiation potentials.

Adult Stem Cell Plasticity

There has been much debate centered on the question of whether stem cells in one
adult tissue can generate the specialized cell types of another type of tissue, either
a tissue derived from the same embryonic germ layer or from a different germ layer.
For example, some previous studies have suggested that blood stem cells (derived
from mesoderm) may be able to generate skeletal muscle (also derived from meso-
derm) or neurons (derived from ectoderm) in addition to their well-established
primary role in blood cell generation (Saini and Stewart 2006; Jackson et al. 2002;
Huttmann et al. 2003; Horwitz 2003). The hypothesis that a stem cell from one tissue
may “transdifferentiate” to form the differentiated progeny of another tissue has been
referred to as stem cell plasticity. The implication that stem cells may transdifferentiate
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triggered a flurry of research, which in the end has provided very limited evidence
for such “plasticity” events. In fact, numerous studies (Durr and Muller 2003;
Lemoli et al. 2005; Phinney and Prockop 2007; Rovo and Gratwohl 2008) have
demonstrated that stem cell transdifferentiation does not occur in vivo at physio-
logically meaningful levels; observations of apparent stem cell plasticity appear
instead to reflect rare cell-cell fusion events or contamination of putative stem cell
populations by itinerant cells circulating through a given tissue (Lemoli et al. 2005).

To date, despite many challenges, true adult stem cells have been identified in
many different animals and in a variety of human tissues. As discussed, in order to
be classified as an adult stem cell, there are many criteria, most importantly, that
the cell should be capable of self-renewal and differentiation for the lifetime of the
organism. One of the most well-studied and well-defined adult stem cell popula-
tions is the blood forming (or hematopoietic) stem cell, which provides homeostatic
and regenerative replacement of all blood cell lineages.

Hematopoietic Stem Cells: The “Model” of Somatic Stem Cells

Embryonic Origins

In adults, hematopoiesis, which leads to the generation of all blood cell lineages, is
maintained homeostatically by a rare population of multipotent HSCs found in the
BM. In vivo, blood cells turn over on a daily basis. Thus, in order to continuously
maintain blood cell homeostasis, there is a constant need for generation of HSCs in
the BM where they differentiate to generate progenitor cells that ultimately produce
mature types of blood cells (Weissman 2000; Weissman et al. 2001). How do HSCs,
or other adult somatic stem cells, maintain the critical balance between self-renewal
and differentiation necessary to maintain tissue homeostasis and support regeneration
and repair, without depletion of the stem cell pool? Moreover, what is the embryonic
origin of these primitive cells and are the same embryonic origins shared with those
primitive stem cells that remain in adult tissues?

During embryogenesis, HSCs migrate through different anatomical sites that
likely impart unique cues to the cells as they transition through different develop-
mental stages (Cantor and Orkin 2001; Mikkola et al. 2005). In vertebrate
development, distinct waves of hematopoietic activity (Lux et al. 2008; Palis et al.
1999) are believed to contribute to the generation and maintenance of precursors
that seed both embryonic and adult hematopoiesis. Experiments probing the devel-
opment of HSCs strongly suggest that blood cells are sequentially generated in
several distinct sites (Cumano et al. 1996; Godin et al. 1995; Dieterlen-Lievre et al.
2002; Medvinsky and Dzierzak 1996; Yoder et al. 1997a, 1997b): the yolk sac (Lux
et al. 2008; Yoder et al. 1997a, 1997b), the aorta-gonad-mesonephros (AGM)
region (Cumano et al. 1996; Godin et al. 1995; Dieterlen-Lievre et al. 2002;
Medvinsky and Dzierzak 1996), and the placenta (Mikkola et al. 2005; Medvinsky
and Dzierzak 1996; Kumaravelu et al. 2002).
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In mice, morphologically distinct primitive blood cells are first identifiable in
the blood islands of the yolk sac at E7.5 (Yoder et al. 1997a, 1997b). The fetal liver
is colonized by hematopoietic cells on E10.5 and thereafter becomes the principal
site of fetal hematopoiesis (Houssaint 1981). The fetal thymus and spleen are also
seeded by HSCs around the same time, E10.5 and E12.5, respectively (Palis et al.
1999; Cumano and Godin 2001; Godin et al. 1999; Dieterlen-Lievre et al. 1997;
Robertson et al. 1999). Ultimately, the BM, which shortly after birth becomes the
major site for blood production and source of long-lived adult HSCs, is colonized
by fetal liver derived HSCs around E15 (Cumano and Godin 2001).

The term primitive hematopoiesis is given to the first yolk sac derived erythroid
lineage and definitive hematopoiesis is applied to all lineages other than primitive
erythroid (Palis et al. 1999; Robertson et al. 1999). However, while the yolk sac is
generally accepted to be the source of primitive hematopoietic cells, the identification
of the initial site of definitive hematopoiesis remains controversial, as does the
origin of the HSCs, which ultimately are retained in adult tissues and give rise to
all the adult blood lineages (Orkin and Zon 2008).

Recently, the emergence of fetal HSCs in the placenta, coincident with those
seen in the AGM and yolk sac and preceding the seeding of HSCs in the fetal liver
or circulating blood, has been demonstrated. While the onset of HSC activity in the
placenta parallels the emergence of HSCs in the AGM (E10.5) (Cumano et al. 1996;
Godin et al. 1995; Dieterlen-Lievre et al. 2002; Medvinsky and Dzierzak 1996),
placental HSCs continue to expand until E13.5 and contain approximately 15-fold
greater numbers of HSCs than the AGM. In fact, in studies performed in mice, the
placental HSC pool exceeds in number the pool of HSCs in all other fetal
hematopoietic organs other than the fetal liver (Mikkola et al. 2005; Kumaravelu
et al. 2002). These data clearly indicate that the placenta has an important role in
establishing hematopoiesis in mammals.

Although the final outcome of their differentiation—the generation of erythroid,
lymphoid and myeloid lineages—is similar, fetal-derived hematopoietic precursor
cells of various origins such as the yolk sac, AGM, or fetal liver differ from one
another and from the adult HSCs of the BM. For example, the stem cells of the
early mouse yolk sac express no histocompatibility antigens (major histocompati-
bility complex [MHC] class I or II), stem cell antigen (Sca-1), or CD45 (Ly5), but
do express high levels of the adhesion molecule CD44, the heat stable antigen
(HSA), and an epitope detected by antibody AA4.1 (Liu and Auerbach 1991;
Waller et al. 1995a, 1995b; Liu et al. 1994). Stem cells of the fetal liver express
MHC class I and II, but at a lower level than stem cells in the BM (Dieterlen-Lievre
1997). Like yolk sac and unlike BM, they exhibit high levels of HSA and the AA4.1
antigen, but unlike yolk sac stem cells they express both CD45 and Sca-1 (Waller
et al. 1995a, 1995b; Ikuta and Weissman 1992).

Interestingly, not only are embryonic hematopoietic precursors derived from the
yolk sac, AGM, or fetal liver different phenotypically (based on surface marker
expression), they also display distinct differences in their differentiation potential
within their anatomical location, suggesting that microenvironmental factors play
an important role in controlling stem cell fate during development. Extrinsic control
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of stem cells via their microenvironment is an important regulatory mechanism that
is carried over into other adult stem cell populations and acts at several levels of
hematopoietic differentiation.

Adult Hematopoietic Stem Cells and Regulation
of Hematopoiesis

During steady state hematopoiesis in adults, the HSC population is actually relatively
quiescent, and this quiescent state has been correlated with maintenance of stem
cell self-renewal (Bradford et al. 1997; Cheshier et al. 1999). For example, previous
studies have demonstrated that among HSC, cells in the G, or G, phase of the cell
cycle (2N DNA content) exhibit enhanced capacity for radioprotection and for
long-term multilineage reconstitution when compared with cells in the more highly
proliferative S or G,/M phase of cell cycle (>2N DNA content) (Fleming et al.
1993; Eaves et al. 2001; Glimm and Eaves 1999; Glimm et al. 2000, 2001), directly
leading to the notion that cellular quiescence may promote HSC engraftment function
(Venezia et al. 2004; Cashman et al. 2002).

At a low but constant frequency, however, some HSCs are signaled to enter the
cell cycle and either self-renew or give rise to a hierarchy of differentiating progenitor
populations. These progenitors then undergo a massive proliferative expansion,
which is required to replenish and maintain a fully replete blood system on a daily
basis (Weissman 2000; Weissman et al. 2001). Though the precise lineage relation-
ship among primitive hematopoietic populations has recently become a topic of
some debate (and will be discussed more thoroughly elsewhere in this book), it is
generally agreed that HSCs give rise to all of the mature blood lineages through
complex production of a series of more differentiated intermediate cells.

An important aspect of adult HSCs is the ability to not only homeostatically
maintain blood cell production, but to also respond efficiently to regenerate the
blood in response to hematological stressors such as blood loss, infection, or expo-
sure to cytotoxic agents. These agents generally induce expansion of the HSC
population, primarily via an increase in the number and frequency of self-renewing
divisions (Morrison et al. 1997; Wright et al. 2001). Thus, HSC proliferation must
be highly adaptive to ensure both a durable production of differentiated progenitor
populations and extensive, self-renewing proliferation during the increased demand
for blood cell production that occurs during hematological stress.

In order to maintain a self-renewing stem cell pool and more mature progenitors,
HSCs are faced not only with a decision to remain quiescent or to divide, but also
at each cell division with the choice to self-renew or differentiate (Weissman 2000;
Weissman et al. 2001; Cheung et al. 20006). Precise control of blood cell production
requires a system of elegantly controlled triggers that signal the appropriate regula-
tion of cell cycle progression and the ultimate fate of a given cell cycle event, which
could be either a self-renewing proliferative event or one that leads to differentiation
of an HSC into either an erythroid, myeloid, or lymphoid cell. Knowledge of the
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signaling networks that play a fundamental role in controlling the proliferation and
fate of HSCs is essential to understand their function in maintaining long-term
blood cell production. Though the detailed molecular events controlling prolifera-
tion and fate of HSCs are unclear, they are likely to be critically dependent on
myriad complex cell-intrinsic and -extrinsic factors that collectively converge to
regulate cell cycle. Therefore, cell cycle arguably stands as a critically important
regulator of HSC function and will be the focus of our discussion. A number of addi-
tional important regulators of HSC function are discussed elsewhere in this book.

Cell Cycle Regulators in Controlling Hematopoietic
Stem Cell Function

Because of the importance of controlling cell cycle events and proliferation in the
regulation of HSC fate and function, many studies have investigated the contribu-
tion of specific components of the cell cycle machinery to various phases of HSC
cell cycle and initiation of proliferation. Not surprisingly, both positive and negative
regulators of the cell cycle machinery have been shown to be critical for various
aspects of HSC and/or hematopoietic progenitor proliferation, including the Ckis
p21, p27, pl6, and pl8 (Cheng et al. 2000a; Yu et al. 2006; Yuan et al. 2004;
Passegue et al. 2005) and the D-type cyclins and their catalytic partners Cdk4-6
(Kozar et al. 2004; Malumbres et al. 2004). Several studies have analyzed the pro-
liferation rates and distribution of cell cycle components in subsets of hematopoi-
etic cells, linked or not linked to engraftment function (Fleming et al. 1993; Eaves
et al. 2001; Glimm and Eaves 1999; Glimm et al. 2000, 2001; Venezia et al. 2004;
Wagers 2008; Brack et al. 2007, 2008; Steinman 2002). These studies include mul-
tiple investigations employing gene expression arrays to define the global status of
the cell cycle machinery in HSC and how expression of these factors change and
potentially control stem cell function and fate (Passegue et al. 2005). In these inves-
tigations, the population of HSCs that displays the highest levels of engraftment
capacity over the longest period of time (referred to as long-term HSC; LT-HSC)
expressed the highest levels of most of the Ckis and the lowest levels of most of the
cyclins. Differentiation of LT-HSCs into those cells that have a reduced, short-term
engraftment capacity (ST-HSC), and then ultimately into even more differentiated
multipotent progenitors, specifically correlated with increased expression of cyclin
D1, whereas the expression of the other members of the D cyclin family did not
change. Notably, multipotent progenitor differentiation was also accompanied by a
decrease in the expression of at least four Ckis (p16, p18, p27, and p57) and with a
specific increase in the expression of two mitotic cyclins: cyclin G2 and cyclin Bl
(Passegue et al. 2005) (Fig. 2).

As mentioned, one hallmark of HSCs is their ability to rapidly proliferate in
response to hematopoietic stressors, for example, myelosuppression, chemotherapy,
or BM transplantation, in order to quickly generate progenitors as well as additional
stem cells, which then rapidly return to a steady-state quiescence (Rosendaal et al. 1981;
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Fig. 2 Summary of changes in cell cycle machinery from long-term hematopoietic stem cells
(LT-HSCs) to multipotent progenitor cells (MPPs). Multiple cell cycle factors control the prolif-
eration status and phase of the cell cycle of HSCs and progenitors. Distinct changes in some cell
cycle regulators (summarized in text and shown here as downregulated (V) or upregulate (1N)) are
specifically associated with differentiation, self-renewal, long-term reconstitution capacity and
mobilization in HSCs and MPPs

Dixon and Rosendaal 1981). Proliferation in response to hematopoietic stress is
thought to directly mimic the expansion of HSCs, which occurs naturally in vivo,
and, therefore, understanding the molecular control of this process could provide
substantial insight into the regulation of hematopoietic proliferation and stem cell
fate. Thus, in parallel to the studies highlighted above, investigators have similarly
studied the changes in cell cycle machinery that occur in response to activating
triggers that induce HSC cell division, such as treatment with cytotoxic agents and
cytokines such as cyclophosphamide and granulocyte colony-stimulating factor
(Cy/G) (Morrison et al. 1997; Wright et al. 2001; Neben et al. 1993).

Treatment with a combination of Cy/G is a common therapeutic regimen used
in human clinical transplantation to increase the numbers of HSCs available in the
peripheral blood, a process called hematopoietic stem cell mobilization. In mice
and humans, Cy/G treatment promotes HSC self-renewing proliferation in the BM
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(Morrison et al. 1997; Wright et al. 2001; Neben et al. 1993). In fact, after
administration of Cy followed by two daily doses of G (D2 Cy/G treatment), the
BM HSC population dramatically expands, reaching 2—12 times the size of the
HSC pool in untreated animals. These proliferating and self-renewing HSCs, when
analyzed for changes in cell cycle, exhibited a substantial increase in the frequency
of cells in S-G2/M phase and discrete alterations in regulatory and core components
of the cell cycle machinery. Self-renewing proliferation in mobilized BM HSCs
specifically correlated with an induction of cyclin D3 expression, while, conversely,
cyclin D2 levels actually decreased and cyclin D1 levels remained constant.
Mobilized BM HSCs also displayed reduced levels of all Ckis except for p21,
which was increased (Passegue et al. 2005).

The functional importance that cell cycle regulators have on physiological
hematopoiesis has been confirmed for multiple cell cycle factors by assessing the
effects of genetic loss of function within the hematopoietic stem cell pool. Analyses
of p21 and p18 knockout mice have demonstrated their critical functions in maintaining
normal numbers of resting LT-HSCs capable of long-term engraftment and multi-
lineage reconstitution (Cheng et al. 2000a, 2000b; Yuan et al. 2004), though the
importance of these particular regulators may exhibit some strain-specificity in
inbred mice (Cheng et al. 2000a, 2000b; Yuan et al. 2004). In contrast, p27-deficient
mice exhibit normal HSC functions but show increased numbers of progenitor cells
(Byrne 2008), whereas p16-deficient animals develop thymic hyperplasia (Sharpless
etal. 2001) and p19- or p57-deficient mice show no overt hematopoietic abnormali-
ties (Zhang et al. 1997; Zindy et al. 2000). These results suggest that distinct Cki
proteins are critical for HSC function and control proliferation in discrete subsets of
differentiating hematopoietic cells.

In addition to cell cycle machinery proteins, many other molecules, including
multiple soluble/growth factors and cytokines, transcriptional regulators, and cell
adhesion molecules, have been implicated in the intrinsic regulation of HSC function.
The important roles for molecules such as Wnt/B-catenin (Eaves 2003; Rattis et al.
2004; Staal and Clevers 2005), Rb (Walkley et al. 2007), Bmi-1 (Park et al. 2003),
HoxB4 (Giampaolo et al. 1995; Helgason et al. 1996; Lawrence et al. 1996;
Sauvageau et al. 1995; Thorsteinsdottir et al. 1997), PU.1 (Dakic et al. 2005;
Iwasaki et al. 2005), and SDF-1/CXCR4 (Voermans et al. 2001; Christensen et al.
2004) are discussed in detail in other chapters of this book.

Extrinsic Regulation of Hematopoietic Stem Cells

The regulation of stem cell self-renewal and differentiation is clearly crucial for
normal hematopoietic function. A powerful concept of stem cell regulation that has
received more attention recently and that organizes a number of important aspects
of HSC regulation, including that of cell cycle control, is that of the stem cell niche
as a determinant of stem cell activity (Jones and Wagers 2008; Martinez-Agosto
et al. 2007; Calvi et al. 2003).
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A niche is a distinct microenvironment that contributes to the regulation and
maintenance of stem cell function. The concept of the niche was originally
described by Schofield (1978), who posited that stem cells reside within fixed
compartments, or niches, that are conducive to the maintenance of stem cell function.
Therefore, a stem cell niche represents a defined anatomical compartment that
provides signals to stem cells in the form of secreted and/or cell surface molecules
to control stem cell proliferation, determine stem cell fate, and protect stem cells
from exhaustion or death (Wilson and Trumpp 2006; Doetsch 2003; Kiel and
Morrison 2006, 2008).

The specific cell types and factors involved in the extrinsic regulation of HSCs
by their niche is being pieced together through complementary genetic and cell
biological studies (Wilson and Trumpp 2006; Doetsch 2003; Kiel and Morrison
2006, 2008). In light of the importance and excitement centered around definitive
studies of the HSC niche, both during homeostatic (Kiel et al. 2005; Wilson and
Trumpp 2006) and regenerative hematopoiesis (Mayack and Wagers 2008; Adams
and Scadden 2008), as well as parallels that might exist in the regulation of other
somatic stem cell populations, an entire chapter of this book is dedicated to discussing
the hematopoietic stem cell microenvironment.

Briefly, however, a number of recent studies have made progress toward the in
situ localization of HSCs, and they indicate that HSCs can be found adjacent to
both osteoblastic cells and endothelial cells in normal bone and that both these cell
types contribute to the formation of the HSC niche (Kiel et al. 2005; Calvi et al.
2003; Wilson and Trumpp 2006; Mayack and Wagers 2008; Yin and Li 2006; Arai
and Suda 2007; Porter and Calvi 2008). These initial studies thus implicate at least
two cell types—bone derived osteoblasts and sinusoidal endothelial cells—as com-
ponents of the HSC niche. This work has been followed by a series of studies that
have further defined the cellular interactions between niche cells and HSCs and
have identified a number of niche specific factors that are involved in regulating
HSCs during both homeostatic and regenerative blood cell production. These
niche-derived HSC regulatory factors include Tie2/Angiopoietin (Moore and
Lemischka 2004; Arai et al. 2004), Notch/Jagged (Calvi et al. 2003; Gering and
Patient 2008), PTH/PTHrP (Kronenberg 2007), Wnt/B-catenin (Rattis et al. 2004;
Staal and Clevers 2005), and the SDF-1/CXCR4 signaling axis (Voermans et al.
2001; Christensen et al. 2004; Watt and Forde 2008; Dar et al. 20006).

Other Types of Somatic Stem Cells

HSCs, described above, were the first somatic stem cells to be isolated, and studies
of these cells have provided many paradigms for the identification and analysis of
stem cells in other adult tissues. Indeed, stem cells have now been identified and
isolated from many other somatic tissues, and within these tissues too, stem cell—
specific niches are essential in controlling stem cell activity. Yet, the demand for
homeostatic and regenerative cell replacement clearly differs in distinct tissues, and
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these differences are reflected by variations in the fate potential and regulatory
mechanisms of the stem cells that seed them.

Non-hematopoietic Stem Cells

In contrast to multipotent HSCs, some tissues are maintained by unipotent stem
cells, which have a more restricted cell fate potential. Unipotent stem cells, such as
those that maintain and repair the skeletal muscle, differentiate to produce only one
mature specialized cell type (e.g., muscle fibers). Here we explore three different
nonhematopoietic somatic stem cells (germ line stem cells [GSCs], interfollicular
epidermal stem cells, and skeletal muscle stem cells), illustrating the similarities
and differences that control their stem cell function.

Drosophila Male Germ Line Stem Cells

The Drosophila male GSC is one of the best understood examples of how cell fate
is determined upon division of a unipotent stem cell and how this regulation is
established by the stem cell niche (Gonczy and DiNardo 1996; Merida et al. 2008;
Dansereau and Lasko 2008). In adult flies, around seven to nine GSCs lie at the
apical tip of the testis, surrounding a group of somatic cells called a hub. This hub
constitutes the male GSC stem cell niche.

Signals from the hub orient GSC division, ensuring that the spindle of a dividing
GSC is always oriented perpendicular to the hub (Merida et al. 2008; Dansereau
and Lasko 2008). This stereotypical anatomy sets up a situation in which a dividing
GSC gives rise to one daughter cell that remains in contact with the hub and another
cell that is displaced away from the hub. The daughter that maintains contact with
the hub maintains stem cell identity, and while the displaced daughter initiates differ-
entiation as a gonialblast, it undergoes four mitotic divisions to form clusters of
interconnected spermatogonia cysts. These cysts then undergo terminal differentiation
to form spermatocytes (Fig. 3).

How the Niche Determines Stem Cell Number

GSCs maintain cell polarity throughout the cell cycle, as their centrosome is con-
sistently located in the region of the cell adjacent to the hub (Wallenfang and
Matunis 2003; Takada et al. 2003). During mitosis, the centrosome duplicates, and
pulse-chase experiments show that the mother centrosome is preferentially retained
at the GSC-hub interface, whereas the daughter centrosome migrates away to the
opposite side of the cell. This ensures that upon cell division one daughter cell
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Fig. 3 Hub cells act as a stem cell niche for Drosophila male germline stem cells (GSCs). GSCs
(green) surround a cluster of postmitotic somatic cells known as the apical hub (red), which act as
a stem cell niche. GSCs divide asymmetrically, with the plane of division such that only one
daughter cell will remain in contact with the hub and retain stem cell identity. The other daughter
cell loses contact with the hub and forms a gonialblast (blue), which will differentiate further into
spermatogonia

remains in contact with the hub and maintains stem cell identity, while the other
daughter cell starts to differentiate in the absence of interactions with the hub.

Using powerful fly genetics, many of the molecular effectors of asymmetric cell
division in the Drosophila testis have been identified. Centrosomin (cnn) is an
integral centrosomal protein required to anchor astral microtubules to centrosomes
(McCartney and Peifer 2003; Yamashita and Fuller 2005). In cnn mutants, spindle
orientation is essentially randomized, and GSC divisions occur in both daughter
cells, which remain in contact with the hub. In this situation, both daughter cells
retain stem cell identity, resulting in a 20%-30% increase in the number of GSCs
in cnn mutants compared to wild-type flies. Further increases in GSCs in cnn flies
are probably prevented by the finite space available around the hub.

DE-cadherin and 3-catenin co-localize at the hub-GSC interface, and this struc-
ture has been suggested to serve as a platform for binding the Drosophila homolog
of adenomatous polyposis coli (Apc2) (McCartney and Peifer 2003). Apc2 also
localizes to the hub-GSC interface. Since APC proteins interact with both B-catenin
and with microtubules, Apc2 may effect spindle orientation in GSCs. Indeed, apc2
mutants show phenotypes similar to cnn mutants, including misoriented spindles
and an increase in GSCs around the hub.
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How the Niche Determines Stem Cell Identity

Hub cells express Upd, which acts over short distances to activate Janus kinase-signal
transducer and activator of transcription (Jak-STAT) signaling in GSCs adjacent to
the hub. Jak-STAT signaling is required to maintain GSC identity, as loss of function
of either the Jak component hopscotch (hop) or the STAT homolog, Stat92E, causes
aloss of GSCs due to inappropriate differentiation (Tulina and Matunis 2001; Kiger
et al. 2001). Conversely, upregulating Jak-STAT signaling via overexpression of
Upd causes an increase in GSC number in the testis, with GSCs found even more
distant from the apical hub. This block in GSC differentiation results in decreased
differentiating spermatogonia and thus impairs spermatogenesis. Strikingly, Jak-STAT
signaling can cause dedifferentiation of transit-amplifying spermatogonia. At restrictive
temperatures, GSCs containing a temperature-sensitive allele of stat92E start to
differentiate, such that all cells contacting the hub form spermatogonia. However,
restoration of Jak-STAT signaling by shifting the flies back to a permissive temperature
causes spermatogonia adjacent to the hub to bud off from interconnected 8- or 16-cell
cysts and reacquire GSC fate.

Interfollicular Epidermis

In contrast to Drosophila GSCs, the interfollicular epidermal stem cell niche has not
been as well identified. Also, it has been difficult to isolate these stem cells prospec-
tively. However, there is robust demonstration of functional stem cell activity when skin
biopsies are taken to grow large sheets of epidermal cells for grafting, indicating the
presence of interfollicular epidermal stem cells (Reynolds and Jahoda 1991; Janes et al.
2002; Niemann and Watt 2002; Watt 2002; O’Shaughnessy and Christiano 2001).

Adult skin epithelium consists of a diverse array of cell types, including stratified
epidermis (also called interfollicular epidermis, IFE), hair follicles, and sebaceous
glands. In contrast to the other tissues discussed in this chapter, several sources of
stem cells potentially contribute to maintenance of the epidermal layer.

Multipotent Bulge Cells Do Not Normally Contribute to IFE

A region at the base of the sebaceous gland in the hair follicle, known as the bulge,
contains stem cells that normally divide to form the various cell types that make up
the hair follicle. These bulge cells retained their label after a bromodeoxyuridine
(BrdU) pulse-chase, indicating that they cycle slowly, a property often associated
with stem cells (Cotsarelis et al. 1990). Transplantation studies with clonal analysis
have shown that these bulge stem cells are multipotent and can regenerate a complete
new hair follicle containing self-renewing bulge stem cells as well as sebaceous
glands and IFE. Under physiological conditions, the hair follicle cyclically degenerates,
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Fig. 4 Interfollicular epidermal stem cells maintain the epidermal layer. The interfollicular epi-
dermis (IFE) consists of stacks of terminally differentiated keratinocytes on the outer surface,
lying on a layer of basal cells. The basal cells consist of stem cells (yel/low) and downstream
transit-amplifying cells (blue). The transit-amplifying cells differentiate into keratinocytes, and
then into squames, which slough off regularly

with the bulge stem cells emerging from a generally quiescent state to proliferate
and regenerate the follicle. The bulge stem cell also regenerates the sebaceous
gland after injury and has the potential to form IFE.

Under normal conditions, however, the bulge appears to contribute little to the IFE
(Claudinot et al. 2005; Ito et al. 2005). This is supported by the fact that palmoplantar
skin lacks hair follicles entirely but can regenerate and maintain epidermal homeosta-
sis normally. Instead, most epidermis appears to be maintained by a basal layer of
epidermal progenitor cells, or interfollicular epidermal stem cells. The IFE consists of
stacks of terminally differentiated keratinocytes on the outer surface, lying on a layer
of basal cells. The basal cells constitute the progenitor/stem cell population of IFE and
continually divide throughout the lifetime of the organism to replenish the outer layer
of keratinocytes, which are continuously sloughed off (Fig. 4). Lineage-tracing experi-
ments show that these epithelial proliferative units (EPUs) can be maintained for
prolonged periods of time, supporting the idea that basal cells are stem cells. Indeed,
culture conditions for human IFE stem cells were defined in 1975 (Janes et al. 2002;
Rowden et al. 1975; Rheinwald and Green 1975a, 1975b), leading to the routine use
of autologous cultured skin grafts in the clinic to treat burn victims.

Unipotent Stem Cells in Clinical Therapies

Human epidermal cells can be isolated from a small skin biopsy and cultured on a
feeder layer of 3T3 cells. Some of these cells form highly proliferative colonies that
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can be subcultured to generate sheets of epithelia. These epithelial sheets can be
grafted onto wound sites, providing a permanent and self-renewing epidermis.
Confirming the unipotency of the IFE stem cell, this new epidermis can participate
in normal wound healing, but does not contain hair follicles or sebaceous glands.

Current models of epidermal homeostasis maintain that a self-renewing popula-
tion of interfollicular epidermal stem cells differentiates to form transit-amplifying
cells, which terminally differentiate after several rounds of cell division. However,
in a recent study, Clayton et al. (2007) used inducible genetic labeling to analyze tail
epidermis of adult mice, and the resulting size distributions of clusters of labeled
cells with time fit a mathematical model where epidermis is maintained by a single
type of progenitor cell. This cell can divide symmetrically or asymmetrically (as
determined by staining labeled cells for cell cycle markers, as well as observed in
asymmetric distribution of Numb in daughter cells). Such studies raise the possibility
that normal tissue maintenance may rely on multiple modes of regeneration, calling
into play cells of distinct developmental potency and proliferative potential.

Skeletal Muscle Stem Cells

Skeletal muscle regeneration in adults is mediated by myogenic precursor cells,
contained within a population of muscle fiber-associated satellite cells. Satellite
cells are mononucleated cells located between the basal lamina and the sarcolemma
of multinucleated myofibers. Upon muscle injury, myogenic precursor cells (mus-
cle stem cells) that reside in the satellite cell compartment proliferate and either
form new myotubes or fuse with existing myotubes to repair the injured tissue.
These cells also self-renew to maintain the muscle stem cell pool (Fig. 5).
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Fig. 5 Satellite cells are mononucleated cells located between the basal lamina and the sarco-
lemma of multinucleated myofibers. Upon muscle injury, muscle stem cells that reside in the satel-
lite cell compartment proliferate and form myoblasts (Mb) that either form new myotubes (Mt) or
fuse with existing myotubes, repairing the injured tissue. These cells also self-renew to maintain
the muscle stem cell pool
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Heterogeneity of the Muscle Satellite Cell Compartment

The satellite cell compartment contains a heterogeneous mix of cell types; in addition
to putative muscle stem cells, it contains cells derived from the mesenchymal and
hematopoietic lineages (including infiltrating inflammatory and immune cells), as
well as more differentiated myoblasts that do not self-renew.

Single myogenic precursor cells isolated from the satellite cell compartment can
proliferate and differentiate into multinucleated myotubes in vitro. Furthermore,
transplantation of satellite cells into mouse muscle can regenerate both myofibers
as well as the associated satellite cells, with long-term persistence and participation
in repeated rounds of regeneration in response to additional muscle injury (Collins
et al. 2005; Kuang et al. 2006; Cerletti et al. 2008). Moreover, irradiation experi-
ments, which impair satellite cell proliferation in response to muscle damage
(Morgan et al. 1990), strongly suggest that these cells are required for normal
muscle repair. Thus, the satellite cell compartment contains stem cells capable of
self-renewing and differentiating to form myotubes.

Satellite cells display a range of cell surface markers, different potentials for
self-renewal, and differences in differentiation potential both along myogenic and
nonmyogenic lineages. Immune cells can infiltrate beneath the basal lamina and
populate the satellite cell compartment, both in the presence and absence of injury.
Although some studies have suggested multipotency among muscle-forming satellite
cells, cell isolation and transplantation studies indicate that nonmyogenic activities
(i.e., fibrogenic, osteogenic, or adipogenic) of skeletal muscle satellite cells instead
arise from distinct populations of cells that cohabit the satellite cell niche (Asakura
et al. 2001; Seale et al. 2001). Other satellite cells have been shown to express
markers of osteocytes or adipocytes, rather than those of muscle, and do not display
appreciable myogenic capacity in vitro or in vivo. The balanced representation and
complex interplay of these distinct cell lineages within the muscle may be critical
for proper muscle homeostasis and regenerative activity.

Contribution of Other Cell Types to Muscle

A variety of nonmuscle lineage cell types have been reported to contribute to
muscle formation. Transplanted HSCs have been reported to engraft muscle at low
frequency (Gussoni et al. 1999), but this phenomenon appears to result from fusion
of HSC-derived circulating myeloid cells with existing host myofibers, and there is
no evidence for extensive repair or reconstitution of the satellite cell compartment
from HSCs (Wagers et al. 2002). This poor muscle regenerative activity of blood
lineage cells contrasts with satellite cells, where transplantation of as few as seven
muscle fiber—associated satellite cells can generate over a hundred new myofibers,
as well as vigorously self-renew to repopulate the host muscle with new satellite
cells (Collins et al. 2005).
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Another cell type currently being studied in the context of therapeutic muscle
regeneration is the blood vessel-associated mesangioblast, a subset of blood vessel—
associated cells originating from the embryonic dorsal aorta region. These cells
contribute to multiple mesodermal tissues (including skeletal muscle) when trans-
planted into a chick embryo (Minasi et al. 2002). When mesangioblasts are injected
into dystrophic mice or dogs, they can contribute to myotube formation and signifi-
cantly improve muscle function (Sampaolesi et al. 2003, 2006). An advantage in
this case is the amenability of these cells for systemic transplant.

Despite their capacity for myogenic contributions under certain experimental
conditions, it is unlikely that these other cell types contribute to physiological main-
tenance and repair of muscle. Under pathological conditions, such as acute or sys-
temic injury, such cells might be able to contribute to myotube formation and
functional recovery. However, it is probable that long-term repair and maintenance
of the injured muscle will require reconstitution of the satellite cell compartment,
and there have been few examples of transplanted nonmyogenic cells reconstituting
myogenic precursors in the satellite cell compartment. One report claimed that
cultured outgrowths from adult human synovial membrane contribute to the satellite
cell compartment when transplanted into the skeletal muscle of immunocompromised
nude mouse (De Bari et al. 2003); however, the cells may represent a mixed popula-
tion, and the identity of the myogenic subpopulation is yet unknown.

Stem Cell Markers

Most satellite cells express the paired box transcription factor Pax7, which is essential
for maintenance of the satellite cell compartment. Pax7-null mice are born with
skeletal muscle and a near-normal level of satellite cells, but Pax7-null satellite
cells are progressively lost, likely via cell death, and as a result, Pax7-null mice
exhibit defective skeletal muscle regeneration, progressive muscular dystrophy, and
premature death (Kuang et al. 2006; Olguin and Olwin 2004; Seale et al. 2000;
Zammit et al. 2006a, 2006b). Hence, Pax7 appears to be important although based on
recent studies not absolutely required for the maintenance of satellite cells while the
specification of satellite cells is Pax7 independent.

The myogenic population of satellite cells can express markers of quiescent
satellite cells, such as Pax7, as well as markers such as MyoD and Myf-5, which
are upregulated upon differentiation. Expression of Pax7 and MyoD reflects distinct
stages of activation of myogenic precursor cells. Interestingly, upon injury, myo-
genic precursor cells can upregulate both Pax7 and MyoD expression. Some of
these Pax7+* MyoD* cells subsequently downregulate Pax7 expression to differentiate,
while others downregulate MyoD expression, return to a quiescent state, and maintain
satellite cell identity (Zammit et al. 2006a).

In mice, we recently identified a subset of satellite cells called skeletal muscle
precursors (SMPs) that exhibit stem cell properties (ability for self-renewal and dif-
ferentiation) (Cerletti et al. 2008). SMPs are discriminated via a combination of
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surface markers (CD45~ Scal™ Macl- CXCR4* B1-integrin*, abbreviated CSM4B)
and can be isolated from neonatal and mature muscle by flow cytometry. These cells
express Pax7, are able to both self-renew and differentiate to form myotubes in vitro
and in vivo, and exhibit extensive, functional engraftment activity of up to 94% when
transplanted into diseased adult muscle. Engraftment of wild-type SMPs also restores
functional capability of the repaired muscle. Furthermore, transplanted SMPs self-
renew and reconstitute the muscle stem cell population and can be reisolated from the
recipient animal for serial transplantation, hence demonstrating in vivo self-renewal.

Origin of Skeletal Muscle Stem Cells

The dorsal cells of the somite in the embryo form the dermomyotome, which gives
rise to the dermis and myotome. As the somite matures, cells at the edges or lips of
the dermomyotome start to express myogenic regulatory factors (Myf5 and MyoD),
marking them as myogenic precursor cells. The Pax3 gene has been identified as
an important regulator of this process; Pax3 expression induces expression of Myf5
in the somite (Bajard et al. 20006). After their specification, Pax3* myogenic precur-
sors delaminate and migrate ventrally to form the myotome, the first differentiated
skeletal muscle of the embryo. Some myogenic precursors at the limb-level somites
also migrate from the dermomyotome into developing limb buds and later form
limb muscle. A population of myogenic precursors in the dermomyotome that
expresses both Pax3 and Pax7 gives rise to satellite cells in postnatal muscle (Gros
et al. 2005; Relaix et al. 2005).

Pax3 expression is essential for the survival of myogenic precursor cells during
embryogenesis (Gros et al. 2005; Relaix et al. 2005; Borycki et al. 1999), as Pax3-
null mice die during embryogenesis and lack most skeletal muscle. Pax3 expression
is downregulated in some muscles before birth, and satellite cells from different
skeletal muscles in the adult exhibit varying levels of Pax3 expression.

Control of Self-Renewal, Proliferation, and Differentiation
in Muscle Stem Cell

The Notch signaling pathway has been found to regulate developmental decisions
in various tissues, both during embryogenesis and postnatally. In muscle, Notch
signaling appears to regulate proliferation of muscle stem cells in response to
injury. Quiescent satellite cells express the Notch receptor, and fibers adjacent to
damaged muscle upregulate the Notch ligand, Delta. Furthermore, a temporally
regulated switch from Notch to Wnt signaling occurs during muscle regeneration
to signal differentiation of these precursors into myoblasts, as measured by expres-
sion of progressively more differentiated cell markers (Brack et al. 2008; Conboy
and Rando 2002; Conboy et al. 2003).
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Aging in Stem Cells

Somatic stem cells replenish many tissues throughout life. In general, they exhibit
slow turnover and reside in specialized niches, protected from the environment, so
that only a few are activated at a time. In these situations, the rest of the cells remain
“on reserve” to maintain and repair tissues for the life of an organism. Aging of an
organism is marked by the decline in overall tissue function and repair capacity and
an increase in multiple, age-related conditions and diseases. Given the role for stem
cells in maintaining tissue integrity and function throughout the lifetime of an
organism, they are in theory a defense against aging, replacing cells lost through
attrition. However, if the rejuvenating effect of stem cells were unaffected in aging,
it would seem that senescing or otherwise age-related dysfunctional cells might be
replaced indefinitely. In light of the prevalence of age-related disease, this appears
not to be the case. Does aging also affect stem cell function? In fact, even in highly
regenerative tissues such as the skin, the gut, and the hematopoietic system, an age-
related decline in stem cell function is well established.

Regarding the hematopoietic system, data from mice support an age-related
decline in stem cell function (Roobrouck et al. 2008; Warren and Rossi 2009;
Chambers et al. 2007). When limited numbers of aged hematopoietic progenitors are
transplanted into young recipients under competitive conditions, they show an overall
reduction in long-term repopulating potential; in addition, lymphopoiesis is deficient,
whereas myelopoiesis is enhanced, suggesting that older HSCs cope inadequately
with the daily demands of blood production (Rossi et al. 2007a). Paradoxically, how-
ever, the total number of primitive progenitors has been reported to increase with age
in mice. Recent studies investigating age-related molecular changes in HSC function
suggest that increased expression of particular proto-oncogenes, as well as marked
increases in inflammatory and stress responses and substantial alterations in the regu-
lation of chromatin structure, may contribute to the major age-related alterations in
HSC function and lymphopoiesis (Rossi et al. 2007b).

Similar to the aberrancies seen in the maintenance of the hematopoietic com-
partment, aged animals display a marked decrease in the regenerative capacity of
their skeletal muscles, coupled with an increase in muscle fibrosis and adipose tis-
sue deposition. These alterations in skeletal muscle function have been associated
with a decline in Notch signaling (Conboy and Rando 2002, 2005; Conboy et al.
2003, 2005; Miller and Emerson 2003) and an increase in Wnt signaling (Wagers
2008; Brack et al. 2007, 2008). Treating aged mice in vivo with an activator of
Notch signaling improved the muscle regeneration response following injury,
whereas injection of an inhibitor of Notch signaling into young mouse muscle
impaired regeneration. Furthermore, parabiosis experiments have shown that expo-
sure of old muscle to soluble factors present in young mice rejuvenates the response
to injury and improves muscle regeneration; while conversely, exposure to an old
systemic environment can impede myogenesis in young animals (Wagers 2008;
Brack et al. 2007, 2008). Together, these experiments suggest that the age of the
environment is a major determinant of muscle stem cell function.
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The precise effects of age on the regenerative capacity of adult stem cells, which
should replenish tissues throughout life, as well as the role of microenvironmental
factors in age-related stem cell dysfunction, are poorly understood. Age-related
defects in stem cells can limit proper tissue turnover and hence may contribute to
disease through a general loss of tissue regenerative capacities. However, while
aging of the stem cell pool is certainly likely to contribute to an age-related decline
in tissue function, multiple tissues use alternative means of maintaining tissue
homeostasis and/or can use these alternative tissue repair mechanisms as strategies
to counteract the loss of normal stem cell-mediated regeneration that can occur in
aging and in injury and disease.

Tissue Regeneration by Facultative Repair Cells

Maintenance in Some Tissues is Primarily Mediated
by Non—Stem Cells

As highlighted throughout this chapter, what usually comes to mind when one
refers to an adult stem cell is a relatively undifferentiated cell that functions in
maintaining, as well as rapidly replenishing, tissues through mechanisms of both
long-term self-renewal and differentiation into more specialized, mature cell types.
Such mechanisms of cell replacement are well documented for blood, skin, and
intestine, where dedicated adult stem cells play a role in both tissue homeostasis as
well as in regenerative tissue repair. However, there is mounting evidence that
other more slowly renewing organs may rely primarily on different strategies to
homeostatically maintain and renew themselves, in part through division of differen-
tiated cells. For example, it has been shown in mice that insulin-producing f3 cells of
the pancreas are replenished, at least most appreciably, by self-duplication of preex-
isting P cells, rather than through the differentiation of stem cells. B cell replication
occurs both in normal adult life and after pancreatectomy (Dor et al. 2004). Similarly,
regeneration of the liver after 2/3 partial hepatectomy (PHx) stimulates the division
of already differentiated, mature hepatocytes (Higgins 1931; Rabes 1977; Rabes
et al. 1976). However, if hepatocyte proliferation is inhibited, normal liver size and
histology can be restored by the recruitment of what have been described as “fac-
ultative stem cells” (Alison et al. 1996).

