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Preface 

A workshop on "MOLECULAR ASPECTS OF MYELOID STEM 
CELL DEVELOPMENT" was held at the Historic Inns in Annapolis, 
MD during April 30-May 3, with approximately 70 persons attend
ing. The enormous success of this meeting was attributable to the 
recent outburst of information generated from two areas of study: 
transcriptional regulation of developmentally important myeloid 
genes and molecular dissection of chromosomal abnormalities in 
human myeloid leukemias. It was reassuring that studies of normal 
myelopoiesis and abnormal myelopoiesis, as observed in dys
plasias and neoplasia, are revealing several interrelated mechan
isms of gene regulation. However, great challenges await us as we 
try to determine how these and other mechanisms in this intricate 
system orchestrate the ultimate fate of cells e.g. proliferation, 
differentiation or apoptosis. This volume of Current Topics in Micro
biology encapsulates many of the key aspects of the workshop 
summarizing research over the past few years on the ontogeny and 
pathology of myeloid cells. 

Investigations into the complex process of normal myeloid cell 
. maturation were first made possible through development of in 
vitro clonigenic assays. These established the relationships of 
colony stimulating factors, interleukins and their combinations to 
the specific fates of myeloid progenitors derived from the bone 

, marrow and spleen. Molecular studies became feasible, however, 
through the later establishment of several cell culture systems in
volving immortalized cells which, under the proper induction, could 
fairly accurately recapitulate the myelopoietic process. These have 
without a doubt opened up the field to investigations of receptors, 
signal transducers and nuclear regulators and their wide use was 

. evident at the workshop. 
Recent studies of gene expression in vitro highlight the fact 

that programatic gene transcription is the result of combinatorial 
effects of various transcription factors. Many factors that are im
portant in the process are not necessarily myeloid specific, and may 
be utilized in other organ systems or for other processes. It is be-
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lieved that specific decisions at important junctures of the cell's life 
are carried out by a precise blend of such factors in context of the 
existing cellular environment. Commitment at each level of the 
differentiation hierarchy presumably limits choices available at the 
next level. 

Some fairly precise ideas concerning the role of specific tran
scription factors can be gained through the trendy approach of tar
geted gene disruption and has already led to some notable obver
sations. The transcription factors, c-Myb and PU.l (Spil), have been 
shown to be absolutely required for development of specific sub
types of myeloid cells, thereby demonstrating that they cannot be 
functionally replaced by other genes through redundancy. It ap
pears that this represents just the beginning of the use of "knock
outs" for determining key elements in the process of ontogeny. 

Rapid advances in the molecular basis for myeloid proliferative 
disorders such as AML and CML are due to the availability of en
hanced techniques for localizing and cloning genetic regions en
compassing translocation breakpoints. The unraveling of the gen
etic alterations in these diseases, as well as in animal models, has 
led to the determination of numerous oncogenes and suppressor 
genes that can contribute to the neoplastic processes. It is clear 
that leukemogenesis represents deregulation of the mechanisms 
of cellular developmental control, and involves many of the same 
key regulatory molecules as the normal pathway. Thus, it has al
ready been shown that c-Myc, c-Myb, AML1(CBFa), CBF~, EVil, 
and RARa play roles in both normal and abnormal processes. 

Grand themes highlighted here are rapidly blurred as one 
starts to inspect the details. Complexities abound, as well as un
answered questions. Many of the prime movers of myelopoiesis 
are still at large; a clearer role of stromal cells is needed; dissection 
of signaling .pathways is in its infancy; the composition and 
dynamics of the key regulatory transcription factor complexes are 
unresolved. As these and other details emerge, the hopes for 
specific and curative pharmacological intervention in myeloid cell 
disease brighten. 
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Regulation of Myeloid Differentiation, 
Growth Arrest and Apoptosis 



Molecular Control of Development in Normal 
and Leukemic Myeloid Cells by Cytokines, 
Tumor Suppressor and Oncogenes 

L. Sachs 
Department of Molecular Genetics and Virology, Weizmann Institute of Science, Rehovot 

76100, Israel 

The establishment of a cell culture system for the clonal development of 
hematopoietic cells made it possible to discover the proteins that regulate cell 
viability, multiplication and differentiation of different hematopoietic cell lineages 
and the molecular basis of normal and abnormal development in blood-forming 
tissues (reviewed in [1-5]). These regulators include cytokines now called 
colony stimulating factors (CSFs) and interleukins (ILs) and hematopoiesis is 
controlled by a network of cytokine interactions [1-7]. This multigene network 
includes positive regulators such as CSFs and ILs and negative regulators such as 
transforming growth factor ~ and tumor necrosis factor. The cytokine network 
which has arisen during evolution allows considerable flexibility depending on 
which part of the network is activated and the ready amplification of response to a 
particular stimulus. Hematopoietic cytokines can induce the expression of 
transcription factors [8]. Cytokine signalling through transcription factors can 
thus ensure the autoregulation and transregulation of cytokine genes that occur in 
the network. 

Cytokines that regulate normal hematopoiesis can control the abnormal 
growth of certain types of leukemic cells and suppress malignancy by inducing 
differentiation [1-5]. Genetic abnormalities that give rise to malignancy in these 
leukemic cells can be bypassed and their effects nullified by inducing 
differentiation and programmed cell death (apoptosis). 

The hematopoietic cytokines discovered in culture are active in vivo and are 
being used clinically to correct defects in hematopoiesis in patients with various 
abnormalities including cancer. The results provide new approaches to therapy 
(reviewed in [1-5]). The existence of a network and the ability of cytokines to 
suppress apoptosis in normal and leukemic cells, including apoptosis induced by 
irradiation and cancer chemotherapeutic compounds [9-11], have to be taken into 
account in the dinical use of cytokines for therapy. 

Studies on the cytokines that control hematopoiesis including CSFs and ILs, 
have shown that development of hematopoietic cells requires cytokines to 
suppress apoptosis and to induce cell multiplication and differentiation [1-5]. 
Apoptosis, multiplication and differentiation are separately regulated [11-13]. The 
same cytokines suppress apoptosis in normal and leukemic myeloid cells [9-13]. 
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The tumor suppressor gene wild-type p53 induces apoptosis [14]. The oncogene 
mutant p53, like bcl-2, suppresses the enhancing effect on apoptosis of 
deregulated c-myc [15], and this allows induction of cell multiplication and 
inhibition of differentiation which are other functions of deregulated c-myc. The 
use of p53 knock-out mice and mutant leukemic cells have shown different 
apoptotic pathways [16,17]. Cytokine downregulation of bcl-2 increased cell 
susceptibility to apoptosis. This was suppressed by dexamethasone [17] by 
upregulating another apoptosis suppressing gene bcl-XL [18]. Interactions 
between cytokines, steroids and genes that control apoptosis are thus regulators of 
development in myeloid cells. 
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Retinoic Acid Receptors in Hematopoiesis 

Steven 1. Collins and Schickwann Tsai, Clinical Research Division, Fred Hutchinson 
Cancer Research Center: Irwin Bernstein, Pediatric Oncology Program, Fred Hutchinson 
Cancer Research Center, Seattle Washington 

Utilizing dominant negative RA receptors to explore the role of RA in hematopoiesis 

Retinoic acid receptors (RARs) are critical transcriptional regulators that are involved 
in the development and differentiation of a wide variety of different cells (Evans 1988). 
Several lines of evidence suggest that RARs may be involved in the regulation of 
hematopoiesis. RARs (particularly RARa.) are expressed in virtually all hematopoietic cell 
types (de The et aI., 1989). Moreover, in acute promyelocytic leukemia (APL) patients 
that harbor the 15/17 chromosome translocation generating the aberrant RARa. fusion 
transcript (designated PML-RARa.) , RA induces terminal granulocytic differentiation of 
the leukemia cells (Huang et al. 1988; Castaigne et al., 1990; Warrell et aI., 1991). Our 
laboratory has been studying the role ofretinoic acid (RA) and the RA receptors (RARs) 
in regulating various aspects of hematopoiesis. Our approach has involved introducing a 
dominant negative RA receptor construct into certain cell lines representing different 
hematopoietic lineages as well as into normal mouse bone marrow and then assessing any 
phenotypic changes in these transduced cells. We have constructed a retroviral vector 
(designated LRARa.403SN), which harbors RARa. with a COOH terminal truncation 
(Figure 1). We have observed that this construct exhibits dominant negative activity 
against the normal RARa. in both mouse NllI3T3 cells and the HL-60 myeloid leukemia 
cell line (Tsai et aI., 1992). 

ro eli 
E E 

C/l C/l 
L---J 

A. RARa H • RA 
1 4$2 a.a. 

B. RARa403 H - RA 
1 403 a.a. 

~Tr 
pA 

c. LRARa403SN f€ LTR ____ SV_NEO 

Figure 1. Structure of the retroviral vector LRARa.403SN. (A) The open bar represents the reading 
frame encoding the normal human RARa.. (B) The Sma I fragment truncated RAR (designated RARa. 
403 ) lacks the 59 COOH terminal amino acids ofRARa.. (C) Inserting this truncated RARa.403 cDNA 
into the LXSN VectOI; results in the dominant negative retroviral vector designated LRARa.403SN. 

Inhibition of neutrophil differentiation by a dominant negative RA receptor 

We initially introduced the dominant negative LRARa.403SN retroviral vector into the 
multipotent lL-3 dependent FDCP mix A4 murine hematopoietic cell line. This cell line 
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ordinarily commits spontaneously to neutrophilic and monocytic differentiation at 
moderate frequencies, but upon introduction of the dominant negative RARa construct 
they exhibit a rapid switch to the development of terminally differentiated basophils/mast 
cells (Tsai et aI., 1992). This observation suggested that in this particular cell line the 
normal RARa transcription factor appears to promote the differentiation of neutrophils 
and monocytes but suppress the development ofbasophils/mast cells. Suppression of the 
normal RA receptor by introducing the dominant negative construct resulted in a block to 
neutrophiVmonocyte differentiation and the promotion ofbasophiVmast cell development. 

We next used this retroviral vector to introduce the dominant negative RA receptor 
construct into normal mouse bone marrow and cultured these infected cells in GM-CSF. 
Uninfected and control (LXSN) infected bone marrow when cultured in GM-CSF 
proliferated and terminally differentiated into neutrophils, macrophages and eosinophils 
with all cells dying after 10-14 days. In contrast numerous cells in the LRARa403SN (the 
dominant negative) -infected marrow culture exhibited polyc1onal expansion and 
developed into a continuously dividing GM-CSF dependent cell line (designated MPRO) 
with the morphological characteristics ofpromyelocytes (Tsai and Collins, 1993). 

Interestingly these GM-CSF dependent, continuously proliferating MPRO (for Mouse 
Promyelocytes) cells can be induced to terminally differentiate to neutrophils with 
relatively high "pharmacological" concentrations ofRA (10-6 to 1O-5M). These 
observations indicate that the introduction of the dominant negative RA receptor construct 
into normal GM-CSF dependent mouse progenitors blocks the GM-CSF induced 
neutrophilic differentiation of these cells. This suggests that the normal RA receptor in 
synergy with GM-CSF is essential for normal neutrophil differentiation. Blocking this RA 
receptor activity, which is likely triggered by the physiological levels ofRA present in 
serum (10-9 - 1O-8M), appears to encourage self-renewal and inhibit differentiation of the 
GM-CSF dependent promyelocytes. 

Consistent with these observations are further observations we have made in 
transactivation assays utilizing a CAT reporter construct driven by a promoter harboring a 
tandem array off our RA receptor response elements (RRE4 - CAT). We have observed 
that the "physiological" levels ofRA (10-9 - lO-8M) will transactivate this CAT reporter 
construct in the murine FDCP mix A4 cell line ( Figure 2A). In contrast these same 
concentrations ofRA have little effect on the same reporter construct introduced into the 
mouse promyelocyte (MPRO) cell line that has been transduced with the dominant 
negative RA receptor construct (Figure 2B). However, higher "pharmacological" levels of 
RA (10-6 to 10-5M) will transactivate this reporter construct in the MPRO cells, which 
is virtually the same concentration ofRA that induces terminal neutrophilic differentiation 
of these cells (Figure 2B). These observations indicate that the dominant negative 
construct effectively inhibits the RA activity contributed by the endogenous 
"physiological" serum RA concentrations (10-9 - 1O-8M). Nevertheless the activity of the 
dominant negative construct is not absolute- that is at higher concentrations ofRA (10-6 
to 1O-5M) the effect of the dominant negative construct can be suppressed or neutralized. 
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Figure 2 (A) Dose response curve ofRA-induced transactivation of the pRRE4-CAT reporter construct 
electroporated into FDCP mix A4 cells, which harbor presumably functionally normal RA receptors. (B) 
Dose-response CUIVe ofRA-induced neutrophil differentiation and transactivation ofpRRE4 - CAT in 
MPRO cells, which harbor the dominant negative RARa.403 construct. 

The dominant negative RA receptor construct promotes SCF-dependent 
Iymphohematopoietic stem cell proliferation 

We then infected normal mouse bone marrow with the retroviral vector harboring the 
dominant negative RA receptor and cultured the infected cells in stem cell factor (SCF). 
Utilizing this approach we have reproducibly obtained SCF-dependent cell lines 
(designated EML) that harbor the dominant negative proviral genome and exhibit the 
characteristics oflymphohematopoietic stem cells (Tsai et aI., 1994). Flow cytometry 
indicates that approximately 50% of the EML cells express the B cell B220 antigen while 
approximately 50% express the "terlI9" antigen which is associated with erythroid 
precursors, suggesting that cells of both B-Iymphoid and erythroid lineages are 
spontaneously generated in the EML cell line. 

The lymphoid potential of the EML cells is further demonstrated by culturing these 
cells with a bone marrow stromal cell line, W20, together with IL-7. Under these 
conditions the EN,IL cells exhibit D-J rearrangement together with enhanced 
recombination activating gene-I (RAG-I) mRNA expression (Tsai et al., 1994). 

The erythroid potential of the terI19 EEl EML cells is further demonstrated by culturing 
the cells in liquid suspension in Epo (plus SCF). Under these conditions many 
erythroblasts at all stages ofhemoglobinization appear as clusters of 4-32 cells 
constituting about 20% of all cells. Moreover when EML cells are cultured in 
methyIcellulose medium containing SCF and Epo, typical burst forming unit-erythroid 
(BFU-E)-derived colonies are observed. These observations indicate that the SCF-

In contrast with its spontaneous generation oflarge numbers ofB-lymphoid and 
erythroid progenitors, the SCF-dependent EML cells produce very few progenitors for the 
neutrophil and macrophage lineages (CFU-GMs) (Table 1). Interestingly, this deficiency 
ofCFU-GMs in EML cells can be overcome with a combination ofIL-3 and high 
"pharmacological" concentrations ofRA (10-6 - IO-5M) leading to a dramatic increase in 
CFU-GMs (Table 1). This latter observation together with our previous observations that 
the dominant negative effect of the RARa403 construct could be overcome or bypassed 
by pharmacological concentrations (10-6 - 1O-5M) ofRA in both the transactivation and 
differentiation assays (Figure 2 above) indicates that the inhibition ofCFU-GM formation 
in EML is attributable to the activity ofthe dominant negative RARa403, and this 
inhibition can be overcome or bypassed by pharmacological concentrations ofRA. 



10 

SCF + + + + 
1L-3 + + 
RA (10-5 M) + T. 

Total Cells on ~ay 3 (xI06) 2.0 0.6 3.9 3.t 
Total CFU-GM· 2.S 0 1,115 32,040 
Total SCF-supported 5.200 1.000 7,400 2.000 

clonogenic cells 

Table 1. Effects of retinoic acid on the production of CFU-GM in EML cells. EML cells were cultured 
for three days in liquid media containing the indicated growth factors ± RA. Cells were then harvested 
and aliquots were cultured in methylcellulose supplemented with GM-CSF or SCF to assay for CFU-GM 
and SCF-supported c1onogeuic cells respectively. 

Taken together our studies utilizing the dominant negative RA receptor construct 
indicate a dramatic and unexpected role for normal RA receptors in regulating 
hematopoiesis. When the dominant negative construct is introduced into normal GM-CSF 
dependent mouse hematopoietic progenitors, the terminal differentiation of these cells is 
blocked and their self renewal is enhanced (MPRO cells). When this same RA receptor 
dominant negative construct is introduced into more primitive SCF-dependent cells, their 
self-renewal is also enhanced and their differentiation, particularly toward the 
neutrophiVmonocyte/macrophage lineage is blocked (BML cells). Thus the normal RA 
receptors in synergy with specific hematopoietic growth factors appear to promote the 
differentiation vs. self renewal of immature hematopoietic precursors. Moreover, our 
results summarized to date (Figure 3) indicate a particular role for RA receptors in 
regulating various stages of neutrophil differentiation. 

SCF 

.@ 

M~~<1= 
... tf _ RARa403 BLOCK 

if n~<" 
Er,1hrocyte ~ 

_ RARa403 BLOCK 

~GU..cSF 
Neutrophil 

Figure 3. The dominant negative RARa.403 construct imposes a developmental block to neutrophil 
differentiation at both the pre-CFU-GM and the neutrophilic promyelocyte stages. Both blocks can be 
overcome by "pharmacological" concentrations (10-6 - 1O-5M) of RA leading to the production of mature 
neutrophils (in MPRO cells) or the production of CFU-GM ( in EML cells). 
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Synthetic retinoids exhibiting RA receptor antagonistic activity 

The above observations indicate that inhibiting RA receptor activity in hematopoietic 
stem cells will inhibit their differentiation and enhance their self-renewal. Since enhancing 
the self renewal of hematopoietic stem cells could have considerable clinical utility, we 
have initiated studies to determine whether certain retinoids displaying specific RA 
receptor antagonistic activity might enhance the self renewal of hematopoietic stem cells in 
vitro. 

The synthetic retinoid RO-41-5253 has been reported to act as a specific antagonist to 
the RA receptor a by binding to its ligand binding domain without inducing functional 
activation of the receptor (Apfel et al., 1992). To confirm these observations we obtained 
this synthetic compound from Hoffinan-LaRoche and studied its ability to suppress RA 
receptor activity in transactivation assays. We transfected CV-1 cells with a CAT reporter 
construct harboring the TK promoter and a synthetic RA response element. Enhanced 
CAT activity was noted in the transfected CV-1 cells when stimulated with 1O-8M to 10-
6M RA (Figure 4). This RA-inducible CAT activity was most likely mediated through 
endogenous RA receptors in CV -1 cells. This RA-induced reporter gene activity was 
suppressed when the transfected target cells were cultured in the synthetic retinoid RO-
41-5253 ( 5 X 1O-6M). Our experiments confirm the previously observed ability of this 
synthetic retinoid to suppress the transactivation function of normal RA receptors. 

CAT 
~ ctivity 

eo 

60 

40 

20 

Antagonist 
Ro-4 L-5253 
(5 X LO-OM) 

RA 
Concentration 

+ 

0 0 

+ + + 

IO-$M 1O-8M 1O-7M IO-7M LO-OM LO-OM 

Figure 4. Inhibition ofRA-mediated transactivation by the synthetic retinoid R0-41-5253. CV-l cells 
were transfected with the RRE4_CAT reporter construct and then treated with the indicated 
concentrations ofRA with and without the addition of 5 X lO-OM R0-41-5253. After two days of culture 
CAT activity was measured in cell lysates. 

We also tested the ability of this synthetic retinoid to inhibit RA-induced differentiation 
ofHL-60 cells (Collins et aI., 1977; Breitman et aI., 1980), an activity that we have 
previously demonstrated is directly mediated through the RA receptor a (Collins et aI., 
1990). We noted that RO-41 -5253 inhibited the RA - induced granulocytic 
differentiation ofHL-60 (Figure 5). 
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Figure 5. HL-60 cells were incubated in 1O-1M RA with and without the addition of IO-SM R0-41-5253. 
At the indicated times the per cent of morphological granulocytic differentiation was assessed on Wright 
stained cytospin preparations of the cultured cells. 

Thus our preliminary studies with this synthetic retinoid indicate that it indeed inhibits RA 
receptors both in transcriptional transactivation assays (Figure 4) and in functional 
activities related to RA receptor mediated cell differentiation (Figure 5). 

Effect of RA antagonist on hematopoietic stem cell proliferation and differentiation. 

The studies outlined above indicate that retroviral vector mediated transduction of a 
dominant negative retinoic acid receptor construct encourages the self renewal and inhibits 
the differentiation of certain hematopoietic precursor cells. We hypothesize that certain 
synthetic retinoids that antagonize retinoic acid activity might similarly encourage 
hematopoietic precursor cell self renewal in short term cultures of hematopoietic stem 
cells. Below we describe studies utilizing the synthetic retinoid antagonist RO-41-5253 
that we have performed which indeed suggest that RA antagonists might exert significant 
biological effects on hematopoietic stem cell differentiation and self renewal. 

The CD34 Mtigen is expressed on immature hematopoietic precursor cells including 
hematopoietic stem cells (Andrews et al1990). In initial studies we isolated CD34 
positive cells from normal human bone marrow and cultured these cells in liquid 
suspension (at an initial cell concentration of 50 cells/well) in the presence of multiple 
hematopoietic 'growth factors including kit ligand (KL), IL-3 and G-CSF. We wished to 
determine how the addition of the RA antagonist R0-41-5253 would alter the magnitude 
and kinetics of CFC production in these cultures. In our initial experiment we noted 
enhanced CFC production, including BFU-E, CFU-E and possibly CFU-GM in cultures 
treated with different concentrations of the RA antagonist with the most prominent effect 
observed at the higher concentration (1O-6M) of this antagonist. (Figure 6). 
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Figure 6. CD34 positive cells were isolated and cultured in microtiter wells (50 cells/well) in the 
presence of IL-3, G-CSF and kit ligand (KL). At the indicated time intervals a1iquots of these cells were 
harvested and plated into a single dish of methylcellulose containing IL-3, IL-6, GM-CSF, SCF, and Epo. 
Shown are the number of CFC per 100 cells initially cultured. The RA antagonist was added twice 
weekly at the indicated concentration. 

These initial observations indicated that the RA antagonist prolonged CFC production 
with significant increases in erythroid precursor production at the later time point and a 
trend towards increased CFU-GM production. Since the RA antagonist might have been 
inhibiting the differentiation of primitive hematopoietic precursors present in the cultured 
CD34+ population enabling the continued production ofCFC, we next tested the effect of 
the RA antagonist on enriched populations of more primitive hematopoietic precursors. 
We isolated the known primitive subset ofCD34+ cells based on light scatter properties of 
small-medium lymphocyte-sized cells, and lacking expression of maturation linked surface 
antigens (lin-) as well as CD38 (Bernstein et aI., 1991; Terstappen et aI., 1991). We 
cultured these FACS sorted CD34+,lin-,CD38- , small-medium lymphocyte sized cells in 
liquid suspension in multiple HGF's including SCF, IL-l,IL-3,IL-6, G-and GM-CSF. As 
described in our original proposal, under these conditions these cells proliferate and 
differentiate over a 1-2 week period to produce colony forming progenitors including 
CFU-GM and BFU-E . We wished to determine how the addition of the RA antagonist 
RO-41-5253 would alter CFC production in these cultures (Figure 7, A and B). 
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Figure 7. Human C034+, Lin-,CD3S- small-medium lymphocyte sized cells were plated at 5 cells/well 
in IMDM-20% FBS with IL-I, IL-3,IL..{i, G-CSF,GM-CSF and SCF all at 100 nglml with the indicated 
concentration of RA antagonist added twice weekly to the cultures. At the indicated weekly intervals, cells 
from each well were harvested and plated into a single dish ofmethylcellulose containing IL-3, IL-6, GM
CSF, SCF and Epo. Shown are the number of CFe per 100 cells initially cultured. Experiments A and B 
refer to separate experiments performed on two different donor marrow cells .. 

The Figure 2 experiments indicate that highly enriched primitive hematopoietic precursor 
cells cultured in the indicated cytokine "cocktail" exhibit prolonged production ofCFC 
with the addition of the RA antagonist RO-41-5253 . (Note that in both experiments both 
CFU-GM and BFU-E production are present after 3-5.5 weeks of culture primarily in 
those cultures containing the RA antagonist). These observations indicate that the RA 
antagonist may prevent the terminal differentiation of CFU-GM or CFU-GM precursors, 
thereby enhancing the continued production of CFU-GM. Whether the associated 
enhanced generation of erythroid presursors is due to an increased probability of 
generating erythroid precursors from the same multi potent precursor that give rise to 
CFU-GM is being evaluated in single cells assays using methods we have previously 
described (Bernstein et aI. , 1991). 