Facultative stem cells have been defined as differentiated cells that are normally
quiescent but respond to injury by proliferation to generate daughter cells that are
either identical to themselves or can differentiate into one or more mature cell types
(Rawlins and Hogan 2006). Thus, like more canonically defined stem cells, facultative
stem cells appear to both self-renew and differentiate. However, the major difference
between facultative stem cells and their dedicated adult stem cell counterparts is
that the former may include already differentiated cells that are only infrequently
recruited after injury to act like the latter.
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Unlike stem cells of the blood, skin, and intestine, which have been more
extensively characterized, there is some controversy surrounding the existence of
facultative stem cells. For example, considering the pancreas, an organ containing
a potential facultative stem cell, Bonner-Weir et al. proposed that after partial
pancreatectomy, facultative stem cells that reside in pancreatic ducts are activated
and subsequently generate new pancreatic lobes and islets (Bonner-Weir et al.
2004). Other studies (Dor et al. 2004) did not directly rule out the possible exis-
tence of a facultative pancreatic stem cell but argue that such a mechanism does
not likely contribute significantly to B cell numbers or might be recruited only
under unique, as of yet undefined conditions. The necessary experiments that
more convincingly point toward a pancreatic facultative stem cell have yet to be
conducted. Lineage-tracing analysis of ductal cells after pancreatectomy, which
would utilize a heritable marker to discriminate the progeny of a particular cell
of interest, would provide strong evidence as to whether a ductal facultative pan-
creatic stem cell exists or not.

The most extensively studied and highly debated facultative stem cell is that
implicated in liver regeneration. The existence of hepatic stem cells was first pro-
posed in the late 1950s by Leduc and Wilson (1958). In a study on liver regenera-
tion in mice with severe nutritional injury, these authors observed that
nonparenchymal cells of the distal cholangioles proliferate, and after nutritional
injury they differentiate into hepatocytes and possibly interlobular bile ducts as well
(Leduc and Wilson 1958). In summarizing their observations, Leduc and Wilson
describe the cells of the cholangioles as possible “reserve cells of a primitive type
capable of differentiating into either parenchymal or bile-duct cells.” While at the
time of their study the “terminology” of stem cell biology had not yet been estab-
lished, they conclude that “prolonged and severe injury to the liver may make direct
restoration by division of preexisting parenchymal cells impossible, and that, when
this occurs, the new parenchyma is derived from the indifferent cholangiole cells”
(Leduc and Wilson 1958). These concepts of “reserve” or “indifferent” cells
encompass what is now characterized as a facultative stem cell population.

As alluded to earlier, the normal increase in proliferation of differentiated
hepatocytes can be blocked after Partial hepatectomy (PHx), either experimen-
tally through administration of certain carcinogenic chemicals including
2-acetylaminofluorene (2-AFF), ethionine, and 3-methyl-4-dimethyl aminoben-
zene (Farber 1956), or under pathophysiological conditions if tissue injury is too
severe, as seen in humans with fulminant hepatitis (Gkretsi et al. 2007). In such
instances, where proliferation of mature hepatocytes is inhibited, a potential fac-
ultative stem cell compartment located within the smallest branches of the intra-
hepatic biliary tree may be activated (Alison et al. 1996). It has been suggested
that the actual cell that functions in these settings as a facultative stem cell is
derived from the biliary epithelium and is named the “oval cell” for its oval-
shaped nucleus, (Farber 1956). There is a marked proliferation of oval cells after
PHx and chemical inhibition of hepatocytes, beginning in the periportal areas of
the hepatic lobule. These proliferating cells take up [*H]-thymidine and have been
traced through retention of this label. Proliferating oval cells form irregular
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duct-like structures that are loosely associated with mature, preexisting bile ducts.
Four to five days after their collective expansion, oval cells invade the adjacent
lobular parenchyma and become basophilic hepatocytes, ultimately differentiat-
ing into mature hepatocytes that are responsible for restoring liver size and histol-
ogy (Evarts et al. 1987, 1996; Sell 1994; Alison et al. 1993; Alison and Sarraf
1994; Sarraf et al. 1994).

Additional studies have expanded on this lineage from oval cell to hepatocyte
after 2-AAF/PHx conditions. Through expression of the bile duct markers CK-7,
CK-19, and OV-6, and the hepatocyte markers AFP and albumin in [*H]-thymidine
labeled oval cells over time, Evarts et al. suggested that oval cells are hepatocyte
precursors (Evarts et al. 1987). Furthermore, the temporal expression of liver-
enriched transcription factors in proliferating rat oval cells after activation by
2-AAF/PHx mirrors the expression pattern during liver development (Nagy et al.
1994). Other studies have shown that various stem cell genes, including c-kit, CD34,
flt3 receptor, and LIF, are activated during oval cell proliferation (Fujio et al. 1994;
Omori et al. 1996). These data provide circumstantial evidence that points toward
oval cells as potential facultative hepatic stem cells though functional analysis is
clearly essential in establishing their relevance to liver maintenance and repair.

In addition to proliferation and differentiation capabilities, an important criteria
for establishing oval cells as hepatic stem cells is an analysis of their ability to
restore liver mass after transplantation (Matsusaka et al. 2000; Braun and Sandgren
2000). In one study, Yasui et al. isolated oval cells from Long-Evans Cinnamon
(LEC) rats, characterized them, and transplanted these cells into LEC and Nagase
analbuminemic rats (NAR) where they observed that the transplanted cells trans-
formed into hepatocytes (Yasui et al. 1997). LEC rats carry a defect in the Wilson
disease gene (ATP7B gene) and eventually develop hepatitis and later both hepato-
cellular and cholangiocarcinomas; LEC rats have oval cells that histologically
resemble those in rats administered 2-AFF and other carcinogens. Yasui et al. iso-
lated oval cells in these rats by isopyknic centrifugation in a Percoll gradient and
then observed that these isolated cells express markers of both hepatocytes and
biliary duct epithelial cells but not albumin, which is expressed in hepatocytes.
They then infected the oval cells with a LacZ-transducing retrovirus and trans-
planted them into the liver of LEC rats, subsequently observing that when they
stained liver sections with X-gal 2 weeks later, hepatocyte-like cells but not biliary
duct cells were labeled. To evaluate the feasibility and efficiency of the transplanted
oval cells, Yasui et al. also transplanted oval cells into a double mutant NAR/LEC
rat, in which they similarly observed that oval cells transformed into hepatocytes
in vivo and stably expressed a liver-specific protein, albumin. Based on the number
of cells transplanted, it was concluded that oval cells produce half as much albumin
as the same number of normal hepatocytes.

As with other stem cells, the facultative hepatic oval cell is maintained by specific
regulatory microenvironmental niche components. However, there is controversy
over where the specific hepatic stem cell niche is. Careful studies in rats suggest
that oval cells are predominantly derived from the canal of Hering, which are terminal
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ductules that are located between biliary caniculi and interlobular biliary ducts
(Paku et al. 2001). However, others argue that any component of the biliary tree can
give rise to oval cells (Alison et al. 1996; Sirica et al. 1990; Golding et al. 1995).
Nagy et al. showed that chronic treatment with dexamethasone is able to inhibit
proliferation of oval cells after PHx and administration of 2-AFF, but dexamethasone
fails to inhibit the proliferation of larger interlobular bile ducts induced by ligation
of the common bile duct (Nagy et al. 1998). Since it was shown that there is pref-
erential uptake of BrdU by cells in the canal of Hering after administration of
2-AFF it might be expected that dexamethasone could selectively inhibit proliferation
of these cells. However, dexamethasone completely inhibited the 2-AFF-induced
proliferation of biliary cells regardless of their location (Nagy et al. 1998). Thus,
these data failed to support the notion that the terminal ductules are the sole source
of oval cells, and as such, the current debate over the facultative hepatic stem cell
niche continues.

Although the signaling pathways involved in oval cell emergence, expansion, and
differentiation still remain unclear, there is growing evidence suggesting that Wnt/[3-
catenin signaling plays a critical role in various aspects of hepatic biology including
liver development, growth, and regeneration, and diseases of the liver such as hepa-
tocellular carcinoma (HCC) (Monga et al. 2001; Micsenyi et al. 2004).

Since Wnt signaling has been implicated as an important potential regulator of
oval cell biology, B-catenin, the downstream effector of Wnt signaling, has also been
studied in oval cell activation and proliferation particularly with regard to embryonic
liver development and HCC. Using the standard 2-AFF/PHx model in rats and
modulation of the Wnt/ B-catenin pathway components during extensive oval cell
activation, studies have demonstrated that 3-catenin plays an important functional
role in oval cell activation. First, B-catenin expression colocalized with Thy-1, an
oval cell marker, at 5 and 10 days post-PHx when oval cells would be expected to
be activated and proliferating as a response to injury (Masson et al. 2006; Petersen
etal. 1998a, 1998b). Although not all of the Thy-1 positive cells expressed -catenin
and vice versa, only morphologically identified Thy-1 positive oval cells showed
cytoplasmic and nuclear expression of 3-catenin along with the presence of its acti-
vated or dephosphorylated form at both 5 and 10 days post-PHx. In addition to the
temporal expression of B-catenin during the oval cell response to PHx, activation of
B-catenin coincided with ongoing oval cell proliferation at the same time points,
collectively suggesting a possible role for 3-catenin in the stimulation of the oval cell
response (Apte et al. 2007). Although the exact mechanism by which Wnt/ 3-catenin
activates the oval cell response is unclear, after 2-AAF/PHXx there is downregulation
in the expression of Wif-1, thereby leading to Wnt-1-mediated activation of
B-catenin (Monga et al. 2001; Apte et al. 2007). Interestingly, the expression of
Whnt-1 was observed in the hepatocytes surrounding the oval cells but not in the oval
cells themselves, suggesting that paracrine signaling of Wnt-1 extrinsically induces
[-catenin activation in oval cells (Monga et al. 2001; Apte et al. 2007).

Since first appreciating that hepatocytes are capable of regenerating the liver
after PHx, advances have been made in identifying the cells that are potentially
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important in liver repair and constitute a facultative hepatic stem cell population.
However, in order to further advance the field of liver biology toward a clinical
application, it will be important to establish conditions under which these cells can
be prospectively isolated and expanded in culture and to devise acceptable strate-
gies for their transplantation into patients. Elucidating the mechanisms that control
both hepatocyte regeneration as well as oval cell activation when hepatocytes are
damaged may collectively provide insight into possible future therapeutic
applications.

Concluding Remarks

For many years, researchers and clinicians have been seeking to understand the
body’s ability to repair and replace the cells and tissues of some organs. After years
of work pursuing the how and why of cell repair mechanisms, many scientists have
now focused their attention on adult stem cells. Current evidence strongly suggests
that stem cells are present in far more tissues and organs than once thought, and that
these cells can provide a primary source not only of continuous homeostatic replen-
ishment of adult cells, but also of induced cell replacement necessary for tissue
repair and regeneration after injury and in response to disease.

Intense efforts are now under way to harness the potential of stem cells and to
control their function in order to take advantage of their tissue regeneration capa-
bilities. The ultimate goal of these efforts is to devise new and more effective
treatments for a host of diseases and disabilities. For most tissues, that potential
still lies ahead, and although many questions remain, clear progress has been made
in somatic stem cell biology, and this work holds great and exciting therapeutic
promise.

Critical Unanswered Questions in Adult Somatic
Stem Cell Biology

* What are the developmental sources of adult stem cells in the body? Are
they “leftover” embryonic stem cells, or do they arise independently during
organogenesis?

* How many different kinds of adult stem cells exist, and in which tissues do they
exist? Accumulating evidence indicates that although they occur in small num-
bers, adult stem cells are present in many differentiated tissues, though their
formal existence in several tissues of clinical value remains elusive.

» Is it possible to manipulate adult stem cells to increase their ability to proliferate
in vitro while maintaining stem cell qualities, so that adult stem cells can be used
as a sufficient source of tissue for transplants and other therapeutic strategies?
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* What are the intrinsic and extrinsic controls that keep stem cells from differentiating
or that direct them along a particular differentiation pathway to form one specialized
cell type rather than another?

e What are the factors responsible for stem cell responses to injury or damage that
enable rapid activation and appropriate contribution to tissue repair and
regeneration?

* Can the “stress” signals that command facultative stem cells to respond to tissue
damage and gain specific regenerative qualities be harnessed for therapeutic value?

Glossary

Stem Cell An unspecialized cell capable of generating more specialized cell types
with specialized functions. All stem cells have three general properties: they are
capable of dividing and renewing themselves for long periods; they are unspecialized;
and they can give rise to specialized cell types.

Embryonic Stem Cell An unspecialized cell that is derived from the inner cell
mass of the blastocyst contained within the embryo. These cells are pluripotent and
thus can develop into specialized cells that contribute to all of the mature tissues of
an organism.

Somatic Stem Cell An unspecialized cell found among differentiated cells in a
tissue or organ that can renew and differentiate to yield the major specialized cell
types of the tissue or organ. Adult stem cells are multipotent or unipotent, and the
primary role of adult stem cells is to maintain and repair the tissue in which they
are found. The term “somatic stem cell” is often used interchangeably with adult
stem cell.

Germ Line Cell Germ cells are responsible for the production of sex cells or gam-
etes (ovum and spermatozoa) constituting a cell line through which genes are passed
from generation to generation.

Somatic Cell Any cell (other than a germ cell) that contributes to the formation of
the body, becoming differentiated into the various tissues and organs that comprise
the mature organism.

Adult Stem Cell See Somatic Stem Cell.

Unipotent Stem Cell An unspecialized cell capable of developing into only one
type of cell within a given tissue or organ.

Multipotent Stem Cell An unspecialized cell capable of developing into multiple
specialized cells of a given tissue or organ. For example, multipotent blood stem
cells give rise to the red cells, white cells, and platelets in the blood.

Pluripotent Stem Cell An unspecialized cell that is capable of developing into all
of the differentiated cells of an organism.
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Facultative Stem Cell An unspecialized cell that is capable of contributing to tissue
repair and regeneration when normal tissue repair cells and mechanisms are
blocked, often due to injury or disease.

Hematopoietic Stem Cell An unspecialized cell that can differentiate into all of
the specialized cells of the blood including red blood cells, white blood cells, and
platelets.

Progenitor Cell A cell in a transition state from an unspecialized cell to a fully
differentiated mature cell with a specialized function; therefore, it is a more special-
ized cell than the stem cell that generated it but a less specialized cell than the cell
that is the direct ancestor of it in a hierarchical cell lineage.

Stem Cell Niche The microenvironment in which stem cells are found, which
interacts with stem cells to regulate stem cell function and fate. Several factors are
important to regulate stem cell characteristics within the niche: cell-cell interac-
tions, interactions between stem cells and adhesion molecules, extracellular matrix
components, and soluble factors.
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Developmental Biology of Mammalian T-Cell
Progenitors: From Early Lymphoid Progenitors
to Thymus-Colonizing Cells

Sophie Ezine, Laetitia Gautreau, Aude Parcelier, and Bruno Canque

Abstract This review gives a general overview of the recent advances in the field
of fetal hematopoiesis and T-cell development. Although it is now well recognized
that early lymphoid progenitors first emerge in the fetal liver (FL) where active B
lymphopoiesis take places, the identity of early T-cell precursors, as well as the
mechanisms of thymus colonization, has long been controversial. Here we discuss
the experimental evidence supporting the concept of prothymocyte in both human
and mouse species, as well as its major implications regarding lineage relationships
among the immune system and general hematopoietic organization.

Introduction

Blood is a complex liquid tissue that develops early during embryonic development
and undergoes permanent renewal throughout life. It is composed of three major
cell lineages: erythrocytes, which ensure oxygen transport and tissue delivery,
platelets, which prevent bleeding as well as inappropriate activation of blood
coagulation, and leukocytes, which are in charge of the immune defense. At first
sight, it may seem paradoxical that such highly divergent functions (i.e., oxygen
delivery, blood coagulation, and immune defense) are condensed in a unique sys-
tem. But all blood cells share the need to circulate to fulfill their function at the
organism level. They originate from a minute population of rare hematopoietic
stem cell (HSCs) characterized by three major functional properties: multipotency,
the capacity to generate all blood lineages and stably reconstitute multilineage
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hematopoiesis upon adoptive transfer; quiescence, the capacity to remain in a dormant
state during long periods of time; and self-renewal, the capacity to undergo
symmetric mitotic divisions preserving multipotency. The immune system itself
displays an unusually high degree of complexity, comprising two major effector
arms dedicated to either innate or adaptive immune responses, as well as a constel-
lation of mature cell effectors. Macrophages, dendritic cells, granulocytes, and mast
cells are endowed with phagocytic activity, antigen processing, and presentation, as
well as with pro-inflammatory and/or regulatory functions. Natural killer (NK)
cells ensure non—-major histocompatibility complex—restricted, cell-mediated cyto-
toxicity and cytokine-producing effector functions. In contrast, the capacity to support
antigen-specific immune response is restricted to prototypic T lymphocytes (TLs)
and B lymphocytes (BLs), which are among the most highly evolved cell types of
the organism. For example, they share with neurons the expression of a broad
repertoire of clonotypic receptors generated by combinatorial diversity, as well as
a unique capacity to retain stable traces of previous immunologic events through
the production of long-lived memory B and T cells. Despite more than 50 years of
research in the field, the organization of the immune system (i.e., the developmental
and phyletic relationships between diverse leukocyte populations) is still a matter
of controversy (Katsura 2002; Laiosa et al. 2006). Until recently, it was widely
admitted that HSCs first differentiate into two unique founder populations dedi-
cated to either granulomonocytic and erythromegacaryocytic lineages or to the
lymphoid lineage. The first population was subsequently referred to as common
myeloid progenitors (CMPs) and the second, from which only TLs, BLs, and NK
cells differentiate, as common lymphoid precursors (CLPs). This view was
supported also by most in vitro differentiation assays developed throughout the
1970s that only allowed the generation of erythroid and granulomonocytic colonies
that did not contain lymphoid cells (Dexter and Testa 1976). The field of in vitro
lymphoid differentiation began to change in the early 1980s, when it was first
shown by Whitlock and Witte that mouse BLs can be efficiently generated by
culturing mouse bone marrow (BM) progenitors onto stromal feeder layers (Collins
and Dorshkind 1987; Whitlock et al. 1987; Whitlock and Witte 1982). At the same
time, Kingston et al. provided evidence that alymphoid embryonic thymus lobes
support complete T-cell development, providing thus an ex vivo model to study
T-cell development (Kingston et al. 1985). Both the fetal thymic organ cultures
(FTOCs) and B-cell differentiation assays were then successfully subsequently
adapted to humans (Berardi et al. 1997; Galy et al. 1995; Plum et al. 1994). This
period coincides with the characterization and large-scale production of major
hematopoietic growth factors and cytokines. The latest advance in the field of
in vitro TLs differentiation is the demonstration by Schmitt Nakano et al. that, after
stable transduction with Notch-ligand Delta-Like 1, OP9 stromal cells, established
from macrophage colony-stimulating factor (M-CSF) deficient mice (Nakano et al.
1994), support the differentiation hematopoietic progenitors into mature functional
TLs (La Motte-Mohs et al. 2004; Schmitt and Zuniga-Pflucker 2002). The rapid
generalization of in vitro lymphoid differentiation assays, which permits investigators
to characterize extremely rare HSC subsets and probe their differentiation potential
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at the single cell level, has profoundly modified the vision of hematopoietic
development and lineage relationships, since there is now evidence that the classical
structure of the hematopoietic system, based on the early dichotomy between
so-called myeloid and lymphoid lineages, needs to be reconsidered.

A cellular basis for the CMP versus CLP paradigm was first provided in the late
1990s with the identification in postnatal BM of discrete populations of hematopoietic
progenitors with apparently exclusive lymphoid- or myeloid-restricted potentials
(Galy et al. 1995; Kondo et al. 1997; Manz et al. 2002). But this conception of
hematopoietic organization suffers what might be called an “immunological sin”
because of the split of the immune system into two distinct lymphoid and myeloid
lineages, making granulomonocytes more closely related to erythromegakaryocytes
than to TLs and BLs with which they continuously interact to initiate and coordi-
nate the immune response. In more recent years, the picture proved to be more
complex than anticipated. Subsequent works on early mouse lymphoid progenitors
led to the finding that mouse Lin-Sca-1"°Kit'IL-7R* CLPs and their human
CD34*CD10'Lin~ counterparts actually display a predominant BL differentiation
potential, suggesting that they correspond to early B precursors rather than to
prototypic CLPs (Allman et al. 2003; Haddad et al. 2004). Studies on early fetal
lymphoid progenitors failed to identify fetal liver (FL) or BM populations fitting
the criterion for CLPs. Instead, they could show that early lymphoid progenitors
(ELPs) always retain some capacity to differentiate into macrophages (Kawamoto
et al. 1997; Lacaud et al. 1998; Mebius et al. 2001; Yokota et al. 2003). In line with
these observations, it is now well recognized that early thymic progenitors (ETPs)
still preserve the capacity to generate macrophages in vivo under homeostatic con-
ditions (Bell and Bhandoola 2008; Wada et al. 2008). The recent subcategorization
of postnatal mouse BM HSCs, based on FIt3 expression, supports an alternative
model of phyletic and developmental relationships among the hematopoietic system.
Adolfsson et al. showed that, based on Flt3 expression, the Lin~Sca-1*Kit* (LSK)
compartment segregates into two distinct populations endowed with strikingly dif-
ferent potentials (Adolfsson et al. 2001, 2005). Conversely, the Flt3~ LSK fraction
was found to be enriched in multipotent long-term repopulating stem cells, and
FlIt3* LSK progenitors yielded high numbers of lymphoid and granulomonocytic
cells but essentially lacked erythromegakaryocytic potential. These differences
were further documented at the molecular level, since expression of GATAIL,
GATAZ2 transcription factors, as well as erythropoietin (EpoR) and thrombopoietin
(mpl) receptors was restricted to FIt3~ LSKs, whereas their FIt3* counterparts harbor
RAGI1, RAG?2, terminal deoxynucleotidyl transferase (Tdt), as well as immuno-
globulin-H (IgH) sterile transcripts (Mansson et al. 2007). Yoshida et al. obtained
overall similar results in a transgenic mouse model expression the green fluorescent
protein (GFP) under control of an Ikaros promoter-enhancer (Yoshida et al. 2006).
Luc et al. subsequently proposed a revised map of hematopoietic development
based on the initial separation between lymphoid-primed multipotent progenitors
(LMPPs) as dedicated to the generation of immune cells, and myeloid progenitors
supporting erythroid and megakaryocytic development (Luc et al. 2007). This alter-
native model of hematopoietic organization is further supported by the phenotypes
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observed in either conventional or conditional knockout mice with targeted
invalidation of key transcription factors. Indeed, conversely to PU.17~ mice that
selectively lack lymphoid and granulomonocytic cells, GATA1~ mice display a
severe block in erythroid and megakaryocytic development (Pevny et al. 1991;
Scott et al. 1994, 1997; Shivdasani et al. 1997). Hematopoietic development should
thus no longer be considered as a series of branching points that determine succes-
sive binary choices, but as a dynamic equilibrium between a few master regulators
controlling the opening or closing of diverse lineage-affiliated loci. Most impor-
tantly, most current evidence suggests that developmental hematopoiesis actually
obeys Darwinian law, since it proceeds gradually through selection and progressive
stabilization of lineage-specific gene expression programs. Inasmuch as the devel-
opmental biology of HSCs has been discussed elsewhere (Cumano and Godin
2007; Dzierzak and Speck 2008; Orkin and Zon 2008; Zon 2008), this review
focuses on three major aspects of developmental lymphopoiesis: (1) the emergence
of lymphoid differentiation potential during early embryonic and fetal development;
(2) the dynamics of lymphoid progenitors in FL. and BM; and (3) the developmental
regulation of thymus-colonizing cells.

Emergence of Lymphoid Differentiation Potential During Early
Embryonic Development

In vertebrate embryos, the first wave of extra-embryonic hematopoiesis begins
immediately after gastrulation in the yolk sac (YS) and is referred to as primitive
hematopoiesis. It is characterized by a limited lineage diversification and results in
the production of primitive erythrocytes and platelets-forming megakaryocytes
(Tober et al. 2007). Hence, primitive YS hematopoietic precursor cells (HPCs) are
considered bilineage precursors since they completely lack lymphoid potential.
Although this issue has long remained controversial, most current evidence indi-
cates that primitive erythrocytes and endothelial cells share a common mesodermal
blood-forming precursor, the so-called hemangioblast (Sabin 1920). In mice, this
population emerges in the posterior region of primitive streak by E6.7—8 and rapidly
migrates toward the YS to form hemangioblastic chords that evolve into blood
islands; prototypic blood islands are made of nucleated erythroblasts surrounded by
a crown of endothelial cells (Choi et al. 1998; Haar and Ackerman 1971; Huber
et al. 2004; Moore and Metcalf 1970). Whether primitive erythroblasts and
endothelial cells derive from progenitors restricted to each differentiation pathway
or differentiate from intermediate hemogenic endothelial cells is still unclear.
Besides hemangioblasts, there is nonetheless substantial evidence that unilineage
angioblastic precursors lacking hematopoietic potential are also present in the early
YS, which indicates that at least a fraction of endothelial cells actually differentiate
from already lineage-restricted precursors (Furuta et al. 2006). Primitive YS
progenitors differ from prototypic HSCs in two major aspects: first, they are unable
to engraft into an irradiated host, which suggests either a lack of self-renewal or an
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inability to seed the BM niches due to absence of specific homing receptors or
defective interaction with the microenvironment; second, as mentioned above, they
are totally devoid of lymphoid differentiation potential (Dzierzak and Speck 2008).
Early YS nonetheless contains a population of immune cells referred to as primitive
macrophages whose origin remains unclear; this population is often considered an
entirely separate hematopoietic lineage (Herbomel et al. 1999).

The second wave of hematopoiesis, sometimes referred to as “pro-definitive” or
“mesodefinitive” hematopoiesis (Dzierzak and Speck 2008), takes place by day
8.25 of development. At that time, clonogenic HPCs display high proliferative
capacity and broader differentiation potential. Most importantly, they have the ability
to generate all immune cell types: lymphocytes, granulocytes, macrophages, as
well as mast cells (Palis et al. 1999). This population does not differentiate from
hemangioblasts; instead it derives from transiently hemogenic endothelial cells.
Whether YS progenitors participate in definitive hematopoiesis remains a contro-
versial issue. Because their emergence by E8.5 coincides with the onset of intraem-
bryonic hematopoiesis in the aortogonadomesonephros (AGM) region, as well as
with heartbeat initiation and establishment of blood circulation that rapidly distributes
HSCs throughout the conceptus, this question cannot be easily addressed (Cumano
et al. 2001; de Bruijn et al. 2000, 2002). For the past 10 years, it was widely admit-
ted that only intraembryonic, AGM-derived HSCs had the capacity to support
multilineage definitive hematopoiesis. But two recent reports based on elegant
genetic mouse models suggest that this might not be the case since definitive HSCs
could also emerge in the YS. Using SLC8A1/NCX1~~ mice that die by E11 due to
the lack of cardiac beat, Lux et al. provided convincing evidence that definitive
HPCs undergo approximately tenfold expansion between 8.25 and 9.5 days postco-
itum and proposed that all definitive HSCs emerging before E10 are of YS origin
(Lux et al. 2008). But because neither lymphoid potential nor the engraftment
capacity of the second wave of YS progenitors was assessed, this study does not
allow us to decipher the presence of prototypic definitive HSCs at this level.
Samokhvalov et al. also provided some evidence that the YS might actually repre-
sent a reliable source of definitive HSCs (Samokhvalov et al. 2007). Based on
in vivo genetic pulse labeling of Runxl-expressing YS cells by E7.5 (i.e., 1 day
before the onset of intraembryonic AGM hematopoiesis), they showed that their
progeny can still be detected in the blood of 9- to 12-month-old mice. Although
these findings strongly suggest that second wave YS hematopoiesis is supported by
prototypic definitive HSCs, one cannot formally exclude a leakage of the pulse-
labeling system based on a tamoxifen-induced Cre/loxP recombination. Comparative
analysis of the engraftment capacity of YS- and AGM-derived HSCs also yielded
interesting results. Whereas both populations stably repopulate irradiated newborn
mice (Yoder et al. 1997), it appears that only AGM-derived cells can accomplish
this in adult mice (Cumano et al. 2001; Muller et al. 1994). Thus, even if the YS
still generates definitive HSCs, they probably differ from those derived from the
AGM. It is believed that these two populations correspond to successive hematopoietic
developmental stages (Dzierzak and Speck 2008). Most interestingly, it is suggested
that AGM-specific microenvironmental cues, such as Notch signaling and HoxB4
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expression, may play a major role in the differentiation and repopulation potentials
of definitive HSCs (Kumano et al. 2003; Kyba et al. 2002). The ventral aspect of
the aorta is only transiently hemogenic with intra-aortic hematopoietic clusters
being detected between days 10.5 and 12.5 of development (Cumano and Godin
2007). The transient nature of this process, due to the rapid exhaustion of vascular
endothelial cell hemogenic activity, remains poorly understood. Pouget et al. none-
theless provided strong data that, during early avian embryonic development,
hemogenic endothelial cells from the splanchnic mesoderm are progressively
replaced by a population of endothelial cells of somatic origin, lacking hemogenic
activity (Pouget et al. 2006).

The finding that embryonic hematopoiesis primarily consists essentially in the
production of definitive HSCs and does not resume the classical opposition between
extraembryonic primitive YS and intraembryonic definitive AGM hematopoiesis
has profoundly changed the conception of the developmental biology of the
hematopoietic system. As early as 1999, de Bruijn et al. showed that, by E10-12,
vitelline and umbilical arteries produce significant numbers of definitive HSCs (de
Bruijn et al. 2000), and it is now recognized that midgestation mouse placenta also
harbors large numbers of HSCs, a substantial fraction of which actually emerge
directly from the wall of large chorioallantoic vessels (Gekas et al. 2005; Ottersbach
and Dzierzak 2005; Rhodes et al. 2008). Altogether, these findings argue for a
multisite generation of definitive HSCs from transiently hemogenic endothelium of
the large vessels. Definitive mouse HSCs possess lymphoid differentiation, pot is
considered a marker of multipotency, but whether they display substantial preliver
lymphopoietic activity remains controversial. The detection of lymphoid-specified
T- and B-cell precursors in the AGM suggests that this might be the case (Ohmura
et al. 1999). But because T-cell differentiation potential was assessed in FTOCs,
and because of the absence of molecular characterization, one cannot exclude that
T cells actually differentiated stochastically from multipotent HSCs, rather than
from already lineage-restricted precursors. This point should probably be reinvesti-
gated using more powerful two-dimensional OP9-DL1 cultures and molecular tools
(Schmitt and Zuniga-Pflucker 2002). Conversely, most current evidence indicates
that disclosure of a preliver lymphoid potential in AGM-derived progenitors is by
no means indicative of active ongoing lymphopoietic activity. Lineage tracing stud-
ies using RAG1/GFP knockin mice add some support to this view, since only basal
transcription levels of the RAGI locus are detected in AGM progenitors (Yokota
et al. 2006).

Only limited data on embryonic human hematopoiesis are available, but most
current evidence indicates that the mouse schema cannot be mechanically trans-
posed to primates. Extraembryonic YS hematopoiesis starts in blood islands that
form by day 18.5 of development (i.e., approximately 4 days before heart beat
initiation), and it remains active until development weeks 4-5 (Bloom and
Bartelmez 1940; Migliaccio et al. 1986). Once again, the key point is that decline
in YS hematopoietic activity coincides with the onset of FL erythropoiesis.
Pioneering studies have shown that the human YS contains substantial numbers
of CFU-GEMM (colony-forming unit granulocyte, erythrocyte, macrophage,
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megakaryocyte), BFU-E (burst-forming unit erythrocyte), CFU-E (colony-forming
unit erythrocyte), as well as CFU-GM (colony-forming unit granulocyte mac-
rophages) (Huyhn et al. 1995; Migliaccio et al. 1986). Early YS progenitors none-
theless constantly lack T- and B-cell potential, which indicates that, as for their
mouse counterparts, they do not comprise prototypic definitive HSCs (Tavian et al.
2001). The restricted or constrained developmental potentials of YS mesodermal
hematopoietic intermediates is also exemplified by studies that show their capacity
to generate CD34+ HPCs in explant cultures and is markedly lower than that of
para-aortic splanchnopleuric cells. In humans, intraembryonic aortic hematopoiesis
begins by day 19 of development, 3 days prior to establishment of blood circulation
and 1 week before apparition of intra-aortic hematopoietic clusters (Tavian et al. 1999,
2001). Explant cultures of subaortic mesoderm performed by Tavian et al. revealed
the presence at this level of yet uncharacterized prehemogenic mesodermal precur-
sors. Although this remains an open question, these observations suggest that
definitive HSCs originate from transiently hemogenic endothelial cells that differ-
entiate from more primitive pluripotent mesodermal precursors. Most interestingly,
during the same period (i.e., between 30 and 36 days of development), intraluminal
hematopoietic cell clusters are detected at the surface of the ventral endothelium of
the vitelline, which further argues for the multisite origin of definitive HSCs (Tavian
etal. 1999). The lack of detection of significant lymphoid potential in cultures of YS
explants harvested from fetuses between days 19 and 40 of gestational age was
somewhat unexpected and is still intriguing (Tavian et al. 2001). This suggests that
even after the onset of cardiac contraction, when hematopoietic cells redistribute
throughout the embryo, the human YS might not be permissive for maintenance or
amplification of definitive HSCs. Thus, converse to mice, evidence for a second
wave of human YS hematopoiesis is still lacking. In this context, the observation
that NK cells are easily obtained from YS explants remains intriguing. Interestingly,
several years ago, Dahl also detected a significant natural cytotoxic activity in cul-
tures of early mouse YS cells E10, but this process could not be ascribed to a par-
ticular cell phenotype (Dahl 1980, 1983) and, due to lack of robust in vitro
differentiation assay, whether YS progenitors actually display NK differentiation
potential remains elusive. The human data nonetheless suggest that NK cells might
develop independently of the other T- and B-lymphoid lineages, raising the pro-
vocative hypothesis that, during early human embryonic development, innate and
adaptive immune systems should emerge successively.

From Multipotent Stem Cells to Early Lymphoid Precursors

The liver represents the predominant hematogenic site throughout gestation and the
first capable of supporting a fully diversified hematopoiesis. The first wave of
colonization by hematopoietic cells occurs immediately after heartbeat initiation; it
is supported by YS-derived progenitors that transiently produce erythrocytes,
megakaryocytes, and granulomacrophages (Cumano and Godin 2007; Lux et al. 2008).
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Later, as YS hematopoiesis vanishes, the FL is seeded by definitive adult-repopulating
stem cells that progressively dissociate from the intravascular clusters to enter the
bloodstream and ensure subsequent waves of colonization. Immediately after
settlement in the liver parenchyma, they undergo a rapid expansion and start to
differentiate while acquiring surface expression of diverse lineage-specific markers
(Kumaravelu et al. 2002; Morrison et al. 1995; Strasser et al. 1989). Little is known
regarding the early FL environment, but there is some evidence that its capacity to
support hematopoiesis might actually relate to the transient presence of an original
population of mesenchymal cells with mixed epithelial and mesodermal features
that also disappears by the time liver hematopoietic capacity declines (Chagraoui
et al. 2003). Almost a decade ago, Lacaud et al. used AA4.1 (which recognizes the
CD93/C1QRI1 marker) and anti-FcyRII/III (CD16/CD32) antibodies to search for
early lymphoid progenitors among E12—13 mouse FL mononuclear cells. This led
to the identification of an original AA4.1"FcyRII/III'IL-7R™ population endowed
with T-, B-, and macrophage restricted potential (Lacaud et al. 1998). At the same
time, Scal'kit°IL-7R*B220"~ CLPs were also detected at the early FL. (Kondo
et al. 1997; Mebius et al. 2001). Fetal CLPs apparently display a broader develop-
mental potential compared to their postnatal homologs; after transfer into newborn
mice they have the capacity to generate T-, B-, and NK lymphocytes, as well as
CD8a and CD8a* dendritic cell subsets, and CD45*CD4*CD3~ lymphoid tissue—
inducer cells (Mebius et al. 2001). Fetal CLPs do not overlap with AA4.1*FcyRIl/
IIT* precursors since they lack FcyRII/III expression but, most importantly, they
rapidly differentiate into CD19* B cells when cultured onto S17 stromal cells.
Although the ontogenic relationship between the two populations remains unclear,
most current evidence suggests that the AA4.1*FcyRII/III* population relates to
previously Lin-Sca-1*c-kit'Flt3* LMPPs also found in the FL (Mansson et al.
2007), whereas fetal CLPs are closer to pre—pro-B cells (Rumfelt et al. 2006).

In recent years, several groups have developed knockin or transgenic mouse
models where expression of reporter genes is controlled by diverse lymphoid-specific,
promoter-enhancer sequences (Benz and Bleul 2005; Gounari et al. 2002; Igarashi
et al. 2002). These models allow a precise in vivo tracking, as well as a fine cellular
and molecular characterization of lymphoid precursor populations. Using their
RAG1/GFP knockin model Igarashi et al. have shown that E13 FLs mononuclear
cells segregate into two phenotypically and functionally distinct populations. The
RAGI1/GFP" fraction, which represents a vast majority of the RAGI/GFP-
expressing cells, is also positive for CD45R/B220 marker and it rapidly differenti-
ates into CD19* BLs in vitro, an indication that most correspond to early B-cell
precursors. Analysis of the RAG1/GFP" fraction revealed a more complex pattern
and a significant degree of heterogeneity. Approximately half of the cells were
CD127/IL-7R*, which suggests that at least some of them correspond to fetal CLPs
(Mebius et al. 2001; Yokota et al. 2003). As expected, from their more immature
phenotype (c-kit"™Scal*"), cells of the RAG1/GFP" fraction retained a significant
degree of multipotency, since they could still generate TLs in reaggregated FTOCs
or OP9-DL1 cocultures. Intriguingly, most immature Sca-1*c-kit" RAG1/GFP*
cells still displayed a predominant B-lymphopoietic activity when transferred into
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sublethally irradiated alymphoid RAG 17~ mice. One may thus consider that activation
of the RAGI locus actually marks the very first stages of FL B-cell development
(Igarashi et al. 2002, Yokota et al. 2003; 2006), which is in accordance with the
burst of B-cell development that takes place in the early FL (Raff et al. 1976;
Strasser et al. 1989). Of note, FL pre-B cells expressing cytoplasmic immunoglobu-
lins are detected as early as E13, and sIgM* mature B cells appear 4 days later
(Dorshkind and Montecino-Rodriguez 2007). Fetal B-cell development is also
characterized by the production of two major B-1 and B-2 BL subsets. B-1/CD5*
BLs were identified 25 years ago by Hayakawa et al.; it mainly resides in spleen,
intestine, and the peritoneal and pleural cavities and displays an original phenotype
(CD11b*sIgM"sIgD™¥) (Hayakawa et al. 1983). This population is characterized by
low to undetectable Tdt expression levels, resulting in a limited junctional diversity,
as well as by a restricted use of V, repertoire (Hardy and Hayakawa 1991). Also,
compared to their B-2 B homologs, B-1 BLs recognize T-cell independent carbo-
hydrate antigens and spontaneously produce IgMs; they are thus usually considered
effectors of the innate immune system. The key point is that this population devel-
ops predominantly during fetal life and persists during the postnatal period due to
self-renewal of mature effectors (Hardy and Hayakawa 2001). In line with these
observations, it is well established that the B-lineage developmental potential of FL.
mononuclear cells is markedly skewed toward the B-1 B subset (Hardy and
Hayakawa 1991; Kantor et al. 1992). The developmental relationships between B-1
and B-2 BLs has long remained controversial as two mutually exclusive “selection”
and “lineage” differentiation models have been proposed (Dorshkind and Montecino-
Rodriguez 2007). The selection model posits that both populations derived from a
common precursor and that ultimate lineage choice was driven by antigen ligation
at the sIgM* stage, strengthening its strong dependency on antigen recognition
repertoire. This view also received significant experimental support, and recent
reports indicate that B-1 and B-2 BLs most probably correspond to separate lin-
eages. The dual origin of B-1 and B-2 lymphocytes has been provided recently by
Montecino-Rodriguez et al. Based on CD19 and B220/CD45R expression, they
could identify two populations of B-cell precursors and show that, by adoptive
transfer experiments, bipotent B/macrophage CD19*B220~"" precursors differenti-
ate exclusively into B-1 B cells, whereas their CD19-B220* homologs comprise a
majority of B-2 B-cell precursors (Montecino-Rodriguez et al. 2006). Most inter-
estingly, there is also evidence that development of B-1 and B-2 subsets depends on
different gene regulatory networks. For example, targeted invalidation of transcrip-
tion factor PU.1 induces a complete arrest in B-2 B-cell development without
affecting the B-1 subset (Ye et al. 2005). Similarly, Witt et al. have recently shown
that an activated form of Notch2 promotes the development B-1 B cells at the
expense of their B2 homologs, arguing thus for binary choice between the two
subsets (Witt et al. 2003). The intriguing observation that CD19*CD45R~"" B-1
B-cell precursors retain the ability to generate macrophages is in accordance with
an older report from Cumano et al. that the FL contains bipotent B/macrophage
precursors (AA4.1*Sca-1"B220"Mac-17) (Cumano et al. 1992), as well as with the
well-documented B/macrophage promiscuity. This phenomenon was first reported
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20 years ago by showing that, upon LPS stimulation, several H-Ras transformed FL
cell lines could differentiate into either BLs or macrophages (Davidson et al. 1988;
Holmes et al. 1986). A molecular basis for that process has been recently provided
by Xie et al. who showed that enforced expression of either C/EBPa or C/EBPJ is
sufficient to promote the transdifferentiation of mature BLs into prototypic
macrophages (Xie et al. 2004). Little is known regarding NK cell development in
the early mouse FL. Although it is well established that NK-restricted or mixed T/
NK precursors are present at this level, only few if any mature NK1.1* lymphocytes
are detected among FL mononuclear cells that otherwise lack natural cytotoxic
activity (Boggs et al. 1998). Thus, most current evidence suggests that the mouse
FL might not provide a favorable environment for NK cell development.