Although relatively straightforward in conception, these experiments are complex in 
their execution largely because of the relatively high number of potential experimental 
variables. These include: the type and concentration of cultured target cells, the type and 
concentration of hematopoietic growth factors, and the concentration and frequency of 
addition of the RO-41-5253. Nevertheless we are quite encouraged by these initial 
observations suggesting that the RA antagonists may exhibit a significant biological effect 
in encouraging the self renewal and proliferation and inhibiting the differentiation of 
primitive hematopoietic precursors in liquid suspension culture. 
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Introduction 

Hematopoiesis is a profound example of cell homeostasis which is regulated 
throughout life, whereby a hierarchy of hematopoietic progenitor cells in the bone 
marrow (BM) proliferate and terminally differentiate along multiple, distinct cell 
lineages. This includes the proliferation and differentiation of myeloid precursor 
cells into granulocytes and macrophages (33, 40, 42). Clearly, a variety of control 
mechanisms are needed to maintain steady state levels of mature blood cells, as well 
as to stimulate the rapid production of specific cell types as needed. To achieve this 
requires the participation of many factors, including positive and negative regulators 
of growth and differentiation, which determine survival, growth stimulation, 
differentiation, functional activation, and programmed cell death (apoptosis) (41, 
44). 

The proto-oncogene c-myc has been shown to playa pivotal role in growth 
control, differentiation and apoptosis, and its abnormal expression has been 
associated with many naturally occurring neoplasms (4, 14, 15, 45). C-myc is 
expressed in almost all proliferating normal cell types, and is down-regulated in 
many cell types when they are induced to terminally differentiate (14, 20, 25). The 
c-myc protein contains three structural domains that are homologous to domains 
found in characterized transcription factors, including a leucine zipper, a helix-Ioop
helix motif, and an adjacent domain rich in basic amino acids (24, 36). It is 
localized to the nucleus, and its binding to DNA is sequence-specific (9). Recent 
experimental evi'dence suggests that c-myc functions as a transcriptional regulator as 
part of a network of interacting factors (7, 14). 

Given the central role c-myc plays in growth control, differentiation and 
apoptosis, understanding how c-myc functions will increase our understanding 
about normal ce~l development, and how alterations in these processes can lead to 
malignancy. In this paper, we describe recent work carried out in our laboratory on 
the role of c-myc in myeloid cell development, including its role as a regulator of 
differentiation and apoptosis. 

Terminal Differentiation of Myeloid Leukemia Cells is 
Blocked at an Intermediate Stage by Constitutive c-myc 

C-myc is expressed in proliferating Ml myeloid leukemic cells, and is down
regulated following induction of terminal differentiation by Interleukin-6 (IL-6) or 
Leukemia Inhibitory Factor (LIF), when there is no detectable c-myc mRNA or 
protein by 18 hours following stimulation for differentiation (20). Unlike the 
parental Ml cells, Mlmyc cell lines, established following transfection with an 
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expression vector containing the c-myc gene under control of the B-actin promoter, 
constitutively synthesized c-myc . Deregulated and continued expression of c-myc 
blocked terminal differentiation induced by either IL-6 or LIF at an intermediate 
stage in the progression from immature blasts to mature macrophages (20). The 
proto-oncogene c-myb, whose transcripts are found primarily in tissues of 
hematopoietic origin (17), is down-regulated more rapidly than c-myc following 
induction of differentiation of Ml cells. Consistent with this observation, IL-6 or 
LIF treatment of Mlmyc cells resulted in down-regulation of c-myb. Differentiation 
primary response genes (MyD), which are induced within 30 min and in the 
absence of de novo protein synthesis following stimulation ofMl cells with IL-6 or 
LIF, have been isolated in this laboratory (1, 2, 26, 27, 29-32). Many of these 
genes continue to be expressed for at least 3 days. All MyD genes tested, including 
junB, c-jun,junD, MyD88, IRF-l, Egr-l and Wafl (20,43,46 and unpublished 
data) were induced in Mlmyc cells following stimulation with IL-6, and those 
which continued to be expressed in Ml cells also continued to be expressed in 
Mlmyc cells. Fc receptors were induced to normal levels; however, C3 receptor 
induction was markedly inhibited in Mlmyc cells. Induction of lysozyme and 
increased levels of ferritin light-chain transcripts start to be detected by 2 days 
following stimulation for terminal differentiation of Ml cells and continue to 
increase. No such induction was detected for Mlmyc cells following treatment with 
differentiation inducers. Taken together, these data demonstrate that the block in 
myeloid differentiation caused by deregulated expression of c-myc occurs at the 
time that c-myc is normally suppressed in IL-6- or LIF-treated Ml cells (Fig. 1). 

Withdrawal from the cell cycle is believed to be a prerequisite for terminal 
differentiation of most cell types (16). Mlmyc cells treated with IL-6 or LIF failed 
to exit the cell cycle, consistent with the notion that enforced expression of c-myc 
precludes cells from arresting in GO/G 1 (20). 

Mlmyc cells continued to proliferate following stimulation with either IL-6 
or LIF, albeit with an increased doubling time relative to untreated Ml and Mlmyc 
cells, while maintaining the intermediate stage morphology. Usually c-myb 
expression is associated with proliferating cells and inhibition of its expression is 
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Fig. 1. Schematic representation of the myeloid developmental program induced by IL-
6ILIFILUCM, comparing Ml and Mlmyc cells with Mlmycer cells without or with [3-estradiol. 
(LUCM, conditioned medium of mouse lungs, is a potent physiological source of hematopoietic 
growth and differentiation inducers that has been shown to contain IL-6 and LIF) 
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associated with the tenninally differentiated and growth arrested state (23, 25). 
Therefore, the fmding that IT..-6 or LIF treated Mlmyc cells continued to proliferate 
in the absence of c-myb expression was quite surprising. However, lack of c-myb 
expression may account for the observed reduced growth rate of the cells, 
consistent with the observation that anti-sense c-myb oligomers which diminish the 
level of c-myb protein, also inhibit proliferation, to varying degrees, of human 
myeloid leukemic cell lines (3). Alternatively, the reduced growth rate may be due 
to the synthesis of IFNP in M1myc cells, partially accounting for the growth 
inhibition associated with terminal myeloid differentiation (2). Each mechanism is 
not necessarily mutually exclusive, and other mechanisms may also be involved. 

Dissection of the Pleiotropic Effects of Deregulated c-myc 
During Myeloid Leukemia Cell Differentiation 

The results of the experiments discussed thus far have shown that the c-myc 
transcription factor, which is involved in the control of hematopoietic cell growth 
(14), also serves as a negative regulator of terminal differentiation and its associated 
growth arrest, in which failure to suppress c-myc expression blocks IL-6/LIF 
-induced terminal differentiation and growth arrest (20). By the time c-myc is 
normally suppressed, both Ml and Mlmyc cells have undergone a multitude of 
changes, including induction of many transcription factors (2, 20, 25-7, 29, 31). In 
spite of this, failure to suppress c-myc blocks differentiation at an intermediate 
stage. 

Analysis of the Effects of Deregulated c-myc Using High-Resolution 
2D Gel Electrophoresis 
To extend our understanding of the pleiotropic effects exerted by deregulated c-myc 
on differentiation, we employed high resolution 2D protein gel electrophoresis, 
which provided many more differentiation associated markers for analysis. Using 
this approach, 124 differentiation associated protein changes were analyzed (21), in 
which many of these changes are a manifestation, either direct or indirect, of 
developmentally regulated changes in gene expression. 

The use of high resolution 2D gel analysis has revealed that failure to 
suppress c-myc in Mlmyc cells had massive pleiotropic consequences, affecting in 
various ways (delaying, partially or completely blocking) most of the protein 
changes that take place during IL-6 induced differentiation of Ml myeloid leukemia 
cells. Many of the early protein changes, detected 1 day following induction for Ml 
differentiation, also were observed in Mlmyc cells, yet with altered (delayed, 
partially blocked) expression kinetics. Only a few of the later protein changes, 
detected in Ml 3 or 5 days following induction for differentiation, were observed in 
Mlmyc cells. The extent of the pleiotropic effects on differentiation associated 
protein changes resulting from the failure to suppress c-myc was unexpectedly 
high, given that c-myc is normally suppressed at a point in time when many 
changes in gene expression have already taken place, including the induction of a 
multitude of transcription factors. High-resolution 2D-protein gel analysis also has 
revealed that although most of the developmental-associated protein changes which 
take place during myeloid differentiation following c-myc suppression are c-myc 
suppression dependent, some are c-myc suppression independent. It is interesting 
to point out that previous studies, using 2D-gel electrophoresis to analyze protein 
changes during the developmental program of differentiation inducible (MID+) and 
naturally occurring differentiation defective Ml clones, had led to the conclusion 
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Fig. 2. The effect on differentiation of Mlmycer cells by adding p-estradiol to the culture 
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that differentiation is composed of separately programmed pathways of gene 
expression (28). The existence of c-myc suppression dependent and independent 
protein changes provides a definitive example supporting this notion. 

Conditional c-myc Expression as a Tool to Dissect the Role of c-myc 
in Differentiation 
Obviously, identifying c-myc target genes is an essential step towards better 
understanding the molecular mechanisms by which c-myc regulates normal 
hematopoiesis, as well as how deregulation of c-myc contributes to the 
development of leukemias. The strategy pursued by us to clone and identify c-myc 
target genes involves the use of conditional mutants of the myeloblastic leukemia 
Ml cells, expressing a chimeric mycer trans gene, established in our laboratory. The 
chimeric mycer transgene is composed of the hormone-binding domain of the p
estradiol receptor fused to the carboxy terminus of the c-myc coding region; its 
function is dependent on p-estradiol in the culture medium and not de novo protein 
synthesis, thereby allowing for precise regulation of c-myc activity (12, 13). 

Mlmycer cells behave as conditional c-myc mutants; they undergo terminal 
differentiation after treatment with IL-6, like parental Ml, but proceed only to the 
intermediate stage after treatment with IL-6 when p-estradiol is included in the 
culture medium, like Mlmyc cells (43)(Fig. 1). The differentiation program can be 
blocked by activation of c-myc function as late as 30 hours after treatment with 
differentiation inducers, in spite of the fact that endogenous c-myc transcripts and 
protein are no longer detected by 18 hours. Thus, not only is the pleiotropic effect 
exerted by deregulated c-myc at the level of protein changes, assessed by 2D gel 
analysis, more extensive than anticipated, but this effect can be mediated as late as 
30 hours after induction of differentiation (Fig. 2). Moreover, by manipulating the 
function of the mycer trans gene product, we have shown that there is a lO-hour 
window during myeloid differentiation, from 30-40 hours after the addition of the 
differentiation inducer, when the terminal differentiation program switches from 
being dependent on c-myc suppression to becoming c-myc suppression 
independent. Therefore, activation of c-myc after 40 hours no longer has any 
apparent effect on mature macrophages (Fig. 2). 



21 

Thus, it can be seen that M1mycer cell lines provide a powerful tool to 
increase our understanding of the role of c-myc in normal myelopoiesis and 
leukemogenesis, while also providing a strategy to clone c-myc target genes (43). 

Functional Analysis of Ornithine Decarboxylase (ODe), a 
c-myc Target Gene, in Myeloid Differentiation 

Recently, evidence has accumulated via several strategies, including the use of the 
mycer transgene, to indicate that the ornithine decarboxylase (ODC) gene is a 
transcriptional target gene of c-myc (8, 38, 48). ODe catalyzes the conversion of 
ornithine to putrescine, the first and rate-limiting step in polyamine biosynthesis, 
and has been shown to be crucial to cell growth (47). Several lines of investigation 
have shown that ODe activity is critical for cell transformation (5, 19,35). It has 
also been shown that ODe expression is sufficient to induce accelerated apoptosis 
following IL-3 withdrawal in IL-3-dependent 32Dc13 myeloid cells, and is a 
mediator of c-myc -induced accelerated apoptosis of these cells (37). Several lines 
of experimentation were pursued to ascertain if deregulated ODe expression can 
negatively regulate myeloid differentiation, and if ODe is a mediator of the 
differentiation block due to deregulated c-myc expression. 

We have shown that ODe activity is down-regulated following induction of 
Ml differentiation, and fails to be suppressed in Mlmyc cells following treatment 
with the differentiation inducer IL-6 (Table 1). We have also found that in Mlmycer 
cells, when endogenous c-myc and ODe expression have been suppressed 
following IL-6 treatment for over 30 hours, treatment with l3-estradiol and 
cyclohexamide resulted in induction of ODe transcripts, thereby demonstrating that 
ODe is a c-myc target gene in Ml cells (data not shown). MlODe cell lines, which 
constitutively express ODe, have been established These cells can undergo 
terminal differentiation and growth arrest following IL-6 stimulation, exactly like 
parental M1 cells (Table 1). Therefore, ODe is not sufficent to block myeloid 
differentiation. Another question asked is if ODe expression is necessary for the c
myc-induced block in differentiation. The use of the ODe inhibitor a
difluoromethylomithine (DFMO), an irreversible inhibitor of ODe enzyme activity, 
strongly suggests that ODe is not necessary for the c-myc-induced differentiation 
block (data not shown). Our results demonstrate that different or overlapping, but 

Table 1. ODC expression following treatment of Ml. Mlmyc and MI ODC cell lines with IL-6a 

Cell Line IL-6b ODC activityC Cell type (%)d 
Blast Inter. Mature 

MI 
MI 
MlMYC 
MIMYC 
MIODC 
MIODC 

+ 

+ 

+ 

190 
25 

210 
180 
450 
220 

>99 <I 
3 37 

>99 <1 
25 75 

>99 <1 
4 38 

aAlI values represent the mean of at least three independent experiments. 
bCells were treated with IL-6 at 100 ng/ml for 3 days. 
cODC activity as pmole/30 min/mg protein. 
dMorphology was determined by counting at least 300 cells on May-Grunwald-Giemsa-stained 
cytospin smears. 

o 
60 
o 
o 
o 

58 
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not identical, sets of c-myc target genes are responsible for the effect of c-myc on 
transformation, apoptosis and differentiation. 

Blocking c-myc Expression Potentiates Differentiation of 
Normal and Leukemic Myeloid Cells 

By deregulating expression of c-myc, it has been demonstrated that c-myc is a 
negative regulator of differentiation (20, 43). It can be asked what effect blocking c
myc expression will have on proliferation and differentiation. Previously, it had 
been reported that blocking c-myc expression in HL60 cells, in which the c-myc 
gene is amplified 8- to 30- fold and is highly expressed (10, 11), results in growth 
arrest, and, in some instances, induction of monocytic differentiation (22, 50). 
However, dysregulated expression of c-myc in HL60 cells may account for the 
transformed phenotype, and, therefore, the manifestations due to blocking its 
expression may be related to these potentially transforming lesions, rather than to 
the role of c-myc as a negative regulator of cell differentiation. Looking at the effect 
of blocking c-myc expression on both normal myeloid cells and the Ml cell line, in 
which the level of c-myc expression is comparable to proliferating normal 
myeloblasts (20, 25), will allow one to ascertain the effects of blocking c-myc 
expression on growth and differentiation, independent of its role in transformation. 

C-myc transcripts are expressed in proliferating Ml cells and are no longer 
detectable by 18 hours after induction for terminal differentiation by IL-6 (Fig. 1) 
(20,43). Down-regulation of transcripts of max, the molecular partner of c-myc, 
was observed; however, in contrast to c-myc, significant levels of max transcripts 
continue to be expressed several days following induction of terminal differentiation 
by IL-6 (43). Myeloblast enriched bone-marrow cells express c-myc and max 
transcripts, and both are down-regulated following treatment with GM-CSF. 
However, for both c-myc and its molecular partner max, transcripts are still 
detectable even after six days in the presence of GM-CSF, when there are still 
precursor cells in the population with proliferative capabilities (25, and data not 
shown). 

Antisense methodologies were used to block expression of c-myc and max. 
Specifically, we added oligodeoxynucleotides complementary to the first AUG 
codon and 6 subsequent downstream codons of either c-myc or max to the culture 
medium. Indirect immunofluorescence demonstrated that antisense oligomers to 
both c-myc and max effectively blocked expression of their cognate proteins. 

Blocking expression of either c-myc or max in Ml cells activated the 
differentiation program; the cells assumed an intermediate stage myeloid 
morphology, and there was induction of Fc and C3 receptors, markers of 
differentiation in MI cells (Table 2). Simultaneously blocking protein expression of 
both c-myc and max in Ml cells resulted in induction of mature macrophages (Table 
2). These data suggest, among other things, that c-myc and max may have other 
molecular partners besides each other. Blocking expression of either c-myc or max 
in myeloblast enriched bone-marrow concommitantly treated with GM-CSF, 
accelerated the differentiation program, as determined by morphological analysis. 
Thus, blocking c-myc or max expression in myeloid cells at specific stages of 
development activates or accelerates the terminal differentiation program. What 
effect blocking expression of c-myc and/or max has on the different c-myc target 
genes will enhance our understanding of the relationship between c-myc and 
control of differentiation. Understanding how blocking either c-myc or max 
expression activates the Ml differentiation program, circumventing events at the 



Table 2. Effect of c-myc and max antisense oligonucleotides on MI cells 

Inducer Oligomer Cell no.a Fcb C3b Cell type (%)a 
________ ....!I~o.6.tml (%) (%) Blast Inter. Mature 

IL-6 

scrambled 
AS-myc 
AS-max 

AS-myc+AS-max 

lAO 0.5 1.2 >99 <1 0 
1.30 0.7 1.1 >99 <I 0 
0.87 9.0 14.0 75 25 0 
0.89 8.0 22.0 63 35 2 
0.53 32.0 51.0 45 10 45 
0040 36.0 56.0 4 41 55 

acell number and morphology were determined after three days. 
bFc and C3 receptors were determined after one day. 
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membrane, and how normal myeloid-enriched bone-marrow differentiation is 
accelerated, will increase our understanding of the regulation of differentiation, 
coupling of growth to hematopoietic differentiation, and how alterations in the 
controls can lead to leukemias. 

Deregulated Expression of c-myc Blocks TGF~-Induced 
Growth Arrest and Accelerates TGF~-Induced Apoptosis 

A role for c-myc in the regulation of apoptosis was found in growth arrested 
fibroblasts (15), factor deprived IL-3 dependent 32D myeloid cells (4), and in anti
TCR antibody stimulated T-cell hybridomas (45), where its deregulated expression 
has been shown to either accelerate or induce apoptosis. In addition, the proto
oncogene c-myc was suggested to playa pivotal role in TGF131-induced growth 
inhibition of various cell types (34, 39). That TGF131 induces both growth 
inhibition and apoptosis of Ml myeloid leukemia cells, and that the genetically 
engineered Mlmyc cell line is available, enabled us to assess a role for c-myc in 
TGF13-induced apoptosis and growth arrest. 
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Fig.3. Effect of deregulated expression of c-myc and c-myb on TGF13I-induced loss of viability 
and apoptosis. (A) Percent viable cells at the indicated times following TGF131 treatmentof MI , 
Mlmyc and Mlmyb cells. (B) Induction of DNA fragmentation by TGF131. 
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TGFJ31 induces both growth inhibition and apoptosis of M1 myeloid 
leukemia cells; this is readily apparent when there is enforced overexpression of 
bcl-2, which allows M1 cells to survive but not to proliferate following treatment 
with TGFJ31 (44). TGFJ31 rapidly downregulates c-myc in M1 cells. Using M1myc 
cell lines, it was shown that deregulated expression of c-myc inhibited TGFJ31-
induced growth arrest, as seen by thymidine incorporation and F ACS analysis, and 
accelerated TGFJ31-induced apoptosis, determined by loss of viability and DNA 
fragmentation (44) (Fig. 3). The findings with TGFJ31 provide another example 
that continued expression of c-myc in the presence of growth arrest signals leads to 
accelerated apoptosis. 

Mlmyb cell lines, expressing deregulated c-myb, was shown, like 
deregulated c-myc, to inhibit TGFJ31-induced growth arrest and to accelerate 
apoptosis, where the acceleration is even more rapid than with cells expressing 
deregulated c-myc. This is the first reported demonstration that c-myb can regulate 
the apoptotic response (44). 

Recently, it has been reported that c-myc-induced apoptosis is mediated by 
p53 in fibroblasts (18, 49). This is clearly not the case for c-myc-mediated 
accceleration of TGFJ3-induced apoptosis of myeloid cells, since M1 does not 
express p53. 

Concluding Remarks 

The proto-oncogene c-myc plays a pivotal role in growth control, differentiation, 
apoptosis and tumorigenesis. Towards understanding how these cellular processes 
are regulated, it is essential to understand the involvement of c-myc. Identifying the 
different c-myc target genes participating in each process, and how specific target 
genes are regulated by the c-myc family of transcription factors is crucial to achieve 
these goals. Determining if all the biological effects of c-myc are manifestations of 
expression of the same target genes, which result in different phenomenon due to 
the physiological state of the cell, or are caused by expression of either different or 
overlapping sets of target genes, will lead to a greater understanding of how c-myc, 
a central player in the regulation of growth, differentiation, and survival, exerts its 
pleiotropic effects. Our results on ODC are indicative of the involvement of 
different or overlapping, but not identical, sets of c-myc target genes in playing a 
role in the regulation of the different cellular processes. A network of interacting 
transcription factors appears to modulate the transcriptional activity of c-myc, and 
includes the basic helix-loop-helix leucine zipper protein Max (myn), which 
dimerizes to c-myc and is required for its transcriptional activity (7, 14); Mad and 
Mxi1 were identified as heterodimeric partners for Max which antagonize c-myc 
transcriptional activity (6, 51). Understanding the role of this network of factors in 
regulating c-myc target genes will also further our knowledge about how growth, 
differentiation and survival are regulated in both normal and neoplastic cells. 
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Introduction 

Hematopoietic cells are produced throughout the lifetime of an individual 
from a small set of stem cells found in the bone marrow. The progeny of these 
stem cells are required (i) to gradually lose multipotency,. eventually developing 
into progenitors committed to a single lineage which then terminally differentiate 
and (ii) to make decisions regarding the balance between self-renewal (Le. cell 
proliferation without detectably entering a differentiation pathway) and terminal 
differentiation to produce correct numbers of erythroid, myeloid and lymphoid 
cells. In leukemias and lymphomas, this delicate equilibrium obviously has been 
disturbed, resulting in an abnormal accumulation of immature cells that are 
apparently capable of self renewal, although they may be derived of and similar to 
either multipotent or committed hematopoietic progenitors (for reviews see [1,2]). 

Committed progenitors differ from the pluripotent stem cell in that the latter 
develops into all hematopoietic lineages while the former are restricted to one (or a 
few related) lineages. Secondly, pluripotent stem cells are capable of self renewal, 
while committed progenitors are thought to be unable to self renew, or do so only 
transiently (for review see [1,3]. Commitment is thought to involve a fInite number 
of cell divisions, during which the cells execute a predefIned program of gene 
expression changes, eventually generating a terminally differentiated cell. 

The idea of self renewal being restricted to the pluripotent stem cell does not 
apply to leukemias derived from committed progenitors (see [2] for review). This 
raises the question whether leukemic self renewal is an abnormal property caused 
by the genetic changes occurring in the leukemic cells and not shared by normal 
progenitors lacking those mutations [4, 5]. Alternatively, normal progenitors may 
possess a strictly regulated, normally silent ability to self renew and the mutations 
occurring in leukemia may just cause this normal progenitor self renewal to occur 
in a deregulated, constitutive fashion [6]. 

This short article focuses on in vitro cell systems currently employed as 
models to study these and related questions. Such models include colony assays 
using unpurified bone marrow cells as well as purified primary committed 
progenitors and stem cells of mouse and human origin. In the majority of studies, 
established, immortal hematopoietic cell lines are used derived from leukemias! 
lymphomas or generated by introduction of foreign genes. The powerful in vivo 
models such as mice with gain- or loss-of-function mutations in genes controlling 
hematopoiesis will not be discussed here because of space limitations. 

Here, we will concentrate on primary, non-immortalized hematopoietic cells 
of chick origin, that exhibit properties of either committed or multipotent 
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progenitors. We will discuss whether this system may help to overcome some of 
the limitations and problems arising in using the above mammalian in vitro 
systems. We will focus on the prospects and limitations of the avian system rather 
than on specific results obtained.Another issue shortly discussed in this article will 
be, if and which changes are introduced in hematopoietic cells by the 
immortalization process itself and how such changes may limit the use of immortal 
lines as models for normal, nonimmortalized cells. 

Primary Hematopoietic Progenitors. 

Multipotent stem cells and committed progenitors are rare cells in 
hematopoietic organs, since they generate huge numbers of more differentiated 
offspring. Three approaches exist to study these cells in vitro despite their low 
numbers. Firstly, the cells can be purified and studied directly in colony assays. 
Secondly, some purified or nonpurified progenitors can be amplified in vitro with 
combinations of growth promoting agents. The most powerful method, however, 
is to stably introduce foreign proteins into the progenitors, that are capable of 
inducing self renewal in the desired progenitors. In the following, we will compare 
the possibilities to use the second and third approach in avian versus mammalian 
cells. 

Normal Progenitors. 
Recently, progress has been made in methods to purify and characterize 

pluripotent murine stem cells. [7]. However the cell numbers obtained are really 
low (1 stem cell per 106 bone marrow cells). Furthermore, efficient methods to 
significantly expand such cells do not exist. These limitations have so far severely 
hampered the molecular analysis of pluripotent stem cells. 

Similar limitations exist for committed progenitor cells. A well-studied 
example are purified human erythroid progenitors, referred to as colony-forming 
unit erythrocyte (CFU-E) and burst-forming unit erythrocyte (BFU-E, [8,9]). The 
former grow into compact colonies of 30-40 mature erythrocytes after 2-3 days, 
while the latter form large colonies consisting of thousands to ten-thousands of 
erythrocytes within 6-10 days [10, 11]. The cell numbers obtained in these 
purifications is again relatively low (BFU-E, 105-106, CFU-E < 5x107). The 
same was true for cultures of early erythroid progenitors from anemia patients [12]. 
Using micromethods, some biological and molecular analyses were performed with 
such cells [13] but more extensive molecular studies were not possible 

In the chicken, conditions for expansion of primary erythroid progenitors 
(SCF/TGFa progenitors) were recently described. Avian stem cell factor (SCF), 
transforming growth factor (TGF) a and estradiol induced the outgrowth of 
apparently normal erythroid progenitors from chick bone marrow. These cells, 
grow for the normal life span of chicken cells (the "Hayflick limit" [14]), 
corresponding to 30-40 generations in vitro. Thus, these cells can be theoretically 
expanded in suspension culture to lOlD - 1011 cells [15, 16]. When self-renewal 
factors (SCF, TGFa and estradiol) are removed and replaced by differentiation 
factors (anemic serum containing avian Epo and insulin), the normal progenitors 
rapidly downregulate the receptors for the self renewal factors (estrogen receptor, 
c-Kit, c-ErbB) and undergo terminal differentiation into erythrocytes within 4 to 5 
days [16]. Recent results suggest, that these SCFITGFa progenitors develop from 
normal CFU-EIBFU-E. if the latter cells are co-stimulated for 6-8 days with SCF. 
TGFa, estradiol and an unknown activity in chicken serum. [17]. This rather 
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"unorthodox" combination of three, if not four growth factors may also be active to 
induce self renewal in normal human erythroid progenitors (M. von Lindem and 
H.B., manuscript in preparation). 

Induction of Progenitor Outgrowth by Oncoproteins And Related 
Agents 

Avian retroviruses cause erythroblastosis (AEV) and myeloid disorders 
(myelocytomatosis, MC29, MH2; myeloblastosis, AMV, E26) [18]. The AEV 
virus encodes the v-erbA and v-erbB oncogenes, a mutated receptor tyrosine kinase 
and a mutated nuclear thyroid hormone receptor. The oncoproteins v-Myc, v-Myb 
encoded by the MC29 and AMVlE26 represented mutated transcription factors of 
different types (for review see [19, 20]). The cell types obtained by in vitro 
transformation with v-ErbB plus v-ErbA were characterized as immature erythroid 
cells (apparently situated between BFU-E and CPU-E, the v-Myc transformed cells 
as monocyte-like cells (plus immature granuloblasts occurring in vivo) and those 
transformed by v-Myb as more immature monoblastic/myeloblastic cells [21]. All 
these cells could be readily propagated from colonies in semisolid medium and 
grown for 30-40 generations in culture before undergoing senescence. The 
isolation of temperature-sensitive versions of the v-ErbB, v-Sea, v-Myc and v-Myb 
oncoproteins allowed to induce apparently normal, mostly synchronous terminal 
differentiation in these cells after turning off oncoprotein function at the non 
permissive temperature (see the above reviews and [22,23]). 

In three cases, self renewal of multipotential progenitors could be induced 
by oncoprotein combinations. Firstly, the p135gag-myboets fusion protein of the E26 
avian myeloblastosis virus induced the growth of multipotent cells from chicken 
blastoderm. The phenotype of the uninduced cells resembled that of very immature 
erythroid cells. When treated, however, with phorbol esters or superinfected with 
tyrosine kinase oncogenes, some of the cells differentiate.d into myeloblasts and 
eosinophils [24]. The system was improved by using a temperature sensitive 
mutant of p135gagomyboets in the v-Ets domain, tsl-1E26. Combinations of 
temperature shifts with drug treatment allowed to induce differentiation of these 
tsl-1E26 cells into erythrocytes, monocytes and eosinophils [25]. Multipotent 
progenitors capable of terminal differentiation into erythrocytes and macrophages 
could be induced by the ts mutant ts21-E26, (expressing a p135gagomyboets fusion 
protein with lesion in v-Myb) if cultivated in presence of stem cell factor (SCF), the 
ligand of the c-Kit receptor tyrosine kinase (M. von Lindem and H. Beug, 
unpublished). . 

A second type of multipotent progenitor was recently induced in chicken 
bone marrow by the nuclear oncoprotein v-Ski, again in cooperation with the 
ligand-activated receptor tyrosine kinase c-Kit. These cells are unique in that they 
have an in vitro life span of> 100 generations, by far exceeding the normal in vitro 
life span of chicken cells (30-40 generations). In contrast to the E26 transformed 
cells, these muItipotent progenitor cells were still dependent for self renewal on 
combinations of growth factors and hormones active on mammalian multipotent 
progenitors (SCF plus estradiol with cytokines like Il-6 or presumably Il-3, [26]). 
In addition these cells spontaneously differentiate along the erythroid, monocytic 
and granulocytic (mast cell) lineages. Furthermore clonal strains of Ski-induced 
multipotent progenitors can be "committed" to the erythroid or myeloid lineages by 
specific mixtures of growth factors and steroid hormones in presence of SCF, and 
then induced to terminal differentiation when treated with lineage-specific factors in 
absence of SCF. In presence of factors specific for the "wrong" lineage, the cells 
underwent apoptosis. Thus self-renewal, commitment and differentiation could be 
regulated in these multipotent cells by specific, physiological agents, similar as in 
the self-renewing erythroblasts [27]. 
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The third type of self-renewing multipotential cells was induced by the v
ReI oncoprotein, a NFKB-related transcription factor oncoprotein [28]. Initially, 
these cells were characterized as preB-preT lymphoid cells [29]. Similar to the v
SkilSCF induced cells they displayed a highly increased 80-100 generations or 
even unlimited in vitro life span (> 150 generations) without undergoing a Hayflick 
crisis at any time ([28, 29] and references therein). By employing a fusion protein 
of v-ReI with the hormone binding domain of the estrogen receptor (v-ReIER) the 
function of which can be activated by estradiol, these cells were characterized as 
multipotent progenitors, that could give rise to immature B cells, dendritic cells and 
an unidentified granulocytic cell. [30]. Differentiation into the granulocytic and 
dendritic cell types occurred after inactivation of the v-ReIER, while apoptosis 
rather than terminal B-Iymphocytic differentiation was observed with respect to the 
B-celllineage [30]. 

Primary, oncoprotein-transformed hematopoietic progenitors similar to the 
above chicken cells are rarely available in mice and not described in humans In the 
mouse, oncoproteins like v-Raf, v-Ras, v-Src, v-ErbB v-Abl and others induce 
colonies of proliferating, apparently immature erythroid progenitors in semisolid 
medium. Oncoprotein combinations (e.g. v-Raf plus v-Myc) lead to larger colonies 
and a more pronounced differentiation arrest [31]. In all these experiments, trials to 
expand the colonies into mass cultures of primary cells failed (see [32] for 
references). This was most likely due to the much shorter in vitro life span of 
mouse cells (7 to 15 generations; [33]). Since it requires 13 cell divisions to build 
up a typical macroscopic colony of 104 cells, the cells in such murine colonies may 
already have reached the end of their replicative life span. In some cases, erythroid 
cell lines could be grown from Myc-Raf- or Src-oncoprotein transformed erythroid 
cells [31,34]. 

Primary colonies of myeloid murine bone marrow cells transformed by v
Myc [35] and a murine, E26 like virus could also not be eJepanded. In these cases, 
however, as well as with pre-B cells transformed by the v-Ahl oncoprotein, the 
transformed cells readily grow into immortalized cell lines. The only cell system in 
which conditional oncoproteins have been used to allow differentiation induction in 
murine hematopoietic progenitors are preB cells transformed with a ts-mutant of the 
Abl oncoprotein. Efficient lymphoid differentiation of the preB cells after turning 
off Abl oncoprotein function required the presence of the Bcl-2 gene product to 
inhibit apoptosis (for review see [36]). . 

Immortalized cell lines of hematopoietic origin 

As mentioned above, one of the major tools in studying hematopoiesis are 
established, immortalized cell lines of both murine and human origin. Human cell 
lines display characteristics of primitive erythroid (K562, KG-I) or myeloid cells 
(HI-60, U937). Many lines with preB/preT or uncharacterized phenotypes have 
been also described. In addition, it is frequently but not always possible to grow 
human leukemia cells into immortalized cell lines (H. Messner, personal 
communication). Multipotent lines may exist (e.g. TF-l) but fail to show 
significant differentiation along specified lineages. Human lines generated by 
deliberate introduction of oncogenes do not exist to our knowledge. 

In the mouse, a wealth of cell lines with erythroid, megakaryocytic, 
monocytic, granulocytic and B- or T-Iymphocytic characteristics exist. They cannot 
be discussed further due to space limitations. In addition, several lines resemble 
multipotent progenitors capable of producing offspring differentiating along the 
erythroid plus several myeloid or even lymphoid lineages. In the following, a few 
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aspects pertinent to the use of such immortalized lines as model systems will be 
discussed, in comparison to mortal, non immortalized cells or established cell lines 
of chicken origin. 

What Oncoproteins Are Active in Hematopoietic Cell Lines ? 
Many human and murine cell lines (e.g. FDCP-I cells, 32D cells, BAF-B03 cells, 
etc.) arose from leukemias or related tumors or were spontaneously immortalized in 
culture. Consequently, the mutated genes causing self renewal and differentiation 
arrest are not known. In some cases, some of the contributing mutated genes could 
be identified. In K562 and HL60 cells, derived from chronic myelogenous 
leukemia, the Bcr-Abl fusion proteins generated by the CML-specific chromosomal 
translocations are expressed, but further contributing mutations are unknown. A 
similar situation holds for other human cell lines derived from leukemias with 
identified translocation-induced fusion gene products. 

In the mouse, one of the best-understood examples are the Friend leukemia 
virus-(SFFV)-induced MEL cells. Initially, constitutive activation of the 
erythropoietin receptor (EpoR) by intracellular binding of the SFFV 55 kD 
envelope glycoprotein causes polyclonal expansion of erythroid progenitors. [37]. 
The later emergence of leukemic cells is associated with overexpression of a 
normal, non-mutated Spi-IlPul protein, an Ets family transcription factor [38]. 
Furthermore, functional inactivation of the p53 tumor suppressor gene as the result 
of gene loss or mutation, occurring in the vast majority of Friend erythroleukemic 
cell lines [39]. Identification of other important oncoproteins able to induce 
progenitor self renewal has been largely assisted by cloning retroviral integration 
sites leading to oncoprotein activation (see this volume). 

A very important role of p53 loss-of-function mutations has also emerged 
from trials to transform erythroid progenitors from foetal livers of wild-type or 
p53-/- mice, using the v-Myc and v-Raf oncoproteins. Transformed colonies arose 
with a rat and a myclraJ virus. The absence of p53 proved to be critical for 
expansion into mass cultures. Immortalized cell lines grew out following a typical 
Hayflick crisis in p53-/- cells, while cell lines formed rarely (v-Myc plus v-Raf) or 
not at all (v-Raf) from cells expressing wild-type p53. P53-1- cells transformed with 
v-Myc plus v-Raf instantaneously grew into lines with unlimited life span, that did 
not show any indication of a Hayflick crisis [32]. Interestingly, these lines grew 
with an unusually short cell cycle (11-13 hours) and, in contrast to the purely 
erythroid lines obtained with mye/raf in wild-type p53 expressing cells, displayed 
an erythroid, myelomonocytic or undifferentiated, lineage-marker negative 
phenotype. This instantaneous immortalization without any detectable crisis 
resembled that of the multipotent cells induced in chick bone marrow by v-Ski plus 
c-Kit or by v-ReI (see above). 

In addition to the oncogenes introduced or activated during leukemogenesis 
or cell line outgrowth, there are mutations inherent to immortalization itself. 
Besides p53 deletions and mutations, particularly common in murine lines, the 
cyclinlcdk-inhibitor (CD!) p16 is mutated or deleted in the vast majority of 
immortalized cell lines (for review see [40, 41]). Abnormalities in expression 
and/or function of other CDI's (p21, p27) were also found. (1. Smith, personal 
communication): Most importantly, complementation analysis revealed at least four 
different loci, which are deleted in various cell lines [42]. Two of them have been 
localized to defined regions in human chromosomes 1 and 4 [43, 44]. 
Interestingly, the CD! p21 was cloned as a DNA synthesis inhibitor overexpressed 
in senescent cells [45]. It remains to be determined, if and to what these mutations 
affect the cell cycle behaviour and/or differentiation capacity of immortal cell lines 
(see below). 



34 

Terminal Differentiation of Immortalized Hematopoietic Cell Lines ? 
Normal avian erythroid progenitors can undergo terminal differentiation in 

vitro, resembling the in vivo differentiation program in many aspects. This 
included the number of cell divisions during differentiation, changes in cell cycle 
regulation during differentiation and loss of cell size control. Differentiating cells 
grew with doubling times of 11-12 hours, due to a drastically shortened G 1 phase 
and underwent a size reduction from 350 to 70 femtoliters within the five cell 
divisions accompanying terminal differentiation (see [6] and Dolznig et aI, 
manuscript submitted). In addition, a concerted reprogramming of gene expression 
was observed 16 hours after differentiation induction, leading to downregulation of 
self renewal-specific genes and concerted upregulation of numerous erythroid
specific transcription factors and late erythrocyte-specific proteins. Finally, both 
cell morphology and hemoglobin content corresponded to that of normal 
erythrocytes (Dolznig et al, manuscript submitted). 

In contrast, established erythroleukemia cell lines such as the murine Friend 
erythroleukemia cells and the human erythroleukemia cell line K562 require 
nonphysiological stimuli for induction of differentiation (e.g DMSO, DMBA or 
hemin, usually fail to differentiate into enucleated erythrocytes (for a possible 
exception see [46], express erythroid proteins and functions incompletely or 
aberrantly and/or show aberrant growth properties (for review see [47, 48] and 
references therein). In particular, the phase of accelerated growth typical for normal 
erythroid progenitors has not been observed in any of the differentiating, 
immortalized erythroid cell lines, although the fact that formation of a 32-cell CFU
E colony takes between 2 and 3 days in both mouse and human bone marrow 
colony assays argues that normal mammalian erythroid progenitors show this 
property. 

A limited ability to terminally differentiate along the various lineages is also 
exhibited by the existing multipotential cell lines. Even in the most advanced of 
these lines, the lymphohematopoietic progenitors induced by a dominant negative 
RAR, differentiation along the various lineages stops well before the cells are 
mature. Erythroid differentiation proceeds only to a nucleated, early reticulocyte 
stage, neutrophil differentiation produces cells with ring-like or segmented nuclei, 
but no granules are formed, the mast cells appear far from· mature and the B cells 
are blast-like rather than resembling mature B cells [49]. In contrast, fully mature 
macrophages, erythrocytes and macrophages (the latter actively phagocytosing 
apoptotic red cells) were obtained from the non immortalized, differentiating avian 
ski BM cells. 

Plasticity of Immortalized Hematopoietic Cell Lines 
A particularly striking feature of most, if not all immortalized cell lines is 

their ability to alter their proliferation or differentiation characteristics upon selective 
pressure. This was particularly striking in the chicken system, where defined, 
mortal clones of erythroblasts transformed by v-ErbB Ts-mutants and capable of 
temperature-induced differentiation were developed into immortal erythroblast cell 
lines, allowing a direct comparison of mortal strains and immortal lines with 
identical genetic background [50]. In contrast to the primary clones, the 
immortalized cell populations were very heterogeneous in their ability to terminally 
differentiate. Repeated screening for well differentiating clones was required to 
obtain a cloned line differentiating as well as the mortal clone. From these cells, 
variants were readily selected, which were resistant to differentiation induction by 
temperature shift, drugs like butyric acid or both [51]. A similar plasticity has been 
observed in Friend cell lines [52]. 
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The plasticity of immortalized cell lines may also facilitate lineage 
switching, most efficiently induced by lineage-specific transcription factors. In 
416B, a primitive myeloid cell line, GAT A-I induced megakaryocyte 
differentiation, accompanied by reduced expression of myeloid markers [53]. An 
even more striking lineage switch was observed in the chicken macrophage cell line 
HDl1. Forced expression of GATA-l in this line induced the formation of cell 
clones resembling more immature myeloblasts, blasts with eosinophilic markers 
and peroxidase-positive granules, and immature erythroblast-like cells, that 
expressed the erythroid-specific histone H5 as well as low levels of hemoglobin 
[54]. Interestingly, globin levels could be enhanced by DMSO, a drug that is 
completely inactive on avian and mammalian erythroblasts transformed by tyrosine 
kinases [34,51]. 

Conclusions and Speculations 

An "ideal" in vitro cell system to study aspects of hematopoiesis should 
exhibit a long (or unlimited) life span during self renewal, should be dependent on 
"self renewal" factors known to act in vivo and should undergo terminal 
differentiation into fully mature cells in response to in vivo differentiation factors. 
Although no system fully meeting these requirements exists to date, the self
renewing avian erythroid progenitors approach this goal [6]. Their main 
disadvantage is their chicken origin. Most genes currently attracting attention, such 
as growth factor receptors, signal transduction intermediates, transcription factors 
and cell cycle regulators have been cloned in mouse and man, but not in the 
chicken. In addition, the in vitro life span of these cells (30-40 generations) allow 
to generate sufficient cell numbers for biochemical characterization, but is still too 
short to allow gene transfer experiments as in immortal cell lines. The same holds 
true for oncoprotein-transformed avian cell strains of myeloid origin. Like other 
primary cells, these chicken cell strains are also resistant to most DNA transfection 
protocols. 

The avian multipotent progenitor cell strains circumvent this life span 
problem, since they are comparable in this respect to immortalized cell lines 
(defined as able to undergo a minimum of 150 doublings in culture). A major 
advantage of the v-Ski plus SCF induced cells is their ability to commit and 
terminally differentiate along various lineages in response to physiological 
combinations of growth factors and steroid hormones. However, these strains are 
induced by transforming oncoproteins, which may well alter their behaviour. The 
use of conditional oncoproteins (ts-mutants, ER-fusion proteins) may not 
completely solve this problem, since residual oncoprotein activities may persist 
even after turning off oncoprotein function. The major disadvantage of the avian 
system, however, is the almost total lack of recombinant cytokines and growth 
factors of chicken origin (for an update, see [55]). Since mammalian cytokines are 
usually inactive on avian cells, one way to rapidly overcome this seems to be the 
use of retroviral vectors expressing mammalian cytokine receptors. To date, 
receptors for Epo, GM-CSF and Il-3 have been expressed in primary chicken 
hematopoietic cells and were found to function similar than in mammalian cells 
[56],0. Wessely, P. Steinlein and H.B., unpublished. 

With these disadvantages in mind: why do we bother to use primary cells 
and not just switch to established cell lines ? One recent, very speculative argument 
is that immortalized cell lines may not represent what we think they do. Currently, 
an immortalized line showing characteristic features of an erythroblast or monoblast 
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and able to differentiate towards erythrocytes or macrophages is used as a model 
for the respective normal, committed progenitor. It is conceded, that the genetic 
changes inherent to immortalization may somewhat alter cell cycle behaviour and 
interfere with the very last steps during differentiation, but immortalization is not 
thought to cause more fundamental alterations of the progenitor phenotype. Several 
unrelated observations have caused us to speculate, that immortalization may 
induce a committed progenitor to behave like a multipotent stem cell in certain 
aspects. We postulate, that stem cells and multipotent progenitors may simply lack 
the control mechanisms enforcing a Hayflick limit. This may be due to the fact that 
some or all of the genes deleted or mutated during immortalization may not be 
expressed or functionally inactive in these totipotent or multipotent cells. 

Is there any support for these speculations? Firstly, multipotent progenitors 
are altered in their life span behaviour. Two avian multipotent progenitor types 
(induced by v-Ski and v-ReI) exhibit highly enhanced or even unlimited in vitro life 
span without ever undergoing a Hayflick crisis [27, 28]. The same is true for 
murine Myc/Ras transformed progenitors induced in p53-1- cells [32], which may 
tum out to be multipotent progenitors. Similarly, totipotent mouse ES cells grow 
out as immortal cells without any detectable crisis. The latter two cell types have 
been shown to lack the chromosomal abnormalities usually associated with 
immortalization, the most rigorous proof for this being the fact, that ES cells give 
rise to whole, healthy animals. 

A second argument in favour of our idea is the plasticity of cell lines. In 
striking contrast to primary human or avian cell clones, in which we have been 
unable to select for any significant phenotypical changes, established cell lines 
readily change their phenotype in response to selective pressure or expression of 
transcription factors from the "wrong" lineage (see above). Particularly the latter 
behaviour is the expected one for multipotential cells, which according to recent 
evidence coexpress lineage-specific transcription factors as well as other lineage 
markers and only downregulate the "wrong" transcription factors and markers 
upon terminal differentiation ([27], N. Iscove, personal communication). This may 
also explain the "lineage infidelity" seen in many human leukemias, suggesting that 
these leukemic cells may be arrested at the stage of a multipotent progenitor. 

What could be the genes that control the Hayflick limit and are deleted or 
mutated during immortalization? Likely candidates are the p53 gene or genes 
acting upstream or downstream, such as mdm-2 or the cdk-inhibitor p21. Other 
cdk-inhibitors are also likely candidates (pI6, see above). Finally, gene products 
negatively regulating the expression or function of the telomerase complex may 
also be considered (for review see [57]. While mortal cells of human (and probably 
chicken) origin lack telomerase activity, essentially all immortalized cell lines as 
well as the majority of human tumors express this activity [58]. Interestingly, 
human leukemias which have been shown to be nonimmortalized when isolated 
from the patient and go through a typical Hayflick crisis before eventually 
becoming immortalized (H. Messner, personal communication) do express 
telomerase [59]. Also, telomerase activity is detected in Xenopus during oogenesis 
and early embryogenesis [60]. Thus, it is possible that toti- and multipotent cells, 
as well as established cell lines escape telomer shortening leading to senescence 
[61] by expression oftelomerase. 

In conclusion, primary chicken hematopoietic cells offer a viable alternative 
to human cells, since they have a comparable in vitro life span and thus allow 
production of primary cells in large quantities. Due to the different Hayflick limit, 
mouse cells do not offer this alternative. Additional arguments in favor of chicken 
rather than mouse cells is their much higher genetic stability of primary clones and 
the lack of spontaneous immortalization with high frequency. This is particularly 
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important in cases, where a given human cell type is not easily available or where 
gene transfer experiments are problematic due to biosafety- or ethical reasons. 
Immortalized cell lines are invaluable and indispensable tools for many biological 
questions, but the avian system offers the possibility to perform those types of 
studies, where the specific mutations or the inherent genetic instability of 
immortalized cell lines are likely to seriously affect the results or conclusions 
obtained. 
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SUMMARY 

While it is well established that Raf-l kinase is activated by phosphorylation in 
growth factor-dependent hematopoietic cell lines stimulated with a variety of 
hematopoietic growth factors, little is known about the biological effects of Raf
I activation on normal hematopoietic cells. Therefore, we examined the 
requirement for Raf-l in growth factor-regulated proliferation and differentiation 
of hematopoietic cells using c-raf antisense oligonucleotide. Raf-l is required 
for the proliferation of growth factor dependent cell lines stimulated by IL-2, 
IL-3, G-CSF, GM-CSF and EPO that bind to the hematopoietin class of 
receptors. Raf-l is also required for the proliferation of cell lines stimulated by 
growth factors that use the tyrosine kinase containing receptor class, including 
SLF and CSF-I. In addition, Raf-l is also required for IL-6-, LIF- and OSM
induced proliferation whose receptors share the gp 130 subunit. In contrast to 
previous results which demonstrated that IL-4 could not activate Raf-l kinase, c
raf antisense oligonucleotides also inhibited IL-4-induced proliferation of T cell 
and myeloid cell lines. Using normal hematopoietic cells, c-raf antisense . 
oligonucleotides completely suppressed the colony formation of murine 
hematopoietic progenitors in response to single growth factors, such as IL-3, 
CSF-l or GM-CSF. Further, c-raf antisense oligonucleotides inhibited the 
growth of murine progenitors stimulated with synergistic combinations of 
growth factors (required for primitive progenitor growth) including two, three 
and four factor combinations. In comparison to murine hematopoietic cells, c
raf antisense oI'igonucleotides also inhibited both IL-3 and GM-CSF-induced 
colony formation of CD 34+ purified human progenitors. In addition, Raf-l is 

The content of this publication does not necessarily reflect the views or policies of the 
Department of Health and Human Services, nor does mention of trade names, commercial 
products, or organizations imply endorsement by the U.S. Government. 
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required for the synergistic response of CD 34+ human bone marrow 
progenitors to multiple cytokines; however, this effect was only observed when 
additional antisense oligonucleotides were added to the cultures at day 7 of a 14 
day assay. Finally, Raf-l is required for the synergistic response of human 
Mo-7e cells and of normal human fetal liver cells to five factor combinations. 
Thus, Raf-l is required to transduce growth factor-induced proliferative signals 
in factor-dependent progenitor cell lines for all known classes of hematopoietic 
growth factor receptors, and is required for the growth of normal murine and 
human bone marrow-derived progenitors. 