Extrathymic Emergence of T-Cell Precursors

Mouse thymus anlagen develop by embryonic day 11 from a bilateral primordium
arising from the third pharyngeal pouch endoderm. At E12.5, the thymus primor-
dium separates from the pharynx and begins it migration toward the anterior chest
cavity, sometimes living behind functional cervical remnants (Terszowski et al.
2006). Although the thymus has long been considered as being composed of two
functionally distinct epithelial cell populations of dual ectodermal and endodermal
origin, recent studies based on elegant cellular or genetic approaches have demon-
strated that thymus epithelial cells (TECs) actually share a common single endoder-
mal progenitor (Bleul et al. 2006; Gordon et al. 2004; Rossi et al. 2006). Inasmuch
as the origin and functional specialization of TECs has been recently reviewed by
Blackburn and Manley (2004), this point will not be thoroughly discussed. Thymus
colonization remains a central question in developmental immunology and it has
been the subject of long-standing interest and prolonged controversy (Hammar
1905; Kolliker 1879). Despite many efforts (Gregoire 1932), it was not before the
mid-1960s that the extrinsic origin of thymocytes was formally demonstrated in the
pioneering works of Moore and Owen (1967). A few years later, using their now
classical quail-chick chimera model, Le Douarin and Jotereau further confirmed
that thymus colonization is actually ensured by blood-born precursors (Le Douarin
and Jotereau 1975). Since then, the identity of fetal thymus-colonizing cells, the
so-called prothymocytes, has been debated and there are conflicting results as to
whether they correspond to early lymphoid precursors, such as ELPs or CLPs, or
to existing T-lineage—specified precursors. To approach this question, two major
aspects of fetal thymus colonization must be taken into account. First, the rapid
influx of hematopoietic cells into the developing thymus makes the hypothesis of
“random” colonization highly unlikely, and there is now ample experimental
evidence that thymic recruitment depends on specific ligand-receptor interactions.
Second, definitive commitment toward the T lineage occurs only after thymus
entry, through established direct contact with TECs, implying that thymus seeding
is ensured by still multipotent precursors. Indeed, most current evidence indicates
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that immature thymocytes display a triple T, NK, and DC potential (Haddad et al.
2006; Peault et al. 1994). In line with these observations, it is now well established
that with expression of as well as diverse Notch target genes, whose expression is
acquired only after thymus entry upon contact with TECs (Yokota et al. 2006;
Harman et al. 2003; Hattori et al. 1996), definitive commitment takes place intra-
thymically, at least for some progenitors. Whether loss of B-cell potential precedes
(Harman et al. 2005) or rapidly follows entry into the thymus compartment (Benz
and Bleul 2005) is still a point of contention, but, because immature thymocytes
retain a limited capacity to generate BLs, this question is not of primary importance
for the understanding of early fetal T-cell development. The central issue of thymus
colonization resides in the complex relationship between the selective capacity of
thymus-colonizing cells to respond to signals emanating from the thymic paren-
chyma and the process of polarization or specification toward the T lineage
(Rothenberg and Taghon 2005), both of which remain poorly understood.

A decade ago, Kawamoto et al. developed an improved clonal FTOC assay that
allowed the simultaneous generation of TLs and BLs, as well as granulocytes (G)
and macrophages (M), and searched for some extrathymic population of T-cell
precursors in mouse embryos (Kawamoto et al. 1997). Analysis of FL Lin c-kit*
mononuclear cells led to the findings that they segregated into two different popula-
tions based on IL-7R expression levels. Converse to the IL-7R~ fraction that was
enriched in cells with clonal T/B/M, T/M, B/M, or M potentials, IL-7R* cells were
found to display either T- or B-restricted potentials, arguing thus for an early sepa-
ration between the two lineages (Kawamoto et al. 2000). The balance between
pre-T and pre-B populations rapidly evolved over time, since the pre-T—cell activity,
which predominates between E11 and E12, drastically decreases thereafter to the
point that, by day 15 of development, IL-7R* cells display an exclusive B-cell
potential. This suggests either that, beyond day 12 of development, pre-T cells
leave the FL to enter the blood circulation and reach the thymus, or that they are
diluted by the rise of B lymphopoiesis. Lin~c-kit*IL-7R* cells circulate in the fetal
blood, where they are detected based on paired immunoglobulin-like receptors
(PIR) A and B expression (Masuda et al. 2005a). Also, as expected for prothymocyte,
they progressively accumulate in the mesenchymal region surrounding the thymus
anlage (Masuda et al. 2005b). For that reason, most current evidence supports the
idea that FL-derived Linc-kit* IL-7R" cells might represent the first wave of pro-
thymocytes. Douagi etal. identified in the FL another population of c-kit*B220"Thy 1~
NKI.1~ T-cell precursors, which was referred to as “fraction e” and accounted for
up to 70% of FL T-cell precursor activity (Douagi et al. 2002). These precursors
express only low levels of IL-7R transcripts and are apparently devoid of
B-lymphopoietic activity. But whether they are related to the AA4.1*FcyRIl/
III*IL-7R~ T/B/M population described by Lacaud et al. or to previously mentioned
LMPPs remains unclear (Lacaud et al. 1998; Mansson et al. 2007).

A third population of candidate T-cell precursors was identified in mouse fetal
blood several years ago based on c-kit and Thyl/CD90 expression (Rodewald
et al. 1994). By day 15.5, large numbers of Thy1/CD90*c-kit"" prothymocytes
circulate in blood where they represent up to 8% of circulating CD45* blood cells.
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When tested in vivo for T-cell differentiation potentials following direct intrathymic
injection or intravenous transfer, the Thy1*c-kit*™ cells generate a single wave of
thymocytes but fail to reconstitute the B-cell compartment. This seminal work was
confirmed by Zuniga-Pflucker and colleagues who subsequently showed that, after
reaching the thymus, Thy1/CD90%c-kit*" prothymocytes rapidly acquire surface
expression of NKI1.1, thereby defining an intermediate bipotent T/NK-restricted
developmental stage during progression along the T lineage (Carlyle et al. 1997;
Carlyle and Zuniga-Pflucker 1998a). Interestingly, they also showed that thymus
homing and interaction with TECs are not absolute prerequisites for acquisition of
NKI1.1 expression, since a significant number of circulating prothymocytes
already express this marker (Carlyle and Zuniga-Pflucker 1998b). That Thyl/
CD90*c-kit"™ NK1.1*~ cells are absent from the FL remains intriguing; this
suggests either that they differentiate somewhere else, for example, in spleen or
BM, or that Thy1/CD90 and NKI1.1 expression is acquired only when FL T-cell
precursors gain access to the bloodstream. Reconstitution of the ontogenic linkage
between diverse population FL. lymphoid progenitors and circulating prothymo-
cytes therefore represents a difficult task. Although both populations express
IL-7R, the relationship between the early FL pre-T cells described by Katsura and
colleagues and circulating prothymocytes is still unclear. More interestingly, that
Thy 1/CD90*c-kit"" prothymocytes also express FcyRII/III strongly suggests that
they may correspond to downstream successors of previously described FL
AA4.1"FcyRIVIITMIL-7R- T/B/M lymphoid progenitors (Lacaud et al. 1998;
Carlyle and Zuniga-Pflucker 1998b; Rodewald et al. 1992) that probably display
partial overlap with Lin-Scal*Kit"*CD34*Flt3" LMPPs (Mansson et al. 2007).
Finally, that a minority of FL cells actively transcribe CCRO locus at day 11.5 of
development further suggests that acquisition of CCR9 surface expression may
confer to extrathymic T-cell precursors the capacity to respond selectively to thymus
homing signals (Benz et al. 2004, 2008). Most importantly, Benz and Bleul
(2005) have recently shown that Lin~c-kittCCR9/EGFP* T-cell precursors from
adults BM also express Thyl/CD90 and IL-7R marker, thus strengthening the
developmental link established between T-lineage polarization and thymus coloni-
zation. Thus, although the possibility formally remains that a small number of
multipotent progenitors also migrate into the thymus, most current evidence indi-
cates that, during fetal life, thymus colonization is ensured by diverse already
T-lineage—specified precursors that rapidly enter the circulation to reach the thy-
mus rudiment. In this regard, one may hypothesize that the first wave of thymus
colonization is ensured by liver-derived T-cell precursors. The origin of subse-
quent waves of thymus seeding cells remains questionable, but they may emerge
in BM or spleen and reach the thymus parenchyma thereafter (Arcangeli et al.
2005; Gautreau et al. 2007). Finally, the phenotypic heterogeneity of fetal blood
prothymocytes that split into two ontogenetically linked populations of Thyl/
CD90*c-kit® NK1.1- and Thy1/CD90*c-kit*> NK1.1* precursors, both of which
correspond to thymus seeding cells, suggests that precursors at different stages of
T-lineage polarization may synergetically seed the fetal thymus.
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Dynamics of Human Fetal T-Cell Precursors

Historical background of human thymus colonization is somewhat paradoxical
since, conversely to the mouse, the nature of thymus-colonizing cells has long
remained an almost black hole. In humans, thymus colonization starts by develop-
ment weeks 89 and mature intrathymic TLs are detected about 1 week later
(Campana et al. 1989; Haynes et al. 1988; Lobach and Haynes 1987; Lobach et al.
1985). The thymus corticomedullary partitioning occurs by week 14, with defini-
tive thymus architecture being established by gestation week 16 (Haar 1974; Norris
1938; von Gaudecker and Muller-Hermelink 1979). Twenty years ago Haynes and
colleagues identified CD7 as the first T-lineage—affiliated marker to be expressed
extrathymically (Lobach et al. 1985) and provided some evidence that CD7-
expressing cells might accumulate at the vicinity of thymus rudiment as early as
week 8.5 of development (Haynes et al. 1988). Although this population subse-
quently proved to correspond to contaminant TLs of maternal origin, this pioneer-
ing work paved the way for the characterization of human fetal prothymocytes. In
the early 1990s, Spits and colleagues searched for T-cell precursors in early embryonic
human FL and found that, although liver parenchyma supports the development of
B and NK lineages, it does not contain T-lineage—specified precursors. Among all
FL CD34* HPC populations, the T-cell differentiation potential was restricted to the
most immature stem cell-like CD34*CD38" fraction (Blom et al. 1997; Res et al.
1996). For that reason, until recently, it was thus commonly assumed that the
human thymus is passively seeded by multipotent liver-derived HSCs (Rothenberg
and Taghon 2005; Spits 2002). Ten years ago, Canque et al. identified in the umbili-
cal cord blood (UCB) a population of CD34"CD45RAMCD7* precursors lacking
erythroid potential, which comprises bipotent NK and dendritic cell progenitors
and shares with immature postnatal CD34*CD1a~ thymocytes the capacity to dif-
ferentiate into Langerhans cells via a TGF-B1-independent pathway (Canque et al.
2000). Combining clonal analysis and microarray transcriptional profiling, this
population was subsequently shown to already express germline TCRy and IL-7R
transcripts and display a predominant T/NK cell differentiation potential (Haddad
et al. 2004). Because CD34"CD45RAMCD7* UCB precursors fit the criterion for
T-lineage—specified precursors, a developmental approach, based on precise in vivo
tracking, was then devised to search for their possible contribution to fetal thymus
colonization (Haddad et al. 2006). This led to the finding that CD34"CD45RAMCD7+
precursors, which are absent from the early FL, actually differentiate in the BM
where they are first detected by weeks 8-9 of gestation, at the very onset of thymus
colonization. Later on, low numbers of CD34"CD45RAMCD7* precursors are also
detected in the fetal spleen; given that the human spleen is devoid of hematopoietic
activity, their presence at this level indicates that they circulate in the fetal blood.
As expected for immediate upstream precursors of CD34M[L-7R-CDla- thymo-
cytes, CD34"CD45RAMCD7+ precursors undergo a selective thymic recruitment in
an ex vivo xenogeneic thymus colonization assays, indicating that they actually
correspond to fetal prothymocytes. Most interestingly, this represents evidence that
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this population is subjected to a precise developmental regulation.
CD34"CD45RAMCD7* precursors are detected in the fetal BM by gestation weeks
8-9, at the very beginning of its colonization by FL-derived HSCs, where they fol-
low an original bell curve dynamics. This population was found to accumulate in
the fetal BM until the end of the second trimester of development to represent up
to 40% of total BM CD34* hematopoietic cells. Later on, during the third trimester
of gestation, they abruptly decline and return to basal levels around birth and persist
at only trace levels in the postnatal BM. Interestingly, fetal BM
CD34*CD45RAMLin"CD10* pre-pro-B cells follow grossly similar kinetics, except
that they persist at significantly higher levels during postnatal life (Rossi et al.
2003). Although the precise mechanisms involved in this process remain elusive, it
must be noted that the decline in lymphopoietic activity of the late fetal BM coin-
cides with the cessation of FL. hematopoiesis. For that reason, the most plausible
explanation is that this phenomenon relates to major microenvironmental changes
associated with establishment of an active myelopoiesis in the BM.

Mechanisms Regulating Thymus Colonization

The first phase of thymus colonization by FL-derived precursors occurs before
vascular connections are established, thereby proceeding by direct transtissular
migration. In mice, thymic immigrants start to accumulate at E10.5 in the mesen-
chyme surrounding the thymus rudiment and by day 14.5 most of them are
completely surrounded by the epithelium (Yokota et al. 2006; Suniara et al. 1999).
Upon contact with TECs, immature thymocytes are rapidly driven through the
T-cell differentiation pathway. They acquire expression of CD3¢ and RAGI pro-
teins and actively transcribe Notch target genes (PTCRA, Deltex1, HES1); expres-
sion of intracytoplasmic TCRB* chain is detected 24 hours after they have reached
the thymic parenchyma (Harman et al. 2003, 2005; Suniara et al. 1999). The route
of early immigrants to the thymus has been well explored in the zebrafish using the
CD41/GFP transgenic model (Kissa et al. 2008). Thymus-colonizing cells migrate
a long way through the mesenchyme to reach the thymus, coming from widely
diverse locations (rostral and caudal), an indication that most of them traveled
through the blood. That they extravasated at quite diverse sites to reach their final
target strongly suggests the presence of a chemoattractant gradient that extends and
can be perceived far from the source. Interestingly, these early immigrants keep
moving in and out of the thymus, probably in the phase of resynthesis of chemokine
receptor and/or the downstream intracellular signaling component. Indeed, these
movements occur by 5-day postfecundation, 2 days after the first detection of Rag/
expression, marking their commitment to a T-cell fate. Later on, when thymic
vascularization develops, subsequent waves of blood-born T-cell precursors
extravasate the capillaries to directly enter the thymus parenchyma and seed the
so-called developmental niches (Kyewski 1987; Lind et al. 2001). In humans, early fetal
thymus immigrants are scattered throughout the cortical zone from the subcapsular
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region deep into the inner cortex, where they mainly reside in the immediate vicinity
of vascular structures (Haddad et al. 2006). Le Douarin et al. obtained similar
results in the avian model, arguing thus for a multifocal seeding of the fetal thymus
(Le Douarin et al. 1984). These observations also support the idea that T-cell
precursors gain access to the thymus parenchyma through multiple routes during
the phases of active colonization. This picture sharply contrasts with the postnatal
period, at the steady state, when thymus entry seems to be confined to a narrow
region located at the junction between cortical and medullary regions (Porritt et al.
2003). Although the concept of a thymic “developmental niche” remains poorly
defined, there is some evidence that early thymic immigrants specifically interact
with dendritic-like processes emanating from the cortical TECs, with which they
form patchy structures resembling “lymphostromal synapses.” This suggested that
definitive commitment toward the T lineage may occur in specific ordered struc-
tures (Haddad et al. 20006).

The molecules guiding the recruitment of the prothymocytes and their role are
still poorly characterized (Fontaine-Perus et al. 1981; Wilkinson et al. 1999). Direct
migration of cells in response to a gradient of chemotactic factors may require the
ability to interact with the extracellular matrix (ECM) proteins. Matrix metallopro-
teinases (MMP) are believed to play an important role in the degradation of the
ECM, but their involvement has not been clearly established (Goetzl et al. 1996).
From other studies, it was shown that the fetal thymus produces chemokines
CCL21, CCL25, and CXCL12 (Bleul and Boehm 2000; Liu et al. 2005, 2006). In
line with these observations, the CCL21-deficient mice (or in mice deficient for the
receptor CCR7) harbor only a small number of fetal thymocytes until E14.5 (Liu
et al. 2005). Similarly, in CCR9 (and CCL25) deficient mice, a threefold decrease
in total thymocyte cellularity until E17.5 is observed (Liu et al. 2005; Wurbel et al.
2001). This suggested that fetal thymus colonization involves CCL21 and CCL25
and to a lesser extend CXCL12 (Ara et al. 2003), which is in accordance with a
report that thymus seeding progenitors express CCR7, CCR9, and CXCR4. Locally
produced chemokines may thus generate a systemic gradient attracting T-cell
precursors from the blood and coordinate with adhesion molecules their specific
accumulation in the tissue. But whether they act cooperatively remains unclear.

Whether thymus colonization occurs in “continuous’ or “cyclical” timing is still
a long-standing question. In the avian model where T-cell precursors emerge in the
para-aortic mesoderm and BM, thymus colonization proceeds in three waves occur-
ring by days 6, 12, and 18 of development (Dieterlen-Lievre et al. 1996; Vainio
et al. 1996). Each wave of new thymic immigrants starts to divide 2-3 days after
settlement in the thymic parenchyma to give rise to almost synchronous waves of
developing thymocytes (Le Douarin and Jotereau 1975; Jotereau and Le Douarin
1982). Based on these pioneering observations, it was then proposed that such
cyclical colonization is dictated by the thymus itself, which permits precursor entry
only during short receptive periods once the thymus niches are emptied (Jotereau
and Le Douarin 1982; Coltey et al. 1987). Although attractive, this appears some-
what more complex. There is convincing evidence that the level of circulating
T-cell precursors is subjected to important fluctuations. Most interestingly, they



108 S. Ezine et al.

also found that the decline in circulating T-cell precursors between the first waves
of colonization coincides also with the transition between AGM and BM
hematopoiesis. Inasmuch as only first-wave thymus-colonizing cells originate in
the AGM, this suggests that, rather than to the thymus itself, their fluctuations actually
relate to major developmental transitions (Dunon et al. 1999).

Attempts to extend to mammals the cyclical model of avian thymus colonization
have not yielded convincing results. Jotereau and Le Douarin (1982) proposed that
the first wave of mouse thymus immigrants ensures production of TLs throughout
gestation, whereas those entering at later time points produce TLs only after week
1 of postnatal life, but their findings never received formal experimental demonstra-
tion (Jotereau et al. 1987). This topic has been extensively investigated in adult
mice by Foss et al. They used parabiotic and adoptive transfer models to search for
possible fluctuation in thymic receptivity and proposed that, as for its fetal avian
counterpart, adult mouse thymus alternates phases of receptive (1 week) and refrac-
tory periods (3 weeks) allowing for the gated importation of T-cell precursors (Foss
et al. 2001). Surprisingly, they also proposed that T-cell precursors might accumu-
late in the BM approximately 1 week before the opening of intrathymic niches, thus
linking BM production and release of T-cell precursors to receptive thymic periods
(Donskoy et al. 2003). It is worth noting that, although technically demanding, the
gated importation model relies on a global assessment of BM thymopoietic activity
and thymic chimerism, which is poorly sensitive; this topic needs to be reinvesti-
gated in more recent genetic mouse models. Also, most if not all studies that have
been performed in the field of thymus colonization have led to the same conclusion
that extrathymic emergence of T-cell precursors is thymus independent, thus ruling
out the hypothesis that their development might be driven by so-called thymus-
derived hormones (Goldstein et al. 1970; Schlesinger et al. 1975), since T-cell
precursors are detected in normal numbers in the FL, blood, or BM of athymic nu/
nu mice (Douagi et al. 2002; Chatterjea-Matthes et al. 2003; Kawamoto et al.
1999). To what degree thymus entry should be regulated remains an opened ques-
tion. One may consider that global thymic cellular content or the degree of niche
occupancy may exert some modulatory effect on the recruitment of T-cell precur-
sors through expression of putative endothelial thymus homing receptors and/or the
release of chemotactic factors (Wilkinson et al. 1999). The observation that alym-
phoid fetal thymus lobes possess a greater capacity to attract T-cell precursors
strongly supports this view.

Conclusion

The period of fetal development provides a unique opportunity to study the onto-
genic relationship between diverse lymphoid populations and the developmental
regulation of adaptive immunity. Fetal lymphoid development also differs in several
aspects from the postnatal period that makes it original. Although not thoroughly
discussed herein, these peculiarities also extend to the molecular level, since Ikaros
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null mice have been shown to display a selective defect in fetal TL development
(Wang et al. 1996). On the other hand, deletion of IL-7 or IL-7R that blocks post-
natal B-cell development does not affect the differentiation of fetal B-cell precursors
that display a unique capacity to respond to thymic stromal lymphopoietin
(Vosshenrich et al. 2003).
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GATA1 and GATA2 Function in Hematopoietic
Differentiation

Takashi Moriguchi, Mikiko Suzuki, James Douglas Engel,
and Masayuki Yamamoto

Abstract Transcription factors GATA1 and GATA2 play essential roles in gene
regulation during hematopoietic differentiation. GATA1 is essential for the survival
and terminal differentiation of erythroid, megakaryocytic, eosinophilic, and mast
cell precursors, whereas GATA2 primarily regulates the proliferation and mainte-
nance of immature progenitors in hematopoietic cells. The activities of GATA1 and
GATA?2 are regulated in a cell-type—specific manner, and their expression is strictly
controlled during hematopoietic development and differentiation. A series of recent
investigations highlight the strong correlation between GATA1 misexpression and
human hematopoietic disorders, including inherited anemia, thrombocytopenia,
and leukemia. This review summarizes current progress in functional analyses of
GATA1 and GATA?2, their relationship to blood diseases, and regulatory mecha-
nisms that control their gene expression.

Introduction

The mechanisms specifying lineage-specific blood cell differentiation have been
carefully evaluated to determine how the activity of a particular transcription factor
influences these processes. Once hematopoietic stem cells (HSCs) commit to
undergo lineage differentiation, their potential becomes progressively restricted.
At that time a hematopoietic lineage-specific gene expression program is initiated
by a cascade of transcription factors whose differential expression in hematopoietic
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progenitor cells promotes a diversity of functions that dictates oxygen-carrying
capacity in one cell or elaborates roles in innate and acquired immunity in another
related cell.

GATAL is a prototypical transcription factor that promotes hematopoietic
differentiation in the erythroid, eosinophilic, megakaryocytic, and mast cell
lineages. GATA2, another member of the GATA transcription factor family, is
preferentially expressed in hematopoietic stem and progenitor cells and regu-
lates their proliferation and maintenance. The function of these two GATA
factors during hematopoiesis has been extensively examined over the past two
decades. A variety of experimental approaches have been adopted to evaluate
the activity of cis-acting regulatory elements, as well as to examine domain
structure-function relationships of the proteins in a more integrated approach.
The activity of both GATA1 and GATA?2 is regulated at multiple levels, from
transcriptional through posttranslational modification. These two GATA
factors interact with a variety of other regulatory cofactors to generate active
transcriptional complexes. In this chapter, we summarize the recent advances
that address the physiological function(s) of the GATAI and GATA2 proteins
as well as the transcriptional regulation of Gatal and Gata2 genes during
erythroid and megakaryocytic cell proliferation, differentiation, and
homeostasis.

The GATA Family of Transcription Factors

The GATA family of transcription factors is composed of six members (GATA1
through GATA6) in mammals (reviewed in Laverriere et al. 1994; Ohneda and
Yamamoto 2002; Orkin 1992; Yamamoto et al. 1990). GATA proteins bind most
avidly to the consensus motif (T/A)GATA(A/G) through two characteristic
C,(Cys-X,-Cys-X -Cys-X,-Cys) zinc finger motifs specific to the GATA family
(Ko and Engel 1993), and this DNA recognition motif is most highly conserved
between the six paralogous members that constitute this small vertebrate multi-
gene family (Patient and McGhee 2002; Yamamoto et al. 1990). GATA1, GATA?2,
and GATA3 constitute the “hematopoietic GATA” subfamily because of their
prominent expression in hematopoietic cells, whereas GATA4, GATAS, and
GATAG6 constitute a second subfamily of “endodermal” GATA factors that are
expressed predominantly in internal organs (Weiss and Orkin 1995). The Gata
genes contain two alternative first exons and additional five translated exons
(Fig. 1). The first exons are utilized in a tissue-restricted manner and contain only
57-noncoding sequence in the mature mRNAs. Differential utilization of the alter-
native first exons has been most vigorously explored in the hematopoietic GATA
factors. Evidence for differential, tissue-specific first exon utilization was first
described for Gatal gene (Ito et al. 1993; Fig. 1) and subsequently reported for
both Gata2 (Minegishi et al. 1998; Pan et al. 2000) and Gata3 genes (Asnagli
et al. 2002).
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Fig. 1 Mouse Gatal gene. The mouse Gatal gene harbors two tissue-specific alternative first
exons (IT, testis-specific exon 1; IE, hematopoietic-specific exon 1) and five coding exons (II-VI).
The positions of three DNase I hypersensitive (HS) sites (HS1, HS2, and HS3) as well as the cor-
respondent four regulatory modules (G1HE core, dbGATA, CACCC, and intron SP) referred to in
the text are indicated. G/HRD (Gatal hematopoietic regulatory domain) bears 3.9 kbp of 5’ flank-
ing sequence plus the 4.2 kbp first intron, and includes the four Gatal regulatory modules

Expression Profiles of GATA1 and GATA2

GATA1 expression is highly restricted. GATA1 is expressed in erythroid cells,
megakaryocytic cells, eosinophils, dendritic cells, and mast cells of hematopoietic
lineage, whereas GATA?2 is expressed in many multilineage progenitors and HSCs
(Leonard et al. 1993; Minegishi et al. 1998; Nagai et al. 1994; Suzuki et al. 20006).
Within the erythroid differentiation cascade, GATA1 expression can be detected as
early as in common myeloid progenitors (CMPs), and subsequently its expression
level dramatically increases when those progenitors differentiate into proerythro-
blasts (Kuhl et al. 2005; Suzuki et al. 2003). From the proerythroblast stage
onward, GATA1 expression levels decrease as the red blood cell matures (Suzuki
et al. 2003; Fig. 2). Throughout the erythroid differentiation process, GATA1 orches-
trates a series of gene expression changes, which promote essential steps required
for the proliferation and differentiation of erythroid progenitors. As erythroid cells
enter terminal erythroid differentiation, GATA1 directly activates erythroid lin-
eage-affiliated genes (i.e., B-globin, Alas2, and Gatal itself), while at the same
time repressing Gata2, c-Kit, c-Myb, and c-Myc, all of which are essential for pro-
genitor proliferation in earlier stages of hematopoiesis (Ferreira et al. 2005).
Through gene ablation experiments, we learned that GATA1 is essential for eryth-
roid differentiation in vivo (Fujiwara et al. 1996; Takahashi et al. 1997). Closer
examination of both Gatal-deficient mice and Gatal-deficient embryonic stem-
derived (ES-derived) cell lines revealed that erythroid cells lacking GATA1 fail to
maturate beyond the proerythroblast stage (Pan et al. 2005; Pevny et al. 1995;
Weiss et al. 1994).
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Fig. 2 Dynamic changes in GATA1 and GATA2 abundance during erythroid cell differentiation.
GATA2 is expressed at high level in early erythroid progenitors (EEP). Once GATA1 expression
is activated, GATA2 expression decreases as the GATAL1 level increases. The lineage marker-
negative (Lin"), c-Kit, and CD71 double-positive fraction of G/ HRD-GFP bone marrow cells is
designated as late erythroid progenitors (LEP) and contains abundant colony-forming units-
erythroid (CFU-E), while the c-Kit*/CD71"" ° - fraction is referred to as the early erythroid
progenitors (EEP) fraction and primarily contains burst forming unit-erythroid (BFU-E) (Suzuki
et al. 2003)

GATA?2 is preferentially expressed in HSCs and early hematopoietic progenitor
cells and regulates development and proliferation of HSCs and multipotent
hematopoietic precursors (Tsai et al. 1994; Tsai and Orkin 1997). GATA?2 haploinsuf-
ficiency impairs the quality of both embryonic and adult HSCs, thus eventually causing
a reduction in the number of early HSCs (Rodrigues et al. 2005). However, during
erythroid differentiation GATA2 expression declines coincident with GATA1 induction
around the later stages of c-Kit* erythroid progenitor differentiation (Fig. 2; Cheng
et al. 1996; Grass et al. 2003; Weiss et al. 1994; Yamamoto et al. 1990).

Assuming that we might encounter difficulties in establishing mice that were
mutant in the X chromosome-linked Gatal gene (in ES cells of X/Y karyotype),
we instead generated a mutant mouse line bearing a promoter-specific Gatal
knockdown allele (Takahashi et al. 1997). This mutant allele bears a neomycin
resistance cassette (neo) inserted immediately 5" to the Garal IE exon, thus separating
three known upstream cis-acting elements (the Gatal hematopoietic enhancer
[GIHE], double GATA site, and CACCC site) from the hematopoietic transcription
start site, and was originally created anticipating that the insertion would interfere
with the transcription of Gatal (Takahashi et al. 1997). In fact, Gatal mRNA is
suppressed to approximately 5% of the wild-type level in this mutant allele, so we
designated this allele Gatal.05. Hemizygous (X"*/Y) male embryos harboring
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this knockdown allele die at around embryonic day 10.5 (E10.5) due to hematopoietic
deficiency, suggesting that 5% of GATAI1 production is insufficient for primitive
erythropoiesis. In contrast, although heterozygous (X%/X) female embryos were
born at a lower frequency than expected from Mendelian statistics, they exhibited
various degrees of anemia during the perinatal stage, presumably due to random X
chromosome inactivation (Takahashi et al. 1998).

These surviving X¢"%/X female mice recovered from anemia before adolescence
and were fertile. Therefore, this mutant allele can be transmitted from mother to
daughter in a stable fashion, but not to male offspring. Taking advantage of this
inheritance profile, we initiated a transgenic complementation rescue analysis of
Gatal.05 mutant embryos by crossing male transgenic mice expressing GATAI,
GATA2, or GATA3 cDNAs under the control of the Gatal gene hematopoietic regu-
latory domain (GIHRD; 3.9 kbp 5’ region plus 4.2 kbp containing the Gatal first
exon and intron; Figs. | and 5), which recapitulates the endogenous GATA 1 expression
profile. We found that transgenic GATA1, GATA2, or GATA3 expression rescued
Gatal.05 knockdown mutant mice from embryonic lethality (Takahashi et al. 2000).
These data led to the conclusion that the stage-specific dynamic regulation of GATA
factor expression during erythroid differentiation is more important than the identities
of individual GATA transcription family members (Ferreira et al. 2007).

Importantly, forced GATA1 expression in the terminal erythroid differentiation
stage leads to maturation arrest, indicating that aberrant GATA1 accumulation
inhibits terminal differentiation (Ferreira et al. 2007; Whyatt et al. 2000), suggest-
ing that turning off GATAI expression could be as important as turning it on.
However, the specific regulatory mechanisms directing GATA1 reduction during
terminal erythroid maturation are still elusive. Although the mechanisms that regu-
late how persistent, high-level GATA1 expression affects terminal maturation of
erythroid cells are poorly understood, glimpses into mechanisms are slowly coming
to light. For example, it was reported recently that caspase 3 induces GATA1 protein
degradation in erythroblasts, which is normally suppressed by erythropoietin
signaling (De Maria et al. 1999; Ribeil et al. 2007). Thus, posttranslational modifi-
cations or protein degradation might also contribute to the dynamic changes in
GATAL protein levels during erythroid differentiation and maturation.

The partially overlapping expression pattern of GATA1 and GATA2 in some
hematopoietic cells implies a functional redundancy between these two closely
related proteins, and the very severe hematopoietic deficiencies observed in
Gatall/Gata2 compound knockout mice support this notion. Gatal*~:Gata2*~
compound mutant embryos die at midgestation from hematopoietic deficiency,
and yet single heterozygotes for either gene live to adulthood and are fertile
(Fujiwara et al. 2004). However, several reports have also identified distinct, pre-
sumably nonoverlapping functions for these two GATA family members. This is
highlighted by the fact that in vitro differentiated GATA1-deficient ES cells (GIE
cells) induce compensatory 50-fold GATA?2 expression, yet fail to circumvent the
differentiation arrest and apoptotic cell death of GATA1-deficient cells (Weiss and
Orkin 2005). Whereas transgenic GATA2 and GATA3 expression rescue the embryonic
lethality of the Gatal.05 knockdown mutant, these transgenic complementation
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mutants reproducibly exhibited hematopoietic disorders after reaching maturity
(Takahashi et al. 2000). The latter observations revealed inherent biochemical
differences between GATA1 and GATA?2 and suggested that the balance of expres-
sion between these GATA factors could be quite important in the maintenance
of hematopoiesis.

Transcriptional Regulation of the Gatal Gene

The GATA1 Hematopoietic Regulatory Domain (GIHRD)

Mouse and rat harbor a Gatal gene that contains two noncoding first exons, termed
IT and IE, and five coding exons (Fig. 1; Ito et al. 1993; Tsai et al. 1991). The distal,
IT promoter and first exon primarily direct Gatal expression in testicular sertoli
cells, while the proximal IE promoter and first exon mediates expression of Garal
in hematopoietic cells (Ito et al. 1993). Both testicular- and erythroid-specific pro-
moters contain GATA binding sites that are required for the proper function of these
tissue-specific promoters, suggesting a possible autoregulatory loop in both cell
types (Ito et al. 1993; Onodera et al. 1997; Vyas et al. 1999; Tsai et al. 1991).
Recently, two additional minor alternative first exons were identified in the first
intron: IE, is located 3.7 kbp downstream of the authentic IE exon, and IE, is found
42 bp 3" to exon 1E, (Dyer et al. 2007). Specific function of these minor transcrip-
tional start sites is under investigation.

The 8 kbp region spanning from 3.9 kbp upstream of exon IE to the second exon
contains sufficient regulatory information to confer tissue-specific expression of
green fluorescent protein (GFP) or 3-galactosidase reporter gene in both yolk sac—
derived primitive and fetal liver—derived definitive hematopoietic cells in transgenic
mouse assays (Onodera et al. 1997; Box 1). We originally designated this region as
GIHRD (Motohashi et al. 2000; Fig. 1). A GATA1 cDNA expressed under the
direction of G/HRD in transgenic mice restored hematopoiesis to GATA 1-deficient
mice, rescuing them from embryonic lethality. This observation demonstrates that
GI1HRD harbors sufficient regulatory information to support physiologically essen-
tial hematopoiesis in the mouse (Takahashi et al. 2000).

Sequences and Mechanisms that Regulate Gatal Transcription

Much research has been conducted on Gatal transcriptional regulation, focusing on
several cis-regulatory elements located near the 5’-flanking region of the gene.
DNase I hypersensitive (HS) site mapping of erythroid cell lines revealed the three
major HS sites in the Gatal locus. HS1 is located 3.7 kbp 5 to exon IE, HS2 is
located in the IE promoter region and HS3 is located within the first intron (Fig. 1;
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McDevitt et al. 1997; Valverde-Garduno et al. 2004). Earlier studies employing
transfection assays into erythroid cell lines (e.g., K562 or mouse erythroleukemia
[MEL] cells) revealed that these elements bore regulatory activity (Nicolis et al.
1991). Studies from our group and others revealed the physiological functions of
those Gatal regulatory regions in vivo utilizing a GIHRD-based B-galactosidase
reporter transgenic system (Nishimura et al. 2000; Onodera et al. 1997; Vyas et al.
1999). In the following sections, we consider recent results that enlighten the
precise role of each of the Garal transcriptional regulatory modules.

Gatal Hematopoietic Enhancer

GIHE is located in the 5" end of the GIHRD (Fig. 1). In transgenic mouse assays,
deletion of 1.3 kbp (thus including GIHE) from the 5" end of GIHRD significantly
suppressed reporter gene expression both in the yolk sac and fetal liver hematopoietic
cells (Nishimura et al. 2000; Onodera et al. 1997). We concluded that this 1.3 kbp
region was responsible for G/ HE activity. GI HE coincides with an erythroid-specific
DNase I HS site (HS1), and histone H3/H4 hyperacetylation has been found in the
GIHE region of MEL cells (McDevitt et al. 1997; Valverde-Garduno et al. 2004).

Further dissection of GIHE revealed that a 235 bp region at the most 5" end of
GIHE is highly conserved among species. This core element plays an essential role
in enhancer activity and was thus aptly named as the G/HE core region (Nishimura
et al. 2000; Ohneda et al. 2002). The GIHE core region contains a highly conserved
GATA binding site that is separated by 10 bp from an adjacent E-box. This sequence
arrangement binds a hematopoietic-specific transcription factor complex that
includes GATA1, SCL/tal-1, E2A, Lmo2, and Ldb-1 (Wadman et al. 1997).
Substitution mutations within the GATA site completely abolished complex forma-
tion, whereas mutation of the E-box motif barely affected complex formation, sug-
gesting an essential requirement of the GATA site in generating a stable
E-box-GATA complex (Nishimura et al. 2000; Vyas et al. 1999).

More precise analysis of the GIHE core region demonstrate that the 5-most 149
bp, including the conserved GATA site, is indispensable for erythroid-specific reporter
gene expression, whereas the 3’-most 86 bp of the GIHE core is required for mega-
karyocyte-specific expression (Nishimura et al. 2000). Extensive transgenic analysis
revealed a critical 25 bp element within this 86 bp 3" core region that is required for
megakaryocytic expression (Guyot et al. 2006). Guyot et al. proposed that the Kruppel-
related zinc finger transcription factor ZBP89 was responsible for the binding and
transcriptional activity derived from this megakaryocyte-specific regulatory element.
Furthermore, three ZBP89-immunoprecipitated binding sites in a megakaryocyte cell
line correspond to the same three major DNase I HS sites that contain GATA binding
sites in the Gatal locus (-3.1 kbp, IE promoter and +3.5 kbp; Guyot et al. 2000).
Consistently, Woo et al. revealed that ZBP89 forms a transcriptional complex with
GATA1 in megakaryocytic cell lines, further supporting that a GATA1-ZBP89 com-
plex regulates megakaryocytic GATA1 expression through the identical GATA sites
that control Gatal erythroid-specific expression (Woo et al. 2008).
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CACCC Box

CACCC box was initially recognized as a DNase I HS site HS2 located within the IE
promoter (Fig. 1). This site contributes significantly to Gatal transcription activity in
transfection assays (Tsai et al. 1991) and is occupied by acetylated histones in the endog-
enous Gatal locus in erythroid cell lines. Transgenic reporter experiments demonstrated
that the CACCC box was essential for the initiation of Gatal transcription, as mutation
or deletion of this element completely disrupted GIHRD-based transgene promoter
activity (Ohneda et al. 2002). One of the most plausible trans-activating factors that binds
to this element is erythroid Kriippel-like factor (EKLF or KLF1), although no direct
evidence for this assertion has been reported. Recently it was proposed that SP1/SP3
binds to this Gatal CACCC site, allowing its transcriptional activation in K562 cells
(Hou et al. 2008). Further investigation will be required to clarify the physiological sig-
nificance of SP1/SP3 versus KLF binding in Gatal transcriptional activation.

Double GATA Site

A palindromic GATA binding site (dlbGATA), which has eight-fold higher binding
affinity than a single GATA site, is located 700 bp 5’ to the IE transcriptional start site
(Trainor et al. 1996; 2000). This regulatory element was originally discovered in MEL
cells and K562 cells (Nicolis et al. 1991; Tsai et al. 1991). This dbGATA site is essen-
tial for GATA1 expression in fetal liver hematopoietic cells (Ohneda et al. 2002). Germ
line mutation of the dbGATA site in mice leads to selective loss of the eosinophil lin-
eage, and this mutant mouse (AdbGATA) exhibits resistance to the pathological
changes that occur during chronic bronchial asthma (Humbles et al. 2004; Yu et al.
2002a). Because AdbGATA mutant mice exhibit only mild suppression of erythrocyte
differentiation, the significance of the dbGATA site in Gatal gene expression in eryth-
roid progenitor cells has largely been unidentified (Yu et al. 2002a).

CP2, a ubiquitously expressed transcription factor belonging to the Drosophila
grainyhead-like gene family, is known to coordinate globin-gene expression. CP2
binding sites are usually located adjacent to GATA binding sites in the promoter
and enhancer of erythroid genes (e.g., GATA1, EKLF, and p45 NF-E2). Indeed, a
CP2-binding site lies adjacent to the dbGATA site in the Gatal regulatory region
and presumably forms a transcriptional complex with GATA1 in K562 human
erythroid cells (Bose et al. 2006). Direct interactions between CP2 and GATA1
might therefore be responsible for the erythroid-specific function(s) of the ubiqui-
tously expressed CP2 factor. Elucidation of CP2 function in Gatal expression
in vivo is currently under investigation.

Intron SP Element

The third major DNase I HS site is known to be located within the first intron in
erythroid cell lines (Nicolis et al. 1991). We initially identified that sequences
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within the first intron are required for definitive hematopoietic cell-specific GIHRD
transgene expression, whereas this region was dispensable for yolk sac primitive
erythroid cell-specific expression (Onodera et al. 1997). In the transgenic reporter
analysis, we further identified that Gatal expression in definitive erythroid cells
and megakaryocytes requires a 320 bp sequence (intron SP element, where S and P
stand for the Sacl and Pstl sites in the Gatal first intron, respectively) containing
GATA and AP1 repeats (Ohneda et al. 2002). A highly conserved [GATA], motif,
as well as two new transcription start sites (IE; and IE ), were also recently identi-
fied in this region (Dyer et al. 2007; Seshasayee et al. 2000; Ohneda et al. 2002).
A broader understanding of the physiological function of this intron SP element in
a genomic context is a current ongoing goal.

Differences Between Human GATA1 Gene and Mouse Gatal
Gene Transcription

Recently it was suggested that species-specific sequences flanking the Gatal gene
are responsible for the differences in murine and human GATA1 expression.
Comparison of DNA sequences by DNase I HS site-mapping, along with analysis
of the acetylation status of histones H3 and H4 over a 120 kbp flanking region of
the human GATAI and mouse Gatal genes revealed that the chromatin structures
of the two orthologous loci are significantly different. There are two novel erythroid
cell-specific GATA binding sites, one in each species (at =25 kbp in the mouse
genome and +15 kbp in the human genome), which are not conserved either in
position or in surrounding sequences. These findings indicate that some cis-acting
elements regulate the human and mouse Garal genes differently. The human-spe-
cific regulatory mechanisms might be an interesting avenue for further investiga-
tion, assuming that these sequences have the potential to cause or affect
hematopoietic disorders (Valverde-Garduno et al. 2004).