Introduction 

The growth and differentiation of hematopoietic cells has been shown to be 
regulated in vitro and in vivo by a diverse group of hematopoietic growth 
factors (HGFs) (1). Hematopoietic growth factors bind to specific growth factor 
receptors resulting in hetero- and homo-dimerization of receptor complexes, 
activation of intrinsic or associated tyrosine kinases and phosphatases,and 
phosphorylation of intracellular substrates initiating a cascade of events which 
results in DNA synthesis and differentiation (2-4). In this regard, it has been 
shown that HGFs induce the phosphorylation of a similar but not identical set of 
intracellular and membrane associated proteins (3-4). One of the proteins 
identified is Raf-l, a cytoplasmic serine!threonine kinase that is activated by 
phosphorylation in response to many cytokines including HGFs (5-12). In 
hematopoietic progenitor cell lines, biochemical studies have shown that Raf-l 
kinase activity is activated by phosphorylation in response to Interleukin-2 (IL-
2), IL-3, granulocyte-colony stimulating factor (G-CSF), granulocyte! 
macrophage- CSF (GM-CSF), CSF-l, erythropoietin (EPO) and steel factor 
(SLF) (13-17). Since Raf-l kinase was activated in these cells by HGF 
stimulation, we sought to determine what the biological consequences of Raf-l 
activation were on normal hematopoietic cell growth. Therefore, we studied the 
effect of inhibiting Raf-l expression using antisense oligonucleotides (ODNs) on 
HGF-induced proliferation of hematopoietic progenitor cell lines using ligands 
which activate several different classes of growth factor receptors, and next, on 
HGF-induced proliferation and growth of normal murine and human bone 
marrow progenitor cells. 

Results 

The Effect of c-rnf Antisense Uigonucleotides on Growth Factor-Induced 
Proliferntion of Factor-Dependent Cell lines. 
To evaluate the role of Raf-l in hematopoietic cell growth we examined the 
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effect of c-raf antisense oligonucleotides on the proliferation of growth factor 
dependent cell lines. Using standard phosphoramadite chemistry, we 
synthesized ODNs consisting of an 18 base pair sequence complimentary 
(antisense) or identical (sense) to the translation start site of the c-raf mRNA 
gene, and oIigomers of nonsense sequences with the same overall base 
composition. The c-raf specific sequences correspond to codons 1 through 6 
and are identical in the murine and human genes (18). To establish the dose 
response of the ODNs, FOC-Pl cells were incubated with one half the final 
concentration of ODNs overnight in the absence of IL-3 after which IL-3 and 
the other half of the ODNs were added. Cell proliferation was measured 48 
hours later using 3H-thyrnidine incorporation assays. FDC-Pl cells and the 
other cell lines examined show an absolute requirement for the growth factor 
examined and are not viable after 24-48 hr in medium alone. The c-raf 
antisense ODNs completely inhibited IL-3-induced proliferation in a dose 
dependent manner with maximum inhibition (>95%) achieved at doses between 
5 and 10 llM while sense and nonsense ODNs showed little or no effect (figure 
1). In additional experiments, a 7.5 llM concentration ofODNs was shown to 
be optimal, a concentration where the cell viability was not significantly 
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Fig. 1 Dose-dependence of c-raf antisense oligonucleotide inhibition of IL-3-induced 
proliferation. FOC-PI cells were treated with c-raf antisense oligonucleotides in the presence of 
30 nglml IL-3. Effects on proliferation were evaluated by 3H-thymidine incorporation 48 hrs 
after the addition ofIL-3. The results are reported as the mean ± SD of triplicate wells. 
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affected by treatment with either the sense or antisense ODNs. The effect of c
raf ODNs was further examined on the proliferation of cell lines stimulated with 
growth factors whose receptors are also members of the hematopoietic receptor 
family including GM-CSF, G-CSF and EPO. Similar to the effect of c-raf 
ODNs on IL-3-induced proliferation of FDC-Pl cells, c-raf antisense ODNs 
completely inhibited (>95%) G-CSF-, GM-CSF- and EPO-induced proliferation 
of the cell lines, while sense and nonsense ODNs showed no effect (Table 1). 
In addition, c-raf antisense ODNs but not sense or nonsense ODNs inhibited the 
proliferation of factor-dependent cell lines in response to SLF and CSF-l whose 
receptors are members of the tyrosine kinase receptor family (Table 1). Also, 
c-raf antisense ODNs inhibited the proliferation of cell lines stimulated by IL-6, 
LIP and OSM whose receptor complexes include the gp130 subunit and are also 
a subclass of the hematopoietic receptor family. 

Table 1. Summ:uy of the Effects of Antisense c-raf Oligonucleotides on the Proliferation of 
Growth Factor Dependent Cell Lines 

Growth Factor Cell Line 

IL-3 FDC-Pl 
GM-CSF DA-3 
G-CSF 32D-CIJ 
EPO HCD-57 

CSF-l 32D-CSF 
SLF FDC-Pl 

IL-6 B-9 
IL-6 DA-Ia 
OSM DA-la 
LIF DA-Ia 

IL-2 CTLL 
IL-4 CTLL 
IL-4 32D-CI23 

Origin 

Myeloid 
Myeloid 
Myeloid 
Erythroid 

Myeloid 
Myeloid 

B-Iymphoid 
Myeloid 
Myeloid 
Myeloid 

T-Iymphoid 
T-Iymphoid 
Myeloid 

Percent Inhibition 
of JH_ Thymidine Incorporation 

>95% 
>95% 
>95% 
>95% 

>95% 
>95% 

>95% 
>95% 
>95% 
>95% 

>95% 
>95% 
>95% 

Murine cell lines responsive to specific growth factors were treated with c-raf sense and 
antisense oligonucleotides and were assayed for JH-thymidine incorporation. C-raf sense 
oligonucleotides did not effect growth factor stimulated proliferation (25%) for any of the cell 
lines tested. 

Thus, antisense c-raf ODNs inhibit the proliferation of growth factor dependent 
hematopoietic progenitor cell lines regardless of the growth factor used to 
stimulate proliferation. 
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Specificity of c-rnf Antisense Oligonucleotides. 
To demonstrate that the effects of c-raf antisense treatment on HGF-induced 
proliferation of factor-dependent cell lines was specifically related to loss of c
raf gene expression, celllysates from FOC-PI cells were analyzed by western 
blot for the effect of antisense c-raf ODNs on Raf-I protein expression. As 
previously demonstrated and shown here for comparison (19), antisera to Raf-I 
specifically detected a 74-kD Raf protein band in whole celllysates from sense 
treated but not from antisense treated FOC-PI cells after 36 hr (Figure 2, Panel 
A). In comparison, using the same celllysates and antisera to A-Raf which 
recognizes a closely related protein also expressed in FOC-PI cells, demonstrate 
that A-Raf was not affected by antisense c-raf ODNs (Figure 2, Panel B). 
Thus, c-raf antisense ODNs specifically inhibit Raf-I protein expression and 
they do not affect the expression of A-Raf, a closely related protein. 
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Fig. 2 c-raf antisense oligonucleotides specifically inhibit Raf-I protein expression. FDC-PI 
cells treated with c-raf antisense or sense oligonucleotides were harvested 36 hrs after the 
addition ofIL-3. Whole celllysates (45 Ilg) were loaded onto 7.5% gels and separated by SDS
PAGE. Gels were blotted onto nitrocellulose and probed with anti-SP63 antisera (c-raf specific) 
or anti-A-Raf antisera. Protein was detected using the ECL system and exposed to X-ray film 
for 5 minutes. 

Since c-raf ~tisense ODNs inhibited the proliferation of factor-dependent 
cell lines regardless of the factor used to promote proliferation, we examined 
the effect of ODNs on the proliferation of NFS-60 cells infected with a 
retrovirus expressing the v-raf gene (v-raf does not abrogate IL-3 dependence). 
Since the v-raf mRNA does not contain sequences that are complimentary to the 
c-raf antisense ODNs, antisense ODNs should not affect v-raf expression. The 
c-raf antisense ODNs inhibited IL-3-induced proliferation of uninfected NFS-60 
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cells by 81% (Figure 3, Panel A). In contrast, c-raf antisense inhibited v-raf 
infected NFS-60 cells by only 25% at the same concentration of ODNs (Figure 
3, Panel B). Thus, v-raf protein expression can substitute for Raf-l whose 
expression in NFS-60 cells is inhibited by c-raf antisense ODNs and indicate 
that the Raf-l protein is specifically required for growth factor-induced 
proliferation. 
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Fig. 3 Expression of v-raf partially blocks c-raf antisense oligonucleotide inhibition of IL-3-
induced proliferation. NFS-60 cells infected with retrovirus containing v-raf (panel A) or 
parental cells infected with control vector (panel B) were treated with c-raf antisense of sense 
oligos at the concentrations indicated and IL-3 at 30 nglml. The effects on proliferation were 
evaluated by 3H-thymidine incorporation and the results are the mean ± SD of triplicate wells. 

1he Effect of c-mf Antiseme Oligonucleotides on ll.r4-Induced Proliferation of 
:Myeloid and 4'mPhoid CeUs. 
It has previously been shown that IL-2, but not IL-4, induces the 
phosphorylation of Raf-l and activates Raf-l kinase activity in T cells (13). In 
contrast, we found that c-raf antisense ODNs inhibited IL-4 induced 
proliferation 'of two myeloid cell lines and also inhibited IL-4-induced 
proliferation of the T cell line C1LL-2 indicating that Raf-l expression is 
required for IL-4-induced proliferation of both myeloid and lymphoid cell lines 
(Table 1). To resolve the discrepancy between the previous biochemical data 
and our results using c-raf antisense ODNs, we examined the effect of IL-4 on 
Raf-l activation in FOC-Pl cells using FOC-Pl cells maintained in IL-4. Raf-l 
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kinase activity was activated in FOC-Pl celllysates within 5 to 10 minutes after 
IL-4 stimulation using myelin basic protein and MEK as in vitro kinase 
substrates for Raf-l (data not shown). Furthermore, increased Raf-l kinase 
activity directly correlated with a phosphorylation induced shift in the mobility 
of the Raf-l on SDS-PAGE gels. Thus, Raf-l is a component ofIL-4-activated 
signal transduction pathways in myeloid cells. 

The Effect of c-mf Antisense Oligonucleotides on Hematopoietic Growth 
Factor-Induced Colony Fonnation of Nonnal Bmnan and Mome Bone Manow 
Cells. 
To determine the effect of inhibiting Raf-l gene expression on the growth of 
normal bone marrow cells, the effect of c-raf antisense ODNs on HGF-induced 
colony formation of murine and human bone marrow cells (BMCs) was 
examined. Murine and human BMCs were partially purified (lineage negative 
(Linneg) for murine and CD-34+ for human) to enrich for hematopoietic 
progenitors (20,21,22). Antisense c-raf ODNs inhibited >95% of the colony 
formation of Linneg murine BMCs stimulated by single growth factors (IL-3, 
GM-CSF and CSF-l) that promote the growth of committed bone marrow 
progenitors (Table 2) (23). Also, antisense c-raf ODNs inhibited the 
growth of Linneg BMCs stimulated by synergistic combinations ofHGFs (IL-3 + 

Table 2. Effect of Antisense Oligonucleotides on the Colony Fonnation of Purified Human and 
Mouse Bone Marrow Progenitor Cells 

Growth Factor 

IL-3 
GM-CSF 
CSF-l 
IL-3 + SLF 
GM-CSF+SLF 

Colony Fonning Units-Culture 
(% Inhibition) 

Murine Linneg Human CD-34+ 

>95% 
>95% 
>95% 
>95% 
>95% 

>95% 
>95% 
NA 
40-50% 
40-50% (14 day) 

70-80% (14 day + pulse) 

> 95% (7 day) 

Nonnal murine and human bone marrow cells were purified as indicated in the text. Bone 
marrow cells were treated with oligonucleotides overnight in the presence of growth factors. 
The cells were plated in soft agar colony assays and scored for colony fonnation on day 7 for 
murine Linneg cells and on day 14 for CD 34+ cells unless otherwise indicated in the text. 
Treatment with sense oligonucleotides did not effect growth factor-stimulated colony formation 
>5% in the assays reported above. 
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SLF or GM-CSF + SLF) that promote the growth of more primitive progenitor 
cells (24-25). In comparison, similar to Linneg murine BMCs, antisense c-raf 
inhibited >95% of the colony formation of human CD-34+ cells stimulated by 
either GM-CSF or IL-3. In contrast, c-raf antisense ODNs only inhibited 40-
50% of the colony formation of CD-34+ cells stimulated by synergistic 
combinations of HGFs. Unlike murine BMCs which gives rise to colonies after 
7 days in culture, optimal human bone marrow colony formation requires a 14 
day incubation period. Furthermore, human BMCs contain committed 
progenitors which give rise to colonies on day 7 while the more primitive 
progenitors give rise to colonies after 14 days. Comparing the effects of c-raf 
antisense ODNs on day 7 versus day 14 colony formation of CD-34+ cells 
stimulated with GM-CSF plus SLF showed that c-raf antisense inhibited 90-95% 
of day 7 colonies (Table 2). These results suggest that the more primitive CD-
34+ progenitors stimulated by the combination of GM-CSF plus SLF do not 
require c-raf for their proliferation and growth. However, ODN instability could 
also account for the observed effects, therefore, we detennined whether we 
could increase the inhibitory effects of c-raf antisense ODNs on day 14 colony 
formation by pulsing the cultures with an additional dose of ODNs on day 7 
(Table 2). In experiments where cultures were pulsed with an additional dose 
of c-raf antisense ODNs, inhibition of GM-CSF plus SLF-induced day 14 
colony formation was further inhibited to 70-75%. Thus, the partial effect of c
raf antisense ODNs on day 14 human colony formation is due, in part, to the 
degradation of the ODNs. 

meet of c-mf Oligonucleotides on the Proliferation of Cells Stimulated by 
SyneJ:gistic Combinations of Growfh. FactolS in Short-Tenn Proliferation Assays. 
Since complete inhibition of day 14 colony formation was not observed in the 
colony assays regardless of the protocol used, we next examined the growth of 
progenitors stimulated with synergistic combinations of cytokines in short-term 
proliferation assays. The growth factor dependent CD-34+ progenitor cell line 
M0-7e proliferates in response to IL-3 or SLF but maximally proliferates in 
response to synergistic combinations of cytokines. The proliferation of M0-7e 
cells was completely inhibited by c-raf antisense ODNs in response to IL-3 or 
GM-CSF as well as to the synergistic combinations of SLF plus IL-3 or GM
CSF plus JL.3 (Table 3). In addition, since it is difficult to obtain sufficient 
quantities of CD-34+ cells for use in proliferation assays, we examined the 
effect of c-raf antisense ODNs on the growth of normal human fetal liver cells 
in 5 day proliferation assays and in 14 day colony assays. Similar to the results 
with M0-7e cells, c-raf antisense ODNs completely inhibited the proliferation 
of fetal liver cells in 3H-thymidine incolpOration assays stimulated with single 
and synergistic combinations of growth factors (Table 3). However, in colony 
assays, c-raf antisense ODNs only partially inhibited colony formation of fetal 
liver cells stimulated with single or synergistic combinations of cytokines (Table 
3). Thus, while c-raf antisense ODNs completely inhibit the HGF-induced 
proliferation of fetal liver cells in proliferation assays, they only partially 
inhibited the colony formation of fetal liver cells. 
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Table 3. Effect of c-raf Antisense Oligonucleotides on the Proliferative Response of M07e Cells 
and Fetal Liver Cells Stimulated with Synergistic Combinations of Cytokines 

Percent Inhibition (%) 

M0-7e Cells Fetal Liver Cells 

3H_ Thymidine 3H_ Thymidine CFU-C 
Growth Factor (3 day) (5 days) (14 day) 

IL-3 >95% >95% 74% 

IL-3 + SLF >95% >95% 56% 

EPO N.A. >95% 68% 

EPO+ SLF N.A. >95% 62% 

GM-CSF >95% >95% 72% 

GM-CSF+ SLF >95% >95% 72% 

Growth factor dependent M0-7e cells or freshly harvested human fetal liver cells were treated 
with sense or antisense oligonucleotides in the presence of the indicated growth factors. M0-7e 
cells and fetal liver cells were assayed for 3H_ Thymidine incorporation after 96 hrs. and 5 days 
respectively after the addition of growth factors. The assay for colony fonnation (CFU-c) of 
fetal liver was the same as for hwnan bone marrow described in table 2. 

Discmsion 

To detennine the requirement for Raf-l in the proliferation of hematopoietic 
cells, we examined the effect of c-raf antisense ODNs on the growth of myeloid 
cell lines and normal bone marrow cells. Treatment of factor-dependent cell 
lines with c-raf antisense ODNs inhibited IL-2, IL-4, IL-3, GM-CSF, EPO, G
CSF, CSF-I, SLF, LIF, IL-6, and OSM stimulated proliferation. This effect 
was specifically related to the loss of c-raf gene expression. Thus, Raf-I is 
required for the proliferation of hematopoietic cell lines induced by a wide 
range of HGFs that utilize both hematopoietin and tyrosine kinase receptor 
classes. 
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Similar to the effect of c-raf antisense ODNs on the proliferation of factor
dependent progenitor cell lines, c-raf antisense ODNs inhibited the growth of 
partially purified mouse (Linneg) and human (CD-34+) bone marrow progenitor 
cells in colony assays in response to IL-3, GM-CSF and CSF-l which promote 
the growth of the most committed progenitor cells. Furthermore, c-raf antisense 
ODNs inhibited the growth of murine Linneg cells in response to synergistic 
combinations of HGFs that stimulate the growth of the more primitive 
progenitor cells. In contrast, c-raf antisense ODNs only partially inhibited the 
growth of CD-34+ cells in response to synergistic combinations of cytokines. 
The partial inhibition observed with human progenitor cells could be explained 
by a differential sensitivity of committed versus more primitive progenitors to 
the c-raf antisense ODNs, or that ODN instability could result in partial effects 
in a 14 day colony formation assay. In this regard, a second dose ofODNs at 
day 7 further inhibited day 14 colony formation of CD-34+ cells stimulated 
with the combination of GM-CSF plus SLF suggesting that degradation of the 
ODNs might account for the partial effects. Furthermore, c-raf antisense ODNs 
completely inhibited the proliferation of M0-7e cells (3 day assay) and fetal 
liver cells (5 day assay) in response to synergistic combinations of cytokines in 
3H-thyrnidine incorporation assays. In comparison, 14 day colony formation of 
fetal liver cells in parallel assays was only partially inhibited. Taken together, 
partial rather than complete inhibition of HGF-induced colony formation of 
human cells by c-raf antisense ODNs is most likely a result of ODN instability 
in the colony assays. Furthermore, any study that uses antisense ODNs with 
human bone marrow progenitors in a 14 colony assay should be interpreted in 
view of potential degradation of ODNs over the length of the assay. 
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Introduction 

The protein kinase C (PKC) family comprises of a group of serine/threonine 
kinases that are thought to play a central role in cell growth, differentiation and 
cellular transformation (for reviews see [1, 2]). To date, more than 10 different 
PKC isoenzymes have been identified. The differential expression pattern of these 
isoenzymes in different tissues and cell types implicates that they may be 
involved in different signaling pathways. This prompted us to individually 
overexpress different PKC isoenzyme~ (a, p, 3, e,~, and '11) in an interleukin-3 (IL-
3)-dependent murine myeloid progenitor cell line, 32D, in order to investigate 
their possible involvement in mitogenic and differentiation pathways of 
hematopoietic cells (3). 32D cells express low levels of PKC-o, -a and -Tl, as 
detected by immunoblot analysis using isoenzyme-specific antibodies (3). After 
overexpression of different PKCs in 32D cells, none of these transfectants 
demonstrated any morphological changes in the presence of IL-3, and all 
remained growth factor dependent. However, treatment of 32D cells 
overexpressing either PKC-a or PKC-o (32DIPKC-o) with 12-0-
tetradecanoylphorbol-13-acetate (TPA) resulted in pronounced monocytic 
differentiation, while the parental 32D cells and other PKC isoenzyme 
transfectants did not readily undergo monocytic differentiation in response to 
TPA stimulation.(3). These data indicate that PKC-a and PKC-o playa pivotal 
role in monocytic differentiation and that the activation of certain substrates 
involved in differentiation can only occur when PKC-a and PKC-o are activated 
in the 32D cell system. 

Platelet-derived growth factor (PDGF) is a growth factor for cells of connective 
tissue origin. Two related receptor molecules, designated as a and ~ PDGF 
receptor (PDGFR), have been isolated and both bind PDGF-BB with high affinity 
(for review see [4]). PDGF has been linked to many physiological and 
pathological processes, such as wound repair, atherosclerosis, and neoplasia (for 
review see [5]). 32D cells do not endogenously express either PDGF receptor (6). 
When human PDGF-pR was overexpressed in 32D cells (32DIPDGF-~R), PDGF
BB was able to elicit many cellular responses including receptor 
autophosphorylation, activation of intracellular enzymes such as phospholipase 
C-y (PLC-y) and phosphatidylinositol (PI)-3 kinase, Ca2+ mobilization, and 
hydrolysis of PI and phosphatidylcholine (6). Hydrolysis of these phospholipids 
results in increased levels of diacylglycerol (DAG) (2), the native activator of 
PKC which may induce mitogenic signals in these transfected cells in response to 
PDGF stimulation. 
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Although many experiments have been performed to attempt to dissect the role 
played by PKC in PDGF-~R signaling pathway (7, 8, 9), the isoenzymes involved 
have not been fully investigated. We have utilized 32DIPDGF-~R and NIH-3T3 
cells to elucidate the role of PKC-o in signal transduction induced by this receptor 
tyrosine kinase. Our findings demonstrate that PKC-o undergoes ligand
dependent translocation from the cytosol to the membrane, tyrosine 
phosphorylation, and activation in response to PDGF exposure in both 32D and 
NIH-3T3 cell systems. PKC-o associates with PDGF-~R in PDGF-BB-dependent 
manner. Moreover, activation of PKC-o through PDGF stimulation of the 
reconstituted PDGF-~R signaling pathway is involved in mediating 32D 
monocytic differentiation. 

PKC-o Is Phosphorylated on Tyrosine Residue(S) upon PDGF-~R Activation. 
We recently reported that PKC-o becomes phosphorylated on tyrosine in response 
to TPA stimulation of either 32D or NIH-3T3 cells transfected with PKC-o (10). 
In order to determine whether tyrosine phosphorylation of PKC-o would occur in 
response to activation of a receptor tyrosine kinase, we utilized 32D cells that had 
been previously transfected with expression vectors containing either PDGF-aR 
(32DIPDGF-aR) or PDGF-~R (32DIPDGF-~R) (6). As shown in Fig. lA, PDGF
BB stimulation of either 32DIPDGF-aR or 32D/PDGF-~R cells resulted in 
tyrosine phosphorylation of endogenous PKC-o as detected by 
immunoprecipitation of cell lysates with anti-PKC-o serum and subsequent 
immunoblot analysis with anti-phosphotyrosine antibody (anti-pTyr). TPA 
stimulation also caused tyrosine phosphorylation of endogenous PKC-o in both 
32DIPDGF-aR and 32DIPDGF-~R cells (Fig. lA). 

To amplify the detection of tyrosine-phosphorylated PKC-o, a PKC-o expression 
vector was introduced in each 32D/PDGFR line and these transfectants were 
designated as 32DIPDGF-~RlPKC-8 and 32D/PDGF-aRIPKC-o. As shown in 
Fig. lB, the levels of PKC-o were increased by 10.5 fold in the 32DIPDGF
aRIPKC-o and 10.2 fold in the 32D/PDGF-~RlPKC-o transfectants, as 
determined by immunoblot analysis with anti-PKC-8 serum. After PDGF-BB 
stimulation, tyrosine phosphorylation of PKC-o was increased in 32DIPDGF
~RlPKC-8 and 32DIPDGF-aRIPKC-8 cells when compared to 32D/PDGF-~R 
and 32DIPDGF-aR cells, respectively (Fig. lA). The level of tyrosine 
phosphorylation of PKC-o induced by PDGF-aR activation was 6.4 fold lower for 
endogenous PKC-8 and 2.6 fold lower for overexpressed PKC-8 than that caused 
by PDGF-~R activation. However, the numbers of PDGF-aR and PDGF-~R 
binding sites per cell expressed on the respective transfectants were previously 
shown to be'similar as determined by Scatchard analysis (6). Moreover, the levels 
of PKC-o protein (Fig. lB) and TPA-induced tyrosine phosphorylation of PKC-o 
(Fig. lA) were comparable between 32DIPDGF-aR and 32DIPDGF-~R and 
between 32DIPDGF-~RlPKC-o and 32DIPDGF-aRIPKC-o transfectants. Thus, 
the difference in levels of tyrosine-phosphorylated PKC-8 induced by activation 
of PDGF-aR and PDGF-~R may reflect an inferior capacity of PDGF-aR to 
directly tyrosine phosphorylate PKC-8 or to couple with downstream tyrosine 
kinases whiCh mediate PKC-8 phosphorylation. 

PKC-8 tyrosine phosphorylation was also detected in NIH-3T3IPKC-8 cells after 
PDGF-BB, PDGF-AA or TPA stimulation (Fig. lC). PDGF-BB induced the 
strongest PKC-o tyrosine phosphorylation among the three agonists (Fig. lC). 
Since NIH-3T3 cells express both PDGF-aR and -~R and PDGF-BB binds to 
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Fig. 1. PDGFR activation results in PKC-Il tyrosine phosphorylation in 32D and NIH-3T3 cell 
systems. (A) 32DIPDGF-aR, 32DIPDGF-aRIPKC-Il, 32DIPDGF-~R and 32DIPDGF-~RlPKC-1l 
cells were treated with PDGF-BB or TPA. Celllysates were immunoprecipitated with anti-PKC-Il 
serum. Proteins were separated by SDS-PAGE, transferred, and immunoblotted with anti-pTyr. 
(B) Proteins from 32D celllysates were separated by SDS-PAGE, transferred, and immunoblotted 
with anti-PKC-Il serum. (C) NIH-3T3/PKC-1l cells were stimulated with PDGF-BB, PDGF-AA or 
TP A. Cells were stimulated with 100 ng/ml of each agonist for 10 min in all experiments unless 
otherwise specified. Immunoprecipitation and immunoblot analysis were performed as in (A). (D) 
Direct immunoblot analysis of proteins from untreated NIH-3T3 and NIH-3T3IPKC-1l celllysates 
was performed using anti-PKC-Il serum. Marker proteins are given in KDa. 

both receptors, it is likely that activation of both receptors contributed to PKC-o 
tyrosine phosphorylation. PKC-o overexpression in NIH-3T3 cells was confirmed 
by direct immunoblot analysis with anti-PKC-o serum (Fig. 1D). 
To further investigate the role played by PDGF-~R in inducing PKC-o 
phosphorylation,. we immunoprecipitated [32P]-labeled NIH-3T3/PKC-o cell 
lysates with either anti-PKC-o or anti-pTyr. As shown in Fig. 2, PKC-o 
phosphorylation levels were strikingly increased after either PDGF-BB or TPA 
stimulation after immunoprecipitation with either antibody. Similar results were 
also obtained with 32DIPDGF-~RlPKC-o cells (data not shown). Taken together, 
the above results demonstrate that PKC-o phosphorylation, that presumably 
reflects its activation (11), occurs after PDGF-~R and oaR activation in both 32D 
and NIH-3T3 cell systems. 
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Fig. 2. PKC-3 is phosphorylated in vivo after PDGF-BB stimulation. NIH-3T3IPKC-3 cells were 
serum starved, labeled with [32Pl orthophosphate, and either untreated or stimulated with PDGF
BB or TPA. Cell Iysates were immunoprecipitated (IP) with anti-PKC-3 or anti-pTyr. 
Immunoprecipitates were resolved by SDS-PAGE and the dried gel was autoradiographed. The 
markers are given in KDa. 

PDGF-~R Activation Causes PKC-o Translocation from the Cytosolic to the 
Membrane Fraction. 
Translocation of PKC isoenzymes from the cytosol to the membrane after phorbol 
ester treatment is generally accepted as an indicator of PKC activation (12). To 
determine whether PDGF stimulation led to PKC-o translocation in the 32D and 
NllI-3T3 cell systems, cell fractionation experiments were performed. As shown 
in Fig. 3A and B, PDGF-BB stimulation initiated translocation of both 
endogenous (32D/PDGF-~R, 15% of the total amount) and overexpressed 
(32D/PDGF-~RIPKC-o, 11 % of the total amount) PKC-o from the cytosol to the 
membrane as determined by immunoblot analysis with anti-PKC-o serum. Time 
kinetics of PKC-o translocation in 32D/PDGF-~RIPKC-o cells demonstrated that 
translocatioQ. was maximal at 0.5 min after PDGF-BB stimulation (Fig. 3B). TPA 
induced 8-11 fold more PKC-o translocation than that induced by PDGF-BB at 
the different time points (Fig. 3B). PDGF-BB also induced PKC-o translocation 
in NllI-3T3/PKC-o cells (Fig. 3C). Although some PKC-o was found in the 
membrane fraction prior to stimulation, translocation after PDGF-BB stimulation 
was more evident in NllI-3T3/PKC-o (25% of the total amount after subtracting 
the amount of PKC-o already present in the membrane fraction before 
stimulation) than in 32D/PDGF-~RIPKC-o cells. This may reflect PDGF-a.R 
involvement after PDGF-BB treatment of NIH-3T3/PKC-o cells. Thus, PDGF-~R 
activation results in PKC-3 translocation in two different cell systems. 
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Fig. 3. PDGF-~R activation leads to PKC-o translocation from the cytosolic to Ihe membrane 
fraction. (A) 32DIPDGF-~R cells, (B) 32DIPDGF-~RlPKC-o cells or (C) NIH-3T3/PKC-o cells 
were treated with PDGF-BB or TPA for 10 min (A and C) or for 0.5, 5, 10,30 min (B). The PlOD 
fraction was separated from the S I 00 fraction according the protocol published (17). Equal 
amounts of protein from each cell fraction were separated by SDS-PAGE and transferred proteins 
were immunoblotted with anti-PKC-o serum. Marker proteins are indicated in KDa. 

Tyrosine-Phosphorylated PKC-B Can Be Detected Only in the Membrane 
Fraction. 
Since TPA and PDGF-BB were both able to induce tyrosine phosphorylation and 
translocation of PKC-o, the localization of tyrosine-phosphorylated PKC-o was 
investigated. As shown in Fig. 4A and C, tyrosine-phosphorylated PKC-o could 
be observed only in the membrane fraction after PDGF-BB or TPA treatment of 
32D/PDGF-~R Qr NIH-3T3/PKC-o cells as determined by immunoprecipitation 
with anti-PKC-o serum followed by immunoblot analysis with anti-pTyr. Time 
kinetics revealed that maximal PKC-o tyrosine phosphorylation in the membrane 
fraction occurred at 0.5 min after PDGF-BB stimulation of 32D/PDGF-~R/PKC-B 
cells (Fig. 4B), whereas no tyrosine phosphorylation of PKC-B could be detected 
in the cytosolic fraction at any time point used for stimulation (data not shown). 
TP A-induced PKC-o translocation was 8-11 fold higher than that induced by 
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Fig_ 4. Tyrosine-phosphorylated PKC-o can be detected only in the membrane fraction after 
PDGF-pR activation. (A) 32DIPDGF-pR cells, (B) 32DIPDGF-PRIPKC-o cells or (C) NIH-
3T3IPKC-o cells were treated with PDGF-BB or TPA for 10 min (A and C) or for 0.5,5, 10, 30 
min (B). The P100 fraction was separated from the S100 fraction as previously described (17). 
Equal amounts of protein from each cell fraction were immunoprecipitated with anti-PKC-o serum 
(only the P100 fraction was included in 4B). The immunoprecipitates were separated by SDS
PAGE and transferred proteins were immunoblotted with anti-pTyr. Marker proteins are given in 
KDa. 

PDGF-BB at different time points (see Fig. 3B). However, tyrosine 
phosphorylation of PKC-o generated by TPA stimulation was only 1.5-4 fold 
higher than that detected after PDGF-BB stimulation (Fig. 4B), suggesting that 
PDGF-13R might directly phosphorylate PKC-o. Although anti-PKC-o serum 
efficiently immunoprecipitated abundant levels of PKC-o remaining in the 
cytosolic frattion after factor treatment as detected by immunoblot analysis with 
anti-PKC-o serum (data not shown; also see direct immunoblot analysis with anti
PKC-o in Fig. 3), tyrosine-phosphorylated PKC-o could not be detected in this 
fraction. Thus, tyrosine-phosphorylated PKC-o was exclusively located in the 
membrane fraction in both cell systems. 



61 

PDGF-BB Stimulation Increases PKC Activity in the Membrane Fraction. 
To directly address the question of whether PKC activity was increased after its 
translocation to the membrane, we enriched for PKC-B from the membrane and 
cytosolic fractions of 32DIPDGF-~RlPKC-B or NllI-3T3IPKC-B cells stimulated 
with or without agonists by DE 52 ion exchange chromatography for subsequent 
PKC activity assay. As shown in Table 1, PKC activities in the membrane of 
32DIPDGF-~RlPKC-B cells were increased 1.6 and 2.3 fold after PDGF-BB and 
TPA stimulation, respectively. Increased PKC activity was also observed in NllI-
3T3IPKC-B cells after PDGF-BB or TPA stimulation. Higher kinase activities 
were found after TPA stimulation than after PDGF-BB stimulation in both cell 
types (Table 1). The simultaneous reduction of cytosolic PKC-B activity was also 
observed in both transfectants (Table 1). Thus, PDGF stimulation increases 
membrane PKC activity in two cell systems. 

Table 1. PDGFR Activation Results in Increased PKC Activity in the Membrane Fraction 
of 32DIPDGF·I3R1PKC-B and Nm-3T3IPKC·B Cells 

Cell Line Stimulation PKC Activity * 
(fold increase) 

PI00 Sloo 
32DIPDGF-~RlPKC-B None 7.7 150.7 

TPA 18.0 (2.3) 118.3 
PDGF-BB 12.6 (1.6) 149.0 

NIH-3T3/PKC-B None 23.1 539.7 
TPA 63.8 (2.8) 164.9 
PDGF-BB 42.9 (1.9) 438.7 

* PKC activity was measured as described (17) and was represented as 103 cpmlmg protein/min. 
The background phosphorylation (without kinase source, 414 cpm) was subtracted from all 
samples and results in Table 1 represent the mean values of three individual samples. The 
variation was less than 5% of the mean value. 

Activated PDGF-f3R Phosphorylates PKC-B on Tyrosine in vitro and Directly 
Associates with PKC-B in vivo. 
To further confirm that PKC-B is a direct substrate of PDGF-~R, we attempted to 
phosphorylate purified PKC-B in vitro by purified PDGF-~R, both derived from 
baculovirus expression system. As shown in Fig. 5A, the activated PDGF-~R was 
able to efficiently phosphorylate PKC-B as determined by immunoblot analysis 
with anti-pTyr. Autophosphorylation of PDGF-f3R was also observed. The 
subsequent PKC-B kinase assay utilizing a PKC-B pseudosubstrate region-derived 
peptide as the substrate demonstrated that PKC-B activity was increased by 18 % 
after PKC-B was phosphorylated by PDGF-~R (10). 

Many studies have shown that a tyrosine kinase which phosphorylates a substrate 
can be found physically associated with it (for review see [13]). Since PDGF-f3R 
was shown to phosphorylate PKC-B in vitro (Fig. 5A), we investigated whether 
PKC-B associated directly with PDGF-f3R in vivo by performing coprecipitation 
experiments. As shown in Fig. 5B, PKC-B could be detected after anti-PDGF-f3R 
immunoprecipitation followed by immunoblot analysis with anti-PKC-B serum. 
Immunoprecipitation with anti-PKC-B serum followed by immunoblot analysis 
with anti-PDGF-~R serum also revealed that these two proteins were 
coprecipitable (data not shown). Although some association could be detected 
before PDGF-BB stimulation, a 1 - 2 fold increase in association was observed 
after PDGF-BB stimulation, but not after TPA stimulation. Taken together, these 
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Fig. 5. PKC-o is phosphorylated on tyrosine by purified PDGF-~R in vitro and associates with 
activated PDGF-~R in vivo . (A) PDGF-~R was incubated with purified PKC-o in an in vitro 
tyrosine kinase assay (10). The reaction was stopped by addition of sample buffer and was 
subjected to SDS-PAGE. Transferred proteins were immunoblotted with anti-pTyr. (B) NIH-3T3 
cells or NlH-3T3/PKC-o cells were stimulated with TPA or PDGF-BB for 10 min. Equal amounts 
of protein were immunoprecipitated with anti-PDGF-~R serum. Transferred proteins were 
immunoblotted with anti-PKC-o serum. Marker proteins are given in KDa. 

results suggest that PKC-o is a direct substrate of PDGF-~R and associates with 
PDGF-~R in a ligand-dependent manner. 

PDGF -~R Activation Leads to Monocytic Differentiation of 32D Cells when 
PKC-o Is Sufficiently Expressed and Activated. 
Having demonstrated that PDGF-~R activation induced PKC-o translocation, 
tyrosine phosphorylation, association, and activation, we were interested to 
determine if PDGF stimulation would affect 32D cell differentiation. Therefore, 
32D/PDGF-~R and 32D/PDGF-~R/PKC-o cells were incubated with 100 ng/rnl of 
PDGF-BB or TPA overnight and were subjected to flow cytometry using 
antibodies directed against two cell surface antigens, Mac-l and FcrRII, which 
are known to increase during monocytic differentiation (14, 15). As shown in Fig. 
6, PDGF-~R activation led to obvious increases in Mac-l (Fig. 6A) and FerRI! 
(Fig. 6B) expression on the surface of 32D/PDGF-~R/PKC-o cells, whereas only 
negligible increases in antigen expression were observed in 32D/PDGF-~R cells 
under the same conditions (Fig. 6A and B). As expected, TPA stimulation of 
32D/PDGF-~R/PKC-o cells also resulted in increased mean fluorescence 
intensities for Mac-l and FcyRII (Fig. 6A and B). After PDGF treatment, 
32D/PDGF-~R/PKC-o cells became strongly adherent and displayed features 
common to mature macrophages such as a decreased nucleus to cytoplasm ratio, 
membrane ruffling and cytoplasmic vacuolation as determined by Wright-Giemsa 
staining, whereas less apparent changes were observed for 32D/PDGF-~R cells 
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Fig. 6. Overnight PDGF-BB treatment increases expression of monocytic differentiation markers 
on the 32DIPDGF-j3R!PKC-8 transfectants. 32DIPDGF-j3R or 32DIPDGF-j3R!PKC-O cells were 
untreated (--) or exposed to either PDGF-BB ( ......... ) or TPA (. . . .) overnight. The cells 
were incubated with (A) FITC-conjugated anti-Mac-l or (B) FITC-conjugated anti-FcyRII and 
subjected to flow cytometry. The X axis represents log fluorescence intensity (FL 1 represents 
FlTC fluorescence) and the Y axis represents relative cell number. 

(data not shown). These results indicate that PDGF is able to induce monocytic 
differentiation as long as PKC-o is sufficiently expressed and activated. 

Summary 

In the present study, we have investigated the consequences of PDGFR-mediated 
signaling on PKC-o activation in both murine hematopoietic and fibroblast cell 
systems. Our results demonstrate that PDGF-j3R activation leads to activation, 
tyrosine phosphorylation, translocation of PKC-o, and that association of PDGF
j3R with PKC-o takes place in a ligand-dependent manner. Although the 
overexpression of PKC-o in 32DIPDGF-j3R cells or NIH-3T3 cells did not affect 
mitogenic responses induced by PDGF-BB stimulation (W. Li and J. H. Pierce, 
unpublished observation), PKC-o appeared to function in cell differentiation 
induced by PDGF in hematopoietic cells. It was recently reported that human 
monocytes derived from blood were able to differentiate towards macrophages in 
the presence of PDGF-BB (16). During the induction period, the human PDGF
j3R was upregulated and this upregulation was considered to be PKC dependent. 
The authors also demonstrated that mouse peritoneal macrophages were able to 
bind PDGF-BB after being elicited by thioglycolate in vivo. Our results suggest 
that PDGF stimulation of 32D/PDGF-j3R1PKC-o cells induced monocytic 
differentiation of these myeloid precursor cells. It was necessary to increase PKC-
15 expression to observe convincing differentiation in response to overnight PDGF 
stimulation. Interestingly, upregulation of PKC-o protein and RNA levels was 
observed after long-term PDGF-BB treatment of 32DIPDGF-j3R cells (17). Thus, 
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the development of circulating monocytes into tissue macrophages may be 
partially due to the induction of PDGF-13R expression, PDGF exposure, and 
subsequent PKC-3 upregulation and activation. Since 32D cells were also able to 
undergo monocytic differentiation after activation of either EGF or CSF-l 
signaling pathways (18, 19), it will be interesting to investigate the involvement 
of PKC-3 in the differentiation process initiated by these two molecules. 
Interestingly, EGF and CSF-l stimulation lead to increased DAG production (20, 
21) and both induce PKC-3 tyrosine phosphorylation (W. Li and J. H. Pierce, 
unpublished observation). Thus, the 32D system should prove to be a good model 
to dissect the role played by a single PKC isoenzyme in a specific signal 
transduction pathway. Currently, we are investigating whether other PKCs are 
activated by stimulation of the PDGFR signaling pathway and whether this 
activation leads to enhanced monocytic differentiation. We are particularly 
interested in PKC-a which can also transduce differentiation signal after its 
overexpression in 32D cells and activation by TPA (3). However, the high 
expression pattern of PKC-3 in hematopoietic cells (22) strengthen its possible 
physiological involvement in differentiation when compared to other PKCs. 

In ibis report, we characterize tyrosine phosphorylation of PKC-3 induced by 
PDGF-13R activation in two different cell systems. The evidence presented in this 
study is not sufficient to propose a direct relationship between tyrosine 
phosphorylation of PKC-3 and its activation or role in differentiation. Definitive 
prove that this phosphorylation affects PKC-3 structure, activity, and subsequent 
biological effects awaits phosphopeptide mapping and site-directed mutagenesis. 
However, the following observations suggest a positive correlation between 
tyrosine phosphorylation of PKC-3 and its kinase activity. After PKC-3 was 
phosphorylated on tyrosine in vitro by different tyrosine kinases, its kinase 
activity was increased towards its substrate derived from the PKC-3 
pseudo substrate region (10). Tyrosine phosphorylation of PKC-3 could be 
detected only in the membrane fraction where the enzymatic activity was 
increased (Fig. 4 and Table 1). After PDGF-BB or TPA stimulation, tyrosine 
phosphorylation of PKC-3 coincided with its autophosphorylation on serine (Fig. 
2 and W. Li, unpublished observation) which also reflects the active status of the 
enzyme (11). No matter how tyrosine phosphorylation affects its kinase activity, 
our data suggest that PKC-3 tyrosine phosphorylation is an excellent indicator of 
PKC-3 translocation and activation. 

Our data suggest that PKC-3 is a direct substrate of the PDGF-13R in vivo. The 
direct association of PKC-3 with PDGF-13R was detected by coprecipitation 
assays utilizing a combination of antibodies against PDGF-13R and PKC-3 (Fig. 
S). This finding is very interesting because PKC-3 does not possess any SH-2 
domain which is utilized by most of tyrosine kinase substrates, such as PLC-y, 
p8S of PI-3 kinase, Syp, Nck, She, to associate with phosphorylated tyrosine 
kinase receptors (for review see [23]). The mechanism that directs PKC-3 to 
associate with PDGF-13R in a ligand-dependent manner will be an important issue 
to address in the future. 
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Summary 

We have used a human GM-CSF-dependent hematopoietic cell line that responds 
to physiological concentrations of hGM-CSF to analyze a set of signaling events that 
occur in normal myelopoiesis and whose deregulation may lead to leukemogenesis. 
Stimulation of these cells with hGM-CSF induced the assembly of multimeric 
complexes that contained known and novel phosphotyrosyl proteins. One of the 
new proteins was a major phosphotyrosyl substrate of 76-85 kDa (p80) that was 
directly associated with the p85 subunit of phosphatidylinositol (PI) 3-kinase 
through the SH2 domains of p85. p80 also associated with the /3 subunit of the 
activated hGM-CSF receptor, and assembly of this complex correlated with 
activation of PI 3-kinasc. A second phosphotyrosyl protein we identified, p140, 
associated with the Shc and Grb2 adapter proteins by direct binding to a novel 
phospho tyrosine-interacting domain located at the N-terminus of Shc, and to the 
SH3 domains of Grb2, respectively. The Shc/p140/Grb2 complex was found to be 
constitutively activated in acute myeloid leukemia cells, indicating that activation of 
this pathway may be a necessary step in the development of some leukemias. The 
p80/p85/PI 3-kinase and the Shc/Grb2/p140 complexes were tightly associated with 
Src family kinases, which were prime candidates for phosphorylation of Shc, p80, 
p140 and other phosphotyrosyl substrates pesent in these complexes. Our studies 
suggest that p80 and p140 may link the hGM-CSF receptor to the PI 3-kinase and 
Shc/Grb2/ras signaling pathways, respectively, and that abnormal activation of 
hGM-CSF-dependent targets may playa role in leukemogenesis. 

Introduction 

GM-CSF is a hematopoietic growth factor that regulates proliferation, 
differentiation, and effector functions of monocytes, macrophages, granulocytes, 
and other cell types [23]. The high affinity receptor for human GM-CSF (hGM-

CSF) is a heterodimer consisting of two subunits, termed ex and /3. The ex subunit 
bears the specificity for ligand recognition and can bind hGM-CSF with low 
affinity, whereas the /3 subunit can not bind hGM-CSF by itself, but is required for 

high affinity binding of hGM-CSF [9, 16]. In the human, the same /3 subunit is 
utilized by the receptors for GM-CSF, IL-3, and IL-5, providing an explanation for 
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the overlapping biological activities of these cytokines [23]. Deregulation of the 
human GM-CSF receptor (hGMR) signaling pathway has been implicated in 
leukemogenesis by mechanisms involving autocrine and paracrine stimulation of 
hGMR [22,28]. Direct support for this hypothesis was obtained by demonstration 
that co expression of the ex and /3 subunits of hGMR in established murine 
fibroblasts is sufficient to reconstitute a functional receptor, which is capable of 
causing ligand-dependent transformation [1]. These conditional transformants 
expressed 1,500-3,800 high affinity receptors per cell, formed foci of transformed 
cells in the presence of pM levels of hGM-CSF, and were able to form anchorage
independent colonies in soft agar in the presence but not in the absence of hGM
CSF. Thus, in the proper cellular environment, the normal hGMR can generate a 
ligand-dependent oncogenic signal [1]. hGMR was quite. potent as an oncogenic 
agent. Its transforming efficiency was 5-10 times lower tlian that obtained with v
fpslfes, a retroviral oncogene [1]. 

Since deregulation of the hGMR signaling pathway may be a contributing factor 
to leukemogenesis we undertook a detailed characterization of some of the events 
that occur during hGM-CSF signaling. To this end we used as a model system TF-
1, a hGM-CSF-dependent cell line that is responsive to physiological concentrations 
of the ligand [15]. We found that hGM-CSF induced tyrosine phosphorylation and 
activation of a number of signaling proteins and their assembly into multi-subunit 
complexes. Among these signaling molecules we identified two novel 
phosphotyrosyl proteins that may link hGMR to the PI 3-kinase and Shc/Grb2/ras 
pathways, and found that one of these complexes is activated in acute myeloid 
leukemias. 

Results and Discussion 

An 80 kDa Protein that is Tyrosine Phosphorylated in hGM-CSF
Stimulated Cells Associates with p8S/PI 3-Kinase and with the 
Activated hGMR. 