Use of GIHRD and Gatal BACs for Characterization
of Erythroid Progenitors

One of the first applications we performed exploiting the Gatal gene regulatory
domains was to establish a new cell sorting strategy for early erythroid progenitors
(EEP) based on the expression of GIHRD. Although the separation of erythroblasts
at different erythroid differentiation stages has usually been conducted using
Ter119 and CD71 (transferrin receptor) antibodies (Socolovsky et al. 2001), no
practical method was developed to decipher more immature erythroid progenitors.
The most immature erythroid-committed progenitor is designated as a burst forming
unit-erythroid (BFU-E; Gregory and Eaves 1977; 1978). The BFU-E gives rise to
more differentiated erythroid progenitor cells with less proliferative potential, the
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colony-forming units-erythroid (CFU-E). Subsequently, CFU-E cells differentiate
into erythroblasts, which later on extrude their nuclei (as reticulocytes) and then
become terminally mature circulating erythrocytes. Thus, the two most immature
erythroid progenitors (BFU-E and CFU-E) could only be identified retrospectively
by colony-forming assays (Stephenson et al. 1971).

In order to isolate these two erythroid progenitor fractions prospectively, cells
were sorted using a protocol that utilizes mouse bone marrow from transgenic lines
expressing the GFP reporter transgene under the control of G/HRD. Two putative
erythroid progenitor fractions were identified as GFP* cells from the bone marrow
preparations of GIHRD-GFP transgenic mice (Suzuki et al. 2003). The c-Kit and
CD71 double-positive fraction, designated as late erythroid progenitors (LEP),
contains primarily CFU-E, whereas the c-Kit"/CD71-low or negative fraction
(called EEP) contains primarily BFU-E (Fig. 2; Suzuki et al. 2003).

Although the GIHRD transgenic mouse system provides significant new insights
into the Gatal gene regulation, there are several limitations to this approach. For
example, as often happens in other transgenic mouse experiments, the G/ HRD activity
is subject to position-effect variegation (Onodera et al. 1997; Suzuki et al. 2003).
A more serious problem is that GIHRD appears insufficient to recapitulate fully the
Gatal gene expression profile, especially in c-Kit* EEPs (Suzuki et al. 2003).

To circumvent this shortcoming, we began to explore the potential of Garal bac-
teria artificial chromosome (BAC) transgenic mice. We found that one BAC (RP23-
443E19) harbors an approximately 196 kbp genomic fragment including the Gatal
gene (Fig. 3), providing significantly more potential regulatory capacity than the
plasmid-based transgene, as GIHRD is approximately 8 kbp in length. Thus, the
Gatal BAC clone may contain a more comprehensive set of Gatal gene regulatory

Gatal BAC RP23-443E19 (196 kbp)
<€ >

Glod 5 Gatal Hdac6 Eras DXIm x46e

1 kbp

Fig. 3 Genes in the vicinity of Gatal in bacteria artificial chromosome (BAC) clone RP23-443E19.
This BAC covers a 196 kbp genomic region including and surrounding Gatal gene. A green fluo-
rescent protein (GFP) expression cassette was inserted at the translation start site in the second exon
(bottom line) using bacterially based homologous recombination (Suzuki et al., 2009)
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elements that is able to more accurately mediate proper spatiotemporal gene
expression. Our most recent studies indicate that these transgenic BAC mouse lines
expressing GFP under the regulatory influence of the 196 kbp of mouse Gatal gene
plus flanking sequences recapitulate endogenous Gatal gene expression more faith-
fully than the G/IHRD transgenic plasmid (Suzuki et al., 2009).

Transcription Factors Interacting with GATA1 in Higher
Transcriptional Complexes

FOGI (Friend of GATAI)

Friend of GATA1 (FOG1) is a 998 amino acid protein that was identified by yeast
two-hybrid assays as a GATAI interacting molecule (Tsang et al. 1998). FOG1
contains nine predicted zinc finger domains, which were specifically reported to
interact with the N-fingers of GATAI, but primarily through interactions with the
sixth zinc finger (Fig. 4A; Fox et al. 1998). Other fingers, such as the first, fifth, and
ninth fingers, also interact with GATA1 (Fox et al. 1999). FOGI is abundantly
expressed in erythroid and megakaryocytic lineages. Fog!~~ mice die in utero dur-
ing midgestation (E10.5-E11.5) due to defective primitive and definitive erythro-
poiesis. The anemia that develops is quite similar to that observed in Gatal-deficient
embryos, suggesting that FOG1 cooperatively aids GATA 1 in mediating hematopoi-
esis (Tsang et al. 1998).

Analysis of GATA1 point mutations identified which amino acids in N-finger
(Fig. 4B) lead to defective physical interactions with FOG1 and proved that these
interactions are required for GATA1 function during erythroid differentiation
(Crispino et al. 1999). Such mutations have been identified in patients with X-linked
anemia and thrombocytopenia (Table 1; Nichols et al. 2000; Freson et al. 2001,
2002; Mehaffey et al. 2001; Yu et al. 2002b; Phillips et al. 2007). One example is
the germ line V205M mutation (Nichols et al. 2000). Amino acid 205 is located
within the N-finger of GATA 1, and mutation of this residue in mice results in embry-
onic lethality around E11.5 due to fetal anemia (Chang et al. 2002). Complementation
of the Gatal.05 knockdown mutant with a GATA1 V205G transgene also failed to
fully prevent this anemia, suggesting that amino acid 205 is essential for the interac-
tion between GATA1 and FOGI in erythropoiesis (Shimizu et al. 2004).

PU.1

PU.1 is a member of the Ets family transcription factors and is essential for the
development of granulocytic, monocytic, and lymphoid cells (Scott et al. 1994;
McKercher et al. 1996; Hromas et al. 1993). PU.1 induces the expression of the
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Fig. 4 Positions of GATA1 mutations. (A) Schematic representation of wild-type GATA1. The
amino-terminal (putative transcriptional activation) domain, as well as the amino (N) and carboxyl
(C) zinc finger domains, is indicated. Friend of GATA1 (FOG1) interacts with the N-finger, whereas
PU.1 and Spl associate with the C-finger. The sumoylation site (K137) is indicated (fop). An
N-terminal truncated isoform of GATA1 is generated in transient myeloproliferative disorder (TMD)
and acute megakaryocytic leukemia (AMKL) associated with Down syndrome (DS) (GATAls;
below). (B) Amino acid sequences of the N-finger of human GATAI. Substitution mutations at
V205, G208, R216, and D218 have been identified in human hematopoietic disorders (see Table 1)

granulocyte macrophage colony-stimulating factor (GM-CSF), granulocyte
colony-stimulating factor (G-CSF), and macrophage colony-stimulating factor
(M-CSF) receptors, and controls the responsiveness of myeloid progenitors to those
myeloid-specific cytokines. Transgenic expression of PU.1 in the murine erythroid
lineage results in erythroleukemia at higher rates than wild-type controls, presum-
ably because ectopic expression of PU.1 in erythroid cells suppresses erythroid
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Table 1 GATA1 substitution mutations involved in human hematopoietic disorder

Symptom Reduced affinty to

Mutatiaon ~ Thrombocytopenia Dyserythropoiesis FOG1 DNA

V205M Severe Severe Severe None

G208S Severe None Mild None

R216Q Mild Thalassemia None Severe*
(Gray platelet syndrome)

R216W Severe Thalassemia N/A N/A
HbF Porphyria

D218G Severe Mild Mild None

D218Y Severe Severe Severe None

N/A, not assessed. HbF, fetal hemoglobin. “Reduced binding affinity for palindromic GATA sites,
but normal association with single GATA site

maturation (Moreau-Gachelin et al. 1996). Meanwhile, forced expression of
GATAL1 in myelomonocytic cells transforms them into erythroid, megakaryocytic,
and eosinophilic cells (Kulessa et al. 1995; Visvader et al. 1992). These observa-
tions, together with the observed mutually exclusive expression patterns of PU.1
and GATAL, originally suggested an antagonistic effect between these two tran-
scription factors, possibly through direct physical interactions (Fig. 4A; Nerlov
et al. 2000; Rekhtman et al. 1999; Zhang et al. 1999, 2000). It was found that the
PU.1 and GATALI interaction is mediated via the DNA binding domain of both
proteins (Rekhtman et al. 1999; Zhang et al. 2000), but those two transcription factors
antagonize each other through quite distinctive mechanisms: GATA1 inhibits PU.1
by competing for its interaction with co-activator c-Jun (Zhang et al. 1999), while
PU.1 suppresses the DNA binding of GATA1 by masking the C-finger DNA binding
domain (Fig. 4A; Zhang et al. 2000).

NLI/Ldbl, LMO2, SCL/TALI-E2A Complex

GATAL1 is essential for the formation of a DNA binding complex composed of
NLI/Ldbl, LMO2 and a SCL/TAL1-E2A heterodimer in murine erythroid cell
extracts (Wadman et al. 1997). This complex binds both a GATA site and an
adjacent E-box (usually separated by nine nucleotides), creating a bridge between
the two. GATA1 and SCL, in the presence of Lmo2, synergistically activate tran-
scription of GATA-E-box reporter genes (Osada et al. 1997). The GATA-SCL
complex functions as a positive regulator of several erythroid genes, including
EKLF, B-globin, and glycophorin A, all by mediating complex formation at the
GATA-E-box in their promoters (Anderson et al. 1998; Cohen-Kaminsky et al.
1998; Lahlil et al. 2004; Lécuyer et al. 2002; Wadman et al. 1997; Xu et al. 2003).
It has been reported that approximately 10% of the SCL-immunoprecipitated
DNA fragments from erythroleukemia cell lines contain adjacent GATA binding
sites (Cohen-Kaminsky et al. 1998). The E-box-GATA complex is also observed
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within the GIHE core region of the 5’ Gatal gene enhancer, and this composite
element is essential for positive autoregulation of Gatal transcription (Nishimura
et al. 2000; Valverde-Garduno et al. 2004). This GATA1-SCL complex also binds
within the B-globin locus control region (LCR) and functions as a potential
mediator of long-range interactions between the 3-globin promoter and the LCR
(Song et al. 2007).

Domain Function Analyzes of GATA1

Three domains within the GATA1 protein have been shown to be responsible for
discrete functions (Fig. 4A): an N-terminal activation domain and two highly con-
served zinc finger domains (“N-finger” and “C-finger”). The C-finger is essential
for the recognition of the GATA box and binding to DNA (Yang and Evans 1992;
Martin and Orkin 1990). The function of the N-finger is to stabilize GATA1 DNA
binding to palindromic GATA sites (Newton et al. 2001; Pedone et al. 1997; Trainor
et al. 1996, 2000). Another important property of the N-finger is to promote com-
plex formation with FOG1 (Fox et al. 1998). It has been demonstrated that GATA 1
self-association occurs via the C-finger, as well as its interactions with Spl and
EKLF (Crossley et al. 1995; Gregory et al. 1996; Merika and Orkin 1995). GATA1
homodimerization is essential for positive autoregulation and maintenance of
GATA1 abundance in zebrafish and in mice (Kobayashi et al. 2001; Nishikawa
et al. 2003; Shimizu et al. 2007).

In vitro erythroid differentiation studies using G1E cells (derived from immor-
talized GATA1 deficient ES cells) demonstrated that, while both N-finger and
C-finger domains are essential for erythropoiesis, the N-terminal transactivation
domain is dispensable for erythroid and megakaryocytic differentiation (Weiss
et al. 1997). By contrast, our in vivo transgenic complementation rescue analysis
revealed that the N-terminal domain possesses distinct functions that are required
for hematopoiesis (Shimizu et al. 2001). In the complementation analysis, X%-%/X
female mice were crossed with transgenic male mice expressing various GATA1
domain deletion mutants driven by G/HRD and the specific role of each functional
domain was determined by the hematopoietic-deficient phenotype (Fig. 5).
Consistent with the in vitro G1E analysis, the C-finger deletion of GATA1 (ACF)
failed to support either primitive or definitive embryonic erythropoiesis. Interestingly,
whereas the N-finger deletion mutant (ANF) was able to support primitive erythro-
poiesis, it did not support definitive erythropoiesis.

We found that mice expressing GATA1 without N-terminal transactivation
domain (ANT) at wild-type abundance failed to reconstitute definitive erythropoi-
esis, whereas mice expressing more abundant ANT transgene maintained both
primitive and definitive erythropoiesis. Based on these observations, we conclude
that all three GATA1 domains are essential for definitive erythropoiesis, while
the GATA1 N-terminal transactivation domain and the N-finger are both dispens-
able for primitive erythropoiesis (Shimizu et al. 2001). These results imply that
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GIHRD -mutant GATAI transgenic mouse Gata [G1.05X

Gata1G105Y:GIHR D-mutant GATA1

Fig. 5 Schematic depiction of the transgenic complementation rescue analysis. The breeding of
XC05/X mutant mice with transgenic mice expressing various mutant GATA1 alleles or mutated
cDNAs results in transgenic-rescued X% /Y progeny. Hematopoietic deficiencies detected in the
mutant GATAl-rescued X%/Y progeny directly reveal the physiological function of each
domain or amino acid residue of GATA1

primitive and definitive erythropoiesis require distinctly different modes of domain
utilization to mediate GATA1 function, and further that the transgenic complemen-
tation approach provides a powerful tool to address the functional contributions
of specific GATA1 domains to hematopoiesis.

To analyze the function of each amino acid residue within the GATA1 N-finger
domain, the transgenic complementation approach was also utilized. As described
above, the first GATA1 structural mutation linked to human disease was identified
in a patient with hereditary thrombocytopenia (Nichols et al. 2000). The patient car-
ries a substitution of valine 205 in the NF domain to methionine and presents clini-
cally with severe dyserythropoietic anemia and thrombocytopenia (Table 1). This is
likely because the V205M mutation abrogates the GATA1-FOGI interaction. Since
that first report, several other mutations in the GATA1 N-finger domain have been
identified in human hereditary diseases (Table 1 and Fig. 4B). During this time, a
mouse model harboring the V205G GATA 1 mutation was generated, and these mice
succumb to dyserythropoietic death around midgestational age, making it difficult to
obtain adult mutant animals in which the contributions of the V205G GATA1 muta-
tion to adult hematopoiesis can be analyzed (Chang et al. 2002).

Consistent with this report, we found that Gatal.05 mice complemented with a
transgenic V205G GATA1 mutant failed to be rescued from embryonic lethality. By
contrast, however, more abundant expression of the same GATA1 V205G mutant
directed by the GIHRD rescued GATA1 knockdown (X¢*%/Y) male mice from the
embryonic lethality (Shimizu et al. 2004). The rescued mutant mice were fertile and
thrombocytopenia was the only noted phenotypic abnormality under unstressed
conditions. Thus, the GATA1-FOG1 association is required critically for megakary-
opoiesis. One interesting feature of the rescued mice is that upon challenge of
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anemic stresses, recovery from the anemia is substantially delayed in the mice,
suggesting that erythropoiesis is also recovered partially even by the abundant
expression of the GATA1 V205G mutant (Shimizu et al. 2004).

Posttranslational Modification of GATA1

In the erythroid differentiation process, the physiological function of GATAL1 is
regulated by a variety of posttranslational modifications. For example, GATA1 is
acetylated at four major sites (K245, K246, K252, and K312) and seven more
minor sites (K233, K287, K299, K308, K314, K315, and K316). These modifica-
tions are thought to augment GATA1 DNA binding and to enhance transcription
from a GATA I-dependent promoter (Boyes et al. 1998; Hung et al. 1999). Mutation
of the main acetylation sites eliminates the ability of GATALI to induce erythroid
differentiation in GIE cells, suggesting that GATA1 acetylation is an essential
requirement for proper hematopoiesis (Lamonica et al. 2006).

Similarly, GATA1 is phosphorylated constitutively at six serine residues within
the amino terminus (S26, S49, S72, S142, S178, and S187). Phosphorylation of a
seventh residue (S310) near the carboxyl boundary of the DNA binding domain
occurs following induction of erythroid differentiation (Crossley and Orkin 1994)
or in response to erythropoietin signaling via the PI3-kinase/AKT signaling path-
way, thus enhancing GATA1 transcriptional activity (Zhao et al. 2006). Phosphatase
inhibition increases GATA1 binding to target sequences in the human erythroid cell
line K562 (Partington and Patient 1999).

Although GATAL1 is mainly known as a transcriptional activator, a number of
downstream genes have been identified as negatively regulated target genes of
GATA1 during hematopoiesis. GATA1 induced cell cycle arrest of differentiating
erythrocytes by suppressing two genes, c-Kit and c-Myc, through direct binding to
regulatory regions on both genes (Munugalavadla et al. 2005; Rylski et al. 2003).
Nearing the completion of terminal differentiation of the erythroblasts, GataZ2 tran-
scription is suppressed directly by GATAI that binds to the GATA sites at —2.8 and
—1.8 kbp relative to the Gara2 1S hematopoietic promoter (Grass et al. 2003;
Martowicz et al. 2005; Ohneda and Yamamoto 2002). The molecular mechanism by
which GATA1 mediates transcriptional suppression remains largely unexplored.

Recently it was reported that K137 residue near the transactivation domain of
mouse GATA1 was sumoylated (Fig. 4A; Collavin et al. 2004). SUMO (small
ubiquitin-like modifier) covalently links to substrates by forming an isopeptide
bond with lysine residues through a multistep process analogous to ubiquitination.
Sumoylation is carried out via the consecutive actions of three enzymes: an activat-
ing enzyme (E1; Aos1/Uba2), a conjugating enzyme (E2; Ubc9), and an E3 ligase
(i.e., PIAS family proteins; Sachdev et al. 2001). SUMO conjugation requires the
consensus sequence WKxE (W; large hydrophobic residue; x, any amino acid)
around the target lysine, and K137 of mouse GATA1 fits this profile (Johnson
2004). SUMO modification of transcription factors is often associated with
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transcriptional repression. A series of experiments has been performed to clarify
the physiological significance of SUMO modification of GATA1 using either eryth-
roid or nonerythroid cell lines. However, those analyzes encountered difficulties in
revealing the functional differences between sumoylated- and nonsumoylated-
GATAL (Collavin et al. 2004). Our recent analysis using the transgenic complemen-
tation strategy suggests that sumoylation of GATAI actually contributes to the
suppression of a subset of negatively regulated target genes (Ohmori et al., unpub-
lished observation).

GATA1-Related Leukemias

There is an alternative translational initiation site located at GATA1 M84 (Calligaris
et al. 1995). This alternative start codon produces a truncated 40 kDa protein,
GATA1ls or ANT-GATA1, which lacks the first 83 amino acids of GATAI1 or the
N-terminal transactivation domain (Fig. 4A). ANT-GATAI can be detected in MEL
and K562 cells as well as in mouse tissues, but expression levels are far lower than
full-length GATA1. The ANT-GATA1 protein shows normal DNA binding activity
but reduced transactivation potential, consistent with the transactivation activity
ascribed to the NT domain (Martin and Orkin 1990). Unless expressed at high
levels, GATA 1 mutants lacking the NT domain fail to rescue the GATA1.05 knock-
down phenotype (Shimizu et al. 2001), suggesting that ANT-GATA1 cannot com-
pensate in driving terminal erythroid or megakaryocytic differentiation when it is
expressed at only wild-type abundance.

Although GATA1 mutations have been found to cause anemia, thrombocytopenia,
thalassemia, and porphyria, direct evidence for a relationship between leukemogen-
esis and GATA1 were unknown until the recent discovery of human GATA I-related
acute megakaryocytic leukemia. It was originally reported that acquired GATA1
mutations are associated with acute megakaryoblastic leukemia (AMKL) in chil-
dren with Down syndrome (DS; Wechsler et al. 2002). Since then, frequent GATA 1
mutations have been reported in patients with AMKL and transient myeloprolifera-
tive disorder (TMD), a preleukemic condition for DS-associated AMKL (Ahmed
et al. 2004; Groet et al. 2003; Hitzler et al. 2003; Mundschau et al. 2003). These
mutations occur in the second exon of GATA1 and are either small insertions or
deletions that (1) introduced premature stop codon, (2) disrupted splicing, or (3)
altered the start codon of GATA1 (Hirose et al. 2003; Rainis et al. 2003; Wechsler
et al. 2002; Xu et al. 2003). These mutations all obviate full-length GATA1 transla-
tion and result in shortened GATA1 isoforms (GATA1s or ANT-GATA1), the trans-
lation of which all appear to initiate at M84 (Fig. 4A).

DS children, all of whom bear an extra copy of chromosome 21, develop TMD,
AMKL, AML, and acute lymphoblastic leukemia much more frequently (10- to
20-fold) than unpredisposed children. AMKL (FAB M7) is a rare disease for non-DS
patients, but prevalent in DS children. Most AMKL patients frequently present with
a history of TMD (Zipursky et al. 1992). TMD cases associated with pancytopenia,
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hepatosplenomegaly, and circulating immature white blood cells are observed in DS
patients with a high incidence of approximately 10%. In most of the cases, the TMD
undergoes spontaneous regression within 2-3 months after birth, but approximately
20% of DS-TMD children develop AMKL in later life. The finding that identical
GATA1 mutations in DS-AMKL blasts are observed antecedent to TMD implies a
causal relationship of these disorders (Shimizu et al. 2008).

Roles GATA?2 Plays in Hematopoietic Stem Cells

HSCs possess the defining properties of self-renewal and pluripotency and are
located at the top of the extensive blood cell differentiation hierarchy. GATA2 is
most abundantly expressed in HSCs as well as in immature progenitors in
hematopoietic lineages (Akashi et al. 2000; Tsai and Orkin 1997). We previously
demonstrated that mouse Gata2 has two alternative first exons (Minegishi et al.
1998). The distal IS (hematopoietic tissue-specific) exon directs GATA2 transcrip-
tion exclusively in hematopoietic and neural cells, whereas the IG (general) exon is
active in almost all tissues where endogenous GATA?2 is expressed.

The germ line loss-of-function studies demonstrated that GATA?2 is essential for
multilineage hematopoietic progenitor proliferation (Tsai et al. 1994; Tsai and
Orkin 1997). GATA2-null mutant mice die during gestation at E10-11 of severe
hematopoietic defects. Moreover, in the Gata2*~ heterozygous mutant, the size of
functional stem cell pool is reduced due to altered cell survival caused by decreased
Bcl-xL expression (Rodrigues et al. 2005).

We hypothesized that HSCs can be isolated efficiently from bone marrow cells
using Gata2-directed GFP fluorescence in combination with Scal antibody stain-
ing (Suzuki et al. 2006). To this end, the GFP gene was inserted into the Gara2 IS
exon by targeted homologous recombination (EIS-KI mice). In EIS-KI mouse bone
marrow cells, a significant fraction of the GFP*Scal* cells (25%) are dormant
CD34 LinScal*c-Kitt* HSCs. Moreover, EIS-KI enabled the visualization of the
movement of HSCs in situ in living bone marrow cells (movie in Suzuki et al.
2006). Immunohistochemical analysis of the bone marrow employing an anti-GFP
antibody further revealed that all those GFP* HSCs are directly contacting with
osteoblasts. These results suggest that the endogenous HSC niche is located close
to the endosteum and includes direct contact with osteoblasts.

GATA Switching

We demonstrated in transgenic mouse assays that Gata2 IS promoter and the
upstream region (7 kbp) can direct reporter gene expression in an early hematopoietic
progenitor compartment (Kobayashi-Osaki et al. 2005; Minegishi et al. 2003).
Furthermore, IS-mediated transcription is preferentially activated in human CD34*
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hematopoietic progenitor cells (Pan et al. 2000). Meanwhile, we also reported that
murine Gata2 contains numerous hematopoietic regulatory elements scattered over
more than 250 kbp of the locus, so that a 250 kbp yeast artificial chromosome
(YAC) transgene was capable of rescuing the hematopoietic lethal deficiency in
Gata2-null mutant embryos (Zhou et al. 1998). The latter observation suggests that
Gata?2 gene expression is determined by multiple regulatory elements spread over
a relatively large expanse of the mouse genome.

Interestingly, although most of the cis-acting regulatory motifs for the Gata2
gene reside within the aforementioned YAC, the regulatory region required for
Gata2 gene expression in the urogenital system was found to be located beyond the
YAC regions (Khandekar et al. 2004; Brandt et al. 2008), further suggesting that the
size of the Gata2 locus is massive.

Although HSCs and the progenitor population contain GATA2 abundantly, this
expression is suppressed concomitantly with an increase in GATA1 abundance dur-
ing terminal erythroid differentiation. This phenomenon is referred to as GATA
switching (Grass et al. 2003; Ohneda and Yamamoto 2002). This biphasic regula-
tory mechanism is thought to be first governed by the initial binding of GATA2 to
a GATA site in the Gata2 promoter region at early stages of erythroid differentia-
tion, facilitating a positive autoregulatory loop. Later on, during terminal differen-
tiation of erythroblasts, GATA1 displaces GATA2 and binds various GATA
switching sites at —3.9, 2.8, and —1.8 kbp relative to the Gata2 IS exon, thus sup-
pressing the expression of Gata2 (Grass et al. 2003; Martowicz et al. 2005; Ohneda
and Yamamoto 2002). Recently, “ChIP-on-chip” array data examining from —100
to +30 kbp of the Gata2 locus revealed additional GATA switching site at —77 kbp
(Grass et al. 2000).

Perspectives and Closing Remarks

We described here recent observations suggesting that each of the Garal gene
regulatory regions possesses distinct spatiotemporal regulatory functions. Gatal
BAC transgenic mice, coupled with homologous recombination-based mutation
analysis, should be an outstanding approach that leads to the identification and dis-
section of these regulatory domains, as well as to detailed understanding of their
activities. As mutations or regulatory region SNPs present in human diseases
become better interpreted, it is possible that these mutations could be responsible
for variations in the expression of human GATA1 and lead to specific hematopoi-
etic disorder(s). Meanwhile, the identification of Gatal target genes, along with
genome-wide chromatin immunoprecipitation analysis, will help to clarify the
function of GATA1 at various target loci during erythroid differentiation. By deci-
phering those two aspects of the GATA1 regulatory network, we would be able to
have a first glimpse of the complexity of regulatory control underlying erythroid
differentiation. There are still many unresolved issues in our understanding of
GATA biology and function, but fortunately the field is rapidly advancing.
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Box 1 Transcriptional Control of Hematopoiesis

In early hematopoietic development, the first wave of embryonic “primitive”
erythropoiesis arises from the blood islands in the visceral yolk sac, generat-
ing nucleated erythrocytes that express the embryonic ey and BHI-globin
genes in E6.5-7 mouse embryos. Subsequently, the site of hematopoiesis
moves into the aorta-gonad-mesonephros (AGM) region of the embryo, and
then eventually the fetal liver becomes the main embryonic hematopoietic
tissue, generating “definitive” enucleated erythrocytes that express adult
B-globin. Finally, in the later stages of embryogenesis, hematopoiesis finally
switches to the bone marrow (and spleen in mice), which continuously gener-
ates blood throughout life.

Unraveling of the molecular regulatory strategies taken by GATA1 and the effects
caused by its mutation give hope to the potential future pharmacologic or genetic
intervention in preventing hematopoietic disorders caused by GATA deficiencies.
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Role of the IL-7 Receptor in y0 T-Cell
Development from Hematopoietic Stem Cells

Koichi Ikuta and Shizue Tani-ichi

Abstract Interleukin 7 (IL-7) is an essential cytokine for early lymphocyte
development. The IL-7 receptor (IL-7R) transmits at least two signals in lympho-
cyte progenitors. One is for survival and proliferation of early and mature lympho-
cytes. The other is to promote V(D)J recombination of the immunoglobulin heavy
(IgH) and T-cell receptor y (TCRy) loci. y0 T cells with a specific variable (V)
y-chain appear in successive waves in the thymus, which is controlled at the levels
of hematopoietic stem cells and V(D)J recombination. The IL-7R and signal trans-
ducer and activator of transcription 5 (STATS5) control the accessibility of the TCRy
locus by interacting with STAT consensus motifs in the Jy germline promoters and
the Ey and HsA elements. STATS binding to the Jy germline promoters induces
germline transcription, histone acetylation, and chromatin remodeling that make
the chromatin accessible for DNA recombinase. In addition, STATS is recruited to
the consensus motifs in the Ey elements by cytokine stimulation and augments Ey
activity in collaboration with Runx and c-Myb. Furthermore, STATS5 directly binds
to and controls the HsA element, but STATS indirectly activates the Vy5 promoter.
STATS and the TCRy locus is an excellent model system to understand the control
mechanisms of V(D)J recombination in lymphocyte antigen receptor genes.

IL-7 and the IL-7R

Interleukin 7 (IL-7) is a cytokine for the growth and survival of early lymphocytes
and mature T cells. It was identified as a growth factor that stimulates proliferation
of pre-B cells in Whitlock-Witte bone marrow culture (Namen et al. 1988). Later,
IL-7 was shown to support the growth and survival of early T cells (Suda and
Zlotnik 1991). IL-7 is produced by thymic and bone marrow stromal cells, and skin,
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thymic, and intestinal epithelial cells. IL-7 production is augmented by cell adhesion
of B-cell precursors to stromal cells (Sudo et al. 1989). A cytokine with similar
biological activities to IL-7, thymic stromal lymphopoietin (TSLP), was identified
from a thymic stromal cell line (Ray et al. 1996).

The interleukin 7 receptor (IL-7R) consists of two polypeptides, a unique
a-chain (IL-7Ra), and a common ¥ (yc)-chain (Fig. 1) (Noguchi et al. 1993; Kondo
et al. 1994). The IL-7R shares the yc with the receptors for IL-2, IL-4, IL-9, IL-15,
and IL-21. The IL-7Ra chain is a type I transmembrane protein consisting of 459
amino acids including a signal peptide (Goodwin et al. 1990). The extracellular
domain of the IL-7Ra contains four conserved cysteine residues and a WSXWS
motif and belongs to the cytokine receptor superfamily. The cytoplasmic domain of
IL-7Ro contains three tyrosine residues conserved between mouse and human
(Y401, Y449, and Y456). The membrane-proximal region of the cytoplasmic
domain contains a box 1 motif conserved among cytokine receptors. JAKI is
expected to interact with IL-7Ra through this region (Leonard and O’Shea 1998).
In contrast, JAK3 interacts with the yc-chain. The receptor for TSLP consists of the

IL-7Ro. pel e
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Fig. 1 Signal transduction of the interleukin 7 receptor (IL-7R) (see text for details)
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IL-7Ra chain and a unique TSLP-R chain (Fujio et al. 2000; Pandey et al. 2000).
The TSLP-R chain has homology with the yc-chain.

IL-7 binding to the IL-7R triggers the phosphorylation and activation of receptor-
associated Jak1 and Jak3 tyrosine kinases (Leonard and O’Shea 1998). Following
their activation, the JAK kinases phosphorylate the Y449 residue of the IL-7Ra..
The signal transducer and activator of transcription (STAT) proteins as well as
phosphatidyl inositol 3 (PI3) kinase are recruited to the tyrosine residue and subse-
quently phosphorylated and activated by the JAK kinases. The IL-7R mainly
activates STATS5a and STATSb, and to a lesser extent, STAT1 and STAT3. The
phosphorylated STATS proteins then form homo- and heterodimers, bind to a
consensus motif (TTCNNNGAA), and activate the transcription of various target
genes, including TCRy genes. PI3 kinase phosphorylates phosphatidylinositol and
activates Akt. Akt protein in turn inactivates Bad, caspase-9, and IKKa proteins by
phosphorylation and transmits antiapoptotic signals. The JAK kinases also activate
STAM and Pyk2 proteins. This signaling pathway then activates the MAP kinase
cascade and results in cell proliferation. The IL-7R also induces Bcl-2 expression
in early T cells by an unidentified pathway (von Freeden-Jeffry et al. 1997). IL-2R[3
mobilizes a similar set of signaling molecules to the IL-7Ra. The TSLP receptor
also activates STATS (Isaksen et al. 1999).

Role of the IL-7R in Early Lymphocyte Development

IL-7 is an essential cytokine for early T- and B-cell development when V(D)J
recombination takes place. The IL-7R transmits at least two signals in T and B
progenitors (Mazzucchelli and Durum 2007). One signal is for survival and prolif-
eration. For instance, the IL-7R induces the expression of Bcl-2 in T-cell precursors
(von Freeden-Jeffry et al. 1997), and introduction of a bcl-2 transgene restores o3
T-cell development in IL-7R-deficient mice (Akashi et al. 1997; Maraskovsky et al.
1997). The IL-7R also promotes the proliferation of lymphocyte precursors through
the activation of PI3 kinase (Corcoran et al. 1996; Pallard et al. 1999). The second
signal from the IL-7R is to promote V(D)J recombination in the immunoglobulin
heavy (IgH) and T-cell receptor y (TCRy) loci. For example, IL-7R signaling
induces germline transcription and DNA rearrangement in D-distal V , segments in
pro-B cells (Corcoran et al. 1998; Bertolino et al. 2005). The V-J recombination of
TCRy genes is also severely impaired in IL-7Ra-deficient mice (Maki et al. 1996a;
Candeias et al. 1997). We will describe the roles for the IL-7R in yd T-cell develop-
ment in detail.

In fetal thymic organ culture, addition of IL-7 promotes the expansion of mature
vd T cells but prevents the generation of mature oy T cells (Watanabe et al. 1991;
Plum et al. 1993). The epithelial cells in the skin and the gut produce IL-7 (Matsue
et al. 1993; Watanabe et al. 1995), and Thy-1* dendritic epidermal T cells (DETC)
proliferate in response to IL-7 (Matsue et al. 1993). Collectively, these results
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suggested that IL-7 might be involved in the development and maintenance of Y6 T
cells in the thymus and periphery.

Injection of neutralizing antibodies to IL-7 or IL-7Ra leads to a blockade of
lymphocyte development (Grabstein et al. 1993; Sudo et al. 1993). After a brief
period of anti-IL-7 antibody treatment, most of the pro-B cells and all of the pre-B
and immature B cells are depleted from the bone marrow. After extended periods
of antibody administration, thymic cellularity is profoundly reduced. CD3-CD4~
CDS8" precursors are depleted with interruption at the CD44*CD25* stage. Addition
of an anti-IL-7Ra antibody to Whitlock-Witte culture inhibits proliferation of
B-lineage cells. Continuous injection of the anti-IL-7Ra antibody results in a
decrease of B-precursor cells and also of thymocytes. These results indicated that
IL-7 is an essential cytokine for the generation of B and T cells in the bone marrow
and thymus, respectively.

Gene inactivation studies have been carried out to elucidate the in vivo function
of IL-7 and IL-7R. IL-7-deficient mice are highly lymphopenic in the peripheral
blood and lymphoid organs (von Freeden-Jeffry et al. 1995). Bone marrow B
lymphopoiesis is partially blocked at the transition from pro-B to pre-B cells.
Thymic cellularity is reduced 20-fold, but their thymocytes retain the normal CD4/
CDS profile. IL-7Ra-deficient mice have impaired lymphocyte development at the
earliest stages (Peschon et al. 1994). B lymphopoiesis tends to be blocked at the
HSA" BP-1- stage in the pro—-B-cell fraction in IL-7Ra-deficient mice. Similarly,
thymocyte development is hampered at the CD44* CD25 stage in CD3"CD4 CDS§~
fraction. Although IL-7Ra-deficient mice have small numbers of B cells and o T
cells in periphery, they totally lack y6 T cells (Maki et al. 1996b; He and Malek
1996). v8 T cells are absent from fetal and adult thymus, spleen, liver, and the epi-
thelium of skin and intestine in IL-7Ra-deficient mice. On the other hand, natural
killer (NK) cell development is normal. IL-2R[3-deficient mice have decreased numbers
of yd intraepithelial lymphocytes (IEL) and mature Vy3* fetal thymocytes and lack
DETC in the skin (Suzuki et al. 1997; Kawai et al. 1998). These results clearly
demonstrated that the signal from the IL-7R is indispensable for y5 T-cell develop-
ment in both thymic and extrathymic pathways. Additionally, it has been shown that
IL-15 supports the expansion of yd T cells in the epithelium of skin and small intestine
and is required for NK-cell development (Lodolce et al. 1998).

The IL-7R Controls the Recombination in the TCRy Locus

vd T cells have unique features in development (Ikuta et al. 1992; Haas et al. 1993;
Xiong and Raulet 2007). yd T cells expressing specific Vy chain appear as several
successive waves in the developing thymus (Fig. 2). In fetal thymus, Vy3* T cells
develop as the first wave, followed by Vy4* T cells as the second wave. In neonatal
and adult, Vy2* T cells become the major yd T-cell population in the thymus, while
Vy5* T cells develop in the small intestine. Each wave of yd T cells shows specific
tissue distribution in the adult mouse. For example, Vy3* T cells reside as DETC in
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Fetal HSC ——
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thymus | ™
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Fig. 2 yd T-cell development during mouse ontogeny. The yd T cells expressing specific Vy
proteins develop as successive waves during mouse development. They become distributed to
specific organs in the adult

the skin, while Vy4* T cells exist in the epithelium of the lung, tongue, and vagina.
Vy2+ T cells become the major y5 T-cell population in the spleen and lymph nodes,
while Vy5* T cells are distributed in the gut as IEL. The development of yd T cells
is determined at least in part at the level of hematopoietic stem cells (HSC) (Ikuta
et al. 1990; Ikuta and Weissman 1991). Fetal HSC give rise to Vy3* and Vy4* fetal
type yd T cells in the fetal thymic organ culture, while adult HSC do not.

IL-7 was implicated to promote rearrangements of the TCRy locus. It was
reported that IL-7 supports embryonic day 14 fetal liver cells in inducing TCRy
transcripts (Appasamy 1992). IL-7 induces rearrangement of Vy2 and Vy4 but not
V73 and VY5 genes and sustains expression of RAG-1 and RAG-2 genes (Appasamy
et al. 1993). It was reported that IL-7 supports survival and growth of early thymo-
cytes and promotes rearrangement of TCRf chain in the thymus (Muegge et al.
1993). In addition, IL-7 also supports D-J but not V-DJ rearrangement of TCRf3
gene in fetal liver cells (Tsuda et al. 1996). Although these results implicate that
IL-7 might be involved in V(D)J recombination of the TCRf3 and TCRy loci, it was
difficult to discriminate whether IL-7 directly induces the recombination or
supports survival of early T cells and the transcription of rearranged TCR genes.

The IL-7R controls the recombination of the TCRy locus. To elucidate the rea-
son why IL-7Ra-deficient mice completely lack yd T cells, we analyzed the rear-
rangements of TCR genes in IL-7Ra-deficient thymocytes (Maki et al. 1996a).
Southern blot analysis with a Jyl probe revealed that more than 70% of Jyl and Jy2
alleles are recombined to form distinct Vy1.2-Jy2 and Vy2-Jyl rearranged frag-
ments in wild-type thymocytes. In contrast, no such recombination is detected in
IL-7Ra-deficient thymocytes. Because y6 T cells are less than 1% of wild-type
thymocytes, this result demonstrated that the TCRy locus is rearranged in the
majority of aff T cells and that the rearrangement of the TCRy locus is reduced in
afy T cells of IL-7Ra-deficient mice. Polymerase chain reaction (PCR) analysis
indicated that the V-J recombination of all the Vy genes is severely reduced in



148 K. Ikuta and S. Tani-ichi

IL-7Ra-deficient mice. The rearrangements in the TCRa, 3, and d loci are comparable
between control and mutant mice, suggesting that this block is specific for the
TCRy locus. The mRNA of RAG-1, RAG-2, Ku-80, and terminal deoxynucleotidyl
transferase genes are equally detected between control and mutant thymus, suggest-
ing that expression of the recombination machinery is not affected. These results
demonstrated that V-J recombination of the TCRy locus is specifically blocked in
IL-7Ra-deficient mice and suggested the presence of highly specific regulation for
TCRy gene rearrangement. This conclusion was also supported by Southern analy-
ses of IL-7Ra-deficient Bcl-2 transgenic mice with the Jyl probe (Ye et al. 1999)
and of IL-7Ra-deficient mice with a Cy probe (Kang et al. 1999). These mice have
far lower levels of TCRy gene rearrangement than normal mice.

The IL-7R induces the transcription of the TCRy genes as well as the rearrange-
ment. The notion that IL-7R-mediated signals are necessary for normal expression
of rearranged TCRy genes was supported by examining transcription of a rear-
ranged TCRy transgene in IL-7Ra-deficient mice (Kang et al. 1999). In addition,
mature oy T cells in the periphery are induced to transcribe endogenous rearranged
TCRy genes by IL-7 stimulation. Consistent with these results, defective germline
transcription was observed in the TCRy locus of IL-7R-deficient thymocytes
(Durum et al. 1998). Recently, we demonstrated that STATS is recruited to the Ey
elements by cytokine stimulation and augments Ey activity (Tani-ichi et al. 2009).
Because the Ey element was shown to enhance the transcription of minimal promot-
ers in YO T cells (Spencer et al. 1991; Kappes et al. 1991), these results implied that
IL-7R induces the transcription of the TCRy locus by activating the transcriptional
enhancers.

STATS Controls the Accessibility of Jy Gene Segments

Rearrangements of TCR and Ig genes are mediated by conserved recombinational
signal sequences and V(D)J recombinases. The recombinational accessibility
model postulates that in developing T and B cells specific molecular mechanisms
should exist that make the appropriate Ig or TCR loci accessible to the common
recombinase activity in a lineage- and stage-specific manner (Alt et al. 1987,
Hempel et al. 1998; Sleckman et al. 1998; Krangel 2003). Two kinds of cis-control
elements are involved in regulating the accessibility. One is the promoter for ger-
mline transcription that controls the local accessibility in V(D)J recombination.
Where V(D)J recombination takes place, the germline transcription is associated
with an open chromatin configuration (Villey et al. 1996; Whitehurst et al. 1999).
For example, T early a (TEA) germline transcription takes place in the 5’ region of
the Ja cluster in immature thymocytes. Targeted deletion of the TEA promoter
results in severe impairment of the rearrangement of the 5’-most Jo segments
(Villey et al. 1996). In another case, targeted deletion of the germline promoter of
the DP1 gene segment abolishes D3 germline transcription and reduces the rear-
rangement of the D1 gene segment (Whitehurst et al. 1999). These results
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suggested a critical role for germline transcription in V(D)J recombination of the
antigen receptor genes. The other is the enhancer elements that govern locus-wide
accessibility in V(D)J recombination. Targeted deletion of the respective enhancers
abolishes rearrangement of the TCRf locus and greatly reduces rearrangement of
the IgH, Igk, and TCRa loci (Bories et al. 1996; Bouvier et al. 1996; Sleckman
et al. 1997; Inlay et al. 2002; Perlot et al. 2005). These results suggested a central
role for the enhancers in V(D)J recombination of the antigen receptor genes.

The accessibility of the TCRy locus is reduced in IL-7Ro.-deficient mice. This was
analyzed by two different approaches (Schlissel et al. 2000). One is ligation-mediated
(LM)-PCR that detects signal broken ends. The signal ends of the TCRy locus are not
observed in IL-7Ra-deficient fetal thymocytes, whereas the recombination interme-
diates at the TCRp locus were easily detected. The other is in vitro recombination
signal sequence cleavage assay in which intact nuclei are incubated in vitro with
nuclear extract containing RAG-1 and RAG-2, and the high molecular weight DNA
isolated from the nuclei is subjected to LM-PCR. Chromatin accessibility for RAG-
mediated cleavage is reduced in IL-7Ro-deficient thymocytes compared with wild-
type thymocytes. These results collectively demonstrated that the IL-7R controls V-J
recombination at the TCRy locus by regulating locus accessibility.

To identify the control mechanism by the IL-7R, we analyzed the germline tran-
scription in the TCRy locus (Ye et al. 1999). It was reported that germline transcripts
of the TCRy locus are induced in IL-3—dependent hematopoietic progenitor cell
lines (Weinstein et al. 1989). We showed that the germline transcripts are induced in
IL-3—dependent Ba/F3 cells and IL-7—dependent pre—B-cell lines by cytokine stimu-
lation. Furthermore, the germline transcripts are detected in Ba/F3 cells transfected
with a constitutively active STATS expression vector and cultured without cytokine,
suggesting that STATS has potential to induce the germline transcription of the
TCRy locus. By examining the promoter region of Jy-Cy germline transcripts, we
found that STAT consensus motifs (TTCNNNGAA) are conserved at approximately
100 bp upstream of the transcription initiation sites in all Jy germline promoters.
By gel shift and reporter assays, we showed that STAT5 binds to the consensus
motifs and activates the activity of the Jy germline promoters. It was also found that
the constitutively active STATS restores the germline transcription and V-J recombina-
tion of TCRy genes and partially rescues T-cell development from IL-7Ra—deficient
T-cell precursors, especially in favor of Y8 T cells. Thus, these results revealed a
potential role for STATS in T-cell development and imply that STATS5 might control
the accessibility of the TCRy locus by inducing the germline transcription.

To identify the molecular mechanism that links STATS5-induced germline
transcription to the accessibility of the TCRy locus, we characterized the role of tran-
scriptional coactivators and histone acetylation (Ye et al. 2001). Our results demon-
strated that transcriptional coactivators augment STATS5-induced germline
transcription of the TCRy locus by their histone acetyltransferase activity. It was
also found that histones are hyperacetylated at transcriptionally active Jy segments
in normal thymocyte precursors and Ba/F3 cells and that the levels of histone
acetylation are reduced in IL-7Ro—deficient thymocytes. Finally, forced expression
of RAG-1 and RAG-2 induces cleavage at the Jy segment in Ba/F3 cells, suggesting
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that the chromatin region where germline transcription and histone hyperacetylation
take place is accessible to the recombinational machinery. Thus, these results
revealed a role for histone acetylation in controlling the accessibility of the TCRy
locus through IL-7R signaling and provided the first evidence identifying all the
signaling molecules from cell surface to chromatin involved in the regulation of
V(D)J recombination (Fig. 3). According to this model, STATS5 activated by IL-7R
signaling interacts with the conserved motifs in the Jy germline promoters and
recruits transcriptional coactivators. The coactivators acetylate the histones at
nearby nucleosomes and render the chromatin region accessible to the recombina-
tional and the transcriptional machinery.

Chromatin remodeling is considered to play an important role in chromatin
accessibility (Kwon et al. 2000). It was reported that SWI-SNF chromatin
remodeling complexes including BRG1 and BRM are recruited to the D ger-
mline promoter in early thymocytes and that forced recruitment of BRGI to a

RNA pol II
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W TTCNNNGAA
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Fig.3 Signal transducer and activator of transcription 5 (STATS) controls the accessibility of the
Jy gene segment by transcriptional coactivators and histone acetylation. STATS activated by inter-
leukin 7 receptor (IL-7R) signaling interacts with the conserved motifs in the Jy germline promoters
and recruits transcriptional coactivators. The coactivators acetylate the histones at nearby
nucleosomes and render the chromatin region accessible to the recombinational and the transcrip-
tional machinery
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D promoter-less chromatin restores Df3-J recombination (Osipovich et al.
2007). Recently, we found that BRG1 is recruited to the Jy germline promoter in
RAG-2-deficient thymocytes and augments the activity of the Jy germline pro-
moter (Sumi, Tani-ichi, and Ikuta, unpublished results). These results suggested
that BRG1 is involved in chromatin remodeling of the TCRy locus that makes
the Jy gene segment completely accessible for transcriptional and recombina-
tional machinery.

STATS controls the Jy germline promoters in different TCRy clusters. The mouse
TCRy locus consists of four clusters, each containing Vv, Jy, and Cy gene segments
as well as 3" enhancer (Ey) elements (Fig. 4). The y1, y2, and y3 clusters are highly
conserved with one another, while the v4 cluster is less homologous to the others.
Although STAT motifs are present in the Jy4 germline promoter and the Ey4 element
in the y4 cluster, it was unknown whether STATS regulates the transcription of the Jy4
promoter. Recently, we reported that cytokine stimulation induces Jy4-Cy4 germline
transcripts in a pre—T-cell line, Scid.adh, and a hematopoietic cell line, Ba/F3 (Masui
et al. 2008; Maki and Ikuta 2008). We found that STATS binds to the STAT motif of
the Jy4 germline promoter in vitro by gel shift assay. In addition, by chromatin immu-
noprecipitation assay we detected that STATS is recruited to the endogenous Jy4
chromatin in Ba/F3 cells after cytokine stimulation. Finally, using reporter assay, we
showed that the Jy4 germline promoter is activated by STATS and that a mutation in
the STAT motif abrogates the activity. Furthermore, transcriptional coactivators CBP
and p300 augment this transactivation. Collectively, these results demonstrated that
STATS binds to the STAT motif in the Jy4 promoter and induces germline transcrip-
tion. Thus, the IL-7R/STATS signal controls the transcription and accessibility of
different clusters in the mouse TCRy locus.

Mouse @ Stat motif O Enhancer O HsA
HsA
V5 V2 V4V3 J1C1E1 V1.3 J3C3E3 E2C2J2 Vi12Vi1l J4C4 E4
v1 cluster v2 cluster v3 cluster 14 cluster
Human

Rq 0 & 6 K Q/\QQ,Q HsAR R R NV N D
NP R RPN WP E @ E 3 N

Fig. 4 Conserved signal transducer and activator of transcription (STAT) motifs in the mouse
and human T-cell receptor y (TCRy) loci. The mouse TCRy locus consists of four clusters, each
containing Vy, Jy, and Cy gene segments as well as the Ey element. In the human TCRy locus, the
V gene segments with “P” indicate pseudogenes. STAT consensus motifs are conserved in the Jy
germline promoters, 3" enhancers (E), and HsA elements between mouse and human
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STATS and the TCRy Locus

The recombinational accessibility of the TCRy locus might be regulated by several
steps. First, the localization in the nucleus might control the global activity of the
TCRy locus. Second, it is probable that the enhancers of the TCRy locus (Ey) con-
trol locus-wide accessibility of the TCRy locus, as has been described for other
TCR and Ig loci (Bories et al. 1996; Bouvier et al. 1996; Sleckman et al. 1997;
Inlay et al. 2002; Perlot et al. 2005). A locus control region-like element between
Vy5 and Vy2 gene segments, HsA, might also contribute to the accessibility of the
Vy region (Baker et al. 1999). Finally, STATS induces germline transcription and
regulates the local accessibility near Jy gene segments by histone acetylation and
chromatin remodeling (Ye et al. 1999; Ye et al. 2001). STATS might be involved in
all of these steps.

In the mouse and human TCRy loci, STAT consensus motifs are conserved in
the Jy germline promoters and the Ey and HsA elements (Lee et al. 2001) (Fig. 4).
This conservation is very strict in that the motifs are present exactly at the same
portion within each control element. In contrast, the STAT motifs are not con-
served in cis-controlling elements of the TCRa, B, and & loci. Thus, it is highly
probable that STATS5 interacts with these STAT motifs and contributes to the
accessibility control of the TCRy locus. Indeed, the Ey element is histone hyper-
acetylated in normal thymocyte precursors and the acetylation levels are reduced
in IL-7Ra—deficient mice (Ye et al. 2001). This result is consistent with the previ-
ous report that the histone acetylation of enhancers is tightly correlated with the
accessibility of the TCRa/d loci and is proposed as a mechanism for coupling
enhancer activity to accessibility (McMurry and Krangel 2000). Recently we
found that the bovine TCRy locus contains conserved STAT consensus motifs in
the Jy germline promoters and the Ey elements (Wada and Ikuta, unpublished
results), suggesting that the control of the TCRy locus by STATS is probably con-
served through mammals.

STATS activates the Ey elements in the TCRy locus. Although STAT consensus
motifs are conserved not only in the Jy promoters but also in the Ey elements, little
has been known about the function of STATS on Ey activity. Recently, we found
that the Ey elements are substantially histone hyperacetylated regardless of
cytokine stimulation in cell lines and Rag2”- thymocytes, and that STAT5 has the
potential to elevate histone acetylation at these elements (Tani-ichi et al. 2009). We
also found that STATS is recruited to the STAT consensus motifs in Ey elements
after cytokine stimulation, and that transcription factors Runx and c-Myb are con-
stitutively recruited to Ey. Furthermore, we showed that STATS synergistically
augments the enhancer activity of Ey in cooperation with Runx and c-Myb that
were reported to activate the Ey elements. These results demonstrated that STATS
is recruited to the consensus motifs in the Ey elements by cytokine stimulation and
augments Ey activity in collaboration with Runx and c-Myb. Therefore, STATS
might control locus-wide accessibility of the TCRy locus by activating Ey
elements.
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The conservation of the STAT motifs indicates that the TCRy locus is under the
strong influence of IL-7R signaling. After entry into the thymus, T-cell precursors
first proliferate by stimuli from c-kit and the IL-7R (Rodewald et al. 1997). At this
stage they receive a signal from the IL-7R to induce the rearrangement of the TCRy
locus. This will help them to commit and maintain themselves to the yd T-cell lin-
eage. In afy T-cell development, however, this signal for yd T cells has to be shut
off. We speculate that pre-TCR signaling might cancel this IL-7R signal to maintain
commitment to the a3 T-cell lineage. During the evolution of immune system, Y8
T cells might have emerged first with the simple mechanism that IL-7 produced in
epithelial cells of the skin and intestine induces the V(D)J recombination and cell
expansion. afy T cells probably evolved later with a more sophisticated system
where pre-TCR signaling invalidates the IL-7R signal, enabling positive and nega-
tive selection to operate on the basis of interactions between a3 TCR and self-
major histocompatibility complex.

Control of Vy Recombination by the IL-7R

The V-J recombination of the mouse TCRy!1 cluster takes place in a developmen-
tally regulated manner. The Vy region contains four Vy genes, VY5, Vy2, Vy4, and
V73, and a control element, HsA, between Vy5 and Vy2 (Fig. 4). The yd T cells
expressing specific Vy proteins develop as successive waves during mouse devel-
opment (Ikuta et al. 1992; Haas et al. 1993; Xiong and Raulet 2007). Interestingly,
the four Vy genes are arranged sequentially from Jyl gene segment in the order of
appearance in the thymus and intestine. The unique development of yd T cells is
controlled at the level of V-J recombination: J-proximal Vy3 and Vy4 are rear-
ranged in the fetus, while J-distal Vy2 and Vy5 are rearranged in the neonatal and
adult (Itohara et al. 1993). Histone acetylation is well correlated with the chroma-
tin accessibility of each Vy gene. Mice with targeted deletions suggested that Ey
and HsA have partially overlapping effects on Vy-Jy recombination (Xiong et al.
2002). Deficiency in E2A transcription factor resulted in persistence of Vy3* T
cells in adult thymus, suggesting that E2A is involved in fetal to adult switch of
Vy recombination (Bain et al. 1999). Finally, it has been reported that IL-15R/
STATS signal induces Vy5-Jyl recombination in IL-15 transgenic mice (Zhao
et al. 2005). In spite of these studies, the precise mechanism controlling the Vy
recombination is largely unknown.

The IL-7R is essential for chromatin accessibility of not only Jy but also Vy gene
segments. It was reported that germline transcription of Vy genes is severely
reduced in /L-7 x RAG-2 double deficient thymocytes compared with RAG-2—
deficient thymocytes (Huang et al. 2001). Histone acetylation of Vy5 and Vy2
genes is also decreased in /L-7 X RAG-2 double deficient thymocytes (Tani-ichi and
Ikuta, unpublished results). These results indicated that the IL-7R controls the
chromatin accessibility of Vy genes. It was reported that IL-15R/STATS5 signal
induces Vy5-Jyl recombination in IL-15 transgenic mice (Zhao et al. 2005),
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suggesting that STATS is involved in opening Vy5 chromatin. Recently, we found
that that the histone acetylation and germline transcription in Vy5 gene and the HsA
element are induced by cytokine signal and STATS in a hematopoietic cell line
BaF3 and a pre—T-cell line Scid.adh (Tani-ichi and Ikuta, unpublished results).
Next, we found that STATS is recruited to the STAT consensus motif in the HsA
element after cytokine stimulation. In contrast, only an atypical STAT motif is
found in the Vy5 promoter, and STATS is not recruited to the motif. Furthermore,
we showed that the Vy5 promoter is activated by cytokine stimulation even with a
mutation in the atypical motif. Finally, we showed a bimodal pattern of histone
acetylation at Vy5 and HsA, suggesting that the histone acetylation in the Vy5 pro-
moter is independent of that in the HsA element. These results suggested that
STATS directly binds to and controls the HsA element but that STATS5 indirectly
activates the Vy5 promoter.

It is largely unknown what the control mechanism of Vy gene recombination
is during mouse development. It was reported that a basic helix-loop-helix pro-
tein, E2A, regulates the fetal (Vy3 and Vy4) to adult (Vy2 and Vy5) switch of
preferential recombination of the TCRy locus (Bain et al. 1999). Although Vy3-
Jy1 rearrangement is not detected in the adult thymus of wild-type mice, E2A-
deficient mice show sustained Vy3-Jyl rearrangement in the adult. Although it
is clear that E2A is involved in the developmental switch, the precise mechanism
of Vy gene recombination during development is yet to be elucidated. In addi-
tion, we found that Runx transcription factor is constitutively recruited to the
HsA element in RAG-2—deficient thymocytes (Tani-ichi and Ikuta, unpublished
results). However, it is still unclear whether Runx is involved in Vy gene
recombination.

Conclusion

IL-7 is an essential cytokine for early T- and B-cell development when V(D)J
recombination takes place. The IL-7R and STATS control the TCRy locus by inter-
acting with STAT consensus motifs in the Jy germline promoters and the Ey and
HsA elements (Fig. 5). STATS binding induces germline transcription, histone
acetylation, and chromatin remodeling that make the chromatin accessible for
DNA recombinases. A question yet to be resolved is why the TCRy locus is rear-
ranged only in T cells, even though the IL-7R signal operates in both T and B cells.
There should exist some T-cell-specific transcription factors that make the locus
active in cooperation with STATS. It is also of interest whether the localization of
the TCRy locus in the nucleus is regulated by STATS and other transcription
factors. STATS and the TCRy locus will remain an excellent model system to
understand the control mechanisms of V(D)J recombination in lymphocyte anti-
gen receptor genes.
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Fig. 5 Control of the T-cell receptor y (TCRy) locus by signal transducer and activator of transcrip-
tion 5 (STATS). STATS controls the TCRy locus by interacting with STAT consensus motifs in the
Jy germline promoters and the Ey and HsA elements. STATS binding to the Jy germline promoters
induces germline transcription, histone acetylation, and chromatin remodeling that make the chro-
matin accessible for DNA recombinases. In addition, STATS is recruited to the consensus motifs in
the Ey elements by cytokine stimulation and augments Ey activity. Furthermore, STATS directly
binds to and controls the HsA element but that STATS indirectly activates the Vy5 promoter
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Dendritic Cell Homeostasis: Physiology
and Impact on Disease

Miriam Merad and Markus G. Manz

Abstract Dendritic cells (DCs) are a heterogeneous fraction of rare hematopoietic
cells that coevolved with the formation of the adaptive immune system. DCs
efficiently process and present antigen, move from sites of antigen uptake to sites
of cellular interactions, and are critical in initiation of immune responses as well as
in maintenance of self-tolerance. DCs are distributed throughout the body with the
relatively highest concentrations in lymphoid organs and environmental contact
sites. Steady-state DC half-lives account for days to up to a few weeks, and they
need to be replaced via proliferating hematopoietic progenitors, monocytes, or
locally dividing, tissue resident cells. In this review we integrate recent knowledge
on DC progenitors, cytokines, and transcription factor usage to an emerging concept of
in vivo DC homeostasis in steady-state and inflammatory conditions. We further-
more highlight how basic understanding of these differentiation mechanisms might
help to improve our understanding of posttransplant immune reactions of DC
malignancies and their respective therapies.

Introduction

Dendritic cells (DCs) are hematopoietic cells that belong to the antigen-presenting cell
(APC) family, which also includes B cells and macrophages. Although Langerhans
cells in the skin were described in 1868, their role as APCs was not appreciated until
1973 when Steinman and Cohn first identified DCs in mouse spleen as potent stimulators
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of the primary immune response (Banchereau and Steinman 1998). Shortly thereafter,
several groups reported the presence of DC in nonlymphoid tissues of rodents and
humans and demonstrated early evidence that these cells contribute to heart and kidney
transplant rejection (Hart 1997). However, the low number of DCs in vivo, the paucity
of markers that distinguish them from monocytes/macrophages, and the problems
involved in purifying these cells made for slow progress. In the 1990s, the develop-
ment of methods to isolate and generate DCs from blood and bone marrow led to
explosive growth of the DC field (Markowicz and Engleman 1990; Caux et al. 1992;
Inaba et al. 1992a; Inaba et al. 1992b; Sallusto and Lanzavecchia 1994). Studies in the
past decade have established the critical role of DCs in maintenance of immunological
integrity and their importance in the development and potential treatment of human
disease (Bashyam 2007), leading in 2007 to the attribution of the Albert Lasker Award
for Basic Medical Research to Ralph Steinman (Rockefeller University, New York) in
recognition for his discovery of DCs (Bashyam 2007).

Heterogeneity of Dendritic Cells

DCs form a heterogenous population of antigen presenting cells. DCs have been
grouped based on phenotype, location, and biological function. Here we chose to
describe the heterogeneity of DC populations present in lymphoid and nonlym-
phoid tissues, as understanding site specific DC functional diversity may help
understand the mechanisms that regulate tissue immunity (Table 1).

DCs in Nonlymphoid Tissues

DCs are present in most nonlymphoid tissues. Tissue DCs have two main functions:
the maintenance of peripheral tolerance (Steinman et al. 2003) to tissue antigens and

Table 1 Localization and frequency of dendritic cell (DC) populations in steady-state mice

pDC  c¢DC interstitial DC LC
CD8a— CD8a+ CDI103- CDI103+
Hematopoieses ~BM 1 - - 0.02 0.08 -
sites Thymus 0.2 0.05 0.25 - - -
Immune priming Spleen 0.5 1 0.5 - - -
sites Lymph node 0.2 0.2 0.1 0.25% 0.15% 0.1*
Environmental ~ Skin i - - 25 1 30-50%*
contact sites  Lung ) - - 1.5 0.5 -
Intestine 1 - - 0.45 1.05 -
Filtering cites Liver 10 - - + + -

Kidney i - - + + -
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the induction of a specific immune response against pathogens that breach the
tissues (Banchereau and Steinman 1998). DCs at environmental interfaces (i.e., skin,
lung, gut, cornea, vagina) are more vulnerable to external stimuli, and several
research groups are dedicated to understanding how these cells discriminate between
pathogenic and nonpathogenic agents. Among interface DCs, epidermal DCs, also
called Langerhans cells (LCs), are the most studied. LCs constitutively express
major histocompatibility complex (MHC) II and high levels of the lectin langerin,
which gives rise to the conspicuous birbeck granule, an intracytoplasmic organelle
of which its origin remains a mystery since its discovery more than 50 years ago
(Valladeau and Saeland 2005). Human but not mouse LCs express CD1la, a MHC
class I homolog that is often used to identify LCs in humans (Valladeau and Saeland
2005). Recent data, however, have established that langerin expression is not specific
for LCs. In mice, langerin is expressed at low levels on CD8* DCs in lymphoid
organs. Langerin is also expressed on a population of DCs present in the lung and
the dermis (Ginhoux et al. 2007; Poulin et al. 2007; Bursch et al. 2007). These
langerin-positive interstitial DCs also coexpress aEf7 (also called CD103), a ligand
of the cell adhesion molecule E-cadherin expressed by most epithelial cells (Cepek
etal. 1994), suggesting a potential role for CD103 in the homing of DCs to epithelial
sites. CD103* DCs play a nonredundant role in tissue immunity. Elimination of
dermal CD103* DCs reduces cutaneous hypersensitivity response to dermal antigens
(Bursch et al. 2007; Wang et al. 2008), while elimination of lung CD103* DCs upon
influenza virus infection delays viral clearance and aggravates clinical symptoms
(GeurtsvanKessel et al. 2008). CD103* DCs negative for langerin have also been
identified in the gut. This population has been shown to be essential for the induction
of regulatory T cells in the gut (Coombes et al. 2007; Sun et al. 2007).

Tissue DCs derive from a mobile pool of circulating precursors that seed the
tissue in the steady state, with the exception of epidermal LCs that derive from
hematopoietic precursors that reside in the skin. In the steady state tissue DCs
capture cell-associated antigens obtained during normal tissue turnover and
migrate at very low rate to the draining lymph node (LN), where they present
antigens to T cells (Huang et al. 2000; Scheinecker et al. 2002). This process is
thought to maintain peripheral tolerance to tissue antigens (Bonifaz et al. 2002;
Hawiger et al. 2001; Kretschmer et al. 2005). DC traffic to the LN dramatically
increases during inflammation, and the role of DCs in the induction of immunity
against foreign antigens has now been clearly established (Jung et al. 2002;
Norbury et al. 2002).

DCs in Lymphoid Tissues

Lymphoid tissue—resident DCs have been the most studied DC populations in mice
and include thymic, spleen, and lymph node DCs. In contrast, human lymphoid-
tissue DCs have been poorly characterized, and this remains one of the future
challenges in the field.
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Spleen

The spleen is populated via blood. Spleen DCs constitutively express MHC class II
and CDl11c and are further classified into two major subsets in mice that include
CD4*CD8CD11b* DCs that localize mostly in the marginal zone and CD8"CD4~
CDI11b™DC that localize mostly in the T-cell zone (Shortman and Liu 2002). CD4~
CD8CD11b* DCs have also been identified and are called double negative DCs,
although they are less well characterized. Studies have started to unravel functional
specialization among the CD8* and CD4* DC subset. CD8* and CD4* DC subsets
express distinct antigen receptors on the surface and have different antigen process-
ing ability in vivo. CD8" DCs are specialized in MHC class I presentation and
interact mostly with CD8* T cells, while CD4* DC subset is specialized in MHC II
presentation. CD8* DCs have also been shown to cross-present cell-associated
antigens, while CD4* DCs are unable to do so (den Haan et al. 2000).

Lymph Node (LN)

LN DCs are more heterogenous as they include blood-derived DCs that enter via
high endothelial venules and tissue migratory DCs that enter the draining LN
through the afferent lymphatics (Randolph et al. 2008). In the LN, DCs localize in
the T zone but also near the B-cell follicles. DCs entering the LN via lymphatics
present antigens that reflect the tissue environment from which they originate. For
example, migratory epidermal Langerhans cells and dermal DCs transporting skin
antigens are present in skin-draining LNs but are absent from mesenteric LNs. The
phenotype of LN DCs is thus more diverse than in the spleen and includes the CDS8",
CD4*, and double-negative spleen equivalent DCs in addition to tissue migratory
DCs. It is important to note that human DCs do not express the CD8 marker, and
whether a CD8* and CD8 mouse DC equivalent exists in humans remains to be
determined.

Mucosa-Associated Lymphoid Tissues

Mucosa-associated lymphoid tissues include nasal-associated lymphoid tissue in
the nasopharynx, Peyer’s patches, and isolated lymphoid follicles in the small intestine,
and isolated follicles and the appendix in the large intestine. These tissues are
mostly populated by blood-derived cells, and the phenotype of DCs resembles
those of spleen DCs (Iwasaki 2007).

Thymic DCs

Thymic DCs localize mostly in the thymic medulla. The majority of thymic DCs
in mice are CD8" and are thought to be generated locally from thymic progenitors.
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A minority of DCs is CD8™ and is best characterized by the expression of SIRP-o. and
is thought to derive independently of thymic progenitors (Wu and Shortman 2005).
Thymic DCs play a critical role in negative selection of T cells, while they seem
dispensable for the induction of positive T-cell selection (Brocker et al. 1997).

Plasmacytoid Dendritic Cells in Lymphoid
and Nonlymphoid Tissues

Plasmacytoid dendritic cells (pDCs, also called natural interferon-producing cells)
represent a subset of DCs recently identified in mice and humans (Liu 2005;
Shortman and Liu 2002). pDCs are generated in the bone marrow (BM), circulate
in blood, and are found in steady-state spleen, thymus, LN, and the liver. Human
and mice pDCs enter the LN through the high endothelial venule (HEV) and accu-
mulate in the paracortical T-cell-rich areas, a migration pattern that resembles
lymphocytes but is clearly distinct from DCs (Colonna et al. 2004). Similar to DCs,
pDCs express MHC class II molecules constitutively and lack most lineage mark-
ers. Human pDCs express very low to no level of CDl1lc, they express CD4 and
CD45RA antigens, the c-type lectin receptor BDCA?2, and the molecule BDCA4, a
neuronal receptor often used to isolate pDCs in vivo. Human pDCs also express
high levels of the interleukin 3 (IL-3) receptor (CD123). Murine pDCs express low
levels of the integrin CD11c, low levels of the lineage markers CD45RA/B220* and
ly6C /GR-1* molecules, and they lack CD11b but express pDCA1 and Siglec-H, a
member of the sialic acid binding Ig-like lectin (Siglec) family, recently identified
as a specific surface marker for mice pDCs (Shortman and Liu 2002; Colonna et al.
2004; Zhang et al. 2006). One important function of human and mice PDC is to
produce a high amount of interferon o (IFN-a) in response to microbial pathogen.
In addition to its antiviral properties, IFN-o. can also promote Thl differentiation
and has been shown to contribute to autoimmune disease (Banchereau and Pascual
2006). The capacity of pDCs to capture and present antigens to T lymphocytes is
still being examined in several settings. Freshly isolated human and mouse pDCs
are very poor inducers of T-cell proliferation, however, upon activation pDCs can
differentiate into mature DCs with a high level of MHC class II and costimulatory
molecules and T-cell stimulatory activity (Colonna et al. 2004).

Turnover of Dendritic Cells

The exact lifespan of DCs in different tissues and the recruitment of new DCs
remains unsettled mainly due to the lack of consensus on the best method to measure
DC turnover in vivo. Several studies used the time for DC repopulation after lethal
irradiation and hematopoietic cell transplantation as a measure of DC turnover,
however, radiation-induced injuries may fasten DC repopulation in a way that does
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not necessarily reflect steady-state settings. Similar arguments apply to studies
analyzing DC repopulation after in situ DC elimination (e.g., using toxins specifi-
cally targeted to CD11c*). Other studies have used a DC labeling index after admin-
istration of thymidine or bromodeoxyuridine (BrdU) injection. However, because
these agents incorporate irreversibly into the DNA, dividing it will label both pro-
liferating cells and its progeny. Studies have also looked at the percentage of DCs
in S/G2 phase using flow cytometry on freshly isolated DCs, but DC isolation pro-
cedure can theoretically modify DC proliferation status. Most conclusive results are
likely obtained by the recent use of cellular transfer into nonconditioned animals
and by studies on parabiosis mouse models in which congenic mice share their
blood circulation for some period of time, providing a way to trace the rate of DC
increase and decrease upon parabiosis and consecutive separation in steady state.
The current results on DC turnover in different organs are summarized in Table 2.

Splenic DCs

In vivo BrdU labeling studies revealed that spleen DCs incorporate BrdU in less
than 2 hours after injection and that 5% lymphoid organ DCs or their immediate
progenitors are actively cycling at any given time (Kabashima et al. 2005; de Witte
et al. 2007). Results from parabiotic animals showed that 3 weeks postparabiosis,
30% spleen DCs derive from blood-borne precursors of the donor parabionts.
However, upon separation, donor-derived DCs fail to be sustained in the host para-
biont and are entirely replaced by endogenous host-derived cells in 10-14 days.
These results confirmed previous data showing that most spleen DCs are continu-
ously replaced by blood-borne precursors and do not self-renew (Liu et al. 2007,
Manz et al. 2001; Traver et al. 2000). Altogether these results suggest that DCs
enter lymphoid tissues as progenitor cells with limited proliferation potential (Naik
et al. 2006; Diao et al. 2006). This progenitor was subsequently defined as CD11c*
MHC II" in the spleen and shown to proliferate for no more than three or four divi-
sions prior to becoming DCs (Naik et al. 2006; Diao et al. 2006).

Thymic DCs

Thymic CD8* and CD8" DCs incorporate BrdU in a biphasic pattern with a very
rapid uptake in the first 3 days followed by a lag period, giving rise to 80% labeled
DCs in 10 days and suggesting some degree of heterogeneity among thymic DC
populations (Kamath et al. 2002). Data from the parabiotic model have also identi-
fied two separate homeostatic patterns among thymic DCs (Donskoy and
Goldschneider 2003). One DC population failed to equilibrate among parabionts,
reaching, similar to thymocytes, less than 10% chimerism after 5 weeks of parabio-
sis, suggesting that this DC population derives from an intrathymic progenitor, as
initially suggested by Wu and Shortman (2005). In contrast, a second thymic DC
population rapidly exchanged among parabionts reached 50% chimerism in 5 weeks.
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However, the authors from this study were unable to establish phenotypical
differences between these two DC populations, and more studies are needed to
identify distinct phenotypical and functional attributes. A recent study, however,
suggested that circulating DCs can enter the thymus to establish central tolerance
against peripheral antigens (Bonasio et al. 2006). The turnover of these cells needs
to be defined.

LN DCs

It is critical to take into account the origin of LN DCs in studies of DC turnover (see
above). Blood-derived DCs or their local progenitors have similar turnover rates as
spleen DCs, while the lifespan of tissue-derived DC varies, as discussed below.

Nonlymphoid Tissue DCs

Tissue DCs charged with tissue antigens migrate through afferent lymphatics to the
T-cell areas of LN (Austyn et al. 1988; Randolph et al. 1999; Kissenpfennig et al. 2005).
There is constant steady-state migration (Pugh et al. 1983; Hemmi et al. 2001) possibly
to maintain peripheral tolerance to tissue antigens (Steinman et al. 2003; Huang
et al. 2000; Scheinecker et al. 2002; Belz et al. 2002).

DC traffic in the afferent lymph to the draining LN increases manyfold in
response to inflammatory signals, and antigen-presenting function is strongly
enhanced by upregulation of MHC antigens, costimulatory molecules, and cytokines
(reviewed in Caux et al. 2000). The efflux of DCs from the various organs is not
known in detail, but it is clear that DCs are present in all lymphatic vessels exam-
ined (Kelly 1970; Bujdoso et al. 1989). The flow rate of DCs in lymphatics vessels
varies with the size of organs and was estimated to be roughly 1x10%h in the rat
mesenteric lymphatics vessels, 2x10%h in the limbs lymphatic vessels and 9x10%h
in the liver lymphatics, which is much slower that the influx of blood-borne lym-
phocytes, which is around 30x10%h in the steady state (Fossum 1989).

In order to maintain a population of DCs in the periphery in light of a continuous
migration to the local lymphoid tissue, DCs must constantly be replaced with new
cells. The direct in vivo precursors of tissue DCs remain to be examined in detail,
as discussed below. The mechanisms by which these precursors seed the peripheral
tissues under steady-state conditions also remain largely undefined. Nonetheless, it
is clear with the exception of LCs, tissue DCs derive from circulating precursors.

BM transplantation into congenic animals established that kidney and heart DCs
are replaced in 2—4 weeks. In contrast DC repopulation in the vagina (Iijima et al.
2007), airway epithelia (Holt et al. 1994), and the gut is more rapid and occurs in
7-13 days (Bogunovic and Merad, unpublished). The labeling index of DCs
isolated in the thoracic duct from mesenteric lymphadenectomized rats have been
used to measure DC turnover in the gut. The first labeled DCs were detected in the
thoracic duct at 24 hours and peaked at 3 days, suggesting that the turnover time of
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gut DCs is very rapid (Pugh et al. 1983). These results have yet to be reexamined
in view of recent data showing that DCs or their immediate progenitors can also
proliferate in situ in nonlymphoid tissue (Waskow et al. 2008) (see below).

Epidermal LC lifespan differs fundamentally from that of other DCs. In contrast
to most DC populations, epidermal LCs resist lethal doses of irradiation and remain
of host origin in BM chimeric animals more than 18 months after transplantation
(Merad et al. 2002a). In addition, LCs do not mix between parabionts more than 6
months after parabiosis, suggesting that they do not derive from circulating precur-
sors in the steady state (Merad et al. 2002a). Proliferating LCs can be observed
scattered throughout the epidermis by electron microscopy (Czernielewski et al.
1985; Czernielewski and Demarchez 1987; Miyauchi and Hashimoto 1987,
Giacometti and Montagna 1967) or by staining for Ki67 (a nuclear proliferation
marker). We have recently estimated that approximately 2%—-3% of freshly isolated
langerin-positive cells are in S/G2/M phase in mice and humans (Collin, Bogunovic,
and Merad, unpublished observations). Although self-renewal could be sufficient to
maintain LC numbers most of the time, the existence of specialized local precursor
cells has also been proposed. The bulge region of the hair follicle serves as a niche
for keratinocytes, melanocytes, and mast-cell progenitors (Kumamoto et al. 2003;
Blanpain and Fuchs 2006), and there is evidence to suggest that following skin inju-
ries that specifically affect the epidermis but not the dermis, where the hair follicles
are located, LCs can be repopulated from the follicles alone (Gilliam et al. 1998). It
is therefore possible that both differentiated LCs, through self-renewal, and local
hematopoietic precursor cells could contribute to LC homeostasis depending on
physiological needs, as has been shown for skin stem cells (Kumamoto et al. 2003).
Conditional depletion of LCs and careful monitoring of their repopulation should
help to resolve these issues (Kissenpfennig et al. 2005; Bennett et al. 2007).

pDCs

In contrast to DCs, pDCs migrate mostly to lymphoid organs and do not efficiently
migrate to peripheral tissue in the steady state with the exception of the liver. pDCs
proliferation rate in lymphoid organs is very low and less than 0.3% pDCs are in
the cell cycle. Upon continuous BrdU labeling over 14 days in vivo, 90% of pDCs
were positive (O’Keeffe et al. 2002a), and upon separation of parabiotic mice,
donor-derived pDC are replaced in 3 days (Liu et al. 2007). Thus, the lifespan of
differentiated pDCs in the spleen and LN is very short.

Human DCs

Studies on DC homeostasis are more difficult in humans. Most information on DC
turnover comes from data on patients who received sex-mismatched allogeneic
hematopoietic cell transplants (allo-HCT). Although these results by no means
reveal the steady-state homeostatic property of DCs, some of these results deserve
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specific attention. In patients that received allo-HCT, blood DCs and pDCs are
replaced by donor-derived cells in less than a week posttransplant, while recipient
LCs can be identified unequivocally in the epidermis more than 1 year after allo-
HCT (Collin et al. 2006). Donor LCs have also been shown to persist for years in
a recipient of a human limb graft (Kanitakis et al. 2004), suggesting that human
LCs as their murine counterpart repopulate locally independent of circulating
precursors.

Cytokines in Dendritic Cell Development

Granulocyte Macrophage Colony-Stimulating Factor (GM-CSF)

The discovery that GM-CSF induces the in vitro differentiation of mouse and
human hematopoietic progenitors (Inaba et al. 1992a; Caux et al. 1992) and human
monocytes (Sallusto and Lanzavecchia 1994) into DCs marks the acceleration of
DC research. While hematopoietic progenitors divide and differentiate, monocytes
differentiate but do not divide. However, for the first time large quantities of these
in vivo rare cells could be generated, leading to extraordinary progress in under-
standing the physiology of DCs. Given the efficacy of GM-CSF in inducing DC
differentiation in vitro, it came as a surprise that mice deficient in GM-CSF or its
receptor do not lack ¢cDCs, but only showed slightly reduced numbers, and injection
of GM-CSF or transgenic expression did not lead to increased cDC numbers in
lymphoid organs, demonstrating that this cytokine is neither essential for overall
steady-state ¢cDC maintenance, nor, at least under these conditions, seemed to
greatly enhance DC development in vivo (Maraskovsky et al. 1996; Vremec et al.
1997) (Table 3).

GM-CSF is produced by several tissue stroma cells, and by activated T and natu-
ral killer (NK) cells (Hamilton 2008). In steady state, serum GM-CSF is not detect-
able by enzyme-linked immunosorbent assay (ELISA), while levels do increase in
serum, and especially at sites of inflammation (e.g., in pulmonary infection)
(Cheers et al. 1988; Johansson-Lindbom et al. 2005; Burgess et al. 1977). Upon
injection of GM-CSF with engineered long half-life (pegylated GM-CSF) and
adenovirus-driven massive overexpression in vivo, cDCs, preferentially CD8a~
DCs, increased massively, and the generated DCs were inclined to production of the
“inflammatory” cytokines tumor necrosis factor o (TNFa), IL-6, and inducible
nitric oxide (iNOS) (Miller et al. 2002; Daro et al. 2000; O’Keeffe et al. 2002b;
Serbina et al. 2003). Thus, although GM-CSF is dispensable for steady-state DC
development, it can play a role in DC differentiation in inflammatory or emergency
situations. Consistent with these data, clinical studies have been successfully using
injection of GM-CSF to attract or generate DCs at disease sites (Simons et al. 1999;
Dranoff et al. 1993). This in vivo inflammatory GM-CSF-driven DC differentiation
pathway likely resembles the in vitro GM-CSF cultures and involves GM-CSFR
(receptor) expressing monocytes.



o
~
—

Dendritic Cell Homeostasis: Physiology and Impact on Disease

(panunuod)
(€00t
T8 19 BIURIA £ €00T T8 12 (1A e 0I< 0I< 01< el 1dxo eI
(QZ00T "Te 12 93399310 000T
‘I8 30 oI ‘BL00T ‘B 12
reuQ €007 ‘T 10 Ajunsiey]
3007 ‘T8 19 MOYSeA
*L661 T8 19 ueIpudng uonoafur
19661 e 10 AYSAOYSEIRIA) LA LA [2145QB X 0€—6 (sqe) 8¢ 0l-¢'¢ T4
paystiqndun ‘zuejy pue (121 (‘121 QI+
uoIsSury (00T '[B 10 BUUINIA) +5qe) 80 +5qe) ¢ (Pr+sqe) 0 (PIT+5q98) 10 Sq®) L'0—€°0 - 1604
(paystiqndun ‘perojy
puE Xnoyuln)/Zuejy pue
uoIs3uTy| 0T ‘Te 10 MOYSEAY) eu eu ev'o §9°0 [ -4 TeNd
1dxo
jJudIsuen)
(Z00T 18 19 H2IIIA) ea ea (sqe) 00T Tl T ASD-IND
oruagsuen
(L66T ‘T8 19 J9WRIA ) eu eu [PI] “sqe G| eu eu ASD-IND
(000T Te 10 uonoolur
oxe( :qz00T T8 12 2J323.0) eu el (sqe) ¢1-L T L ASD-IND3d
uonoafur
(9661 ‘T8 12 ASAOYSRIRIA) °u °u I eu eu ASD-IND
(L661 T8 19 09WaIA) LA LA I eu eu +-ddSO-IND
(poystiqndun ‘zuepy pue (121 (‘121 o1+ (sqe)
UOISTUIS] 1L661 ‘T8 10 DAUWAIA) +5Q8) 9°0 +°5q®) 80 'Sqe 8°0-9°0 ([91+75qe) | 8090 -~-ASO-IND dSD-IND
(LA JoPIoy) (LM 3O PIoj) (Imjoprop) (LM Jo PIoy) (LM
Jo p1oy)
uoneis o1 od od° S oads Nd aunoIk)
[ewIop/)SIA)U] 3oxd DO

SISEIsoawoy (D(Q) [[29 JNLIPUIP OAIA UI UO S)09JJd dUM0IKD) € d[qe],



M. Merad and M.G. Manz

174

(L661 T 19 DIsmodIog

29661 'T& 19 DismoyIog) jussqe L I el L -+-194D.L qIDL
uonoafur
(800 Te 10 adue) LA LA ('sqe) ¢'C ('sqe) ¢'C L 4SO-IN
(9002 '8 10 XnoyuIn) Jussqe eu I ! L +ddSO-IN
(S00T 'Te 12 preuopoey
€661 T 19 Iyseyeye], (do
‘€661 T8 19 YOrJ-1OUNIA) (sq®) 1-(8°0 el (sq®) 1-9°0 (sqe) €0 evu  /do)_, 4SO dSO-IN
(o1
(paystqndun ‘zuepy pue (‘ToI+sqe) + sqe) -/-4SD
uoIsuTy| £ ()00T ‘T8 12 BUUSIIN) (1P1+5qe) 8°0 S0 (191+75q®) T°0 (191+5q®) 10 ST0-S1°0 “INO--TENA
(-0 -/~4d4SD JSD
(800C 'Te 10 MONSEAY) vl U (€N SB,,) €70 SE,,) §9°0 L INO--8Md -INDHTENA
‘qryut
(S00T 'T& 30 puemIssny) U U (II+sqe) 1°0 [RI+'SqR 170 ey udis QI
(LA Jo pIoy) (LA Jo pIoy) (LM Jo pIoJ) (LM Jo prop) (Im
Jo proy)
uoneyyn o1 od od° S oads Nd Elus Glve}
[ewIop/)SIa)U] Soid D

(ponunuod) ¢ JqeL,



Dendritic Cell Homeostasis: Physiology and Impact on Disease 175
FIt3L

In sharp contrast to GM-CSF, genetic deletion of Flt3L in mice leads to about tenfold
reduction of pDCs and cDCs in lymphoid organs (McKenna et al. 2000), as does
in vivo treatment with tyrosine kinase inhibitors with high flt3 affinity (Tussiwand
et al. 2005; Whartenby et al. 2005), while LCs seem only slightly or not reduced
(Kingston and Manz, unpublished). Injection or conditional expression of the
cytokine FIt3L leads to massive expansion of both pDCs and ¢DCs in all lymphoid
and nonlymphoid organs, including the large and small intestines and the liver, with
up to 30% of mouse spleens expressing CD11c (Maraskovsky et al. 1996; Pulendran
et al. 1997; Karsunky et al. 2003; (Manfra et al. 2003; Miller et al. 2003; Bjorck
2001). Concurring with the in vivo FIt3L injection and deletion findings, it was
shown that FIt3L as a single cytokine can drive the differentiation of mouse BM
progenitors into all cDC subtypes (Brasel et al. 2000), and importantly, at the same
time induce pDC differentiation, which was never observed in GM-CSF supple-
mented culture conditions (Gilliet et al. 2002). Similar to mice, FIt3L supports
in vitro development of pDCs and ¢cDCs from human hematopoietic progenitors
(Blom et al. 2000; Spits et al. 2000; Chicha et al. 2004; Chen et al. 2004), and
in vivo FIt3L injection in humans leads to massive expansion of blood pDCs and
c¢DCs (Pulendran et al. 2000; Maraskovsky et al. 2000; Fong et al. 2001). Thus, in
contrast to GM-CSF, FIt3L is both sufficient and essential for the development of
the major lymphoid organ DC populations and serves as a key cytokine for steady-
state DC maintenance.