The mitogenic PI 3-kinase pathway is activated by oncogenic tyrosine kinases 
and by virtually every growth factor or cytokine that has been examined, including 
GM-CSF [2, 5, 10, 11, 13, 17]. PI 3-kinase is a heterodimer consisting of two 
subunits: an 85 kDa protein (p85) containing src homology 2 (SH2) and SH3 
domains and a 110 kDa catalytic subunit (p 11 0) [4]. p85 functions as an adapter 
molecule that targets plIO to activated, tyrosine phosphorylated growth factor 
receptors [IO,J3, 21]. When a tyrosine kinase receptor such as PDGFR is activated 
by its ligand, tyrosine phosphorylation of the receptor creates a binding site for the 
SH2 domains of p85, which brings PI 3-kinase to the activated receptor. In other 
cases, binding to an activated receptor is indirect. For instance, insulin induces 
binding of p85 to IRS-I, a phosphotyrosyl substrate of the insulin receptor [30, 31], 
and IL-4 induces binding of p85 to IL-4 receptor via a tyrosine-phosphorylated 
adapter protein designated 4PS [14]. GM-CSF induces the association of p85/PI 3-
kinase with tyrosine-phosphorylated proteins present in the activated hGMR 
complex, but binding of p85/PI 3-kinase to hGMR is likely to be indirect because 
this receptor does not have the optimal consensus sequence for p85 binding [7]. As 
described below, we identified a new tyrosine phosphorylated protein that may 
connect PI 3-kinase to the hGMR. 

In TF-l cells, hGM-CSF induces tyrosine phosphorylation of multiple cellular 
proteins. The major phosphotyrosyl protein is a broad band of 76 to 85 kDa (p80) 
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Fig. 1. Association of tyrosine-phosphorylated p80 with the p85 subunit of PI 3-kinase and Src 
family kinases. After starvation for 18 h 'IF-I cells were either not stimulated (-) or stimulated with 
10 ng/ml hGM-CSF for 2 min (+). Total cellular lysates (TCL) or celilysates immunoprecipitated 
(lP) with antibodies directed against p85, Lyn, Src or Hck were analysed by phosphotyrosine 
immunoblotting (P.Tyr). The positions of p80, pI40 and the immunoglobulin heavy chain (Ig) are 
indicated. Stars indicate the positions of p46Shc, p52Shc and p66Shc 

(Fig. 1, lane 2). Phosphotyrosyl p80 was present in immunoprecipitates of the p85 
subunit of PI 3-kinase (Fig. 1, lane 4), but p80 and p85 were shown to be different 
proteins because p80 was not directly recognized by anti-p85 antibody, and the two 
proteins had different electrophoretic mobilities [11]. To analyze the interactions 
between these two proteins we have expressed the C-terminal and N-terminal SH2 
domains of p85 as bacterial glutathione S-transferase (GST) fusion proteins, and 
used the GST fusions as affinity reagents. We found that the C-terminal and to a 
lesser extent the N-terminal SH2 domains of the p85 subunit bound phosporylated 

p80 [11]. hGM -CSF also induced the association of phosphotyrosy I p80 to the ~ 
subunit of the a~tivated hGMR and this correlated with activation of PI 3-kinase 
[11]. The association of p80 with both p85/PI 3-kinase and with the ~ subunit of 
hGMR suggests that p80 is a good candidate for connecting the activated hGMR to 
the PI 3-kinase pathway. 

So far, the functional role we described for p80 appears to be restricted to 
signaling through the hGMR ~ subunit. IL-3, whose receptor shares this common 
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13 subunit also induced phosphorylation of pSO, but no phosphotyrosyl pSO protein 
was observed after stimulation with other growth factors such as CSF-l and EGF 
[11]. Clarification of the precise role of pSO in hGM-CSF signaling, and of the 
nature of its interaction with hGMR will have to await its molecular cloning and the 
development of specific antibodies. 

Phosphotyrosyl p140 Associates with the Shc and Grb2 Adapter 
Proteins and May Link hGMR to the ras Pathway. 

Binding of GM-CSF to its receptor activates the ras pathway [11, IS, 23], most 
likely through binding of the Shc and Grb2 adapter proteins [19, 25]. In cells 
transformed by oncogenic tyrosine kinases and after stimulation of cells with growth 
factors, the three alternatively spliced Shc proteins p46Shc, p52Shc and p66Shc 
become phosphorylated on tyrosine [20]. This triggers their association with the 
SH2 domain of Grb2 [27], an adapter protein that binds to the nucleotide exchange 
factor Sos [6], resulting in an increase in the active G1P-bound form of p21 ras. 

In TF-l cells, hGM-CSF also induces tyrosine phosphorylation of Shc proteins 
(Fig. 2, lane 3) and their association to the SH2 domain of Grb2 [11, IS]. In 
addition, Shc (Fig. 2, lane 3) and Grb2 [11, IS] associate with a novel 140 kDa 
protein (p 140) that is phosphorylated on tyrosine. The relevant interactions between 
Shc, Grb2, and pl40 were studied using different domains of Shc and Grb2 
expressed as bacterial fusion proteins. Although the tight association between Shc 
and p140 suggested the involvement of SH2-phosphotyrosine interactions, the SH2 
domains of Shc and Grb2 failed to recognize p140, suggesting that other types of 
interactions might be involved. Our analysis showed this to be the case. The N
terminal domain of Shc expressed in bacteria was capable of binding phosphorylated 
p140. This is consistent with recent reports that the N-terminus of Shc contains a 
non-SH2 phosphotyrosine-interacting domain that is also present in other signaling 
molecules such as IRS-l [S]. This novel phosphotyrosine-interacting domain (PID) 
specifically recognizes a phosphorylated NPXY motif in target proteins such as the 
insulin and EGF receptors [3, S]. Thus, we predict that when p140 is cloned, it will 
be shown to have an NPXY motif. p140 may be related or identical to a 145 kDa 
protein that is tyrosine-phosphorylated in response to growth factors and other 
stimuli and can also bind to the PID of Shc [12]. 

Since Grb2 immunoprecipitates also contained p140 we wanted to determine if 
p140 could bind directly to Grb2. Using bacterially expressed GST fusion proteins 
we found that the C-terminal and to a lesser extent the N-terminal SH3 domains of 
Grb2 recognized p140 [11, IS]. Thus, p140 may have proline-rich sequences that 
serve to anchor p140 to the SH3 domains of Grb2. The SH2 domain of Grb2 
recognized the three Shc proteins but as mentioned above, it did not recognize p140 
[11]. 

Our results suggest that p 140 is a multi-functional adapter protein that can 
associate directly with both Shc and Grb2. It remains to be determined whether 
p140 forms a single complex with these two proteins or whether it binds to each of 
these adapters separately. Nevertheless, the association of p 140 with Shc and Grb2 
strongly suggests a role of p140 in the Shc/Grb2/ras signaling pathway. Further 
analysis will be required to determine the precise role of p140 in activation of the 
Shc/Grb2/ras pathway. 

Shc and p140 Are Constitutively Tyrosine Phosphorylated and Form a 
Complex in Acute Myeloid Leukemia Cells. 

The Shc proteins are constitutively tyrosine phosphorylated in cells transformed 
by v-src and v-fps [20] and their overexpression can cause transformation in NIH 
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Fig. 2. hGM-CSF-dependent association of Lyn tyrosine kinase with p80 and p140. Celllysates 
from unstimulated (-) or hGM-CSF-stimulated (+) IF-I cells were immunoprecipitated (IP) with 
anti-Lyn or anti-She antibodies and analyzed by anti-phosphotyrosine immunoblotting (P.Tyr). The 
positions of tyrosine phosphorylated p140, p80, p53/p56Lyn and the three isoforms of She (p46, 
pS2 and p66) are indicated. 

3T3 cells [25], suggesting that Shc activation may be a step in neoplastic 
transformation. A preliminary analysis involving a few samples of primary leukemia 
cells showed that the Shc proteins and pl40 were constitutively tyrosine
phosphorylated and formed a complex in blood cells from acute myeloid leukemia 
patients, but not in samples from chronic lymphocytic leukemia patients or in 
peripheral blood mononuclear cells from healthy donors [11]. These results suggest 
that activation of the Shc/p140 phosphotyrosyl complex may be a necessary step in 
the pathogenesis of some leukemias. 

p80 and p140 Are Tightly Associated With Src Family Kinases. 
Phosphorylation of the multiple hGM-CSF-dependent targets requires the 

concerted action of several different protein tyrosine kinases. After GM-CSF 
stimulation, Jak-2 kinase, which is normally associated with the ~ subunit of hGMR 
becomes phosphorylated on tyrosine [29]. The activation of Jak-2 results in 
phosphorylation of the ~ subunit and probably one or more members of the STAT 
family of transcription factors [26]. STAT proteins are rapidly translocated to the 
nucleus where they activate a set of responsive genes [26]. Lyn and Yes tyrosine 
kinases have also been proposed to be involved in hGM-CSF signaling [5, 32], but 
their targets have not been identified. 
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To identify the kinases involved in phosphorylation of the hGM-CSF-dependent 
substrates we described, we analyzed immunoprecipitates of several different 
tyrosine kinases for the presence of these phosphotyrosyl proteins. Anti-Lyn 
immunoprecipitates from hGM-CSF-stimulated cells contained tyrosine 
phosphorylated p80 and pI40 (Fig. 1, lane 6, and Fig. 2, lane 2). In some 
experiments, p66Shc was also detectable in anti-Lyn immunoprecipitates, whereas 
the other two Shc proteins, p46Shc and p52Shc were masked by p53Lyn and 
p56Lyn, which were already tyrosine phosphorylated before hGM-CSF stimulation 
(Fig. 1, lanes 5 and 6). The association of Lyn with the p80/p85/PI 3-kinase 
complex is consistent with the observation that hGM-CSF induces the appearance of 
PI 3-kinase activity in anti-Lyn immunoprecipitates [32]. The presence of pI40 in 
these precipitates suggests that Lyn is also part of the Shc/Grb2/pI40 complex and 
that this kinase may phosphorylate some of the proteins in this complex as well. 

Similar immunoblot analysis using anti-Src antibodies, which recognize both Src 
and Yes in TF-I cells [11], showed that anti-Src immunoprecipitates from hGM
CSF-stimulated cells contained p80, the three Shc proteins, pI40, and an 
unidentified phosphotyrosyl protein of 160 kDa (Fig. 1, lane 8). Further analysis 
showed that Src and/or Yes were already associated with the p85 subunit of PI 3-
kinase before hGM-CSF stimulation [11]. This observation is consistent with 
reports that the SH3 domain of Src kinases can bind directly to a proline-rich region 
present in the p85 subunit of PI 3-kinase [24]. Thus, Src/Yes are good candidates 
for phosphorylation of p80 because these kinases were already part of the PI 3-
kinase complex before hGM-CSF stimulation. Similarly, the presence of Shc and 
pl40 in Src/Yes precipitates suggests that Src kinases may also be involved in 
phosphorylation of proteins in the pI40/Grb2/Shc complex. Hck, another Src 
family tyrosine kinase did not associate with any hGM-CSF-dependent substrates, 
suggesting that this kinase may not phosphorylate any of the targets we described 
(Fig. 1, lanes 9 and 10). 

These data suggest that at least two members of the Src family i.e. Lyn, and Src 
and/or Yes are involved in hGM-CSF signaling and may directly phosphorylate p80, 
Shc, pI40, and other proteins present in the complexes of phosphotyrosyl proteins 
induced by hGM-CSF. Thus, the Src family of tyrosine kinases appears to playa 
major role in the mechanism of action of hGM-CSF. 

The sign~ling events discussed here are illustrated in Fig. 3. hGM-CSF 
activates at least three different signaling pathways, namely the p85/PI 3-kinase, the 
ShclGrb2lras, and the Jak-2/Stat pathways. hGM-CSF treatment results in 
phosphorylation of a number of cellular proteins by different tyrosine kinases. Jak-
2 may phosphorylate the ~ subunit of hGMR, triggering its association with other 
signaling moJ:ecules into one or more multimeric complexes. p80, a novel adapter 
protein that is phosphorylated on tyrosine by one or more src family kinases binds to 
the ~ subunit of hGMR. p80 also binds to a pre-existing complex of p85/PI 3-kinase 
and Src family kinases through the SH2 domains of p85. Thus, p80 may participate 
in linking the activated hGMR to the mitogenic PI 3-kinase pathway. In the diagram 
we have drawn a hypothetical SH2 domain in p80 which might recognize a 
phosphotyrosihe site in the ~ subunit. hGMR activation also results in the assembly 
of a complex involved in activation of the ras signaling pathway. Tyrosine 
phosphorylation of the Shc proteins induces their association with the SH2 domain 
of Grb2, which participates in conversion of the inactive GDP-bound form of ras 
into the active GTP-ras through its association with the nucleotide exchange factor 
Sos [6]. The Shc/Grb2 complex contains another multi-functional adapter protein, 
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~UCLEUS 
Fig. 3. Schematic diagram of the association of signaling proteins after stimulation 
ofTF-1 cells with hGM-CSF. SH2, Src homology 2 domain; SH3, Src homology 3 
domain; PID, phosphotyrosine-interacting domain; P, proline-rich region 

p140, which binds to both Shc and Grb2. p140 is phosphorylated on tyrosine, 
presumably at an NPXY motif, which serves as a binding site for a novel 
phosphotyrosine-binding domain located at the N-terminus of Shc [3, 8, 11, 12]. 
p140 also binds directly to Grb2 through its SH3 domains, implying that p140 also 
has proline-rich sequences capable of binding SH3 domains [11, 18]. p140 is a 
good candidate for linking hGMR to the ras pathway, although direct binding of 
p140 to the receptor has not been demonstrated. The Shc/Grb2/pI40 complex 
appears to be constitutively activated in some leukemias, providing evidence that 
deregulation of some of the signaling pathways described here may be a contributing 
factor in leukemogenesis. This and the direct demonstration that the normal subunits 
of hGMR have oncogenic potential [1] provide further experimental support to 
autocrine and paracrine models of leukemogenesis involving cytokines and their 
receptors. 
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Introduction 

The v-myb gene was initially identified as the oncogenic agent in the 
defective avian myeloblastosis virus (AMV), which induces acute myeloblastic 
leukemia in vivo and transforms myeloid cells in vitro (1). Klempnauer et al . 
(2,3) showed that the v-myb portion of AMV was transduced from seven internal 
exons of a cellular gene designated c-myb. A second replication-defective avian 
retrovirus, E26, was also found to contain v-myb as well as v-ets sequences (4,5). 
As with AMV, E26 contains a v-myb component which is an altered version of c
myb, with each containing both amino- and carboxy-terminal truncations of their 
gene products. The proteins encoded by AMV, E26, and c-myb have been 
localized to the nucleus (6,7). 

Expression patterns of the c-myb gene indicate that the gene product has a 
primary role in hematopoiesis. High levels of c-myb expression are detected in 
immature cells of the myeloid, erythroid, and lymphoid lineages, with expression 
decreasing as these cells terminally differentiate (8-10). The integration of chronic 
retroviruses into the c-myb locus results in the synthesis of truncated gene products 
which induce myelogenous disease in mice (11) as well as B-celllymphomas in 
chickens (12). The expression of the c-myb proto-oncogene is not restricted solely 
to hematopoietic cells, however, as the expression of this proto-oncogene has been 
detected in normal human mucosa (13), in developing neural tissue (14), and in 
murine embryonic stem (ES) cells (15). In addition, c-myb expression has been 
reported in a limited number of human malignancies of neuroectodermal and 
hematopoietic origin, as well as sporadically in colon, lung, and breast carcinomas 
(13, 16-20). 

Aberrant c-myb expression has also given insight as to this proto
oncogene's possible function. Constitutive overexpression of c-myb cDNA has 
been shown to block the normal differentiation response of Friend erythroleukemia 
cells to dimethyl sulfoxide (21). However, the expression of a truncated message 
that encodes the DNA binding domain, but lacks the transcriptional activation 
domain of the c-myb gene product enhances differentiation of Friend murine 
erythroleukemia cells (22). Moveover, the v-myb-induced transformation of 
macrophages causes them to revert to a more immature phenotype (23). Lastly, 
antisense oligonucleotides to c-myb have been shown to inhibit the growth of T-cell 
cultures and cell lines (24) as well as most human myeloid cell lines tested (25). 

The murine c-myb gene encodes a 636 amino acid product. The protein 
contains three functional domains: a DNA-binding domain, a transactivation 
domain, and a negative regulatory domain. The DNA binding domain consists of 
three imperfect 50-52 amino acid repeats designated RI, R2, and R3 located near 
the amino terminus of the gene product. A portion of R2 and all of R3 are required 
for DNA binding (26). Recent investigations into the similarity of repeated 
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domains from various Myb proteins revealed the conservation of hydrophobic 
residues, suggesting the presence of three alpha-helical regions within each repeat 
(27). Further analysis of R2 and R3 revealed two consecutive helix-tum-helix 
motifs with unconventional turns, similar to those found in bacterial repressors and 
homeodomain proteins. The DNA binding domain has been shown to bind to a 
nucleotide consensus sequence. This portion of the gene product is evolutionarily 
well conserved in Myb family members. Through the use of c-myb deletion 
mutants, a transcriptional activation domain and a negative regulatory domain have 
also been identified in the Myb gene product (28). The trans-activation domain has 
been localized to a 50-residue region located carboxy-terminal to the DNA-binding 
domain. The domain appears to be similar to other trans-activation regions that 
have been identified, in that it is hydrophilic and slightly acidic (29). Deletion of 
the carboxy-terminal half of the Myb protein results in up to a lO-fold increase in 
Myb-specific trans-activation activity (30). This negative regulatory region contains 
a leucine zipper motif, similar to that found in other DNA binding proteins. This 
structure has been found to negatively regulate transactivation and transformation 
by the Myb gene product (31). 

The identification of DNA-binding and transcriptional activation domains 
with its gene product, as well as consensus nucleotide binding site(s) located in the 
promoter region of hematopoietic and non-hematopoietic genes, indicated that Myb 
is a trans-acting transcription factor. Subsequently, several genes have been 
identified whose transcription is directly regulated by the Myb gene product. The 
mim-l gene was identified using differential hybridization screening to identify v
myb regulated genes in cells transformed by a temperature sensitive mutant of the 
oncogene (32). The promoter region of mim-l was shown to contain three Myb 
binding sites and these sites were found to confer v-myb dependent activation to a 
heterologous promoter. Other examples of Myb modulated genes include c-myc 
(33) and CD4 (34) which are trans-activated directly by Myb transcription factor 
binding. In addition, Myb appears to regulate the expression of several genes 
indirectly, indicating that as a transcription factor Myb is capable of using mUltiple 
mechanisms to regulate the expression of other genes. Considering the potential 
diversity ascribed to the functional domains of the Myb protein, this complex 
transcriptional regulation is not unexpected. 

To define the biological function of the murine c-myb proto-oncogene in 
vivo, mice were generated using ES cells in which one allele of the gene was 
disrupted using standard gene targeting methodologies (35). While heterozygous 
mice are phenotypically indistinguishable from their wild-type littermates, 
homozygous mutant mice die at approximately 15.5 days of gestation, apparently 
due to anemia. At 12.5 and 13.5 days of gestation, hematocrit levels of all fetuses 
were approximately 35%, regardless of genotype. At 14.5 and 15.5 days of 
gestation however, there was a precipitous decline in hematocrit levels in mutant 
fetuses to approximately 5%, in comparison to approximately 40% for 
phenotypically normallittermates. During this time in embryogenesis, the site of 
erythropoiesis switches from the embyonic yolk sac to the fetal liver, where there is 
a rapid proliferation of hematopoietic progenitors. Erythrocytes from these two 
sites can be distinguished by their morphology; the yolk sac-derived red cells 
remain nucleated and larger than their fetal liver-derived enucleated counterparts. 
~nalysis of peripheral blood from littermates between 12.5 and 15.5 days of 
gestation indicate that homozygous mutants are unable to switch from yolk sac to 
fetal liver erythropoiesis. The work presented in this paper further characterizes the 
hematopoietic potential of the c-myb mutant mice we have generated. 
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Materials and Methods 

III vitro hematopoietic analysis 
Fetal liver cells were plated in 0.8% methylcellulose-aMEM supplemented 

with 3u/ml erythropoietin and 1 % PWMSCM acquired from Stem Cell 
Technologies (Vancouver, British Columbia) as a complete, pre-tested medium 
(HCC-3430). For the CFU-E analysis, cells were added to a final concentration of 
1-5x 105 cells/ml and plated in 0.1 ml aliquots. For BFU-E and CFU-GM 
analyses, cells were added to a final concentration of 4-5x104 cells/ml and were 
plated in 1 ml triplicate cultures. CFU-E-derived colonies, containing 8-32 
hemoglobinized cells, were scored two days after plating; BFU-E and CFU-GM
derived colonies were scored 7-9 days after plating from the same 1 ml cultures. 
BFU-E are large bursts of 50 or more hemoglobinized cells. For these 
experiments, large colonies or bursts that contained greater than 50% 
hemoglobinized cells were counted as BFU-E although they may include mixed 
(CFU-GEMM or BFU-ME) colonies. DNA was extracted from yolk sacs or fetal 
tissues using standard methodologies and genotyped using PCR analysis (35). 
Primers used included 5'Ex6 (5'-GCAAGGTGGAACAGGAAGGCTACC) and 
3'cEx6 (5'-GTGCTTCGGCGATGTGGT AAT AGG). 

RT-PCR analysis 
Total RNA was isolated from frozen tissues (36). RNA preparations were 

subjected to DNase digestion prior to eDNA synthesis. Oligonucleotide primers 
were synthesized for a variety of genes, including cytokines and their receptors, 
hematopoietic markers, and genes containing the c-myb consensus binding 
sequence (37-42). Non-quantitative RT-PCR was carried out using standard 
methodologies (37). 

Northern blot analysis 
Northern blot analysis was performed on 10 ug of total liver RNA extracted 

from fetuses of heterozygous c-myb timed matings at 13.5 and 14.5 days of 
gestation, using a standard methodology (43). RT-PCR products of selected genes 
were used as hybridization probes in this analysis. 

Differential display 
Differential display was performed exactly as described in the RNAmap TM 

kit (GenHunter Corporation, Brookline, MA) using total RNA extracted from livers 
of 14.5 day of gestation littermates from a heterozygous c-myb timed mating. 
Differentially expressed cDNAs were reamplified using PCR and sub cloned into a 
plasmid vector designed for the cloning of PCR products (T A Cloning Kit, 
Invitrogen, San Diego, CA). Sequencing was performed using the dideoxy chain 
termination methodology (44). DNA sequences were analyzed using software from 
the University of Wisconsin Genetics Computing Group (GCG). 
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Results 

In vitro hematopoietic analysis 
In vitro assays for hematopoietic colony-forming cells were used to 

determine the number of early (BFU-E) and late (CFU-E) erythroid progenitors and 
myeloid progenitors (CFU-GM) in 12.S to IS.5 day of gestation fetuses from c
myb heterozygous matings. Results from this analysis are shown in Figure 1. 
Cells isolated from the fetal livers of wild-type and heterozygous animals at the 
same days of gestation give rise to similar numbers of hematopoietic colonies per 
lx105 cells plated, as well as total number of hematopoietic progenitors per liver 
(data not shown). Homozygous mutant animals, however, show dramatically 
reduced numbers of hematopoietic progenitors in the fetal liver at all ages studied. 
A significant increase in liver cellularity due to the proliferation of hematopoietic 
progenitor cells between 12.5 days and IS.5 days of gestation was seen in wild
type and heterozygous mice (l.S-30x106cells/liver). The homozygous mutant 
livers remain hypocellular, expanding from 0.4-4x106 cells per liver during the 
same days of gestation. This failure to proliferate leads to a critically low total 
number of hematopoietic progenitors in the mutant livers by 14.5 to 15.5 days of 
gestation. These results support what has been reported from the histological 
analysis of liver sections and the cytocentrifugation analysis of fetal liver cell 
suspensions of homozygous mutant c-myb animals and their phenotypically normal 
littermates (3S). 
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Fig 1. Hematopoietic progenitors in the fetal livers of wild-type (plus), 
heterozygous (closed circle), and homozygous mutant (closed triangle) animals 
from 12.S to 15.5 days of gestation. The number of CFU-E/105 cells are presented 
in the graph un the left, the number of BFU-E/lOS cells are presented in the middle 
graph, and the number of CFU-GMIl05 cells are presented in the graph on the 
right. The numbers in parentheses are the number of fetuses analyzed at. each time 
point. The same fetal liver suspensions were analyzed for all progemtor types. 
Error bars represent the standard error of the mean. 
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RT-PCR and Northern blot analyses 
The Myb gene product is a sequence-specific DNA-binding protein that 

modulates expression of downstream genes. In an attempt to identify additional 
genes that may be regulated by the Myb protein, the expression pattern of a total of 
20 genes was analyzed by RT -PCR analysis of total liver RNA isolated from 
littermates at 13.5 and 14.5 days of gestation. The genes chosen for analysis 
included genes known to be expressed early in hematopoiesis, selected cytokines 
and cytokine receptors, as well as genes known to contain putative Myb binding 
sites. Hypoxanthine phophoribosyicransferase (HPRT) expression served as a 
positive control. Results from this analysis are presented in Table 1. Of the 20 
genes analyzed by non-quantitative RT-PCR analysis, only one gene, GATA-I, 
was found to be expressed at lower levels in mutant fetuses than in phenotypically 
normallittermates. 