The cognate receptor of FIt3L, the Fms-like tyrosine kinase 3 (fIt3, also called
fetal liver kinase 2, flk2) is a receptor tyrosine kinase with homology to c-Kit (the
receptor for stem cell factor) and c-fms (the receptor for CSF-1, M-CSF) (Lyman
and Jacobsen 1998; (Lyman et al. 1995). FlIt3 is expressed on short-term HSCs in
mice, in myeloid and lymphoid committed progenitors, and on mature lymphoid
organ pDCs and cDCs, while flt3 expression is low on interstitial DCs and LCs and
almost absent on monocytes (Karsunky et al. 2003; Whartenby et al. 2005;
Kingston and Manz, unpublished). In vivo, pDC and c¢DC differentiation is
confined to Flt3 expressing mouse bone marrow progenitors cells along both the
lymphoid and myeloid pathways (D’Amico and Wu 2003; Karsunky et al. 2003).
Spleen and lymph node DCs fail to develop from Flt3~ hematopoietic progenitors
(D’Amico and Wu 2003; Karsunky et al. 2003; Karsunky et al. 2005), and Flt3~
progenitors fail to repopulate the LC pool in inflamed skin (Mende et al. 2006).
However, enforced expression of FIt3 in Flt3~ hematopoietic progenitors can rescue,
and enforced expression of FlIt3 in Flt3* progenitors enhances both pDC and ¢cDC
differentiation (Onai et al. 2006). Thus, FIt3L regulates DC development from fIt3*
progenitors to flt3* lymphoid organ DCs in vivo.

FI3L exists in both soluble- and membrane-bound forms and is constitutively
expressed by multiple tissue stroma cells and by activated T cells (Lyman and
Jacobsen 1998; Lyman et al. 1995). Bioactive levels of FIt3L are measurable in
serum in steady state and increase upon severe inflammation, for example, in some
infections or autoimmune disease, and upon hematopoietic challenge, such as
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irradiation induced cytopenia. Interestingly, flt3 receptor deficient mice, mice
treated with flt3 tyrosine kinase inhibitors, and sublethally irradiated mice have
about tenfold increased levels of FIt3L (Tussiwand et al. 2005; Schmid and Manz,
unpublished). Furthermore, diphtheria toxin—induced depletion of DCs in mice
engineered to express the diphtheria toxin receptor under the promoter of CD11c
leads to increased FIt3L levels in serum (S. Jung, personal communication).
Together these data demonstrate that FIt3L is broadly available in steady state,
fitting with the capacity of flt3L to continuously maintain all major lymphoid tissue
steady-state DCs by guiding expansion and differentiation of early DC progenitors
in bone marrow as well as immediate DC precursors in peripheral lymphoid tissues.
The increase of FIt3L upon inflammation and DC depletion furthermore suggest a
regulatory loop, tailored to ensure sufficient DC regeneration upon demand. It is
important to note that supraphysiologic doses of FIt3L preferentially induce
differentiation of pDCs and CD8a*" DCs over CD8a™ DCs (Maraskovsky et al. 1996;
O’Keeffe et al. 2002b; Pulendran et al. 1997; Karsunky et al. 2003; Bjorck 2001;
Onai et al. 2006). Furthermore, it should be noted that FIt3L is not an exclusive DC
cytokine, but FIt3L also acts on early hematopoietic progenitors, myelomonocytic,
and NK-cell differentiation (Lyman and Jacobsen 1998; Shaw et al. 1998).

CSF-1 (M-CSF)

CSF-1 is required for osteoclasts and macrophage development, and CSF-1 absence or
absence of the CSF-1 receptor results in osteopetrosis (Yoshida et al. 1990; Dai et al.
2002). CSF-1 was first thought to be dispensable for DC development (Witmer-Pack
et al. 1993; Takahashi et al. 1993), however, data from our laboratory established the
critical, nonredundant role for CSF-1R in LC development (Ginhoux et al. 2006) and
recent data suggest that CSF-1 is also critical for the development of DCs in the der-
mis, the gut, and the lungs (Ginhoux and Merad, unpublished). In addition, CSF-1
reporter mice revealed that CSF-1R is expressed in all DC subsets during differentia-
tion, and absolute numbers of pDCs and cDCs are somewhat reduced in CSF-1 defi-
cient mice (Macdonald et al. 2005). Also, CSF-1 can lead to increasing DC numbers
in bone marrow progenitor cultures, and injection of CSF-1 increased both lymphoid
organ pDCs and ¢DCs in mice (Onai et al. 2007a; Fancke et al. 2008).

CSF-1 is expressed by endothelia, stroma cells, osteoblasts, and macrophages,
and, as FIt3L, is detectable in steady-state serum and increases upon inflammation
(Hamilton 2008; Schmid and Manz, unpublished). Consistently, we found that
monocytes repopulate LCs in inflamed skin in a CSF-1R-dependent manner
(Ginhoux et al. 2006), but the exact role of Csf-1 in LC and DC development
remains to be examined. In vivo data in mice have shown that bcl-2 overexpression
in BM progenitor that carry the spontaneous null Csf-1op/op mutation can rescue
osteoclast differentiation, suggesting that csf-1 plays a role in macrophages survival
in tissues. However, recent data in our laboratory found no role for bcl2 in csf-1-
induced LC development and enforced bcl-2 expression in csf-1r7- BM progenitors
does not rescue LC repopulation in inflamed s kin (Merad, unpublished).
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Transforming Growth Factor-3

Transforming growth factor-f (TGF-B) has multiple roles in regulation of
homeostatic and inflammatory hematopoiesis (Fortunel et al. 2000). In addition to
CSF-1, TGF-B is a nonredundant cytokine for LC development in vivo in mice
(Borkowski et al. 1996; Borkowski et al. 1997) and similarly supports LC develop-
ment in vitro from human hematopoietic progenitors (Strobl et al. 1996; Caux et al.
1999). Interestingly, TGF- acts upstream of transcription factors Id2 and Runx3,
and deletion of those also leads to LC deficiency in vivo (Fainaru et al. 2004;
Hacker et al. 2003) (discussed below).

In the skin, keratinocytes are a large source of TGF-f3, and it was been assumed
that exogenous TGF-f3 was critical for LC development (Borkowski et al. 1997).
Recent data, however, have challenged this view, as mice in which an absence of
TGF-B secretion is restricted to langerin-positive cells cannot develop epidermal
LCs (Kaplan et al. 2007).

IL-4, TNFq, LT, and G-CSF

Although FIt3L, GM-CSF, CSF-1, and TGF-3 are major known cytokines for
in vivo DC development in steady state and upon demand, other cytokines are
described that execute more subtle effects within the complex setting of steady-
state and inflammatory DC homeostasis, and we only mention them briefly here.

GM-CSF alone, as discussed above, is sufficient for generation of functional DCs
from mouse whole bone marrow progenitors and blood cells, and this became a
standard protocol for mouse in vitro DC generation (Inaba et al. 1992a; Inaba et al.
1992b). However, the initial hallmark study on in vitro differentiation of human
monocytes to DCs reported that addition of IL-4 to GM-CSF in cultures enhanced
cellular recovery as well as a DC characteristic phenotype (CD1*CD14") and function
(mixed lymphocyte reactions, presentation of soluble antigen to specific T cells) and
likely suppresses macrophage differentiation compared to DC generation from
monocytes with GM-CSF alone or with GM-CSF and TNFo (Sallusto and
Lanzavecchia 1994). Thus, for human monocyte to DC differentiation GM-CSF plus
IL-4 became the standard protocol maintained today. While IL-4 is not essential for
in vivo mouse DC differentiation, follow-up studies on mouse GM-CSF cultured
whole bone marrow cells revealed that IL-4 added to DC maturation and increased
T-cell immunogenicity (Lutz et al. 2002). The exact role of IL-4 in vivo and specifi-
cally the question of whether IL-4 has a role in steady-state DC maintenance or only
inflammatory DC activation still needs to be addressed (Lutz 2004).

In the seminal study by Caux et al., CD34-expressing progenitor cells isolated
either from human bone marrow or umbilical cord blood were shown to give rise
to both monocytes and DC in vitro in the presence of GM-CSF and TNFa. These
results contrast with data in the mouse in which GM-CSF alone is sufficient for the
proliferation and differentiation of DCs from bone marrow progenitors. The exact
role of TNFa in DC differentiation from hematopoietic progenitors is still unclear,
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but it has been suggested that at least part of the mechanism of action of TNFa can
be explained by the inhibition of CD34* cell differentiation into granulocytes
(Santiago-Schwarz et al. 1993) or other myeloid lineages (Canque et al. 2000). In
mice, TNFa has been shown to play a critical role in DC migration from tissue to
LN during inflammatory injuries (Cumberbatch and Kimber 1992; Cumberbatch
et al. 1997). Mice deficient in TNFa can form DCs but have a reduced cutaneous
hypersensitivity response after skin immunization (Pasparakis et al. 1996).

Other cytokines have been shown to play a role in DC development or mainte-
nance. For example, lymphotoxine 3 (LTf), a member of the TNF family, has been
shown to play a role in DC maintenance in lymphoid organs and to contribute to
CDS8" ¢DC homeostasis in the spleen (Kabashima et al. 2005). Another one is
G-CSF, shown to increase DC numbers in blood and lymphoid tissues, most likely
due to mobilization but not differentiation effects (O’Keeffe et al. 2002b; Pulendran
et al. 2000).

The complex interaction of cytokines required for optimal DC differentiation
should be addressed by investigating combined cytokine effects in vivo but also by
live in situ visualization via genetic labeling of cytokine producing cells and
cytokine receptor expressing DC progenitor cells in vivo.

Transcription Factors in Dendritic Cell Development

Environmental stimuli, such as cytokines, need to be translated on the subcellular
level. In hematopoiesis, few transcription factors that are both essential and specific
for the development of one selective lineage or sublineage diversification, yet are
still compatible with viability, have been described. A prominent example for the
former is Pax5, with its deletion leading to blockage of B-cell development
(Nutt et al. 1999). An example for the latter is FoxP3, with its deletion leading
to complete blockage of regulatory T-cell development (Fontenot et al. 2003; Hori
et al. 2003). Most transcription factors, however, are not only active in specification
of one cell type, but in concerted and graded action shape the development and
diversification of different mature lineages (e.g., reviewed in Orkin and Zon 2008;
Laiosa et al. 2006). Deletion of transcription factors active in development and
diversification of multiple lineages consequently lead to multiple hematopoietic
alterations, and resulting homeostatic imbalances often complicate dissection of
primary from secondary effects.

Thus far, no transcription factor exclusively active on and essential to all DC
development or to DC diversification has been described. However, by studying
respective transcription factor knockout mice, a substantial amount of knowledge
has been gained on the relevance of several multiple lineage active transcription
factors in both global DC development and, specifically, DC diversification.
A summary is shown in Table 4. Of note, since little or no information is available
on transcription factor dependency of nonlymphoid tissue interstitial DCs, these are
not discussed here.
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Table 4 Transcription factor effects on in vivo dendritic dell (DC) homeostasis

Transcription DC prog  SpDC S cDC LC Citation

Factor BM CD8a—/CD8a+

STAT3 " n.a. n.a. 0.1/0.1 n.a. (Laouar et al. 2003)

Gfi-17- 0.2 0.5 0.5/0.5 2 (Rathinam et al. 2005)

STAT5 - n.a. 0.4 0.4/0.3 n.a. (Esashi et al. 2008)

Tkaros™ n.a. n.a. absent/0.15 n.a. (Wu et al. 1997)

Ikaros DN~ n.a. n.a. absent n.a. (Wu et al. 1997)

Ikaros k" n.a. <0.1 0.8/1.1 n.a. (Allman et al. 2006)

XBP-17" n.a. 0.3 0.6 n.a. (Iwakoshi et al. 2007)

RelB" n.a. n.a. absent/1 1 (Wu et al. 1998)

PU.17"~ n.a. n.a. <0.1/1 n.a. (Anderson et al. 2000;
Guerriero et al. 2000)

IRF-2" n.a. n.a. 0.25/1 0.7 (Ichikawa et al. 2004)

IRF-4-- n.a. 0.5-1 0.3/1 n.a. (Suzuki et al. 2004; Tamura
et al. 2005)

IRF-8" 1(?) 0.1 1/0.1 0.5 (Aliberti et al. 2003; Schiavoni

et al. 2002; Schiavoni et al.
2004; Tsujimura et al.

2003)
1d2" n.a. 1.5 1(7)/<01 absent  (Hacker et al. 2003)
Runx3~" n.a. n.a. 0.8(N/2(7) absent  (Fainaru et al. 2004)

Values are given as fold of wild type, n.a. = not available

Transcription Factors Affecting “Global” DC Development

Consistent with the critical role of FLt3L in DC development, hematopoietic dele-
tion of signal transducer and activator of transcription 3 (STAT3), a transcription
factor in downstream flIt3 signaling, led to ablation of Flt3L-dependent DC devel-
opment, resembling the phenotype of FIt3L deficient mice (Laouar et al. 2003).
Conclusively, overexpression and activation of STAT3 in flt3 negative hematopoi-
etic progenitors rescues both their cDC and pDC differentiation potential (Onai
et al. 2006). Furthermore, deletion of the transcriptional repressor Gfi-1, which is
involved in regulating STAT3 activation, leads to reduction of all lymphoid tissue
DCs, while LC numbers were increased (Rathinam et al. 2005). Notably, Gfi-1-
deficient mice display multiple hematopoietic disturbances, and Gfi-1 is also
involved in DC versus macrophage diversification (Hock and Orkin 2006; Rathinam
et al. 2005).

The most recent data shed some light on how Flt3L-dependent steady-state
versus GM-CSF dependent inflammatory DC developmental signals are trans-
lated on the transcriptional level in DC progenitors. Although STAT3 deficiency
blocks FIt3L mediated pDC and cDC development, it does not block GM-CSF
mediated ¢cDC development (Laouar et al. 2003). Specifically, GM-CSF
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downstream activated STATS supports cDC development, while it suppresses the
development of pDCs via direct suppression of IRF-8 (also called ICSBP,
described below) (Esashi et al. 2008). However, besides activation of STATS,
GM-CSF also leads to activation of STAT3 and to IRF-4 expression, a transcrip-
tion factor important in cDC development, described below (Esashi et al. 2008).
Thus, in FIt3 signaling—mediated steady-state pDC and cDC development, STAT3
activation is a nonredundant requirement, while STATS5 is nonessential; in
GM-CSF signaling—mediated cDC development, STAT3 is dispensable and acti-
vated STATS suppresses pDC development. However, in the absence of STATS,
pDCs develop in GM-CSF stimulated cultures, possibly via GM-CSF mediated
STAT3 activation. Also, GM-CSF stimulated STAT5-deficient progenitors seem
to produce fewer ¢cDCs, and hematopoietic STATS deficient animals display
somewhat reduced lymphoid organ ¢cDC numbers, paralleling the findings in
GM-CSF deficient animals (Esashi et al. 2008; Onai and Manz 2008; Vremec
et al. 1997; Kingston and Manz, unpublished). Thus it is likely that beyond sup-
pression of pDC development, STATS is also directly involved in GM-CSF-
mediated cDC development, an issue that needs further clarification. Notably,
GM-CSF downstream STATS activation and consecutive pDC suppression seem
not to impact steady-state lymphoid organ pDC maintenance, as GM-CSF defi-
cient mice do not show increased pDC numbers (Kingston and Manz,
unpublished).

Ikaros

Ikaros is a zinc finger DNA binding transcriptional regulator, expressed and important
in maintenance of hematopoietic stem cells and in the early development of
multiple lymphoid lineages (Georgopoulos 2002). Several Ikaros mutant mice have
been generated. An Ikaros null mutation led to the absence of CD8a* ¢cDC and
reduction of CD8a ¢cDC, a dominant-negative mutation to complete cDC ablation,
and a truncated, low-level-expressed protein led to massive reduction of pDCs,
while ¢cDCs were only slightly affected (Wu et al. 1997; Allman et al. 2006).
Although observed differences in the mutants still need to be elucidated, these findings
show that the requirement of Ikaros at early stages of hematopoietic development
affects DC development as well.

XBP-1

More recently the transcription factor XBP-1, involved in the signaling pathway of
endoplasmic reticulum stress, was shown to affect pDCs and cDCs. XBP-1 deficient
mice developed normal numbers of flt3* progenitor cells, however, differentiating
cells displayed an increased sensitivity to apoptotic cell death, leading to reduced
mature cell populations (Iwakoshi et al. 2007).
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Transcription Factors Affecting DC Subtype Diversification

RelB

The NF-kB/Rel family member RelB is expressed in lymphoid organs. RelB* mice
have an altered thymic organ structure and develop myeloid hyperplasia and
multiorgan inflammation (Burkly et al. 1995; Weih et al. 1995). RelB is expressed
in cDCs, with relatively higher amounts in CD8a~ ¢DCs, and RelB-deficient mice
show massively reduced numbers of this cDC population (Wu et al. 1998). In line
with these findings, similar alterations of the lymphoid organ cDC compartment are
observed in mice deficient in TRAF6, a TNF receptor-associated family protein,
acting upstream of the NF-kB cascade (Kobayashi et al. 2003).

PU.1

The ets-family of DNA binding proteins member PU.1 is a transcription factor
expressed in hematopoietic cells (Klemsz et al. 1990), and its deletion causes
embryonic or neonatal death (Scott et al. 1994; McKercher et al. 1996). PU.1-
deficient mice, those constituted with PU.1 deficient hematopoietic cells, in addi-
tion to other hematopoietic defects, lack or have severely reduced CD8a-, or
CD8a™ and CD8a* ¢cDCs, and GM-CSF is not sufficient to induce DC differentiation
from PU-1 deficient progenitors in vitro (Anderson et al. 2000; Guerriero et al.
2000). Downstream f1t3 signaling leads to PU-1 expression (Mizuki et al. 2003),
and PU.1 cooperatively with C/EBPa activates myeloid development-associated
cytokine receptor genes, including G-CSFR, M-CSFR, and GM-CSFR (Friedman
2002). Interestingly, enforced PU.1 expression in flt3-megakaryocyte-erythrocyte
lineage committed hematopoietic progenitors was sufficient to permit the develop-
ment of both pDCs and cDCs as well as other myeloid lineages (Onai et al. 2006).
In human CD34* progenitor cells, knockdown of PU.l inhibited development
pDCs, as did the knockdown of another ETS transcription factor, Spi-B (Schotte
et al. 2004). Although the effects of PU.1 deletion on pDC development in mice has
not been reported, the above described research raises the expectation that PU.1
likely also has a role in mouse pDC development in vivo.

The interferon regulatory factors (IRF) 2, 4, and 8 (formerly also called PU.1
interaction partner, Pip, or interferon consensus sequence binding protein, ICSBP)
were recently described as key transcription factors involved in DC subset diversi-
fication. IRF-2 deficient mice display reduced CD8a" ¢DCs and slightly reduced
LCs (Ichikawa et al. 2004). IRF-4 deficient mice have reduced CD8a~ ¢cDCs and
slightly reduced pDCs (Suzuki et al. 2004; Tamura et al. 2005), and IRF-8 knockout
mice have reduced CD8a* DCs, pDCs, and LCs, while numbers of early DC pro-
genitors in BM seem to be conserved (Aliberti et al. 2003; Schiavoni et al. 2002;
Schiavoni et al. 2004; Tsujimura et al. 2003). Interestingly, while both IRF-4 and
-8 show some overlapping activity, in vitro DC differentiation upon GM-CSF
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stimulation depends preferentially on IRF-4, while DC differentiation upon fIt3L
preferentially depends on IRF-8 (Tamura et al. 2005), fitting to some extent the DC
phenotypes observed in respective cytokine and IRF deficient mice.

1d2

Helix-loop-helix (HLH) proteins that act as transcriptional activators are inhibited
by counter-acting HLH proteins, the Id (inhibitors of DNA binding) proteins. Id2 is
induced during GM-CSF (and likely flt3L) driven DC development in vitro, and Id2
deficient mice have moderately increased pDCs, severely reduced CD8a* DCs, and
lack LCs (Hacker et al. 2003). Interestingly, LC deficiency in TGF-f knockout
mice can be directly linked to the LC deficiency observed in Id2 deficient mice, as
TGF-B delivers the upstream signal for Id2 induction (Hacker et al. 2003). In
human CD34* hematopoietic progenitor cells, ectopic expression of 1d2 and Id3 led
to inhibition of pDC but not cDC development in vitro (Spits et al. 2000), while
ectopic expression of the transcriptional activating HLH protein E2A, which is
inhibited by 1d2, stimulated pDC development (similar as Spi-B, discussed above)
(Schotte et al. 2004). These observations in human cells fit the finding that Id2
deficient mice have elevated pDC numbers (Hacker et al. 2003).

Runx3

Another transcription factor mediating TGF-f responses is Runx3, a member of the
runt domain family of transcription factors. Lack of Runx3 in mature DCs results
in loss of TGF-B-mediated inhibition of maturation, therefore leading to DC activation
and inflammation (Fainaru et al. 2004). Importantly, lack of appropriate TGF-3
induced Runx3 signaling results, as with 1d2 deficiency, in the absence of LCs
(Fainaru et al. 2004).

Differentiation of Dendritic Cell from Hematopoietic Stem
and Progenitor Cells

Early Hematopoietic DC Development

Hematopoiesis is a hierarchically structured organ system with a very high cellular
turnover that must be tightly regulated according to demand. In adult mammals, a
small fraction of self-renewing hematopoietic stem cells (HSCs) in bone marrow
gives rise to multipotent progenitors (MPPs) that then generate progenitors with
gradually restricted developmental options that finally differentiate to mature cells
(Kondo et al. 2003; Orkin and Zon 2008). The differentiation of HSC into mature
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hematopoietic cells involves early loss of self-renewal ability from HSCs to MPPs,
accompanied by an increase of proliferative capacity per unit of time, which is
again gradually lost during the functional maturation of lineage progeny. However,
some rare defined lineage cells, such as memory T and B cells, do regain self-
renewal and proliferation, but not multilineage differentiation potential, a process
accompanied by reactivation of a HSC self-renewal transcriptional profile (Luckey
et al. 2006).

Based on cell surface antigen expression and response to environmental stimuli,
several early developmental intermediates with restricted differentiation options
have been defined in mice and men. Prominent examples are clonal common lym-
phoid progenitors (CLPs) that harbor all lymphoid, but not myeloid, and clonal
common myeloid progenitors (CMPs) that harbor all myeloid, but not lymphoid,
developmental options (Akashi et al. 2000; Kondo et al. 1997; Karsunky et al.
2008; Galy et al. 1995; Manz et al. 2002). These progenitors have been an invalu-
able tool in understanding the control of physiologic and pathologic early develop-
mental steps. However, in contrast to frequent assumptions, proof of existence of
such progenitors does not disprove alternatives. Indeed, more recent studies are
helping to refine our current understanding of the hematopoietic developmental
tree, revealing overlapping and graded stages of development in very early lineage
commitment. Although this is important and adds a note of caution to any evalua-
tion of lineage commitment, the controversies discussed in very early lymphomy-
eloid lineage choices might not directly impact downstream DC development, as
discussed below, and we thus refer to specific recent reviews in the field (e.g., in
Iwasaki and Akashi 2007; Buza-Vidas et al. 2007).

Lymphoid and myeloid committed progenitors as CLPs and CMPs maintain
developmental options for all DC subtypes in both mice and humans (Traver et al.
2000; Manz et al. 2001; Wu et al. 2001; Shigematsu et al. 2004; Chicha et al. 2004;
Ishikawa et al. 2007; Karsunky et al. 2005). Specifically, it was demonstrated that
that all lymphoid organ pDCs and cDCs are generated upon recipient irradiation
and transfer of mouse CMPs, granulocyte-macrophage progenitors (GMPs), CLPs,
and thymic pro-T1 cells, while pDC and ¢DC differentiation potential is lost once
definitive megakaryocyte-erythrocyte and B-cell commitment occurs (Traver et al.
2000; Manz et al. 2001; Wu et al. 2001; Shigematsu et al. 2004; Chicha et al. 2004;
Ishikawa et al. 2007; Karsunky et al. 2005). The 2—4 week transient generation of
DCs from all these progenitors revealed a strong bias toward CD8a* DC generation
not only in thymus but also in spleen, while CD8a* DCs in steady-state spleen
represent the minor cDC fraction (discussed above). Thus, the interpretations of
initial hallmark progenitor transfer studies that used early thymocyte progenitors
and observed CD8a* biased read out in irradiated mice, leading to claims of “lym-
phoid-lineage derived CD8a* DCs,” needed to be revised, as preferential CD8a* DC
read out in spleen is induced by environmental factors postirradiation (Ardavin
et al. 1993; Wu et al. 1996; Traver et al. 2000; Manz et al. 2001; Wu et al. 2001).
DC differentiation was transient and disappeared by 2—4 weeks, suggesting that
lymphoid organ DCs do not have self-renewal potential and are constantly main-
tained by new blood precursor input, as mentioned above.
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Subsequent studies revealed that the maintenance of DC developmental options
is intimately linked to the capacity of progenitors to respond to the above discussed
nonredundant DC development relevant cytokine, FIt3L. It was shown that during
early lineage commitment, DC developmental options segregate with flt3 expres-
sion, present on all the above mentioned progenitors with DC developmental poten-
tial, while absent on those without (Karsunky et al. 2003; D’ Amico and Wu 2003;
Mende et al. 2006). Importantly, enforced expression and signaling of human fIt3
in naturally flt3- progenitors induced in vitro and in vivo pDC and ¢DC differentia-
tion and enforced expression in naturally flt3* progenitors enhanced their pDC and
c¢DC differentiation, thus demonstrating that f1t3 indeed delivers an instructive sig-
nal to activate DC differentiation programs from early progenitors to mature
steady-state DCs (Onai et al. 2006; Onai et al. 2007b). Because alternative lympho-
myeloid developmental programs of flt3 transduced progenitors were not shut
down, it is critical to stress that fIt3 signaling is not immediately deterministic but
primarily opens access to a DC differentiation program that might be used if no
alternative, competing signals occur, leading to a hypothetic gradual “flt3-licence”
model in DC differentiation (Onai et al. 2007b).

Gradual Downstream Restriction to the DC Lineages

Given the fact that DC developmental options segregate with flt3* early lympho-
and myeloid differentiation, the subsequent question was whether downstream
progenitors with further DC-restricted differentiation potential or exclusive DC
potential and stepwise reduced proliferation potential existed. Several of these have
been recently described, and we here divide them into three groups (Table 5).

The first group comprises cells in an early hematopoietic hierarchy with a high
proliferative capacity, expressing some level of surface CD117 (c-kit, the recep-
tor for stem cell factor) but not a mature lineage marker including CD11c. Given
their burst size, clonal assays with robust read out in different cellular subpopula-
tions in vitro were feasible, and, upon transfer in irradiation conditioned hosts,
these cells produce several fold their input numbers’ progeny at the peak of read
out in spleen.

Linc-kit"CX,CR1* cells, accounting for 0.5% of bone marrow in Cxcri-gfp
knockin mice, differentiated exclusively into monocytes, macrophages, and cDCs
but not into pDCs on a clonal level in vitro, and as a population in vivo in irradiated
and nonirradiated mice, and were thus named “macrophage and DC progenitors”
(MDPs) (Fogg et al. 2006). Maximum MDP offspring cells in spleen were gener-
ated in 7 days after sublethal irradiation and transplantation, with an approximate
1:10 MDP input to spleen cDC output ratio.

Based on relevant cytokine receptor expression for DC development, we identi-
fied that a cell population identified as 1inCD117™CD135*CD115*CD127-
accounted for 0.1% of adult mouse bone marrow and was able to differentiate
exclusively into pDCs and c¢DCs clonally in vitro and as a population in vivo (Onai
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et al. 2007a). Referring on their capacity to generate pDCs and cDCs clonally but
no other cells in vitro in all assays applied, and in analogy to the previously
described CLPs and CMPs progenitor, we named these cells common DC progeni-
tors (CDPs). Maximum CDP offspring cells in spleen were reached at about 10
days after irradiation and transplantation, with a 1:7-8 CDP input to spleen pDC
and cDC output ratio, and cells went through more than six divisions as determined
by in vivo CFSE dilution (Onai et al. 2007a). Importantly, after in vivo transfer,
CDPs efficiently generated pDCs and cDCs in bone marrow, spleen, and lymph
nodes even in unconditioned mice, a setting closely mimicking the steady-state
situation. Also, both CDPs and their offspring cell generation were enhanced by
in vivo FIt3L injection, confirming and extending the previous finding that FIt3L
drives both, DC progenitor development as well as full differentiation of DCs
(Karsunky et al. 2003; Onai et al. 2007a). A likely identical cell population termed
pro-DCs, defined first in vitro in FIt3L cultures and then in vivo in the bone marrow
by a linCD117™CD135*CD115*CD16/32" surface phenotype, gives similar rise to
both pDCs and cDCs being cloned in vitro and on a population basis in vivo in
unconditioned recipients (Naik et al. 2007).

The second group consists of further differentiated populations that are CD117
negative and express CD11c but not MHC class II surface molecules, with a low
proliferative capacity. In this group, clonal in vitro assays for different DC subtypes
were not feasible with current methods, and, upon transfer in irradiation condi-
tioned hosts, the recovery of progeny cells at peak offspring development in spleen
is several fold lower that input numbers. Furthermore, some populations of this
group were described not only in bone marrow, but also in blood and spleen.

Bone marrow CDI11c*MHC-IT™ cells can be further divided into B220* and
B220- cells, accounting for 0.3% and 0.2% of bone marrow nucleated cells, respec-
tively. Upon transfer into irradiated mice, CD11c*MHC class II- B220* cells gener-
ated exclusively pDCs and c¢DCs, while CD11c*MHC-II- B220 cells generated
exclusively c¢DCs, with at 7 days posttransfer 0.01- and 0.03-fold expansion in
spleen, respectively (Diao et al. 2006; Diao et al. 2004). A similar population,
CD11c*CD31*Ly6C*MHC-II- B220—- cells, accounts for 0.5%—1% of bone mar-
row and 1%-2% of blood cells and gives rise to pDCs, cDCs, and macrophages
without proliferation in vitro, which were called preimmunocytes (Bruno et al.
2001). No in vivo transfer experiments were reported.

Peripheral blood CD11c*MHC-II- DC-precursors (a population later found to be
highly contaminated by DX5+ NK cells) account for about 5% of nucleated cells,
divide approximately three times upon in vivo transfer into sublethally irradiated
mice, and generate spleen pDCs, and ¢cDCs but no other cells in vivo, with an
approximate 1:1 input cell to spleen cell read out ratio at 2 weeks posttransfer (del
Hoyo et al. 2002).

Finally, CD11c™"CD45RACD43"™SIRP-o"MHC-II" pre-cDCs in spleen gener-
ated all spleen cDCs, but no pDCs or other cells on a population basis in vitro and
upon transfer into nonirradiated recipients in vivo (Naik et al. 2006).

The third group consists of nonproliferating Gr-1" monocytes with immediate
DC precursor potential upon in vivo transfer. DC differentiation in this group is not,
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however, a default pathway, as it was only described in context of inflammatory
stimuli at sites of tissue involvement (Naik et al. 2006; Randolph et al. 1999;
Ginhoux et al. 2006; Iijima et al. 2007; Landsman et al. 2007; Varol et al. 2007).
Thus, monocytes do not likely contribute to the majority of DCs in lymphoid
organs at steady state.

Conclusions and Controversies Regarding Groups One and Two
DC Progenitor Populations

As DC progenitor populations in groups one and two were identified at similar
times by different groups using slightly different isolation methods, subsequent
characterization, and in vitro and in vivo read out systems, some definitive conclu-
sions on early DC development can be drawn, but some controversies also arose.

As definitive conclusion, the progenitor populations of groups one and two show
that, as for other hematopoietic lineages, DC lineage development follows a path of
commitment that leads first to lineage and then subpopulation restriction and is
accompanied by decreasing immediate proliferative bust size. Most of this path is
likely achieved within the bone marrow. Also, group one progenitor cells defini-
tively proof the existence of cells with either clonal cDC and MDPs or pDC and
c¢DC (CDP, pro-DCs) potential, which was equally confirmed on the respective
population basis in vitro and in vivo.

The controversies revolve around the following questions: Are defined popula-
tions within groups one and two each homogenous? Are they strictly separated and
coexisting or are they instead one and the same, or, especially if they are not
homogenous, are they partially overlapping? If the same or partially overlapping,
are the observed biological differences possibly due to minor technical differences
in isolation and read out methods used?

By phenotype, all group one progenitors, MDPs, CDPs, and pro-DCs, reside
within the lin- bone marrow fraction with MDPs expressing likely somewhat higher
levels of CD117 and CDPs and pro-DCs expressing CD135 at the surface, while
CD135 expression on MDP was only reported at the mRNA level. All three do not
generate megacaryocyte-erythrocyte, granulocyte, and lymphoid read out and pos-
sess similar proliferation capacity in vitro and upon in vivo transfer, making all of
them candidates to contribute majorly to steady-state DC generation. However,
while CDPs and pro-DCs respond to the DC cytokine flt3L, respective responses of
MDPs are less well characterized, although a recent study that used a progenitor
population containing MDPs suggested an FIt3L-driven proliferative response
(Waskow et al. 2008). A key biological difference lies in the finding that MDPs
clonally and on a population basis efficiently gave rise to macrophages and cDCs
and lacked pDC differentiation potential (Fogg et al. 2006), while CDPs and pro-
DCs exclusively generated pDCs and cDCs, but no or very low macrophage or
monocyte read out (Onai et al. 2007a; Naik et al. 2007). Lack of macrophage read
out from CDPs, but not pro-DCs, could in theory be attributed to the blocking
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M-CSFR antibody (AFS-98) used for prospective isolation. However, M-CSF
induced enhancement of DC development (Onai et al. 2007a) and all subsequent
experiments showed, that this antibody does not substantially affect read out as
long as it is not added continuously to cultures (Onai and Manz, unpublished). This
parallels the observation that the blocking IL-7Ra antibody A7R34 used for CLP
isolation does not inhibit B-cell read out from these IL-7 dependent cells (Kondo
et al. 1997; Manz et al. 2001). If these findings hold true by all means, MDPs on
the one side and CDPs and pro-DCs on the other side must at least differ on the
fraction of those cells that give clonal read out to cDCs and macrophages, and
pDCs and cDCs, respectively. Of note, recent further analysis of MDPs revealed
some pDC read out, at least on the population level (Auffray et al. 2008).

Group two progenitors, due to their relatively low proliferative burst size, have
not been evaluated as rigorously as group one progenitors and thus within popula-
tions there might be high heterogeneity. In terms of immunophenotype, they are all
CDl1c* but still MCH-II" and are heterogeneous by several additional surface
markers analyzed. Of interest, bone marrow DC progenitors B220+ (Diao et al.
2004) and pre-immunocytes (Bruno et al. 2001), as well as blood DC precursors
(del Hoyo et al. 2002) share on a population basis many surface markers and the
capacity to give rise to pDCs and cDCs. Thus, these populations might have sub-
stantial overlap. The of the group two progenitors best characterized population are
the pre-cDCs isolated from spleen (Naik et al. 2006). As a population, these pro-
genitors have lost monocyte/macrophage and pDC potential but still go through two
or three divisions and give rise to all splenic cDC populations, presenting evidence
that (1) monocytes are not the major progenitors of spleen cDC in steady state, and
(2) some and possibly most cDCs enter the spleen in an immature state, ready to go
through further expansion and terminal differentiation. Whether bipotent pDC and
¢DC progenitors (i.e., CDP, pro-DCs or their respective offspring) can also directly
travel through blood and enter lymphatic organs, or if pDCs only enter in a cDC
separated fashion, still needs to be determined. Of interest, a minute spleen popula-
tion with CDP phenotype and in vitro pDC and c¢DC differentiation capacity was
already demonstrated (Onai et al. 2007a).

Future direct comparison of the progenitors in groups one and two, as well as
improved technologies for in vivo tracking, possibly with the demission of transfer
studies, will be critical to solve these issues.

The LC Exception

It is important to note that this DC differentiation model does not apply to LCs. We
have shown that in contrast to most DC populations, LCs are maintained locally
and independently of circulating precursors in the steady state (see also the chapter
on developmental biology of mammalian T-cell progenitors). In contrast, in
inflamed settings, LCs are replaced by circulating Gr-1hi monocytes in an
M-CSFR-dependent manner.
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How LC homeostasis is maintained during the steady state is unclear. We and
others showed that LCs do proliferate in the skin. Although self-renewal could be
sufficient to maintain LC numbers most of the time, the existence of specialized
local precursor cells has also been proposed. The bulge region of the hair follicle
serves as a niche for keratinocytes, melanocytes, and mast-cell progenitors
(Kumamoto et al. 2003; Blanpain and Fuchs 2006), and there is evidence to suggest
that following skin injuries that specifically affect the epidermis, but not the dermis
where the hair follicles are located, LCs can be repopulated from the follicles alone
(Gilliam et al. 1998) (Fig. 1). It is therefore possible that both differentiated LCs,
through self-renewal, and local hematopoietic precursor cells could contribute to
LC homeostasis depending on physiological needs, as has been shown for skin stem
cells (Kumamoto et al. 2003). Conditional depletion of LCs and careful monitoring
of their repopulation should help to resolve these issues (Kissenpfennig et al. 2005;
Bennett et al. 2007).

A DC Homeostasis Integrated View

An integrated view on DC homeostasis is starting to emerge from the studies
described above (Fig. 1). All current data indicate that homeostasis of lymphoid
and nonlymphoid tissue DCs, with the exception of the LCs and thymic DCs, relies
on continuous input from blood-born cells (Manz et al. 2001; Wu et al. 2001;
Merad et al. 2002a; Liu et al. 2007). Nonlymphoid tissue DCs migrate to the drain-
ing LN to present tissue-derived antigens to T cells in order to prime or modulate
T-cell specific response. In contrast to lymphocytes, most DCs do not recirculate in
the blood and have a limited half-life in lymphoid organs. In lymphoid tissues two
major cDC subsets exist, the CD8* and CD8" DC subsets with distinct roles in
T-cell immunity (Shortman and Liu 2002). In nonlymphoid tissues, two DC subsets,
CD103* and CD103",have been described and the exact role of these subsets is
being unraveled. Several studies already underline the critical and nonredundant
function of CD103* DCs in the induction of lung antiviral responses, lung allergic
responses, and gut homing T cells, but also in the induction of gut regulatory T cells
(GeurtsvanKessel et al. 2008; Coombes et al. 2007; Sun et al. 2007; Sung et al.
2006; Hintzen et al. 2006). Furthermore, pDCs or natural interferon-producing cells
are located in lymphoid tissues, bone marrow, and liver but rarely found in other
tissues in the steady state. pDCs are the largest producers of IFN-o and can also
differentiate into antigen-presenting cells able to prime naive T cells, providing a
remarkable link between innate and adaptive immune immunity (Liu 2005).

In the thymus, the majority of cDCs are derived locally from early thymocyte
progenitors, most likely driven by flt3L (Ardavin et al. 1993; Manz et al. 2001; Wu
et al. 2001). Circulating DCs can also enter the thymus, and one recent study
suggests that tissue migratory DCs can recirculate through the blood and migrate
back to the thymus to mediate central tolerance (Bonasio et al. 2006).

In the steady state, DC-restricted progenitors (Naik et al. 2006) (type 2 progenitors,
Table 4), and most likely earlier progenitors (type 1 progenitors, Table 4) (Onai
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et al. 2007a), seed the spleen prior to differentiating into end-stage differentiated cDCs
and pDCs. Alternatively, the pDC and cDC developmental pathways part earlier in
bone marrow or blood, and pDCs are recruited separately. Similar DC differentia-
tion processes may also occur in the LN, although this remains to be determined.
Steady-state DC homeostasis in lymphoid organs is primarily driven by FIt3L and
correlates with flt3 expression on proliferative DC progenitors (McKenna et al.
2000; Laouar et al. 2003; Karsunky et al. 2003; D’ Amico and Wu 2003; Onai et al.
2007a; Fogg et al. 2006; Naik et al. 2007). Interestingly, inhibition of fIt3 signaling
or depletion of CD11c* DCs leads to an increase of serum flIt3L (Tussiwand et al.
2005; S. Jung, personal communication). If this is simply due to DC depletion and
a consecutive lack of a scavenging flt3 receptor, or if a direct feedback loop exists
to signal increased demand, needs to be determined.

Homeostasis of nonlymphoid tissue DC in steady state is far less studied.
Although it is clear that in order to maintain a population of DC in the periphery,
in the face of a continuous migration to the local lymphoid tissue, DC must be
constantly replaced with new cells. The direct in vivo precursors of tissue DC
remain to be examined in detail. It has been suggested that monocytes, DC committed
progenitors, and HSC contribute to the DC pool in the steady state and that fIt3L
participates in the process. However, the exact contribution of each potential
progenitor remains unclear. Monocytes infiltrate nonlymphoid tissues in steady
state, although the mechanisms that regulate this process are unclear. Monocytes
express little or no flt3 (Karsunky et al. 2003), but do express GM-CSFR and
M-CSFR, and it is possible that by analogy to in vitro findings that they require low
amounts of tissue GM-CSF or M-CSF to differentiate into DCs (Fig. 1). In contrast
to most DCs, LCs repopulate locally in the steady state either through self-renewal
or through a local hematopoietic precursor that takes residence in the skin.