Table 1. RT-PCR analysis of fetal liver RNA 

HPRT SCL# IL-3 fJ-major globin 
c-vav NF-E2# /L-3R f3HI globin 
cdc-2 GATA-I*# /L-IR c-kit 
Epo# GATA-3 CSF-IR Kit ligand (KL)# 

Epo-# flk-2 G-CSFR c-myc 

*: Differential expreSSi()n detected by RT-PCR 
# : Expression also detennined by Northern blot analysis 

Fig 2. Northern blot analysis. Ten micrograms of total liver RNA from wild
type (+/+) , heterozygous (+/-), and homozygous mutant (-1-) fetuses at 13.5 and 
14.5 days of gestation were electrophoresed, blotted. and hybridized with probes 
for genes listed on the left. Tubulin served as a positive control. 
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Northern blot analysis was also used on a subset of genes analyzed by RT
PCR analysis to determine whether their expression was altered in total liver RNA 
isolated from wild-type, heterozygous, and homozygous mutant fetuses at 13.5 and 
14.5 days of gestation. These results are shown in Figure 2. The expression of 
eight genes was analyzed. No full-length or truncated c-myb transcripts were 
detected in the mutant fetuses. As expected from the RT-PCR analysis, GATA-l 
expression was lower in the mutant fetuses than in phenotypically normal 
littermates. However, several genes which appeared to be expressed at similar 
levels by RT-PCR analysis were expressed at lower levels in mutant fetuses than in 
their phenotypically normal littermates. This included two transcription factors 
primarily involved in erythropoiesis, NF-E2 and SCL, as well as the erythropoietin 
receptor (EpoR). Erythropoietin (Epa) expression was found to be similar in all 
fetuses regardless of phenotype while Kit ligand (KL) was found to be expressed at 
higher levels in the mutants than in phenotypically normallittermates (data not 
shown). Tubulin expression served as a loading control. 

Differential Display 
Differential display is aRT -PCR-based strategy that can be used to detect 

altered gene expression in eukaryotic cells and to isolate partial cDNAs of the 
affected genes. This methodology was used in an attempt to identify novel genes 
that are involved in hematopoiesis. Total RNA from the livers of 14.5 day of 
gestation littermates from a c-myb heterozygous mating was reversed transcribed 
and then used in this analysis. Preliminary results are shown in Table 2. Eight 
primer pairs were used in the PCR portion of this analysis, out of a total of eighty 
possible combinations. From this analysis, forty-five differentially expressed 
partial cDNAs were subcloned. To verify that the partial cDNAs were indeed 
differentially expressed, they were subcloned and used as probes in Northern blot 
analysis of total liver RNA from the three possible genotypes of fetuses at 13.5 and 
14.5 days of gestation. Of the thirty-eight that have been used as probes, twenty
two have been shown to be differentially expressed (data not shown). Twelve of 
the differentially expressed partial cDNAs have been sequenced and eight represent 
putative novel genes based upon a lack of homology with any known sequences 
found in the Genbank database. The sequence of the four other clones were found 
to share identity with phospholipase c-alpha (two clones), mouse prothrombin or 
thrombin, and a cysteine protease inhibitor. Expression of these three genes has 
been detected in, but is not necessarily limited to, cells of hematopoietic lineage. Of 
the eight putative novel partial cDNAs that have been identified, four are expressed 
at higher levels in the livers of phenotypically normal fetuses, while four are 
expressed at higher levels in the livers of mutant fetuses (data not shown). 

Table 2. Differential Display Analysis 

Number of oligonucleotide primer pairs used: 8/80 
Number of differentially expressed partial cDNAs subcloned: 45 
Number of partial cDNAs used in Northern blot analysis: 38/45 
Number of confirmed differentially expressed partial cDNAs: 22/38 
Number of differentially expressed partial cDNAs sequenced: 12122 
Number of putative new genes bases upon sequence analysis: 8/12 
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Summary 

Targeted mutagenesis studies were initiated to determine the normal 
biological function of the c-myb proto-oncogene. While heterozygous mice are 
phenotypically indistinguishable from their wild-type littermates, homozygous 
mutant fetuses die at approximately 15.5 days of gestation apparently due to 
anemia, which results from an inability to switch from embryonic yolk sac to fetal 
liver erythropoiesis. Studies are currently being done to determine the extent of 
hematopoietic abnormalities in the homozygous mutant fetuses. 

In vitro assays for hematopoietic colony-forming cells have been used to 
determine the frequency of both erythroid and myeloid progenitors in the fetal livers 
of wild-type, heterozygous, and homozygous mutant c-myb fetuses. The reduced 
number of erythroid progenitors was not unexpected considering the mutant fetus's 
pale color and reduced hematocrit. The dramatically reduced number of colonies 
derived from myeloid progenitors in the mutant fetuses in comparison to the 
number detected in phenotypically normallittermates suggests that expression of the 
c-myb proto-oncogene is critical for the proliferation and/or differentiation of early 
hematopoietic progenitors and possibly hematopoietic stem cells. Other possible 
explanations would include a hematopoietic progenitor migration problem from the 
yolk sac to the fetal liver or a defect in the microenvironment of the liver. Whether 
the lymphoid lineage is also adversely affected by the lack of c-myb expression 
remains to be determined. 

RT-PCR and Northern blot analyses were used in an attempt to identify 
downstream genes which may be directly or indirectly regulated by the Myb gene 
product. While the levels of expression of several genes involved in erythropoiesis 
(GATA-I, NF-E2, SCL, and EpoR) were reduced in the livers of homozygous 
mutant fetuses in comparison to phenotypically normallittermates and one gene, Kit 
ligand (KL), was expressed at higher levels in the mutant livers, these results must 
be viewed with caution. The livers of the mutant fetuses have been shown to be 
hypocellular in comparison to those of phenotypically normallittermates (35). It is 
possible that the Myb gene product is directly or indirectly modulating the 
expression of these genes. Conversely, the alteration in expression may be due to 
the reduced number or absence of specific hematopoietic lineages in the livers of the 
mutant fetuses. 

Differential display has also been used to identify putative novel genes that 
are involved in hematopoiesis. Preliminary studies suggest that this may be a 
powerful methodology to compare the expression pattern of genes in the fetal liver 
of wild-type, heterozygous, and homozygous mutant littermates at 14.5 days of 
gestation. To date nearly 60% of the partial cDNAs subcloned analyzed have been 
shown to be differentially expressed. More importantly, 75% of the differentially 
expressed cDNAs that have been sequenced appear to encode novel genes. 
Whether any of these novel genes are involved in the c-myb transcriptional cascade 
remains to be determined. 

Overall, analysis of the c-myb mutant fetuses have provided valuable insight 
into the biological function of this interesting proto-oncogene. The continued 
analysis of this resource will undoubtedly provide additional information 
concerning the role of the c-myb gene in hematopoiesis. 
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Introduction 

The nuclear proto-oncogene c-myb is the cellular homologue of the v-myb gene 
carried by the chicken leukemia viruses avian myelobastosis virus (AMV) and E26, 
which transform avian myeloid cells in vitro and in vivo (for review, see ref. 1). 
c-myb expression is linked to the differentiation state of the cell, since expression is 
down-regulated during terminal differentiation of hemopoietic cells (2) and 
constitutive expression of introduced c-myb blocks the induced differentiation of 
erythroleukemia (3). In addition, antisense oligonucleotides to c-myb appear to 
impede in vitro hematopoiesis (4) and homozygous c-myb mutant mice displayed a 
specific failure of fetal hepatic hematopoiesis (5). These results all indicate a role 
for c-myb in maintaining the proliferative state of hematopoietic progenitor cells. 
Both c-Myb and v-Myb are transcriptional activators (6-9). The v-myb proteins (v
Myb) encoded by AMV and E26 are amino (N)- and carboxyl (C)-terminally 
truncated versions of c-Myb. In this report, we shall address the structure and 
function of each functional domain in c-Myb, and also the relationship between the 
retroviral-transforming v-myb genes and its cellular homologue, the c-myb gene, to 
ask whether changes in the control of transcription may account for the generation 
of the transformation phenotype. 

Recognition of Specific DNA Sequences by Myb 

Mouse c-Myb consists of 636 amino acids and has three functional domains 
responsible for DNA binding, transcriptional activation, and negative regulation 
(10; Fig. O. For transcriptional activation by Myb, both the DNA-binding domain 
and the transcriptional activ<'.tion domain, which contains a cluster of acidic amino 
acids, are neces.sary and sufficient. Both v-Myb and c-Myb recognize specific 
DNA sequences', AACNGN(A!f/C), of which the first A, third C, and fifth G are 
involved in very specific interactions (11, 12). The DNA-binding domain of c
Myb consists of three homologous tandem repeats of 51-52 amino acids (Rl, R2, 
and R3 from the N terminus). Among the three repeats, Rl can be deleted without 
significant loss of DNA-binding activity, indicating that Rl is a minor player in 
sequence recognition (l0, 13, 14). An interesting feature of the DNA-binding 
domain of Myb is the presence of three conserved tryptophans in each repeat (15). 
All of the Myb-related proteins, including the A-Myb and B-Myb (16), the Cl 
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Fig. l. Schematic representation of functional domains in mouse c-Myb. The three functional 
domains, which are responsible for DNA binding, transcriptional activation, and negative 
regulation, respectively, are shown. Arrows represent the three-fold tandem repeats of 51 or 52 
amino acids. Amino acid sequence in each repeat and the DNA sequence recognized by c-Myb are 
shown below. The three tryptophans in each repeat are indicated by asterisks. 

protein of Zea mays, and the yeast BAS 1 protein, have three perfectly conserved 
tryptophans in each repeat with an interval of 18 or 19 amino acids. A conserved 
triplet of tryptophans with spacing similar to that of c-Myb is also found in the 
DNA-binding domains of the products of the ets gene family, indicating that these 
conserved tryptophans may represent a characteristic property of a group of DNA
binding proteins. Site-directed mutagenesis of these tryptophans showed that any 
single or multiple mutations of tryptophans to hydrophilic residues or alanine 
abolished or greatly reduced the sequence-specific DNA-binding activity, but 
mutations to hydrophobic amino acids retained considerable activity (17, 18). 
Raman spectroscopic study showed that these tryptophans were buried in the 
protein core. Based on these results, these three tryptophans were proposed to 
form a cluster in the hydrophobic core in each repeat. 

Recently, the solution structures of R2R3-DNA complex, RIR2R3, and 
each of three repeats were determined by multi-dimensional NMR (Fig. 2) (19-21). 
The three repeats have similar overall architectures, each containing a helix-turn
helix variation motif. The three conserved tryptophans in each repeat are involved 
in a hydrophobic core. The third helix in each of R2 and R3 is a recognition helix. 

Fig. 2. Solution structure of R2R3-DNA complex 
determined by NMR. The backbone atoms in the R2 
region of R2R3 are shown in red, and those in the R3 
region are shown in blue. On the top, the position of 
two recognition helices in the major groove of DNA is 
shown in the view along the DNA double helix. axis. 
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R2 and R3 are closely packed in the major groove, so that the two recognition 
helices contact each other directly to bind to a specific base sequence, AACNG, 
cooperatively. The three key base pairs in this sequence are specifically recognized . 
by Asn-183 (R3), Lys-182 (R3), and Lys-128 (R2). In contrast, Rl does not bind 
tightly to DNA and Rl may fluctuate between free and bound states at a fast rate 
with only a minor population in the DNA-bound state. Thus, the homologous two 
repeats of Myb, which are directly connected in tandem, bind to the major groove 
of DNA continuously. In this sense, the binding of R2 and R3 is similar to that of 
transcription factor IlIA (TFIIIA)-type Zn fingers. Unlike these TFIIIA-type Zn 
fmgers, however, the recognition helices of R2 and R3 are more closely packed 
together in the major groove. So far, this type of direct interaction between the 
recognition helices from different DNA-binding units appears to be unique among 
DNA-binding proteins. 

Three hydrophobic amino acids in R2 is critical for activation of the mim-l 
gene, one of the myb target genes (8,22). c-Myb and v-Myb encoded by E26 but 
not by AMV can activate the mim-l promoter. This difference can be attributed to 
the three point mutations in R2 of AMV v-Myb (Ile-91-Asn, Leu-106-His, Val
I17-Asp). The mim-l promoter contains binding sites for both Myb and the 
myeloid-specific transcription factor NF-M (also called C/EBP/3 or NF-IL6). Both 
the synergistic activation of the mim-l gene by these two factors and the close 
spacing of these binding sites (23, 24) suggest that these proteins are in direct 
contact. The solution structure of the R2R3-DNA complex indicates that these 
three hydrophobic residues are exposed to the solvent and are available for protein
protein contact with NF-M. 

Modulation of Myb Activity by Negative Regulatory 
Domain 

The negative regulatory domain (NRD) is important for modulation of c-Myb 
activity, because removal of this domain results in increase in both trans-activating 
and transforming capacities (10, 26). The potential leucine zipper structure is 
located in NRD (Fig. 3). This region was predicted to form an amphipathic (l

helix and contains characteristic hydrophobic residues at every seventh position. 
Disruption of this leucine zipper by site-directed mutagenesis markedly increases c-
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Fig. 3. Schematic representation of three subdomains in NRD. The N- and C-proximal 
subdomains, NRDI and NRD2, are indicated by a hatched box and a stippled box, respectively. 
The leucine zipper structure i3 indicated by a closed box. The C-terminaI end of v-Myb encoded 
by AMY or E26 is shown by an arrow. 
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Myb activity (27). The leucine zipper motif was originally identified as mediating 
dimerization of several DNA-binding proteins, such as the transcription factors 
CIEBP and Jun/Fos, but may also mediate interactions between other proteins 
including certain membrane proteins. Therefore, these results indicate that c-Myb 
activity is negatively regulated through the leucine zipper and imply the presence of 
an inhibitor(s) of c-Myb, which is likely to be important in the normal regulation of 
its activity. In fact, many cellular proteins were demonstrated to bind to the leucine 
zipper of c-Myb (27, 28). In addition to these proteins, c-Myb itself forms a dimer 
through the leucine zipper, and the c-Myb dimer cannot bind to DNA, indicating 
that c-Myb itself can also function as an inhibitor by binding to its own leucine 
zipper (29). As a consequence of the c-Myb dimer formation and the inability of 
the dimer to bind to DNA, in cotransfection assays, maximal Myb-induced trans
activation occurs with a low amount of wild type c-Myb, while higher levels of c
Myb reduce c-Myb-induced trans-activation. This apparent negative autoregulation 
is not observed with a c-Myb mutant containing an impaired leucine zipper. 

Deletion of the region downstream from the leucine zipper also increases c
Myb activity (10). This suggest that besides the leucine zipper some subdomain 
that is also critical for negative regulation of c-Myb activity is localized in NRD. 
We have developed an assay system to precisely measure the DNA-binding activity 
of a series of C-truncated c-Myb mutants (Tanaka et al. submitted). Using this 
assay system, two subdomains (NRDI and NRD2) that normally repress the DNA
binding activity have been identified in NRD (Fig. 3). The N-proximal subdomain 
NRDI, which is upstream of the leucine zipper, is the region between amino acids 
326 and 372. The C-proximal subdomain NRD2, which is downstream of the 
leucine zipper, is the region between amino acids 472 and 500. Deletion of either 
of these subdomains increases the DNA-binding capacity, and additional effects of 
deletion of either of them were also observed. These results indicate that NRD 
contains three subdomains, NRDI, the leucine zipper, and NRD2, and suggest that 
c-Myb DNA-binding activity is independently regulated by multiple mechanisms 
through these subdomains. 

Oncogenic Activation and Functional Domains 

Analysis of various oncogenic ally activated myb genes suggested that truncation of 
the N or C-terminus of c-Myb can cause oncogenic activation (for review, see ref. 
1). Both v-Myb proteins encoded by the chicken leukemia viruses AMV and E26 
are N- and €-terminally truncated versions of c-Myb. Furthermore, integration of 
chronically transforming retroviruses into the c-myb locus can also result in 
truncation of the N or C terminus of c-Myb, inducing myelogenous diseases in 
mice and B-celllymphomas in chickens. Removal of the NRD is responsible for 
oncogenic activation of C-truncated forms of Myb (26, 30, 31). v-Myb encoded 
by AMV lacks the C-proximal subdomain in NRD, NRD2, while v-Myb encoded 
by E26 lacks NRD2, the leucine zipper, and half of the N-proximal subdomain, 
NRDI (Fig.'3). Deletion of any of these three subdomains increases DNA binding 
and trans-activation (32; Tanaka et al. submitted). Deletion of all of NRD by C
terminal truncation has the added effects of lack of each of them. Thus, these data 
support the view that C-truncated forms of myb transform by increasing the 
expression of target genes (Fig. 4). 

On the other hand, the mechanism of oncogenic activation by N-terminal 
truncation is not clear. Both v-Myb proteins encoded by AMV and E26lack the N-
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tenninal 77 and 85 amino acids, which contain the N-tenninal region upstream of 
the Rl and about half of Rl. Based on the observations that phosphorylation of 
serines 11 and 12 of c-Myb by casein kinase II can inhibit the binding of c-Myb to 
DNA, it was speculated that loss of the casein kinase II (CK-m phosphorylation 
site by N-tenninal truncation could uncouple c-Myb activity from its nonnal 
physiological regulators (33). However, it was demonstrated that truncation of Rl 
is sufficient for transfonnation, but deletion of the CK-ll phosphorylation site is 
not (34). Rl is not necessary to recognize the specific sequence, but stabilizes the 
Myb-DNA complex (12, 34). Truncation of Rl decreases the ability of Myb to 
bind DNA, indicating that the mechanism of oncogenic activation by N-tenninal 
truncation is different from that by C-tenninal truncation. Most of the target genes 
identified so far contain multiple c-Myb-binding sites including the high affinity 
sites, so the removal of Rl does not significantly decrease the level of transcription 
of these target genes. One hypothesis proposed by Dini and Lipsick (34) is that 
this decreased affinity for DNA results in the deregulation of a subset of c-Myb
regulated genes that control proliferation but not tenninal differentiation. This 
hypothesis includes the possibility that the promoters of proliferation genes 
regulated by Myb may have Myb-binding sites with higher affinity or greater 
number than do differentiation genes. Another hypothesis is that N-terminal 
truncated c-Myb fails to repress transcription of some of the target genes due to the 
lack of a part of the DNA-binding domain (Fig. 4) (see below). This hypothesis 
includes the idea that the target genes with transcription repressed by c-Myb are 
critical for proliferation control of hematopoietic progenitor cells. 

Target Genes 

Several target genes of Myb including the mim-l and c-myc genes were identified. 
Ness et al. (8) used differential hybridization to screen for v-Myb-regulated genes 
in cells transformed by a ts mutant of v-myb and identified the mim-l gene. The 
mim-l gene encodes a secretable . protein contained in the granules of 
promyelocytes. Several groups found that the promoter of the c-myc gene also 
contains multipkMyb-binding sites and its activity is stimulated by c-Myb (35-37). 
In addition, c-Myb also binds to the promoter regions of the cdc2 and c-myb gene 
itself, and activates transcription (38, 39). However, the increase and/or 
deregulation of the expression of these identified target genes alone are thought not 

target genes target genes 
activated by Myb repressed by Myb 

wild type 
c·Myb 

C-truncated 
form 

N .. truncated 
form 

N .. and C· 
truncated 
form 

(2) C~) 
@@ 
(2) @ 
C~) @ 

Fig. 4. Expression of two types of 
target genes by N-and/or C-truncated c
Myb. The levels of two types of target 
genes of which expression is activated or 
repressed by c-Myb are indicated. The C
terminal truncation of Myb increases 
expression of the c-Myb-induced target 
genes. The N-tenninal truncation of Myb 
increases expression of the c-Myb
repressed target genes. Expression of the 
c-Myb-induced target genes is necessary 
for transformation, while the increased 
expression of the c-Myb-repressed target 
genes may stimulate transfonnation. 
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to be sufficient for cellular transfonnation. The results of extensive differential 
screenings suggest that c-Myb activates more of the genes than we expected. 

Using an artificial promoter linked to the c-Myb-binding sites, we 
demonstrated that c-Myb can also repress transcription in some cases. We have 
found that the human c-erbB-2 promoter activity is repressed by c-Myb (40). The 
c-erbB-2 proto-oncogene (also called neu or HER2) encodes a 185-kDa 
transmembrane glycoprotein that has significant structural similarity to the 
EGF receptor (41). Among multiple Myb-binding sites in the c-erbB-2 promoter, 
two Myb-binding sites are critical for transcriptional repression by c-Myb. Myb 
represses the c-erbB-2 promoter activity by competing for DNA binding with 
positive regulators involving TFIID. The c-Myb mutant, which lacks the N
tenninal 76 amino acids including about half of Rl in the DNA-binding domain, 
has much weaker activity than nonnal c-Myb to repress the c-erbB-2 promoter 
activity. If some target genes with transcription repressed by c-Myb are critical for 
proliferation control, the N-tenninal truncated c-Myb lacking Rl would cause 
transfonnation by increasing the expression of these target genes (Fig. 4). Increase 
in the expression of this type of target gene is not sufficient for transfonnation of 
hematopoietic cells, because the transcriptional activation domain of c-Myb is 
necessary for transformation, but only the DNA-binding domain of c-Myb is 
required for repression of this type of target gene. Deregulation of this type of 
target gene may stimulate transfonnation, while expression of some target gene(s) 
of which expression is activated by c-Myb is essential. 

Interestingly, c-Myb can activate the hspJO promoter without direct binding 
to its promoter region (42,43). We have identified the heat shock element (HSE) 
as a responsible cis-element for trans-activation by c-Myb (43). c-Myb can activate 
the promoter linked to the tandem repeats of HSE, which contains no Myb-binding 
sites. For the HSE-dependent trans-activation by c-Myb, the leucine zipper in c
Myb is necessary, but not the transcriptional activation domain containing the acidic 
amino acid cluster. These results suggest that c-Myb can activate transcription of 
the gene containing HSEs by interacting with an unidentified trans-acting factor. 
The biological significance of this should be clarified to understand the 
physiological role of c-Myb. 

Structure and Function of A-Myb and B-Myb 

In addition to c-myb, two genes, A-myb and B-myb, are members of the myb 
gene family, (16). Like c-Myb, A-Myb functions as a transcriptional activator in all 
types of cells examined (44). The functional domains of A-Myb are similar to 
those of c-Myb except for the leucine zipper (Fig. 5). The A-Myb activity is 
negatively regulated through an NRD downstream from the transcriptional 
activation domain. The NRD of A-Myb contains two subdomains at the positions 
corresponding to NRDI and NRD2 of c-Myb. However, A-Myb does not have a 
functional leucine zipper, disruption of which would increase A-Myb activity. 

We previously reported that human B-Myb is a transcriptional activator, 
and activates the artificial promoter containing multiple Myb-binding sites (MBS-I) 
(45) and the human c-myc promoter (37). Furthennore, the region downstream 
from the DNA-binding domain in the B-Myb molecule, which is rich in acidic 
amino acids, was found to be a transcriptional activation domain (Fig. 5) (46). In 
contrast, it was reported that chicken and murine B-Myb failed to trans-activate the 
promoter containing Myb-binding sites, and that B-Myb inhibited trans-activation 
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Fig. 5. Comparison of functional domains between three members of the myb gene family. 
The three tandem repeats in the DNA-binding domain are shown by arrows. The closed box 
indicates the region that is rich in acidic amino acids. The region conserved between the three 
members (CR) is indicated by a shaded box. DBD, DNA-binding domain; TAD, transcriptional 
activation domain; NRD, negative regulatory domain; PRD, positive regulatory domain; LZ, 
leucine zipper structure. Percentages indicate percent identity in each region encompassed by lines 
between human c-Myb and human A-Myb or between human c-Myb and human B-Myb. 

of promoters by c-Myb, probably by competing for Myb-binding sites (47). Our 
recent analyses to resolve this discrepancy indicated that B-Myb is a cell type
specific transcriptional regulator (48). B-Myb functions as a transcriptional 
activator in CV -1 and HeLa cells, but not in NIH3T3 cells. Deletion analyses of B
Myb demonstrated that a region conserved between three members of the myb gene 
family (CR) is necessary for trans-activation by B-Myb. An in vivo competition 
assay suggest that regulatory factor(s) that bind to the CR of B-Myb are required 
for trans-activation (Fig. 5). Analyses using affinity resin show that multiple 
proteins bind to the CR of B-Myb and that the CR-binding proteins in CV-1 and 
HeLa cells are different from those in NIH3T3 cells. Thus, the CR-binding 
cofactor(s) appear to be critical for the cell type-specific trans-activation by B-Myb. 