The development of DCs in inflamed nonlymphoid tissues has been more thor-
oughly studied. Monocytes differentiate into DCs in inflamed nonlymphoid tissues
and in the spleen (Table 4, type 3 progenitors; Naik et al. 2006; Randolph et al.
1999; Iijima et al. 2007; Ginhoux et al. 2006; Landsman et al. 2007; Varol et al.
2007). This DC differentiation pathway is likely driven by an inflammatory
cytokine network including GM-CSF, TNFa., and IL-4. In addition, flt3L increases
monocyte numbers (Karsunky et al. 2003), and FIt3L levels increase upon systemic
infection and is produced by activated T cells. This might add to the enhancement
of the flt3L-driven pathway. HSCs, known to circulate continuously in small num-
bers in steady-state blood (Wright et al. 2001), were also identified in nonlymphoid
tissues and in circulating lymph (Massberg et al. 2007). In response to inflamma-
tory stimuli, HSCs gave rise to DCs directly at sites of inflammation (Massberg
et al. 2007). These results reveal a potential mechanism to develop emergency
hematopoiesis at an inflamed site, which is consistent with previous findings show-
ing that early myeloid and lymphoid progenitors express toll-like receptors (TLRs)
and can differentiate into DCs in response to TLR agonists, short-cutting usual
differentiation steps (Nagai et al. 2006).

It is clear that mouse and human DCs share several differentiation mechanisms,
including their dependence on FIt3L and GM-CSF to develop. Thus, while it is likely
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that the above described homeostatic and inflammatory DC maintenance pathways
also apply to humans, it remains a challenge to be directly assessed in the future.

Dendritic Cells in Hematologic Disease

DC Neoplasms

DC neoplasms are rare and remain poorly defined. They are also referred to as
histiocytosis syndrome, a family of disease involving the proliferation of histiocytes
(Favara et al. 1997). The term histiocyte was originally used to designate a large
cell in lymphoid organs that had no specific morphology but had voluminous cyto-
plasm and irregular nuclei histiocytosis. This term was subsequently used to refer
to the monocyte/macrophage lineage and then extended to include LCs and DCs but
also follicular DCs, a population of stromal cells that are present in germinal
centers (Cline 1994). Although nearly a century has passed since histiocytic disor-
ders were recognized (Coppes-Zantinga and Egeler 2002), their pathophysiology
remains an enigma, and treatment is nonspecific. These problems underscore the
need for an improved understanding of the etiology and pathogenesis of
histiocytosis.

The three main DC neoplasms reported in the literature include Langerhans cell
histiocytosis (LCH), pDC leukemia/hematodermic neoplasm, interdigitating DC
sarcoma, and follicular DC sarcoma. Follicular DCs are not of hematopoietic origin
and will not be described here. The low prevalence of DC tumors has been attrib-
uted to DC capacity to initiate immune response and used as an argument for tumor
immunosurveillance. This concept has not been clearly addressed, however, the
very low incidence rate of DC malignancy is intriguing. An alternative hypothesis
is that the short DC half-life reduces the risk for acquiring genetic mutations.
Consistent with this hypothesis, the most frequent DC neoplasm is the Langerhans
cell histiocytosis that derives from long-term locally repopulating LCs. This
hypothesis is also consistent with recent understanding of the origin of cancer-initiating
cells, also called cancer stem cells (Clarke et al. 2006).

In recent years it was shown that about one third of acute myeloid leukemias
(AML) carry flt3 mutations that include internal tandem duplications (ITDs, 20%
of AML) and kinase domain (KD, approximately 10% of AML) mutations (Small
2006). Both mutations lead to constitutive activation of flt3 signaling. Given the
relevance of flt3/fIt3L for DC homeostasis, it is intriguing that these mutations are
not associated with DC neoplasia. The reasons for this are unclear, but several
hypotheses can be proposed. First, flt3 is expressed on ST-HSCs, multipotent, and
early myeloid and lymphoid hematopoietic progenitors, and thus alternations in this
limited self-renewing population might read out into other hematopoietic cell
lineages. Second, mouse models with enforced expression of FIt3-ITD in
hematopoiesis develop solely myeloproliferative disease, and full transformation to
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leukemia is only achieved in combination with other leukemia-associated muta-
tions (Small 2006). Thus, in multistep leukemia development, flt3 mutations repre-
sent only one factor contributing to the evolvement of leukemic diseases, and
additional factors might determine the hematopoietic lineage type. Third, down-
stream signaling of mutated, constitutively active flt3 might not be the same as
signaling from wild-type, cognate ligand stimulated fIt3, thus causing different
effects on the cellular signaling pathways. Furthermore, mutated flt3 might not
signal as wild-type fIt3 from the cell membrane but could involve different cellular
compartments. Indeed, FIt3-ITD represses PU.1 and ¢c/EBPa and activates STATS
in a SOCS-resistant fashion (Choudhary et al. 2007).

Langerhans Cell Histiocytosis

Previously called histiocytosis X, LCH is the most common of the rare group of
disorders that constitute histiocytosis (Coppes-Zantinga and Egeler 2002), with an
approximate incidence of three to seven cases per million, predominantly but not
exclusively in children (Bechan et al. 2006). It affects all age groups, but the fea-
tures are much better defined in children than in adults (Arico 2004). The clinical
spectrum of disease is wide but fatal in up to 25% of cases. LCH patients can pres-
ent with three major phenotypes. Two third of LCH patients present as a single-
system disease commonly in bone (Cline 1994). Single bone LCH lesions have also
been called syndrome of Hand-Schuller-Christian or eosinophilic granuloma
(Coppes-Zantinga and Egeler 2002). Many of these patients require minimal treat-
ment or the lesion resolves spontaneously. At the other extreme, patients develop a
leukemia-like disorder also called Abt-Letterer-Siwe disease, in which multiple
organs are affected, leading to organ failure, and patients often require chemother-
apy (Cline 1994; Coppes-Zantinga and Egeler 2002; Bechan et al. 2006). Between
these extremes are patients with multisystem disease without organ failure in whom
the disease runs a fluctuating course and may eventually burn out often leaving
serious residual disabilities. The origin of LCH remains unclear and the treatment
is often difficult to establish. The hypothesis suggesting that LCH derives from an
accumulation of LCs is based on phenotypical and ultrastructural observations
showing that LCH lesions are infiltrated by CD1a* (Cepek et al. 1994), langerin-
positive (Chikwava and Jaffe 2004) cells that may contain Birbeck granules
(Nezelof et al. 1973). It has been difficult to understand how LCs, which are nor-
mally restricted to stratified epithelia, could give rise to such a multifocal disorder.
The recent discovery by our and other laboratories that langerin-positive DCs are
present in most of the tissue types that are affected by LCH raises the possibility
that these cells are also involved in LCH.

A central question about LCH is whether it is a true neoplastic or a reactive
disorder. Data showing that LCH cells have an activated phenotype that includes
upregulation of costimulatory molecules such as CD40, CD80, CD86 (Geissmann
et al. 2001; Emile et al. 1995), the frequent presence of granulomas that include
eosinophils, macrophages, and T cells, together with the absence of cellular atypia
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and genetic abnormality in LCH cells have been used to suggest their reactive origin
(Nezelof and Basset 2004). Arguments for a malignant transformation are based on
studies showing that LCH cells may be clonal and proliferate in situ (Yu et al. 1994;
Willman et al. 1994). However, DC clonality may result from clustering of DC
emerging from a common local progenitor, as shown in mice. Some proliferation
of LCs in LCH lesions may not be fundamentally pathological as there is evidence
that local proliferation is a normal homeostatic mechanism of LC (discussed above)
(Merad et al. 2002a; Bogunovic et al. 2006). Since FIt3 ligand might control the
proliferation of immediate DC progenitors in peripheral tissue (Karsunky et al.
2003; Waskow et al. 2008), it is intriguing that a study on 24 patients with LCH
revealed significantly elevated serum levels of Flt3 ligand and CSF-1 (Rolland et al.
2005). Higher levels of these cytokines correlated with patients having more exten-
sive disease (Rolland et al. 2005). Serum levels of Flt3 ligand and CSF-1 were the
highest in high-risk patients with extensive skin and/or multisystem involvement,
while patients with bone lesions had relatively higher levels of CSF-1 and stem cell
factor (Rolland et al. 2005). These studies, together with our findings showing that
CSF-1 receptor is required for LC development (Ginhoux et al. 2006), argue for the
potential benefit of drugs modulating FIt3 ligand (Tussiwand et al. 2005) and
CSF-1 effects for the treatment of LCH. However, it remains to be determined if
these cytokines are involved in initiation of disease. Of interest, recent data revealed
elevated IL-17A serum levels in LCH patients and demonstrated the role of IL-17
in the development of multiple giant cells that are often present in LCH lesions
(Coury et al. 2008).

Other factors may play a role in the development of LCH. The antiapoptotic
gene Bcl2 is expressed in many lesional cells in LCH, while Bcl2 is not expressed
in normal LCs, suggesting that the cellular mechanisms that detect DNA damage
and apoptosis are activated in LCH cells (Schouten et al. 2002). Southern blot
hybridization analysis revealed no evidence for Bcl2 gene rearrangements, suggest-
ing that LCH cells may respond to signals that regulate normal Bcl2 expression
(Savell et al. 1998). Signals provided by activated T cells, such as CD40 ligand,
upregulates Bcl2 in human DCs, a phenomenon that correlates with a resistance to
Fas-mediated apoptosis (Bjorck et al. 1997). Another TNF-related molecule
expressed exclusively on T cells (TRANCE) upregulates the antiapoptotic molecule
Bcl-xL in DCs, which enhances their viability in vitro (Wong et al. 1997). T lym-
phocytes represent 20% of the lesional infiltrate in LCH, and about 80% of these T
cells are memory cells (Bechan et al. 2006). Thus it is possible that upregulation of
antiapoptotic molecules on normal langerin-positive DCs induced by TNF-related
molecules expressed by activated T cells play a role in LCH. An intriguing study
has recently shown that transgenic mice expressing the simian virus 40 (SV40)—
derived oncogenes under the CD11c promoter (Steiner et al. 2008) developed a
dramatic increase of CD8* DCs in spleen and liver at around 2 months of age. CD8*
DCs expressed langerin and were highly proliferative. Granuloma, which are
almost always present in LCH, were absent in these mice. Although this disease is
evocative of LCH, the high proliferation rate of CD8* cells and the absence of
granuloma can also suggest a DC sarcoma (Pileri et al. 2002).
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Early pDC Leukemia/Lymphoma (pDCL, CD4*CD56* Hematodermic
Neoplasm)

This disease was initially described in the World Health Organization (WHO)
classification as blastic CD56* NK-cell lymphoma. Recent advances in character-
ization of this malignancy, however, revealed a close relationship to pDCs, and it
was subsequently classified in the 2005 WHO/EORTC (European Organisation for
Research and Treatment of Cancer) classification of cutaneous lymphomas as a
separate entity termed “early pDC leukemia/lymphoma” (Willemze et al. 2005).
pDCL represent less than 1% of acute leukemias (Jacob et al. 2003) and 0.7% of
cutaneous lymphomas (Ng et al. 2006). pDCL cells coexpress CD4, CD56, high
levels of CD123 (IL-3 receptor), BDCA-2, BDCA-4, HLA-DR, GM-CSFR, and
transcription factors such as IRF-8 and PU.1, but few or no B, T, NK, lymphoid-,
or myeloid-specific markers, thus resembling a pDC phenotype (Marafioti et al.
2008; Dijkman et al. 2007; Chaperot et al. 2001; Garnache-Ottou et al. 2007,
Herling and Jones 2007). Furthermore, similar to their healthy counterpart, pDCL
cells can mature into DCs that efficiently prime T cells in the presence of IL-3 and
CD40L and can also produce IFN-o upon viral stimulation (Chaperot et al. 2001).
Interestingly, although 13q12 deletions that led to the loss of flt3 were detected,
expression of flt3 was found to be elevated in pDCL (Dijkman et al. 2007), and
activating fIt3 mutations have not been reported so far. pDCLs usually manifest as
isolated cutaneous lesions that rapidly evolve to multiple sites and proliferate in the
blood, BM, LN, and other organs such as the spleen, liver, central nervous system,
tonsils, lungs, kidneys, and muscles (Herling and Jones 2007). Skin involvement is
typically diffusely dermal, and epidermal tropism is almost always absent (Ng et al.
2006). This is consistent with the distribution of pDCs, which are found in inflamed
dermis but always absent from the epidermis. The overall prognosis is dismal with
a median overall survival of 9-12 months irrespective of initial pattern of disease
(Herling and Jones 2007). Long-lasting remissions have been rarely reported and
usually occur in younger patients treated with allogeneic stem cell transplantation
(Reimer et al. 2003).

Dendritic Cell Sarcoma

Dendritic cell sarcoma is a very rare entity with less than 50 cases described so far
(Gaertner et al. 2001). DC sarcoma affects mostly the LN, but cases of DCs affect-
ing extranodal sites including the skin, BM, lungs, liver, kidney, and spleen have
been described. Histologically, mitotic figures, sometimes multipolar, are frequent
and provide a crucial element for distinguishing this condition from a reactive pro-
cess. Accumulation of inflammatory cells is frequent and, among them, activated
macrophages and lymphocytes are usually present and tend to confuse the histo-
pathologic picture. DC sarcoma expresses CD68 and S100 and no maker of T, B,
or NK lineage (Favara et al. 1997; Gogusev and Nezelof 1998). CD1a and langerin
can be expressed, and it is then called LC sarcoma. Similar to LCH, multinucleated
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cells are common, and the presence of lymphocyte and plasma cells are also common,
but in contrast to LCH, LC sarcoma displays cytological atypia (Gaertner et al.
2001; Andriko et al. 1998; Weiss et al. 1986; Rousselet et al. 1994). The course is
often progressive and can be rapidly fatal (Gaertner et al. 2001). There is no
consensus on treatment and various regimens have been tried, including chemo-
therapy, radiotherapy, surgery, or combination therapy. The prognosis is difficult to
estimate, given the relative paucity of cases, but it appears poor.

DCs in Allogeneic Hematopoietic Cell Transplantation (allo-HCT)

Allo-HCT has been a therapeutic modality in humans for almost half a century
(Baron et al. 2003; Ford et al. 1956). Engraftment of allogeneic stem cells is facili-
tated by myelosuppressive and immunosuppressive conditioning given just prior to
the infusion of stem cells. It is now well established that the immunological activity
of donor T cells in allo-HCT grafts is a critical factor in eradicating residual recipi-
ent hematopoiesis and malignancy, also called graft-versus-leukemia response
(GVL) (Weiden et al. 1979; Weiden et al. 1981; Horowitz et al. 1990). The potential
of donor T cells to secure remission is most dramatically demonstrated by the use
of donor lymphocyte infusion (DLI) to treat posttransplant relapses (Kolb et al.
1990; Kolb et al. 1995; Kolb et al. 2004). However, in addition to their favorable
attack of the diseased host hematopoietic system, allo-reactive T cells also lead to
a major posttransplant immune complication called graft-versus-host disease
(GVHD). There is ample evidence in animal models of transplantation that both
GVHD and GVL are dependent on host APC, of which DCs are the most potent.
Functional recipient, but not donor, APCs are required for GVL mediated by CD4*
and CD8* cells (Matte et al. 2004; Reddy et al. 2005). For CD8 T cell-mediated
GVL, donor alloantigens must be present on both recipient APCs and tumor; tumor
lines expressing costimulatory molecules are also unable to substitute for profes-
sional APCs (Reddy et al. 2005). Of interest, stably engrafted donor APCs, while
not required for GVL, are able to mediate some CD8 T-cell-dependent GVL activity
at lower tumor burden while sparing the effect of GVHD (Matte et al. 2004; Reddy
et al. 2005; Chakraverty et al. 2006).

GVL appears to occur at a lower threshold than GVHD in studies of escalated
DLI in mice and humans, suggesting that access to a narrow therapeutic window
between GVL and GVHD is possible (Johnson and Truitt 1995; Mackinnon et al.
1995). Changing the density or location of host DC in the recipient may be able
influence the therapeutic advantage in favor of GVL. In murine models, recipient
DCs present in the spleen or the LN are in contact with donor T cells and are suf-
ficient to prime robust GVL responses (Reddy et al. 2005; Chakraverty et al. 2006;
Mapara et al. 2002). In contrast, recipient peripheral tissues are not infiltrated by
allo-reactive donor T cells in the absence of inflammation (Chakraverty et al.
2006). The interaction of donor T cells with lymphoid organ DCs, but not tissue DC
populations, may achieve a selective benefit in promoting GVL without GVHD
(Reddy et al. 2005; Chakraverty et al. 2006; Mapara et al. 2002). This argument
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underpins the logic of delayed T cell add-back strategies (Barrett et al. 1998) and
preemptive DLI (Peggs et al. 2004), which allow the inflammatory insult of condi-
tioning to subside prior to the infusion of donor T cells.

Finally, it has been proposed that in certain malignancies, APCs may arise directly
from the malignant clone, serving to prime donor T cells directly to tumor-associated
antigens (Kolb et al. 2004). In chronic myelogenous leukemia, ber-abl* DC can be
derived in vitro from monocytes (Terme et al. 2005), but the spontaneous generation
of these cells in vivo has never been examined. A similar argument applies to B cells
in follicular lymphoma (Vyth-Dreese et al. 1995). It is likely that the susceptibility of
these diseases to GVL is not only due to efficient priming of donor T cells, but also
to the slow kinetics of disease and relatively normal phenotype of the leukaemic clone
(Matte et al. 2004). In other diseases where GVL is less effective, relapse can easily
occur during GVHD, suggesting that the target cells escape recognition or overwhelm
the effectors rather than a fault with T-cell priming.

The importance of recipient DCs in initiating GVHD has also been clearly estab-
lished. In a mouse model of allo-HCT, recipient splenic DCs were shown to persist
for only 5 days after irradiation, but allo-reactive T cells express activation antigens
after 6 hours and begin to proliferate within 24 hours (Zhang et al. 2002). Chimeric
animals with defective APCs are generated by a preparatory transplant, and the
effect on GVHD was tested with a second experimental transplant. These maneuvers
show attenuation of acute CD8-mediated GVHD if MHC class I or costimulatory
molecules are deleted from recipient DCs or if recipient DCs are first replaced by
donor cells (Zhang et al. 2002; Shlomchik et al. 1999; Teshima et al. 2002). Donor
DCs play a supplementary role and are able to augment acute GVHD through
cross-presentation (Matte et al. 2004). Further work confirms the importance of
DCs compared with other APCs and demonstrates that recipient DC “add-back™ is
sufficient to induce GVHD (Duffner et al. 2004; Xia et al. 2006). It is also possible
that the potential of some host DC subsets, in particular LCs, to resist the transplan-
tation regimen could play some part in the predilection of GVHD for certain target
organs. In mice transplanted with T-cell-depleted BM, persistent recipient cutane-
ous DCs are sufficient to generate cutaneous GVHD upon DLI (Merad et al. 2004).
In contrast to skin, other GVHD target organs have not yet been closely scrutinized.
The gut and associated Peyer’s patches may harbor radio-resistant DC precursors,
even though rapid turnover of mesenteric LN DC is apparent (Merad et al. 2002a).
In the liver, the bulk of parenchymal DCs rapidly equilibrate with the blood (Merad
et al. 2004), but this does not exclude a niche population of cycling DCs in focal
GVHD targets, such as the portal triad of the liver.

The role of cutaneous DCs in cutaneous GVHD is starting to be unraveled in
human patients that receive allo-HCT. In contrast to blood DCs and monocytes,
human LCs and dermal DCs survive conditioning therapy in significant numbers
(Collin et al. 2006; Fagnoni et al. 2004) and may persist after transplantation
(Perreault et al. 1985; Bogunovic et al. 2006). A recent study on a limited number
of patients treated with reduced intensity and nonmyeloablative regimen suggests
that recipient cutaneous DC survival is linked to the intensity of conditioning and
to GVHD (Collin et al. 2006; Bogunovic et al. 2006). As cutaneous DCs are themselves
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a target of GVHD, it is very difficult to prove a causal link between recipient DC
and GVHD leveling in humans. To directly examine the role of host DCs in post-
transplant immunity, we have initiated a large prospective study to examine correla-
tions between cutaneous DC chimerism and GVHD kinetics in cohorts of patients
transplanted with different regimens (Mielacrek, Collin, Merad et al., in prepara-
tion). We will also examine in this context the correlation between DC chimerism
and antitumor relapse, as it is possible that the disappearance of most remaining
DCs may also correlate with a relapse risk factor.

Future Directions in Research and Possible Clinical Implementation

Thirty-five years after their discovery, DCs have now emerged as key modulators
of several immune processes, including antimicrobial immunity, tumor immunity,
autoimmunity, atherosclerosis, and posttransplantation immune responses. These
immune functions are maintained by a heterogeneous population of DCs with spe-
cialized functions. It is critical to understand the mechanisms that regulate the
homeostasis of DC subsets to better utilize their therapeutic potential. This will
require better understanding the mechanisms that regulate DC development, traf-
ficking, and localization in specialized niches in vivo. These studies will be possible
through the currently evolving labeling and in vivo imaging technology. Furthermore,
selective targeting of DCs in vivo or ex vivo (e.g., via specific antibody or small
molecules) may lead to new immunomodulation strategies that may be beneficial
for the treatment of several human disease, as discussed above.

A main challenge for the future is to translate what we have learned from the
mouse into humans and better explore the diversity of human DC populations, in
particular, the diversity of lymphoid organs DCs. Another challenge will be to
develop more relevant mouse models for the study of the human immune system
(Aspord et al. 2007; Manz 2007).
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Wnt in Hematopoietic and Leukemic Stem Cells

Kim-Hien T. Dao and H.M. Jamieson Catriona

Abstract When first discovered, it was clear that Wnts and their downstream
targets played a pivotal role in the evolution of cancer in mice. However, recent
research has underscored the importance of the Wnt pathway in essential regenera-
tive and repair processes, particularly in the maintenance of self-renewing, blood-
forming stem cells. Seminal studies involving a multiplicity of human cancers
revealed epigenetic and genetic changes that activated the Wnt pathway, primarily
through deregulation of the destruction complex, rendering it a vital potential
therapeutic target in cancer. Wnt pathway deregulation is particularly prominent in
leukemia, which has provided an important paradigm for dissecting the molecular
mechanisms involved in Wnt pathway deregulation in a cell type and context-
specific manner. Perhaps most importantly, the discovery of leukemia stem cells
provided the impetus for investigating the role of the Wnt pathway in fueling their
characteristically unbridled self-renewal capacity. In this review, we examine the
contribution of the Wnt pathway to normal hematopoietic stem cell (HSC) versus
leukemic stem cell (LSC) propagation in order to establish whether a therapeutic
index is likely to exist that will warrant the development of Wnt inhibitor clinical
trials in cancer.

Wnt Pathway

The Wnt family of proteins is comprised of lipid-modified proteins that are excreted
in the microenvironment to act in an autocrine and paracrine manner to activate
signaling pathways involved in multiple developmental events during embryogen-
esis (Nusse et al. 1991; Reya et al. 2003; Staal and Clevers 2005; Willert et al. 2003;
Hope et al. 2004; Jamieson et al. 2004). The wingless (Wg) gene was first identified
in wingless Drosophila mutants that displayed defective segment polarity and limb
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formation (Nusslein-Volhard and Wieschaus 1980; Wu and Cohen 2002). In a
completely different area of research, the integration, or INT proto-oncogenes were
identified as genes near multiple integration sites of mouse mammary tumor virus
(MMTYV) that result in their overexpression and oncogenic potential (Staal and
Clevers 2005; Willert et al. 2003). Subsequently, it was discovered that the wingless
gene is identical to the INT-1 gene (Rijsewijk et al. 1987). As a result, the family
of proteins was named the Wnt family of proteins (Nusse et al. 1991), now
expanded to include a number of proteins across invertebrate and vertebrate species
based on conserved amino acid sequences. The readers are referred to an excellent
and comprehensive review of the role of the Wnt pathway in development and
disease (Logan and Nusse 2004). So far, 19 Wnt genes have been described in the
mouse and human genome (Miller 2002). Classical Wnts are Wnt-1, -3a, -8, and
-8b and nonclassical are Wnt-4, -5a, and -11. The former group is termed “classi-
cal” because they act through the canonical pathway, resulting in $-catenin nuclear
accumulation and transcriptional activation of target genes. The latter group
activates Wnt/noncanonical pathways, including Wnt/calcium and Wnt/planar
cell polarity.

The Wnt proteins contain a highly conserved cysteine-rich motif that is required
for palmitoylation. Removal of palmitoylation, by either enzymatic methods or by
site-directed mutagenesis of a conserved cysteine, result in insoluble and biologi-
cally inactive forms of purified Wnt proteins (Nusslein-Volhard and Wieschaus
1980). The precise function of palmitoylation is unknown, but this posttranslational
modification is integral to Wnt protein secretion and activity. The hydrophobicity
of Wnt proteins may localize the proteins to membranes and limit its solubility and
paracrine action in the microenvironment. Much has been learned about the con-
centration or gradient-dependent action of the Wnts in the microenvironment
(Cadigan et al. 1998; Zecca et al. 1996), but additional long-range effects mediated
by carrier molecules or vesicle transport are also emerging (Greco et al. 2001). The
activity of Wnt proteins are further modulated by secreted frizzled-related proteins
(sFRPs), Wnt inhibitory factors (WIFs), and heparin-sulfated forms of proteogly-
cans (HSPGs) (Hoang et al. 1996; Rattner et al. 1997; Hsieh et al. 1999; Lin and
Perrimon 2000; Wang et al. 1997). The former two harbor striking similarities to
the extracellular domains of Wnt receptors but do not have the transmembrane or
intracellular domains to transduce the signal intracellularly. Other roles for these
proteins remain to be determined, including the transport of Wnt proteins or protec-
tion of Wnt proteins from degradation.

The focus of the remainder of this review will be on the Wnt/canonical pathway,
which ultimately leads to B-catenin accumulation. The primary receptors for the
Wht proteins are the Frizzled (Fzd) family of proteins, which are seven-pass trans-
membrane receptors with an N-terminal region called the cysteine-rich domain
(CRD), which is essential for Wnt binding and ligand-dependent activation of Wnt
signaling (Bhanot et al. 1996). So far, in humans, ten Fzd receptors have been iden-
tified, and in mice, there are nine of these receptors. Activation of the canonical
pathway involves Fzd-1, -7, and -8 receptors, and the noncanonical pathway
via Fzd-2, -3, -4, and -6 receptors. Complicating the biology of the Fzd receptors
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is the potential for oligomerization (Kaykas et al. 2004), which has yet to be fully
characterized. In addition, there are nonconventional Fzd ligands (reviewed in
Hendrickx and Leyns 2008). Heterotrimeric G-protein coupled signaling through
the Fzd receptors has been demonstrated in the canonical and noncanonical path-
ways, but its role under physiologic conditions and cell-specific contexts is still
being elucidated (Katanaev et al. 2005; Sheldahl et al. 1999; Slusarski et al. 1997).

A coreceptor in the low-density lipoprotein-related protein (LRP) family is
required for efficient binding of Wnt to Fzd receptors (Tamai et al. 2000; Wehrli
et al. 2000). In vertebrates, this role is fulfilled by LRP-5 or -6 receptor proteins.
Another level of modulation of Wnt protein activity is the presence of Dickkopf
(Dkk) (Wang et al. 1997; Bhanot et al. 1996) and Wise proteins (Itasaki et al. 2003),
which bind to LRPs and modulate the availability of LRP co-receptors by inducing
their internalization or by competitive binding with Wnt proteins, respectively.
Another family of Wnt receptor is Derailed, a receptor tyrosine kinase of the RYK
subfamily (Hendrickx and Leyns 2008). The cellular context and tissue-specific
function of Wnt activation involving this receptor remains to be determined, but
early work in Drosophila indicates a role in axonal guidance in the central nervous
system (Yoshikawa et al. 2003).

Wht-activated signal transduction is dependent on disheveled (Dsh) protein,
which is a cytoplasmic protein that binds to a C-terminal Lys-Thr-X-X-X-Trp
motif, highly conserved on Fz receptors (Katanaev et al. 2005). Wnt activation
results in phosphorylation of Dsh, and this is thought to modulate the affinity of
Dsh to the Fz receptors and perhaps to other signaling proteins (Yanagawa et al.
1995). Dsh is necessary for recruitment of Axin to the membrane (Cliffe et al.
2003). The LRP co-receptor also transduces ligand-mediated activation of the Wnt
pathway by direct binding with Axin. The Pro-Pro-Pro-Ser/Trp-Pro motif on the
cytoplasmic tail of LRP is phosphorylated by Wnt activation, thereby facilitating
Axin binding (Tamai et al. 2004). Both Dsh and Axin contain a DIX domain, which
permits homodimer and heterodimer formation (Hedgepeth et al. 1999; Hsu et al.
1999; Sakanaka and Williams 1999; Itoh et al. 2000). The exact function of
dimerization is unclear, but it likely serves to recruit and modulate other signaling
protein complexes into a subcellular region of Wnt activation.

In the absence of Wnt activation, 3-catenin resides in a destruction complex with
scaffolding proteins APC and Axin (Hart et al. 1998; Kishida et al. 1998), which
facilitates interaction of 3-catenin with casein kinase Io. (CKlIa) and glycogen syn-
thase kinase 3 (GSK3) (Amit et al. 2002; Liu et al. 2002; Yanagawa et al. 2002;
Yost et al. 1996). Both are serine/threonine kinases. This “destruction complex”
allows for priming phosphorylation of B-catenin on serine 45 by CKla (Liu et al.
2002; Gao et al. 2002), followed by more efficient phosphorylation of B-catenin on
threonine 41, serine 37, and serine 33 by GSK3 (Lagna et al. 1999; Winston et al.,
1999). Phosphorylation of B-catenin on these serine residues is recognized by
B-transducin repeat-containing homolog protein (B-TRCP), containing E3 ubig-
uitin ligase, and this facilitates efficient B-catenin ubiquitination and degradation by
the proteosome. Thus, under basal conditions, the cellular amount of total 3-catenin
is maintained at a low level, and nuclear -catenin, or the nonphosphorylated form,
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is essentially undetectable. Mutation of B-catenin at the key phosphorylation
residues results in decreased degradation of B-catenin and subsequent nuclear accu-
mulation. Cells expressing such mutants are not dependent on extracellular Wnt
activation and can activate Wnt-responsive genes constitutively. Somatic mutation
of B-catenin has been reported in human cancers, including colorectal and hepato-
cellular carcinomas (Giles et al. 2003). In addition, at the cell surface, 3-catenin
associates with a-catenin and cadherin proteins (adherens junctions) and modulates
cell-cell adhesion and the actin cytoskeleton (Ozawa et al. 1989). This pool of
[-catenin stays membrane-associated and is protected from the destruction com-
plex. Furthermore, this pool of B-catenin may also act as a reservoir of 3-catenin
that could then be mobilized depending upon cellular needs. This suggests a com-
plex interplay between cell-cell adhesion, cell shape and polarity, cell migration,
and the canonical Wnt pathway (Nelson and Nusse 2004). Thus, in the absence of
Whnt signaling, free cytosolic B-catenin is maintained at a low level as a result
of sequestration in the destruction complex and in the adherens junction complex.

Upon Wnt activation, the destruction complex is disrupted, although the exact
mechanism has not been identified. The composition of the destruction complex
has not been fully elucidated, and it may be dependent on various cellular contexts
and different tissues and their microenvironment. Accumulating evidence supports
that the recruitment of Axin to the phosphorylated cytoplasmic tail of the LRP-5 or
-6 co-receptor or to the Fz receptor-Dsh complex is a key initiating event (Mao
et al. 2001). In addition, Dsh also interacts with GSK3 binding protein (GBP), also
known as frequently rearranged in advanced T-cell lymphoma (FRAT), which is
another cellular mechanism that recruits proteins in the destruction complex to the
membrane upon Wnt activation (Jonkers et al. 1997; Yost et al. 1998). FRAT binds
to GSK3p and Dsh, resulting in disruption of the destruction complex, and is a
positive regulator of the Wnt pathway. In one report, a kinase-defective GSK
mutant was not sufficient for lymphoid enhancing factor 1 (LEF1)-mediated tran-
scriptional activation. The authors conclude that other mechanisms are required to
disrupt the destruction complex (Yuan et al. 1999). Other mechanisms that regulate
[3-catenin phosphorylation include protein phosphatase 2A (PP2A), which removes
the phosphate group on -catenin and possibly other GSK3f substrates (Yang et al.
2003). The accumulation of nonphosphorylated 3-catenin and its nuclear transloca-
tion (Tolwinski and Wieschaus 2004) result in binding to the LEF1 and T-cell factor
(TCF) family of transcription factors and activation of Wnt-responsive genes such
as c-myc, cyclin D1, and CD44 (Behrens et al. 1996; Molenaar et al. 1996; van de
Wetering et al. 1997).

Depending on the binding partners, LEF/TCF transcription factor complexes can
act as transcriptional activators or transcriptional repressors. As a family, the LEF/
TCF transcription factors have a f-catenin-binding domain, a context-dependent
regulatory domain (CRD), a high mobility group (HMG) DNA-binding domain, a
nuclear localization signal domain, and a highly variable and not fully character-
ized C-terminal tail (reviewed in Arce et al. 2006). The regions of highest amino
acid identity are the P-catenin-binding domain (60%) and HMG DNA-binding
domain (95%-99%). The CRD is modestly conserved (at best, 15%—-20%) and is
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thought to be responsible for much of the cell type and context-specific diversity of
LEF/TCF function. This region promotes binding of corepressors such as Groucho,
first discovered in Drosophila (Cavallo et al. 1998). In mammalians, the Groucho
orthologs are amino-terminal enhancer of split (AES) and transducin-like enhancer
of split (TLE). By binding to the CRD domain on LEF/TCF transcription factors,
TLE blocks the access and binding of B-catenin to LEF/TCF transcriptional factors.
Furthermore, Groucho binds to histone deacetylases, which recruits these enzymes
to a promoter region targeted for transcriptional silencing. Histone deacetylases
remove negatively charged acetyl groups of histones that neutralize positively
charged lysine and arginine residues. Removal of acetyl groups enhances the bind-
ing of positively charged histones to negatively charged DNA, and allows for more
tightly folded, transcriptionally silent chromatin structure. As a result of Wnt acti-
vation and subsequent nuclear B-catenin accumulation, -catenin binds to LEF/
TCF and displaces corepressor binding. Although the exact mechanism is unclear,
this results in recruitment of a histone acetylase, cyclic AMP response element-
binding protein (CBP) (Hecht et al. 2000; Takemaru and Moon 2000). Addition of
acetyl groups on histones reduces its affinity to DNA and “loosens” the chromatin
structure and enhances access to other transcriptional activators or chromatin
remodeling proteins. Modulation of Wnt target gene expression by B-catenin-LEF/
TCEF is further achieved by nuclear proteins that (1) affect the binding affinity of
-catenin and LEF/TCF to each other and to DNA (such as pygopus and legless in
Drosophila), (2) disrupt the B-catenin-LEF/TCF-CBP complex, and (3) alter
nuclear export of some of the proteins involved in the transcriptional activator com-
plex (Kramps et al. 2002; Parker et al. 2002; Thompson et al. 2002).

For a comprehensive listing of Wnt target genes, the readers are referred to a
frequently updated website established by Roel Nusse (http://www.stanford.
edu/~rnusse/wntwindow.html). These genes are regulators of survival and prolif-
eration, apoptosis, cell fate determination and differentiation, and self-renewal.
Emerging data support the hypothesis that the Wnt pathway is important for embry-
onic development and maintenance of the stem cell compartment in the base of the
hair follicle, the crypt of colonic epithelium, and the bone marrow niche (reviewed
in Reya and Clevers 2005). However, the Wnt pathway is tightly regulated and
modulated under these cellular contexts. Too much or too little Wnt pathway activ-
ity can produce significant phenotypic and functional aberration. Multiple Wnt
target genes encode proteins that are directly involved in the canonical Wnt path-
way. Notable negative regulators of the pathway that are upregulated include Axin2
and DKk, providing a negative feedback loop of Wnt pathway activation.

Although there is some apparent functional redundancy in the Wnt pathway,
such as Axinl and 2, GSK3a and 3, LEF1, TCF1, 3, and 4, B-catenin and y-catenin,
there are also examples where there are cell type and context-specific differences.
Through genetic approaches, the observed mutant phenotypes are not always res-
cued by expressing another isoform. For example, such is the case with GSK3a and
-B in zebrafish cardiogenesis (Lee et al. 2007). This area of intense research interest
continues to produce controversy in the field, but most will agree that it is highly
unlikely that there is absolute functional redundancy of the various isoforms in all
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cell types and tissue contexts. Adding to this complexity is the presence of multiple
Wht proteins in vertebrates that can activate one or more Fz receptors and noncon-
ventional Wnt receptors. Only some Wnt proteins can activate the canonical path-
way. Furthermore, physiologically relevant binding between the different Wnts and
their cognate Fz receptors remains to be determined.

Deregulation of the Wnt pathway is involved in human cancers and other human
diseases (reviewed in Logan and Nusse 2004; Giles et al. 2003; Reya and Clevers
2005). Inherited truncations of APC, resulting in loss of function, are found in 85%
of cases of familial adenomatous polyposis (FAP) (Groden et al. 1991; Nishisho
et al. 1991). This is an autosomal-dominant condition that is characterized by the
formation of thousands of adenomatous polyps throughout the colon and rectum.
Invariably, these polyps accumulate additional genetic aberrations and undergo
malignant transformation in early adulthood. Patients with inherited Axin2 muta-
tions, resulting in loss of function, are predisposed to early colorectal cancer devel-
opment. Somatic mutations of Axin2 have also been reported (Satoh et al. 2000).
Acquired mutations in f-catenin (at key serine sites that are phosphorylated for
targeted proteosome degradation) and in APC have been reported in cases of spo-
radic colorectal cancer (Giles et al. 2003). In hepatocellular carcinoma, 18%—-34%
of patient samples had exon 3 mutations in the CTNNBI1 gene (encoding -catenin)
(Kondo et al. 1999; Legoix et al. 1999; Nhieu et al. 1999). Interestingly, similar
mutations have not been found in hematopoietic malignancies. More relevant to this
review is the role of the Wnt pathway in maintaining the stem cell compartment,
and the focus of this review will be on hematopoiesis and the bone marrow niche,
and the leukemia stem cell population.

Wnt Pathway in Self-Renewal and Differentiation
of Hematopoietic Stem Cells

Embryonic stem cells are the most primitive stem cells. In mammals, hematopoietic
development begins within the mesoderm germ layer in a region described as the
aorta-gonad-mesonephros (AGM) Dzierzak 2002). Certain Wnt genes are highly
expressed in this area (Takada et al. 1994). In particular, Wnt3a, is highly expressed
during embryonic stem cell differentiation, and its overexpression can enhance
in vitro hematopoietic commitment (Takada et al. 1994; Lako et al. 2001). Stem
cells have the unique property of essentially infinite self-renewal capacity. This
entails asymmetric cell division and careful partitioning of a cell to generate a copy
of itself and a more differentiated progenitor, or symmetric cell division, which
gives rise to two daughter stem cells or two daughter progenitor cells. Such a pro-
cess could give rise to daughter cells that have maintained the stem cell phenotype
by retaining certain subcellular organelles and large protein complexes yet to be
characterized. Little is known about how this occurs so precisely, and as a result it
is a highly active area of research. Stem cells are required for tissue regeneration at
times of normal tissue turnover but also during tissue injury. The Wnt pathway has
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been identified as one of the key pathways involved in this process. Evidence that
the canonical Wnt pathway is important in self-renewal of normal stem cells is best
described in the intestinal crypt, hair follicle unit, and hematopoietic bone marrow
niche. For an excellent recent review of this subject, readers are referred to the
review article written by Reya and Clevers (2005). The ensuing discussion will
focus on the hematopoietic bone marrow niche.

Hematopoietic stem cells (HSCs) are a rare population of cells in the bone mar-
row, estimated at a frequency of 1 in 100,000 cells in mice (Baum et al. 1992;
Spangrude et al. 1988). The HSC exists in a stromal cell niche, which maintains
the stem cell phenotype and modulates stem cell activity in tissue regeneration.
The niche is created by a complex architecture of cells, extracellular matrix, and
soluble factors, provided by osteoblasts (Calvi et al. 2003; Zhang et al. 2003) and
endothelial cells (Heissig et al. 2002; Kiel et al. 2005; reviewed in Lichtman 1981
and more recently Kiel and Morrison 2006). Hematopoietic tissues were found to
express Wnt proteins and their cognate Fzd receptors. LEF-TCF reporter activity
is detected in the native bone marrow microenvironment, which provides support-
ing evidence that Wnt signaling is relevant in vivo (Reya et al. 2003). Evidence
that the Wnt pathway is important for hematopoiesis came initially from a set of
experiments looking at the effects of Wnt proteins on murine CD34* cells on
hematopoietic colony formation and engraftment in lethally irradiated mice
(Austin et al. 1997; Murdoch et al. 2003; Van Den Berg et al. 1998). In these
experiments, CD34* cells were cocultured with stromal cells transfected to over-
express Wnt proteins. This resulted in enhanced colony formation and engraftment
in mice. Using a more HSC-enriched population, expression of constitutively
active PB-catenin (Reya et al. 2003) and Wnt3a treatment of a single cell (Willert
et al. 2003) also enhanced reconstitution of lethally irradiated mouse recipients. In
the first study, Bcl-2 transgenic recipient mice were used, so this may have modu-
late the effects of constitutively active B-catenin in vivo. Several reports using
conditional genetic approaches support the emerging theory that too much
B-catenin activity can inhibit differentiation and inhibit HSC self-renewal and
function (Baba et al. 2006; Kirstetter et al. 2006; Scheller et al. 2006). Mice that
overexpressed f-catenin developed a bone marrow failure phenotype, suggesting
exhaustion of the long-term stem cell pool. Thus, Wnt pathway activation is likely
kept in fine balance to meet the demands of tissue regeneration, as physiologically
appropriate. This balance may be achieved by Wnt5a, a negative regulator of
canonical Wnt3a signaling.

WntSa treatment of cultured HSCs under serum-free conditions promoted
GSK3b-independent B-catenin degradation and inhibited Wnt3-dependent canoni-
cal signaling (Nemeth et al. 2007). However, these cells had enhanced HSC
engraftment and repopulation, suggesting a role for the noncanonical pathway in
HSC function. Other studies have suggested a similar role for Wnt5a, as only
stromal cell lines that support HSC growth and maintenance produce Wnt5a and
those stromal cell lines that do not lack Wnt5a production (Hackney et al. 2002).
Similar findings have been reported in human hematopoietic progenitors with
Wnt5a treatment in vitro (Van Den Berg et al. 1998) and in vivo (Murdoch et al. 2003).



220 K.-H.T. Dao and H.M.J. Catriona

The evidence suggests that both canonical (Wnt3a) and noncanonical pathways
(Wnt5a) play a role in expansion of HSCs and progenitors, and maintenance of an
undifferentiated phenotype. Interestingly, Wnt5a*~ mice are predisposed to devel-
opment of myeloid leukemias and lymphomas, and loss of heterozygosity was
found in the mice that developed disease (Liang et al. 2003). Thus, in vivo, Wnt5a
may act primarily as a tumor-suppressor gene and inhibit the canonical Wnt path-
way signaling. The downstream signaling pathway of WntSa activation is not
clearly defined, but G-protein coupling to phospholipase C and subsequent rise in
intracellular calcium and activation of calcium-dependent kinases and protein
kinase C have been reported as possibilities (Sheldahl et al. 1999; Kuhl et al. 2000a;
Kuhl et al. 2000b).

Wnt proteins are produced by the stem cells (autocrine) and the cells support-
ing the bone marrow niche (paracrine) (Chiba et al. 2004). Other soluble ligands,
such as Sonic hedgehog and Notch, have also been shown to be present in the
bone marrow niche (Campbell et al. 2008). Soluble Wnt proteins synergize with
stem cell factor (SCF, also known as steel factor) to promote growth and inhibit
differentiation of murine hematopoietic progenitors (Austin et al. 1997). Forced
overexpression of Axin, a negative regulator of the Wnt pathway, in murine HSC
decreased their expansion and inhibited hematopoietic reconstitution in mice
(Reya et al. 2003). In other genetic approaches, conditional deletion of -catenin
in mice (Cobas et al. 2004) had no observable consequences in hematopoiesis,
suggesting a much needed clarification of B-catenin function in vivo and the
potential capacity of other Wnt pathway components to compensate, such as
y-catenin. However, reconstitution in mice was not tested beyond the primary
recipient or for more than 8§ weeks, but both are better functional discriminators
of the HSC versus progenitor population. Conditional deletion of other self-
renewal genes such as HOXB4 had few phenotypic consequences indicative of
the redundant roles of self-renewal agonists in vivo (Brun et al. 2004). In a
recent paper, mice lacking -catenin in their hematopoietic cells formed HSCs
but were deficient in long-term stem cell function. Interestingly, these 3-catenin-
deficient mice formed BCR-ABL-induced acute lymphoblastic leukemia (ALL),
but not AML, suggesting B-catenin is required for myeloid differentiation and
transformation (Zhao et al. 2007). Recent in vitro data support a role for
y-catenin in HSC renewal and expansion. Although dissecting the signaling
components in the in situ hematopoietic bone marrow niche is challenging, it
nonetheless will provide important insights into the interplay of the Wnt, Shh,
and Notch pathways in HSC self-renewal and capacity for tissue regeneration.
A recent report shows that Notch signaling is required for canonical Wnt pathway-
mediated maintenance of undifferentiated HSC (Duncan et al. 2005). In cancer,
an emerging theme is that a subpopulation of cells harbors the necessary genetic
perturbations and either has the intrinsic capacity to self-renew or acquires this
phenotype by subverting elaborate regulatory signals. This subpopulation of
cells is capable of propagating cancer and has been described as cancer stem
cells (CSCs). It is believed that CSCs, like HSCs, have the cellular property of
infinite self-renewal and are relatively quiescent. These are characteristics that
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impede the cure of human cancers using cytotoxic chemotherapies or cytostatic
biologic agents alone. These agents predominately target more differentiated
and actively dividing cells.

HSCs are found in higher abundance in the endosteal surface of trabecular
bone when compared with the bone marrow. This interaction appears to be facili-
tated by N-cadherin—expressing osteoblasts (Zhang et al. 2003). The functional
significance of this interaction was revealed in a set of experiments using an
osteoblast-specific promoter for targeted ablation of osteoblasts in vivo, and there
was subsequent decreased bone marrow cellularity, decreased number of c-Kit*/
Sca*/Lin~ cells, and increased extramedullary hematopoiesis (Visnjic et al. 2004).
In another set of experiments, mature osteoblasts were ablated, however, the
above defects were not observed (Corral et al. 1998). Thus, this suggests the HSC
niche is likely dependent on immature osteoblasts, in particular osteoblast pro-
genitors, to maintain the self-renewal cues. Increasing bone density by parathy-
roid hormone administration to mice increased the number of osteoblasts and
HSCs in the bone marrow (Calvi et al. 2003). In vitro studies show that multiple
Wnt proteins are secreted by osteoblasts, and thus, may be a potential source of
Wnt proteins in vivo (Kato et al. 2002; Zhang et al. 2004). Other secreted factors,
such as angiopoietin-1 (Suri et al. 1996) and jagged-1 (Calvi et al. 2003), and
adhesion molecules (e.g., vascular cell-adhesion molecule-1) facilitate homing
and adhesion to the bone marrow niche. The Wnt pathway is essential in normal
osteoblast differentiation (Day et al. 2005; Hill et al. 2005) and maintenance of
progenitors (Rodda and McMahon 2006). Wnt proteins stimulate osteoblast pre-
cursor growth and differentiation (Bradbury et al. 1994; Gong et al. 2001; Rawadi
et al. 2003). Transgenic mice expressing Wnt-10b under an adipocyte-specific
promoter developed increased bone density and trabecular bone mass (Bennett
et al. 2003). Wnt-10b-deficient mice had the opposite phenotype. Knockout of
[B-catenin produced some contradicting results, in one case a decrease in osteo-
blasts (Holmen et al. 2005) and in another case no decrease in osteoblasts but an
increase in osteoclasts (Glass et al. 2005). Both cases resulted in decrease bone
density, and the difference is likely due to the specific genetic approach for gen-
erating the knockout, specifically relating to the completeness of the knockout in
mature osteoblasts and the promoter used to target osteoblasts. The latter report
does raise the question of a role for the canonical Wnt pathway in regulating
osteoclast progenitor proliferation and survival. In a mouse model (Gong et al.
2001) and in a human disease, described as osteoporosis-pseudoglioma syn-
drome, loss of function of LRPS5 results in decreased bone density. A dominant-
acting missense mutation of LRP5 (Gly Val at codon 171) discovered in human
patients abrogates physical interaction with Dkk, a negative regulator of Wnt-
mediated activation of the coreceptor (Ai et al. 2005; Boyden et al. 2002).
Affected patients have increased bone density, with a thickened mandible and
torus palatinus (Boyden et al. 2002). These data clearly support a role for the Wnt
pathway in balancing osteoblast and osteoclast activity, and ultimately, the bone
marrow niche. The secreted Wnt proteins in this niche likely modulate and regu-
late hematopoiesis under physiologically relevant conditions.
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Deregulation of the Wnt Pathway in Leukemia Stem Cells

The functional description of the leukemia stem cell (LSC) population comes from
xenotransplant models what show that a subset of cells engraft and form tumors
robustly in serial transplantations. The origin of the LSC is much debated, but one
can envision the accumulation of genetic changes occurring in a HSC, which
already intrinsically has the cellular mechanisms in place for infinite self-renewal
and tissue regeneration. A second scenario is the accumulation of genetic changes
in more committed progenitor cells or more differentiated cells. However, these
changes must also deregulate self-renewal pathways as these cells intrinsically have
only limited self-renewal capacity. Indeed, in human acute myelogenous leukemia
(AML), as well as in mouse transgenic models, a malignant self-renewing commit-
ted myeloid progenitor population could faithfully recapitulate all aspects of acute
myelogenous leukemia (Hope et al. 2004; Somervaille and Cleary 2006). In human
AML (Simon et al. 2005) and chronic myeloid leukemia (CML) patient samples
(Jamieson et al. 2004; AE Abrahamsson and CH Jamieson et al., manuscript sub-
mitted), the Wnt pathway is activated as detected by a LEF-TCF reporter construct
transduced in the progenitor subpopulation highly enriched for LSCs. A third sce-
nario is that the majority of mutations occur in the HSCs, which retain some ability
to differentiate into progenitors that aberrantly gain the capacity to self-renew as
demonstrated in human CML as a result of B-catenin activation (AE Abrahamsson
and CH Jamieson et al., manuscript submitted; Jamieson et al. 2004; Eisterer et al.
2005). Furthermore, -catenin activation appears to be important for generation
of myeloid blast crisis and BCR-ABL inhibitor-resistant LSC in mouse models of
CML (Zhao et al. 2007; Hu et al. 2008). Loss of B-catenin impairs the renewal
of normal and CML stem cells in vivo (Zhao et al. 2007), and -catenin is essential
for survival of LSCs insensitive to kinase inhibition (Hu et al. 2008). Moreover,
transgenic T-cell acute lymphoblastic leukemia (T-ALL) mouse model research
demonstrated that B-catenin activation collaborates with a number of mutations in
LSC generation (Guo et al. 2008). Multigenetic events collaboratively contribute to
Pten-null leukemia stem cell formation (Guo et al. 2008). Thus, the LSC may origi-
nate from either an HSC or a more committed progenitor. It remains to be deter-
mined whether the exact origin of the LSC translates to biologically different
diseases (Barabe et al. 2007). A key unifying feature of the LSC that is strikingly
different from the HSC is the loss of response to physiologic signals, for example,
to inhibit or promote tissue regeneration and to give rise to daughter cells capable
of orderly differentiation.

Acute Myelogenous Leukemia

AML is a heterogeneous group of diseases characterized by numerous genetic aber-
rations found in human patient samples (Kelly et al. 2002a). Despite a large com-
pendium of mutations, phenotypically, the leukemia stem cells acquire similar
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characteristics, including enhanced proliferative and survival potential, impaired
differentiation, and infinite self-renewal capacity. This strongly suggests that these
genetic aberrations disrupt common signal transduction and transcription factor
pathways. Indeed, in AML, perturbations of various genes have been simplified
into two functional complementation groups based on current data (Gilliland 2002).
Mutations in each complementation group cooperate to promote leukemogenesis.

In the first group, collectively, activating mutations in either FLT3 or RAS occur
in approximately 50% of cases of AML. Mutations in the FLT3 gene, either in the
juxtamembrane domain or tyrosine kinase domain, result in a constitutively active
receptor tyrosine kinase (Nakao et al. 1996; Yamamoto et al. 2001), whereas muta-
tions in the N- and K-RAS genes result in small G-proteins that are insensitive to
GTPase activating proteins (Mrozek et al. 2007). As a result, these Ras proteins are
unable to hydrolyze GTP and remain in an active, GTP-bound state. Functionally,
activating mutations in FLT3 or RAS genes result in constitutive activation of vari-
ous signaling pathways, such as RassMAPK, JAK/STAT, and PI3K/Akt, that confer
proliferative and survival advantage but do not seem to affect hematopoietic dif-
ferentiation or endow the cells with self-renewal capacity (Chan et al. 2004; Kelly
et al. 2002b). Mutations in other genes the regulate proliferation and survival are
likely present in cases of AML with nonmutated FLT3 or RAS genes.

In the second group, translocations found in AML (also known as AML-
associated translocation products, or AATPs) frequently involve the core binding
factor (CBF), retinoic acid receptor-o. (RARa), myeloid/lymphoid leukemia
(MLL), and homeotic (HOX) genes (reviewed in Kelly et al. 2002a; Gilliland
2002). The gene rearrangements produce various fusion genes, for example,
AMLI-ETO and PML-RARa that acquire a gain-of-function. As a group, there is
recruitment of transcriptional corepressors or coactivators, not ordinarily inherent
in the wild-type proteins individually, at the promoters of genes important in regu-
lating hematopoietic differentiation and self-renewal. In transgenic murine models,
expression of these fusion genes does not uniformly result in AML development.
A common theme is that additional mutations, acquired by spontaneous karyotypic
abnormalities or induced by chemical mutagenesis, are required to induce leukemic
transformation. In cases of AML with normal cytogenetics, mutation in nucleo-
phosmin (NPM1) is a frequent finding. The mutation disrupts the normal pool of
nucleophosmin available for corepressor action upon RA-responsive target genes
(Liu et al. 2007a). These data support the existence of two different but cooperating
complementation groups, and other experimental murine models to test genes in the
two different complementation groups support this phenomenon (Gilliland 2002).
However, recently, an in vivo model of MLL fusion gene leukemogenesis was
established by overexpression in primitive human hematopoietic cells and trans-
plantation into immunodeficient mice (Barabe et al. 2007). The leukemia-initiating
cells recapitulated the human disease in mice and retained the capacity to express
both myeloid and lymphoid lineage markers. The MLL fusion gene may act as a
master regulator of multiple pathways from each complementation group.

There is increasing evidence that the Wnt pathway is frequently deregulated in AML.
Unlike in human colorectal cancer, in which inactivating mutations of negative
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regulators of the pathway, including APC and Axin, and N-terminal activating
mutations of B-catenin have been reported (reviewed in Segditsas and Tomlinson
2006), such mutations have not been found in human leukemias. This suggests that
deregulation of the Wnt pathway is a consequence of genetic or epigenetic aberra-
tions of genes that cross-talk with or regulate the Wnt pathway. Emerging data
suggest overactivation of the Wnt pathway alone is unlikely to produce an LSC
because of the propensity of cells with constitutively active B-catenin to undergo
apoptosis. Instead, a balanced activation of the Wnt pathway may occur in the
human LSCs that have acquired a survival advantage prior to Wnt activation. So
which of the two complementation groups would the Wnt pathway fall under?
Based on the current evidence, the answer is likely that the Wnt pathway contrib-
utes to both complementation groups.

Mutant FLT3, PML-RARa, and AML1-ETO induce downstream Wnt signaling
events (reviewed in Mikesch et al. 2007). In a myeloid progenitor cell line 32D,
Fzd4 was upregulated in Flt3-ITD-expressing cells. The B-catenin protein level was
increased. Furthermore, in five of seven AML samples with Flt3-ITD mutations,
there were higher B-catenin protein levels compared with wild-type Flt3 patient
samples. Flt3-ITD induced TCF-dependent transcriptional activity and its down-
stream target gene, c-Myc. Thus, this provides evidence that the Flt3-ITD and Wnt
signaling pathway synergize in myeloid leukemic transformation (Tickenbrock
et al. 2005). AATPs modulate Wnt pathway genes. For example, AATPs directly
activate a y-catenin promoter reporter construct and in vitro replating efficiency is
dependent on y-catenin as tested by RNA interference assays (Zheng et al. 2004).
Furthermore, in cell lines expressing either AML-ETO, PML-RARa., or PLZF-
RARa, global gene expression analysis showed a group of genes similarly regu-
lated. Multiple Wnt genes were regulated by these fusion proteins, including
upregulation of y-catenin at the mRNA and protein levels (Muller-Tidow et al.
2004). In a recent report, proliferation of MLL-transformed human leukemia cell
lines or murine myeloid progenitors was dependent on GSK3f and its destabiliza-
tion of the cyclin-dependent kinase inhibitor p27 (Wang et al. 2008). Pharmacologic
inhibition of GSK3 may be a new therapeutic approach in this subtype of AML,
however, this would have to be tested further.

Transcriptional silencing of promoters of tumor suppressor genes is a well-described
phenomenon in human cancers (Issa 2007; Glozak and Seto 2007; Wang et al. 2007).
This could occur by methylation of CpG islands by DNA methyltransferases that
impede binding of transcriptional activators and recruit other chromatin-remodeling
proteins that contain methyl-CpG-binding domains. In addition, chromatin struc-
ture is directly regulated by histones. Acetylation of histones neutralizes positive
charges and reduces their affinity to DNA. As a result, the chromatin structure is looser
and more amenable to transcriptional activation. Conversely, histone deacetylases
reverse this process. Both of these mechanisms are important in the transcriptional
silencing of tumor suppressor genes in leukemogenesis. Medications in clinical use
or clinical trials include hypomethylating agents (e.g., 5-azacytidine, 5-aza-2’-
deoxycytidine) and histone deacetylase inhibitors, and are variably effective in
multiple myeloma, myelodysplastic syndrome, and AML.
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Hypermethylation of the promoters of negative regulators of the Wnt pathway,
including TLEI, sFRPs, and Dickkopf-1 (DKK1) genes, have been reported in
AML patient samples (Fraga et al. 2008; Jost et al. 2008; Suzuki et al. 2007).
Methylation of WIF-1 was detected in 47% of acute promyelocytic leukemia
patient samples (15 of 32), but not in other subtypes of AML (0 of 50), and was
determined to be an independent poor prognosis factor (Chim et al. 2006a). The
same group showed less frequent methylation of WIF-1 in ALL (5 of 20) and
chronic lymphocytic leukemia (CLL) (5 of 43) (Chim et al. 2006a, 2006b). In vitro
studies using human CD34* bone marrow cells or cord blood cells showed that
pretreatment with valproic acid, a histone deacetylase inhibitor, enhanced prolifera-
tion and increased self-renewal. This is associated with phosphorylation of GSK3f3
at serine 9 and upregulation of HoxB4, a downstream Wnt-responsive gene (Bug
et al. 2005a). A small clinical study by the same group treating patients with valp-
roic acid and all-transretinoic acid, however, showed only transient disease control
in a subset of AML originating from a myeloproliferative disorder (Bug et al.
2005b). In another study, loss of a-catenin expression due to hypermethylation of
the CTNNA1 promoter was present in the leukemia-initiating cells of AML or
myelodysplastic syndrome patient samples with 5q deletion (Liu et al. 2007b).
o-catenin acts as a tumor suppressor, and restoration of its expression in HL-60
cells resulted in reduced proliferation and increased apoptosis.

Increased PB-catenin activity, as determined by nuclear B-catenin staining (Mai
et al. 2007; Xu et al. 2008) and LEF-TCF reporter activity (Simon et al. 2005), has
been reported in AML patient samples. In situ bone marrow staining of [3-catenin
was associated with a higher International Prognostic Scoring System (IPSS) score
and a poor prognosis (Xu et al. 2008). Retrospective analysis of 82 AML patient
samples revealed a correlation between detectable -catenin expression by Western
blot analysis and enhanced clonogenic capacity in vitro and worse overall survival
when compared with samples with undetectable -catenin (Ysebaert et al. 2000).
A novel zinc finger transcription factor SALL4, a human homolog of Drosophila
Spalt, is constitutively expressed in AML patient samples and binds to -catenin
and activate genes in the Wnt pathway (Ma et al. 2006). Furthermore, in transgenic
SALLA4-expressing mice, a myelodysplastic syndrome-like disease preceded devel-
opment of AML (Ma et al. 2006). A role for y-catenin has been demonstrated by
loss of replating efficiency when y-catenin was inhibited by RNA interference and
augmentation of replating efficiency upon overexpression of y-catenin in HSCs
(Zheng et al. 2004). Furthermore, the AATPs directly activate the y-catenin pro-
moter (Zheng et al. 2004).

Two myeloid translocation genes, MTG1 and -2, also known as ETO1 and
ETO2/CBFA2T3, respectively, are transcriptional corepressors that are disrupted
upon fusion gene formation in AML. MTG-related-1 (MTGR1 or CBFA2T2) has
been shown to bind to TCF4 and disrupt TCF4-B-catenin activation of Wnt target
genes. In the small intestines of mice lacking MTGR-1, there was c-Myc overex-
pression (Moore et al. 2008). AML/CBFa runt domain transcription factors, such
as AMLI and AML2, contain C-terminal motifs, including VWRPY, that recruit
binding of TLE1 and convert them to transcriptional repressors of T-cell receptor
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(TCR) regulation (Levanon et al. 1998). Similarly, binding of LEF1 to TLEI
changes LEF]1 into a transcriptional repressor of TCR and Wnt-responsive genes.
This could contribute to the preferential suppression of lymphoid differentiation
and lymphoid marker expression in AML leukemogenesis. Others report that a bal-
anced activity of LEF1 is required for normal hematopoietic development.
Retroviral transduction of LEF1 or constitutively active LEF1 in murine bone mar-
row cells transplanted into mice resulted in severe impairment of hematopoiesis and
subsequent formation of ALL and AML. Interestingly, it was noted that there was
promiscuous expression of myeloid and lymphoid markers in these cells (Petropoulos
et al. 2008).

Two hereditary human leukemia syndromes, severe congenital neutropenia
(mutation ELA?2 gene, encoding protease neutrophil elastase) and familial platelet
disorder with AML (mutation AMLI1 gene, encoding CBFa), have a possible link
through LEF1. Lef1 cooperates with CBFa to activate the ELA2 promoter (Li et al.
2004). A state of ELA?2 deficiency may predispose myeloid precursors to undergo
malignant transformation, although the cellular and molecular bases of this have yet
to be determined. MM-1, a newly identified tumor suppressor protein, binds c-Myc
and inactivates its transcriptional activity. Mutation of MM-1 has been found in
human leukemias and lymphomas. Knockdown of MM-1 resulted in increased
expression of Wnt4 and accumulation and translocation of -catenin to the nucleus
followed by transcriptional activation through TCF/LEF1. MM-1 negatively regu-
lates Wnt4 expression by directly binding to its promoter region. Thus, MM-1
influences c-Myc activity by two mechanisms. First, MM-1 directly inhibits its
activity, and, second, it downregulates Wnt4 and the Wnt pathway (Yoshida et al.
2008). TCF4 microsatellite instability evaluation in leukemia cell lines (HL60 and
Jurkat) showed that frameshift mutations in a region of A(9) repeats gave rise to
gene products that localized to the nucleus, but, interestingly, failed to activate the
reporter construct when cotransfected with -catenin (Chang et al. 2006).

Overall, these data indicate that the Wnt pathway is commonly deregulated in
AML cells derived from human patients, underscoring the importance of Wnt path-
way activation in leukemic transformation.

Acute Lymphoblastic Leukemia

The origin of the LSC in ALL is likely a lymphoid progenitor cell that harbors
structural or numeric chromosomal abnormalities, which often involve transcrip-
tion factors that control differentiation in both B- and T-cell development (Cleary
1991; Look 1997; Rabbitts 1994). However, the most frequent chromosomal aber-
ration is the Philadelphia chromosome or t(9;22), resulting in BCR-ABL p190 or
p210 (Faderl et al. 1998). The incidence of Ph-positive ALL increases in older
patients and is associated with a poor prognosis. However, the clinical use of
tyrosine kinase inhibitors targeting BCR-ABL in combination with chemotherapy
or allogeneic stem cell transplant is expected to improve overall survival. As with
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AML, deregulated growth and arrested differentiation are the overt phenotype of
these cells. Approximately 80% of ALL have immunophenotypes consistent with
B-cell progenitors, usually positive for CD10, CD19, and CD20. B-cell ALL cells
express surface immunoglobulins, suggesting a more committed progenitor as the
origin of the LSC in this rare phenotype. Pre-B ALL cells have cytoplasmic immu-
noglobulin-p expression, and patients with this variant have a worse prognosis than
early pre-B ALL, who do not have cytoplasmic immunoglobulin-pi expression.
More recently, the aggressiveness of pre-B ALL disease has been attributed more
specifically to the t(1;19) (Crist et al. 1990). T-cell ALL is less common, account-
ing for 10%—15% of cases of pediatric ALL and even less frequent in cases of adult
ALL, and is historically associated with a worse prognosis than B-lineage ALL.
Expression of T-cell surface markers includes CDI1, CD2, CD4, CDS5, CDS, and
CD10. In addition to cytogenetic findings, clonality is established by uniform rear-
rangements of immunoglobulin genes for B-cell lineage or T-cell receptor genes for
T-cell lineage ALL. Mixed-lineage leukemia is a subtype of ALL that has immuno-
phenotype expression of antigens from both B-cell and T-cell lineage. The origin of
the LSC has not been clearly established (Greaves et al. 1986).

Chromosomal translocations are found in 75% of ALL, and the distribution of
specific subtypes differs remarkably for pediatric versus adult ALL (Pui et al. 1990;
Williams et al. 1984). Frequently, the chromosomal breakpoints involve a region in
the heavy chain (14q32), x light chain (2p12), A light chain (22q11), TCR enhancer
(7935), or TCRA/D enhancer (14q11). A unifying theme is the central role of tran-
scription factor genes translocated to these regions of highly active transcription in
lymphoid progenitors. The result is deregulated growth and arrested differentiation.
These transcription factors are grouped according to their DNA-binding domains:
basic region helix-loop-helix (MYC, LYL1, TALI, TAL2, BHLHB1), cysteine-rich
(LMO1, LMO2), homeodomain (HOX11, HOX11L2, E2A-PBX1), basic region
leucine-zipper zinc finger (E2A-HLF), A-T hook minor groove (MLL-AF4, MLL-
ENL), and ETS-like or Runt homology (TEL-AML1) (Cleary 1991; Look 1997;
Rabbitts 1994). The translocation products form fusion proteins that have altered
DNA or protein-binding properties. The deregulated activity of these transcription
factors occurs by overexpression of nonmutated genes or chimeric genes or by
formation of chimeric transcription factors that result in de novo activity or
enhanced activity on promoters of target genes (Rabbitts 1991). Target genes con-
trol cell proliferation, survival, apoptosis, and differentiation.

Loss of tumor suppressor genes, by either mutation or deletion, is most notable
for TP53 (Wada et al. 1993) and pl6INK4A (reviewed in Drexler 1998). Gain of
function of RAS genes, by point mutations that lock the GTPase in an active, GTP-
bound state, are found in ALL as well, especially in the NRAS genes (Rodenhuis
et al. 1986). Hyperdiploidy is a relatively common occurrence in pediatric ALL,
and when greater than 50 chromosomes, this subset of patients has a very good
prognosis (Ferrando and Look 2000). Although not as well defined for ALL when
compared with AML, there are likely cooperating complementation groups that
give rise to ALL. Similar to AML, a single genetic event is not likely sufficient to
produce the full spectrum of ALL disease. The genetic and molecular events
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described so far in ALL have been used effectively as prognostic factors to stratify
patients into risk groups and to guide therapeutic approaches in pediatric ALL.
Detection of minimal residual disease and gene expression profiling are molecular
modalities that might improve therapeutic approach even further, especially in adult
ALL where cure rates with intensive chemotherapy and allogeneic stem cell trans-
plantation are still very limited.

The importance of activation of self-renewal pathways in ALL has been best
demonstrated in T-ALL, in the context of Notch pathway activation (reviewed in
Demarest et al. 2008). In this chapter, known connections to the Wnt pathway
will be discussed. Wnt signaling is required for normal B- and T-cell develop-
ment, with the earliest evidence provided by knockout mouse models. LEF1-
deficient mice displayed impaired growth and survival of B-cell progenitors
(Ranheim et al. 2005; Reya et al. 2000). TCF1-deficient mice have reduced thy-
mocyte numbers (van Genderen et al. 1994; Verbeek et al. 1995), and this pheno-
type is more severe with TCF17/LEF1~- double knockout (Held et al. 2003;
Okamura et al. 1998). Additional studies support that TCF1 is essential for main-
tenance of early thymocyte progenitors (Prieve and Waterman 1999; Schilham
et al. 1998). In ALL leukemogenesis, a study showed that Wnt3a treatment
increased proliferation and survival of ALL cells under conditions of serum
deprivation (Khan et al. 2007). The remainder of the evidence in support for a
role of the canonical Wnt pathway in ALL leukemogenesis is available in relation
to the E2A-Pbx1 translocation product and to the high incidence of downregula-
tion of negative regulators of the pathway.

E2A-Pbxl is a translocation product of t(1;19) (q23;p13) present in 25% of the
cases of pre-B ALL. It is present in 3% of all adult ALL and has been shown to
arrest B-cell development (Ferrando and Look 2000). The chimeric transcription
factor retains the N-terminal transactivation domain of E2A, while replacing the
bHLH DNA- and protein-binding domain with the homeobox DNA-binding
domain of Pbx1. Wnt16b is induced by E2A-Pbx1 expression in pre-B ALL cells
(McWhirter et al. 1999). Inhibition of Wnt16b induced apoptosis in ALL cell lines
(Mazieres et al. 2005). Similar results were obtained in a study using siRNA knock-
down of E2A-Pbx1 in 697, an ALL t(1;19) cell line, resulting in decreased EB1 and
Wntl16b mRNA transcripts. Interestingly, a t(1;19)-negative cell line also had simi-
lar findings, suggesting that the knockdown could cause other cellular effects inde-
pendent of the E2A-Pbx1 translocation (Casagrande et al. 2006).

A series of papers reported on the hypermethylation of the promoters of negative
regulators (Wnt5a, Dkk-3, sFRP1, sFRP2, sFRP4, sFRP5, WIF1, and Hdpr1) of the
Wnt pathway in ALL patient samples (Roman-Gomez et al. 2007a; Roman-Gomez
et al. 2004; Roman-Gomez et al. 2007b). These findings had downstream effects in
the canonical Wnt pathway, including increased nuclear -catenin staining and
upregulation of Wnt-responsive genes WNT16, FZ3, TCF1, LEF1, and cyclin D1
(Roman-Gomez et al. 2007a). Hypermethylation of these genes in newly diag-
nosed, ALL patient samples is associated with worse disease-free survival and
overall survival (Roman-Gomez et al. 2007a). In a large series of 75 Ph* ALL
patient samples, the methylated group (defined as methylation of at least one of the
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following genes: sFRP1, sFRP2, sFRP4, sFRP5, Wifl, Dkk3, or Hdprl), which
consisted of 49 patients, had a significantly worse disease-free survival and overall
survival when compared with the unmethylated group (Martin et al. 2008).

The importance of the canonical Wnt pathway in ALL development has been
best demonstrated thus far in relation to the E2A-Pbx1 translocation product and
hypermethylation of genes, which act as negative regulators of the pathway. Thus,
canonical Wnt pathway activation, by upstream signaling events yet to be fully
characterized, may be the final common thread connecting these molecular events
in ALL.

Chronic Myeloid Leukemia

CML is a clonal myeloproliferative disorder initiated at the level of HSC and is
characterized by BCR-ABL translocation gene (t(9;22)). The clinical disease is
divided into chronic, accelerated, and blast crisis phases. However, based on recent
gene expression profiling, the latter two phases are nearly indistinguishable (Radich
et al. 2006). Without treatment, virtually all patients in the chronic phase typically
progress to blast crisis phase in a median of 5-6 years depending on when the dis-
ease was first detected. In the chronic phase, there is typically an elevated leukocyte
count, and the cells in the peripheral blood consist of the full spectrum of immature
and mature myeloid cells. In other words, there is no obvious maturation defect.
However, in the blast crisis phase, characterized by increased myeloblasts or lym-
phoblasts, there is arrested maturation, and these cells have all the features of
malignant transformation including high nuclear:cytoplasmic ratio and prominent
nucleoli, and the capacity to metastasize. BCR-ABL induces aberrant proliferation
and resistance to apoptosis, while simultaneously also promoting abnormal, error-
prone DNA repair mechanisms (reviewed in Melo and Barnes 2007; Skorski 2002).
This permissive cellular environment created by BCR-ABL has been described as
endowing cells with a “mutator phenotype.” Thus, consistent with this, the blast
crisis phase is usually accompanied by additional genetic aberrations, including
structural or numeric changes in chromosomes, BCR-ABL amplification or dupli-
cation, and mutation of oncogenes or tumor suppressor genes (Radich 2007).
Patients with this disease have a poor prognosis and are typically refractory to
intensive chemotherapy. They have a high rate of death from transplant-related
mortality and from relapsed disease after a brief period of remission, following
allogeneic stem cell transplant (Radich 2007). Cure rates are only 5% for blast
crisis phase CML when compared with at least 60% for de novo AML.

There is emerging evidence that the Wnt pathway is activated in CML, and more
specifically in the blast crisis phase of CML. Recently, the granulocyte-macrophage
progenitor (GMP) population has been shown to be expanded in the blast crisis
phase in patient blood and bone marrow samples (Jamieson et al. 2004). The blast
crisis GMP population of cells behaves like the LSC population, as supported by
increased nuclear B-catenin staining and LEF-TCF reporter construct activity.
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Furthermore, this population serially transplants the disease in recipient mice more
readily than the HSC or blast population, in some cases, because of GSK3[3 deregu-
lation, leading to B-catenin activation. In K562 cells, Fzd5 and Frat2 were highly
expressed, suggesting other possible mechanisms of Wnt pathway activation
(Saitoh et al. 2001a; Saitoh et al. 2001b). Differential expression of Wnt13 isoforms
were detected in leukemic cell lines (U937 and K562) undergoing differentiation,
suggesting arole in lineage-specific differentiation (Bunaciu et al. 2008). Alternative
promoter usage is thought to give rise to the alternative splice Wnt13-A, -B, and -C
isoforms. Wild-type BCR acts as a negative regulator of the canonical Wnt pathway
by direct binding to TCF1 (Ress and Moelling 2005; Ress and Moelling 2006) and
displacing B-catenin from TCFI1-B-catenin complexes. Phosphorylation of BCR
leads to the dissociation of the transcriptionally inactive BCR-TCF1 complex. As a
fusion protein, BCR-ABL alters the phosphorylation status of BCR and subcellular
localization in a manner that enhances TCF1 activity. DNA microarray gene
expression analyses were carried out in CML patient samples, which were sepa-
rated into chronic, accelerated, and blast crisis phases of the disease. Based on
signature patterns, a two-phase gene expression chronic versus accelerated/blast
crisis phase was observed. Genes involved in the WNT/B-catenin pathway were
among those found to be deregulated in the advanced phases of disease (Radich
et al. 2006). Deregulation of Sonic hedgehog, Wnt, Hox, and Notch pathway genes
is detectable in CML blast crisis patient samples, and signal transducer and activa-
tor of transcription 3 (STAT3) may be integral to connect these pathways and
modulate their gene expression (Sengupta et al. 2007). Treatment of the K562 cell
line with imatinib or etoposide induced apoptosis and the mRNA expression of
FZD4, FZD5, FZD7, and WNT5b, suggesting a role for noncanonical Wnt pathway
in programmed cell death (Sercan et al. 2007).

Taken together, these data support an important role of the canonical Wnt path-
way in the blast crisis phase of CML. During the transformation from chronic phase
to blast crisis phase of CML, there are additional genetic aberrations that impart the
cells with additional characteristics, including differentiation arrest and the capac-
ity to metastasize. We believe that activation of the canonical Wnt pathway is a key
cellular event leading to blast crisis transformation.

Chronic Lymphocytic Leukemia

CLL is a lymphoproliferative disorder characterized by progressive accumulation
of functionally defective but mature-appearing lymphocytes with decreased apop-
tosis or prolonged survival in the peripheral blood. In approximately 95% of cases,
CLL is a clonal disorder of more mature B-cell progenitors, coexpressing
CD5, CD19, CD20, and CD23. Mutated versus unmutated immunoglobulin VH
(IgVH) gene has emerged as two distinct subtypes of CLL disease (Francis et al.
2006). Mutated IgVH, a product of somatic hypermutation during affinity matu-
ration, is associated with a clinically more indolent disease than unmutated IgVH.
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Subsequently, expression of zeta chain-associated protein (ZAP-70), a tyrosine
kinase associated with the CD3 receptor, has been identified through gene array
studies to differentiate accurately between the mutated versus unmutated IgVH
groups (Rassenti et al. 2004). The authors conclude that ZAP-70 expression is a
clinically useful prognostic marker and identifies a subset of patients that require
treatment. Hereditary predisposition for CLL development is based on monozy-
gotic twin analyses and the higher incidence of CLL and other B-cell malignancies
in first-degree relatives of CLL patients (Cuttner 1992; Rawstron et al. 2002).
Approximately 90% of CLL patient samples have Bcl2 overexpression, and
hypomethylation of the promoter is one possible mechanism (Hanada et al. 1993).
No specific genetic lesions cause this upregulation. Thus, Bcl2 overexpression may
be the final common downstream pathway of yet to be fully characterized upstream
events. Some of these events may result from chromosomal abnormalities fre-
quently reported in CLL, including deletion of 13q in 55%, deletion of 11q in 18%),
trisomy of 12q in 16%, and deletion of 17p in 7% of CLL (Grever et al. 2007;
Dohner et al. 2000), the latter having the overall worse median survival of only 32
months (Dohner et al. 2000).

At present, the role of the Wnt pathway in CLL has been demonstrated based on
expression analysis of Wnt pathway members and methylation status of promoters
of sFRPs. Subgroup analysis of CLL patient samples based on cytogenetic findings,
deletion of common regions, mutation status of IgVH, or ZAP-70 expression is
lacking. In a survey of Wnt ligand and Fzd receptor expression in primary CLL
patient samples compared with normal samples, Wnt3, Wnt5b, Wnt6, Wntl0a,
Wntl4, Wntl6, and Fzd3 were highly expressed in CLL. Downstream gene targets
of activated Wnt pathway, LEFI and cyclinDI, were correspondingly overex-
pressed. Survival and antiapoptosis cues could be modulated by altering the Wnt
pathway (Lu et al. 2004). A cell line engineered to express constitutively active,
phosphorylated CD5 had upregulation of genes involved in antiapoptosis, survival,
growth and proliferation, and self-renewal (Wnt genes) (Gary-Gouy et al. 2007).
Methylation of CpG islands of sFRP promoters has also been reported in CLL
patient samples. 5-aza-2’-deoxycytidine treatment resulted in reinduction of sSFRP
expression. Of the five SFRP family members tested, sSFRP1 was hypermethylated
in all patient samples tested (Liu et al. 2006). Recently, autologous infusion of
leukemic CLL cells transduced ex vivo with adenovirus-CD154 to illicit an immune
response and break immune tolerance and induced formation of antibodies to
RORI1, an oncofetal receptor for Wnt5a (Fukuda et al. 2008). In vitro studies show
Wnt5a can bind to RORI and activate NF-kB and enhance survival of CLL cells.
These results underscore a role of noncanonical Wnt pathway in leukemia cell
survival.

These results also support that the Wnt pathway is commonly deregulated in
CLL. It would be important, however, to further characterize this finding in relation
to clinical behavior and ZAP-70 expression or mutation status of IgVH. A unifying
upstream mechanism for Wnt pathway deregulation that results in overexpression
of Wnt proteins or Fzd receptors and hypermethylation of sFRPs has not been
determined.
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Common Themes and Future Directions

In this chapter, we described the canonical Wnt pathway in some detail, providing
a summary of the evidence for its role in self-renewal of HSC and LSC, and gave
examples of how Wnt pathway activation is seen in AML, ALL, CML, and CLL.
Due to space constraints, we did not discuss the importance of the Wnt pathway in
multiple myeloma and how this area of research has increased our understanding of
the complex interplay between the bone marrow niche and the CSC. Regrettably we
could not cite all the key papers in the field. Several common themes can be ascer-
tained from the topics discussed in this chapter.

First, the Wnt pathway is clearly important in hematopoiesis and self-renewal of
HSC and LSC based on the available evidence. However, dissecting the in vivo and
in situ role of the Wnt pathway, canonical and noncanonical, remains a major chal-
lenge in normal and leukemic human patient samples. Hematopoietic stem and
progenitor cells constitute only a small fraction of patient samples and are costly to
isolate and study. The limited cell number is a major hindrance in carrying out stud-
ies that have been easily done historically in cell lines, murine cells, or bulk tumor
cells. Furthermore, the cells have to be isolated away from the bone marrow niche,
which plays an important role for maintenance and development of the HSC and
LSC. We believe the role of the Wnt pathway in normal development and in human
disease is exquisitely dependent on the cell type and specific context.

Second, multiple, sequential acquisition of genetic aberrations is responsible for
the development of the acute leukemias, AML and ALL. The LSCs invariably pro-
duce progeny cells with deregulated growth and arrested differentiation. Recurring
translocation products found in AML and ALL often involve transcription factors
that are important in normal hematopoiesis. In addition, the specific translocation
products found in AML and ALL patient samples provide clues to clinical out-
comes, underscoring that the molecular and cellular events driven by these translo-
cation products are important in defining subgroups in very heterogeneous diseases.
The chronic leukemias, CML and CLL, have the common characteristic of retain-
ing some capacity to differentiate into mature-appearing cells. In the case of CML
blast crisis transformation, Wnt pathway activation may be the defining event that
transforms CML into a rapidly fatal disease if left untreated. Correspondingly, these
cells lose the capacity to differentiate, as the name blast crisis suggests.

Third, no mutations have been found in genes involved in the Wnt pathway in
human leukemias, yet activation of the Wnt pathway is a common finding in leuke-
mia patient samples. Studies investigating the role of the canonical Wnt pathway in
normal hematopoiesis and HSC function have clearly demonstrated that too much
or too little Wnt pathway activity can have profound functional consequences in
cellular proliferation and self-renewal capacity. Mutations in APC, Axin, and
[B-catenin, such as that found in colorectal cancer, may activate the canonical Wnt
pathway excessively in hematopoietic stem or progenitor cells such that the cells
undergo apoptosis before they could acquire additional genetic changes to become
LSCs. In contrast, activation of the canonical Wnt pathway by upstream events or
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coupled with other pathways may provide a balance of Wnt pathway activation
such that the cells could survive and acquire additional genetic changes to become
LSCs. The noncanonical Wnt pathway may provide some of this balance. As dis-
cussed, some of the AML- and ALL-associated translocation products upregulate
genes involved in the canonical Wnt pathway. There is also increasing evidence that
hypermethylation is a key mechanism for gene silencing of negative regulators of
the Wnt pathway, including sFzds, WIF-1, and Dkk. This could provide the mecha-
nistic basis of the relatively effective clinical use of hypomethylating agents, 5-aza-
cytidine and 5-aza-2’-deoxycytidine, in MDS and AML.

Finally, hematologic malignancies are generally not curable using cytotoxic
chemotherapies or cytostatic biologic agents alone. The relatively quiescent LSC is
not eliminated by these agents. Clearly, a better understanding of the biology of the
LSC, and not just the bulk tumor or progeny cells, would give rise to novel molecu-
lar targets that could then be exploited to treat specifically the LSC and to assist
with detection of minimal residual disease. One could envision that the future of
treating hematologic malignancies will rely on combination therapies, cytotoxic
agents that effectively eliminate the progenitor population and bulk tumor burden,
and molecularly targeted agents that could specifically kill the LSC or induce
cycling of the LSC. At present, the only chance for cure is allogeneic stem cell
transplantation. The LSC is targeted by a graft-versus-leukemia effect, mediated by
a T-cell response to the LSC via minor histocompatibility antigens (Bonnet et al.
1999) or to other LSC-specific antigens. However, this procedure is associated with
significant infection-related mortality, graft-versus-host disease—related mortality,
and long-term posttransplant complications. Understanding the graft T-cell
response to various antigens presented by the host LSC could give rise to alternative
cellular therapies that involve ex vivo manipulation of the patient’s own T cells to
stimulate or augment this response.
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