Although c-myb is expressed at high levels in immature hematopoietic cells, 
it is also expressed in non-hematopoietic tissues: colon and small intestine at 
moderated level~s and testis, ovary, and lung at low levels. Tissue distribution of 
the B-myb mRNA is more broad than c-myb, and it is also expressed in spleen, 
placenta, and pancreas in addition to the tissues described above (48). Like the 
case of c-myb, expression of B-myb correlates with cellular proliferation. B-myb 
mRNA is not expressed in resting cells but is induced late in G 1 to maximal levels 
that are maintained through S phase (49, 50). B-myb mRNA levels decrease 
when HL60 or U937 cells are induced to differentiate (49, 51). Inhibition of B
myb expression by introduction of a B-myb antisense construct diminished cell 
proliferation of hematopoietic cells and fibroblasts, but constitutive expression of 
B-myb induced a transformed phenotype (51). These results suggest that B-Myb 
is a positive regulator for proliferation like c-Myb. In contrast to c-myb and B
myb, A-myb is expressed only in testis and peripheral blood leukocytes (44). A
myb is expressed in resting T cells, and its levels gradually decrease after mitogenic 
stimulation (50). These facts suggest that physiological role of A-Myb is distinct 
from that of c-Myb and B-Myb. 
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Conclusions 

Detailed analyses of the functional domain of c-Myb has led to the identification of 
the unique structure of its DNA-binding domain. We can now understand the 
molecular interaction between Myb and DNA at the atomic level. Similar strategies 
have also identified the specific motif in the c-Myb molecule, the leucine zipper, to 
which inhibitors can bind. These results have shown that the oncogenic activation 
of c-myb by C-terminal truncation results in increased trans-activating capacity due 
to the removal of both or either the inhibitor-binding site and/or the inhibitory 
region of DNA binding. This can be easily understood, since it is likely that 
overexpression of target genes induces cellular transformation. On the other hand, 
the mechanism of oncogenic activation by N-terminal truncation is still obscure, 
because it decreases the DNA-binding capacity of c-Myb by removal of RI of the 
DNA-binding domain. Thus, the oncogenic activation of c-myb involves multiple 
mechanisms. 

One of the obvious questions is how growth signal(s) can be transduced 
from growth factor(s) to the Myb protein in nuclei. A c-myb deficient homozygous 
mutant does not develop fetal blood cells, indicating a similarity between the 
disrupted c-myb phenotype and the dominant white-spotting and steel mutants 
which affect the c-kit receptor and its ligand SCF. These results imply that c-Myb 
may be the nuclear target of the c-kit signaling pathway. The inability of normal c
Myb to transform primary hematopoietic cells could therefore be due to its failure to 
escape normal posttranslational regulation by such cytokine receptor pathways. 
We have demonstrated that c-Myb activity is negatively regulated by inhibitors, and 
that the mutant to which inhibitors cannot bind has a transforming capacity. 
Therefore, the identification of inhibitor(s) by cDNA cloning may lead to 
understanding the mechanism of signal transduction from growth factor(s) to c
Myb. 
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Introduction 

It is becoming increasingly clear that c-myb plays an essential role in 
controlling the proliferation and differentiation of haemopoietic cells. While this 
has been suggested for some time based on the preferential expression of myb in 
immature haemopoietic cells and the decrease in its expression on 
differentiation ,,2, more recent loss-of-function studies have provided additional 
confirmation. Disruption of c-myb by gene targeting results in an abrupt failure of 
the foetal haemopoietic system to develop in mouse embryos3, while anti-sense 
oligonucleotides inhibit proliferation of both normal haemopoietic progenitor cells 
and transformed haemopoietic cell lines (eg ref. 4). Furthermore, the ability of 
naturally occurring5 and recombinant retroviruses carrying activated forms of c
myb6,7 to transform haemopoietic cells - but in general, not other cell types - in 
vitro argues for a dominant regulatory role for myb in haemopoiesis. Although its 
role has not been identified precisely, it is likely, on the basis of the above 
evidence and the ability of myb to inhibit the differentiation of certain inducible 
leukaemic cell linesS- IO, that a major function of c-myb is to maintain the 
proliferative state and immature characteristics of early haemopoietic cells. 

The biochemical function of the proteins (Myb) encoded by myb genes is 
entirely consistent with such a role. Both normal and activated Myb proteins bind 
DNA in a sequence-specific manner and can activate transcription of genes 
bearing its cognate binding site ll - 14. Thus it is reasonable to assume that myb 
genes exert their effects by regulating the transcription of other cellular genes. 
The requirement for both the DNA-binding and transactivation functions of 
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activated forms of Myb for transformation in vitro lS•16 fully supports this 
assumption. 

This hypothesis, ie whereby myb genes maintain an immature proliferative 
state by activating the transcriptional expression of other cellular genes, raises 
several further questions: 
(1) What are the identities of the genes which myb regulates? 
(2) If myb acts to enforce an immature proliferative state, what mechanisms allow 
normal differentiation and the concomitant cessation of proliferation to occur? 
(3) What is the basis for transformation by myb ie, how do activated forms differ 
fromc-myb? 

While some answers to these questions are available, they are at best 
incomplete and do not provide an adequate explanation of either the function of c
myb or the basis of transformation by myb oncogenes. For example, the best
documented example of a myb target gene is the avian mim-l gene l7 ; however, it 
is very unlikely that mim-l plays a significant role in transformation by myb 
because its expression is activated by only one of the two transforming avian 
leukaemia viruses that carry v-myb genes. The ability of c-myb to transactivate c
myc18•19, which is widely associated with and probably essential for cellular 
proliferation, is an example of a potentially significant target for myb; however, 
activation of myc expression cannot explain the effects of myb on the 
differentiation state of transformed cells, which are very different from those of 
myc20• Other proliferation-associated genes such as those that encode DNA 
polymerase a 21 and cdc2 (ref. 22) are other possible targets. Thus it is clear that at 
least one, or more probably many, of the genes that mediate the effects of myb on 
haemopoietic cell proliferation and differentiation are yet to be identified. 
Another complicating factor is the apparent ability of myb to enhance expression 
of genes like mim-l that are more characteristic of differentiated cells than of 
immature progenitor cells eg those encoding lysozyme23 and CD4 (ref. 24). 

The observation that c-myb expression decreases at late stages of 
haemopoieti~ differentiation may appear to provide an answer to question (2) 
posed above. While this is almost certainly important in allowing terminal 
differentiation, there is strong evidence that Myb is also regulated post
translationally. For example, in some cases differentiation of myeloid1•10 and 
erythroid26 cell lines appears to precede the loss of c-myb expression. Since this 
would seem at odds with the ability of enforced myb expression to block 
differentiation and maintain an immature proliferative state, it may be that normal 
differentiation requires modulation of the activity as well as the level of 
expression of the c-Myb protein. Furthermore, although myb genes can clearly 
induce proliferation, c-myb expression in early haemopoietic cells does not ap~ear 
to be modulated by mitogenic growth factors or vary during the cell cycle27-2 , in 
contrast to the situation for C-myc27; this again suggests the activity of the protein 
may be modulated. 

Evidence that Myb activity can be regulated, as well as a partial answer to 
question (3) above, comes from a wide range of studies linking amino and/or 
carboxyl truncation of Myb proteins with oncogenic activation. This association 
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is seen in the cases of v-Myb proteins and Myb proteins encoded by rearranged c
myb genes in tumour celllines3o. Furthermore, studies utilising c-myb constructs 
that encode truncated proteins have demonstrated a causal relationship between 
truncation and activation6,7,17. Using a series of carboxyl truncations of murine c
Myb, a region in the carboxyl portion of the molecule which appears to negatively 
modulate transactivation31 , DNA binding32 and transformation IS of haemopoietic 
cells, has been identified. The existence of this region, termed the negative 
regulatory domain (NRD), and the consequences of its disruption - ie enhanced 
activity - suggest that the activity of the c-Myb protein itself may normally be 
regulated via this domain. 

In this paper, we will examine the function of the NRD both in terms of its 
role in regulating Myb activity and how this regulation is achieved at the 
molecular level. In doing so we will draw upon some recent studies, from our 
laboratories, on in vitro transformation by myb retroviruses and on identification 
of proteins that interact with the NRD. 

Component~ of the Negative Regulatory Domain 

The presence of a leucine zipper-like motif in Myb was pointed out by 
Biedenkapp et al. 12 while more recently, the leucine zipper has been identified as a 
critical element of the NRD. Specifically disrupting this structure by replacing the 
heptad repeat leucines with proline residues enhances both transactivation and 
transformation by Myb33, so it is likely that the Myb leucine zipper is involved in 
an association between c-Myb and another protein which inhibits Myb function. 

DNA Binding 
Domain 

Negative 
Regulatory Domain 

lei 
LJU 

1 2 3 
Fig. 1. Schematic of the c-Myb protein showing the major functional domains. TA, transactivation 
domain; L leucine zipper; and C, a highly conserved region shared with Drosophila Myb. The 
regions numbered 1,,2, and 3 delimit three apparently separate components of the NRD. 

Other studies indicate that there may be components additional to the 
leucine zipper within the NRD. Evidence for this comes from observations that 
carboxyl truncations that delete part of the NRD without disrupting the leucine 
zipper can activate various functions of Myb. For example, truncation of avian c
Myb at a position equivalent to that of v-My bAM v, which contains an intact leucine 
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zipper, results in activation as measured by in vitro transforming capacity7. 
Similar truncations also enhance the ability of c-Myb to transactivate reporter 
constructs in at least some34,35 reports. It appears that studies from different 
laboratories that have attempted to define the elements of the NRD have 
sometimes produced different results. These discrepancies may be due to 
differences in transactivation assays, eg in the species and/or cell types, reporter 
constructs or Myb expression vectors employed in each case; in some studies a 
heterologous DNA binding domain has been substituted for that of Myb. 
Dubendorff et al. 35 have found that there are two C-terminal regions involved in 
negative regulation that are distinct from the leucine zipper motif, and observed no 
effect when the leucine zipper was deleted. There is little evidence to date that 
provides insight into how these other components of the NRD may function, 
except that it has been suggested that a C-terminal region of c-Myb may interact 
with the trans activation domain of Myb35,36. Fig. 1 represents an attempt to 
summarise, from several different studies15,31-36, the locations of regions involved 
in negative regulation ofMyb activity. 

Proteins that interact with the c-Myb leucine zipper. 

Identification of proteins that interact with the c-Myb leucine zipper. 
One protein that may interact with the 

leucine zipper motif of the c-Myb NRD is c-Myb 
itself, since Nomura et al. 37 have provided 
evidence that c-Myb is capable of forming 
homodimers via the leucine zipper. These 
studies demonstrated physical aSSOCiatIOn 
between the NRD and forms of Myb that contain 
the wild-type leucine zipper but not forms with a 
mutant leucine zipper. However, it has not been 
possible to demonstrate leucine zipper-mediated 
crosslinking of full-length c-Myb dimers in 
solution (R. Ramsay, personal communication), 
and it appears that quite high concentrations of 
Myb protein are needed to form dimers in 
solution. For these reasons, and because the 
degree to which mutating the leucine zipper 
enhances transactivation seems to vary between 
cell types33, 'we considered it likely that other 
cellular proteins may interact with the leucine 
zipper in vivo. 

The approach taken in our laboratory to 
identify such proteins was to use bacterially

215-

105-

70-

43-

p160 

- p67 

Fig. 2. Binding of 35S-Methionine
labelled nuclear proteins from FDC
P I cells to fusion proteins containing 
wild-type Myb. mutated Myb 
(L3,4P) or lun leucine zippers 

expressed glutathione-S-transferase (GST)-NRD fusion proteins that include the 
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leucine zipper as affinity probes. These studies38 resulted in the identification of 
two proteins, p67 and p160, that bound to GST-NRD proteins containing the wild
type leucine zipper but not to those carrying a mutated version (see Fig. 2). 
Intriguingly, p160, but not p67, also bound to the c-Jun leucine zipper region. 
These proteins are both nuclear and in fact are closely related, as shown by peptide 
mapping with V8 protease. However, their distribution differs in that pl60 is 
found in all the murine cell lines examined to date whilst p67 is found in a subset 
of immature myeloid cell lines. 

221-

106- . 

75-

46-

SILVER STAINED 
PROTEINS 

_ *p67 

S35.LABELLED 
PROTEINS 

Fig. 3. Detection of p67 by metabolic labelling and silver 
staining after binding of cell extracts to GST fusion 
proteins. The bands corresponding to p67 are indicated by 
asterisks. 

In order to further 
characterise these proteins, 
we undertook the molecular 
cloning of the 
corresponding cDNAs. 
That this could be 
approached by purification 
of p67 from FDC-PI cells 
was suggested by the 
observation that p67 could 
be detected by silver 
staining as well as 
metabolic labelling from 
relatively small cell 
numbers (-10\ Fig. 3 
illustrates that protein 
bands corresponding to p67 
could be detected in FDC
PI nuclear extracts after 
binding to fusion proteins 
containing the Myb NRD, 
but not to fusion proteins 
containing a mutated 

leucine zipper or other regions of c-Myb. Subsequent scaling-up allowed the 
purification of sufficient protein (see Fig. 4) to obtain amino acid sequence data 
on five tryptic peptides. These sequences did not match any proteins found in the 
major protein sequence databases and lead us to conclude that p67 is indeed a 
novel protein. 

The sequences were then used to design degenerate PCR primers with 
which we attempted to amplify a corresponding cDNA fragment from reverse
transcribed FDC-PI RNA. A short fragment was amplified using some of the 
sequences corresponding to two of these peptides; the sequence of this fragment 
contained an open reading frame as well as additional sequences from each 
peptide. Using a combination of further PCR steps, cDNA library screening and 
5'RACE PCR, we isolated cDNA clones that comprise the entire coding sequence 
of a novel protein. While a full description of these clones will be published 
elsewhere (FT, DF, RS and TJG, manuscript in preparation), the major feature of 
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the sequence is that it is predicted to encode a protein of molecular weight 152kD. 
Thus we believe that the clones correspond to p160 rather than p67; while 
somewhat surprising, this was at least consistent with the V8 protease mapping 
data which indicated that p67 and p160 are closely related38. This in tum suggests 
that p67 may be derived from p160 by proteolytic cleavage, a notion supported by 
the presence of all five tryptic peptide sequences in the amino-terminal portion of 
the predicted p 160 sequence. If this is the case, cleavage must be tightly regulated 
since p67 has been found in only a limited number of cell lines to date. 

Possible Functions of the NRD and NRD-Binding Proteins. 
Currently, we are in the process of characterising the ability of the 

translation products of these clones to bind to the Myb and lun leucine zippers, as 
well as attempting to determine what effect they may have on Myb function. As 
discussed above, we embarked on the identification of leucine zipper-binding 
proteins because of the negative regulatory function of the leucine zipper. Thus 
we imagined that proteins that interact with the leucine zipper might inhibit DNA 
binding and/or transactivation. Since p67 and p160 were identified solely on the 
basis of their ability to bind to the Myb leucine zipper, however, we have no 
evidence that they are responsible for the inhibitory effects of the NRD and could, 
in principle, play other roles. For example, one or both of p67 and p 160 may act to 
prevent Myb homodimer formation and thus enhance the activity of full-length c
Myb, since c-Myb homodimers are likely to be inactive in DNA binding or 
transactivation37• The level of active Myb protein could be regulated in part by 

BSA (/-l9) 

1 0.5 0.1 L3,4PWT-S 

105-

70-
~p67 

43-

Fig. 4. Partial purification of p67. The left-hand 
lanes contain BSA standards, while the two right-hand 
lanes contain 5% of each preparation of nuclear 
proteins affinity-purified from FDC-Pl cells by 
binding to the indicated mutant and wild-type GST
NRD fusion proteins. The indicted p67 band was 
excised from the remainder of the sample and used for 
tryptic digestion and microsequencing. Proteins were 
detected by Coomassie Blue staining. 

the amounts of p67 and/or p 160 
present in the cell. An additional 
level of regulation could be 
provided by post-translational 
modification of c-Myb or 
p67/pI60, eg by phosphorylation, 
which in tum could modulate the 
degree of association between 
these proteins. 

There are still other 
conceivable functions for p67 and 
p160. For example one or both 
might function as transcriptional 
"co-activators", although such an 
activity could not be essential for 
all Myb functions since deletion 
or mutation of the leucine zipper 
actually enhances transactivation 
of reporter constructs as well as 
transformation 15.3 1.33 . However, 
as pointed out above, Myb can 
enhance transcription of genes 
that are associated more with 
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mature cell function than with proliferation or an immature state (eg mim-l(ref. 
17), lysozyme23, and CD4 (ref. 24). It is conceivable that p67 and/or p160 may be 
required specifically for transcription of such genes, either by activating 
transcription or by involvement in interactions between Myb and other factors, 
such as Ets39 and NF_M40,41, with which Myb synergises. Prevention of Myb's 
ability to activate some "differentiation genes" would not interfere with, and may 
actually augment, its ability to transform haemopoietic cells. 

Transformation by Myb and the Role of the NRD 

Discussion of the possible effects of NRD-binding proteins on Myb 
function leads back to the more general question of the role of the NRD. While it 
is clear that c-Myb can transactivate and bind to DNA, albeit less efficiently than 
carboxyl-truncated forms (ie with a disrupted NRD), studies in the avian system 
have found that c-Myb has no detectable transforming activity7. On the other 
hand, published studies from our laboratory indicate that murine Myb constructs 
with a complete carboxyl terminus have very weak - but detectable - transforming 
activity6,33. Moreover, constitutive expression of c-Myb is, as mentioned 
previously, capable of blocking the induced differentiation of myeloid and 
erythroid cell lines. It is hard to imagine that this activity of Myb is unrelated to 
its ability to transform primary haemopoietic cells, since transformation of 
primary haemopoietic cells by Myb similarly results in the maintenance of a 
relatively immature proliferative state. In view of these observations, and recent 
experiments (EM, PF and TJG, unpublished) in which we have observed higher 
levels of transformation by c-Myb than previously reported6,15,33, we have 
reinvestigated the ability of c-Myb to transform murine haemopoietic cells. 

Transformation by c-Myb in the Murine System 
Because the retroviral vectors used in our previous studies of 

transformation all expressed forms of Myb that (in addition to any other alteration) 
lacked the amino-terminal 18 residues of c-Myb6, it was necessary for the present 
studies to use a vector that expressed completely normal c-Myb. For this purpose, 
we used the RUFNeo retroviral vector42 or a derivative thereof that lacks the NeaR 
gene (J.Rayner, EM, PF and TJG, unpublished); in each case insertion of 
appropriate Myb constructs into the multiple cloning site allowed expression of 
proteins with a complete amino terminus. 

In considering factors that may account for variability, both within our 
own experiments and possibly between murine and avian systems, in the degree of 
transformation observed with c-Myb, we focussed on the conditions under which 
myb retrovirus-infected primary cells were cultured. This was in part because we 
had previously observed43 that suspension culture of myb-transformed 
haemopoietic cells (MTHCs) required an as-yet-unidentified autocrine growth 
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factor in addition to GM-CSF. Our results support this notion, as we have found 
that the degree of transformation (measured using the colony assay described in 
ref. 6) obtained depends on the density at which the infected cells are cultured (PF, 
L. Ashman and TJG, submitted). Importantly, we also found that the relative 
transforming abilities of normal and truncated c-Myb varies with cell density. 
This is illustrated in Table 1, which shows the result of an experiment in which 
foetal liver cells were infected, as described previously6,15,33. with the 
RUFNeo(FL) and RUFNeo(CT3) viruses which express full-length c-Myb and 
CT3Myb31 (which lacks the entire NRD), respectively. 

Table 1. Effect of cell density on transfonnation by myb retroviruses 

Virus 
none 
RUFNeo 
RUFNeo(FL) 
RUFNeo(CT3) 

Colonies· formed following suspension culture at 

o 0 
o 0 

2.5 24.5 
27.5 38 

'Colonies fonned per 5,000 cells plated in methylcellulose-containing medium; each value is the 
mean of duplicate assays. 

Following suspension culture at two different densities for 7 days in the presence 
of GM-CSF, cells were plated (at the same density in all cases) in semi-solid 
medium. (Note that uninfected cells, or cells infected with the RUFNeo vector, 
did not generate colonies under these conditions.) Culturing cells infected with 
RUFNeo(FL) at the higher density generated lO-fold more colonies than culturing 
the same cells at low density, whereas the difference seen with RUFNeo(CT3)
infected cells was only 1.4 fold. Correspondingly, it can be seen that at the higher 
density, the difference in transformation between CT3 Myb and normal c-Myb 
was only 1.6-fold, while at the lower density the difference was much greater (11-
fold). This effect has been confirmed in similar experiments in which the infected 
cells were cultured at a wider ranger of densities (PF, L. Ashman and TJG, 
submitted). 

The most probable explanation for the effects of cell density involves the 
production of and/or response to an autocrine (or paracrine) factor that is required 
for the proliferation or survival of MTHCs, as reported previously43. Since it 
appears that CT3Myb-transformed cells are capable of survival and proliferation 
in suspension culture at lower cell density than are c-Myb-transformed cells, it is 
likely that CT3Myb-expressing cells either produce more of the autocrine factor or 
respond to lpwer concentrations. This in tum implies that the production of or 
responsiveness to this factor depends on Myb activity, suggesting either that 
transcription of the gene encoding the autocrine factor is regulated by Myb itself, 
or that Myb is involved in the signalling pathways triggered by the factor. Burk et 
al. 41 have also raised the possibility that Myb may be involved in growth factor
activated signalling pathways on the basis of their studies showing cooperation 
between Myb and CIEBP transcription factors. 
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To summarise these findings, we can conclude that enforced expression of 
c-Myb can indeed result in transformation of primary haemopoietic cells under 
appropriate conditions. The difference in transforming activity between c-Myb 
and truncated Myb (lacking the NRD) may be more a reflection of their effects on 
growth factor production or responsiveness than of their abilities to maintain or 
enforce an immature phenotype. Whether this is due to different thresholds of 
Myb activity for these two effects or to a more qualitative difference caused by 
deletion of the entire NRD, including components additional to the leucine zipper 
(see above), remains to be determined. 

Conclusions 

Observations from our laboratory and from several other groups have 
indicated that the regulation of c-Myb activity by elements in the carboxyl region 
of the protein - the NRD - is complex and probably results from the actions of 
several distinct elements. Since one such element is a leucine zipper motif, it is 
likely that interactions between c-Myb and other cellular proteins contribute to the 
modulation of Myb activity. Two such proteins, p67 and p160, have recently 
been identified and partially characterised. 

Disruption of the NRD clearly enhances transformation of haemopoietic 
cells by Myb but, contrary to prevalent beliefs, enforced expression of normal c
Myb is also capable of transformation at least in the murine system. Differences 
in the properties of cells transformed by normal c-Myb and forms lacking the 
NRD suggest that production of or response to an autocrine growth factor may 
playa role in transformation by Myb. 

Note: Figure 2 is reprOduced with pennission from Stockton Press Ltd, Hampshire, UK 
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Introduction 

Hematopoiesis is a multi-stage developmental process which yields at least 
eight distinct lineages including monocytes, granulocytes, lymphocytes, 
megakaryocytes, and erythrocytes. During myelopoiesis, pluripotent hematopoietic 
stem cells become committed as myeloid precursor cells which differentiate into 
morphologically and functionally distinct end-stage macrophages and neutrophils. 
Multipotent progenitors differentiate into macrophages through successive 
intermediates involving monoblasts, promonocytes, monocytes, and then 
macrophages. Granulocytic development involves the differentiation of progenitors 
into myeloblasts, promyelocytes, myelocytes, and then neutrophils. Hematopoiesis in 
the developing mouse embryo is initiated in the yolk sac on the seventh day of 
gestation. Primitive macrophages first appear in yolk sac blood islands on day 9, 
bypassing the differentiation pathway of the monocytic series, to become fetal 
macrophages in various tissues [13,22]. Yolk sac monocytes and macrophages differ 
in enzyme cytochemistry, structural characteristics, and functional properties when 
compared to monocytic cells generated at later stages of hematopoetic development. 
For example, primitive macrophages lack myeloperoxidase, an enzyme that is 
prominent in fetal and adult myeloid cells. Granulocytes are not produced in large 
numbers in the yolk sac. Beyond day 12 of gestation, yolk sac hematopoiesis 
declines and the fetal liver becomes the predominant hematopoetic organ until birth. 
During the fetal liver period, myeloid cells are a minor population initially, increase 
in numbers in the late fetal stage, and include both monocytes and granulocytes [13]. 
In adult animals, bone marrow stem cells give rise to neutrophils and monocyte
derived macrophages. Myeloid development appears to be regulated by a 
combination of hematopoietic growth factors, growth factor receptors, and lineage 
restricted transcription factors. 

The transcription factor PU.I had previously been implicated as an important 
regulator of hematopoiesis. PU.l is expressed exclusively in the hematopoietic 
system; it is highly expressed in B lymphocytic, granulocytic, and monocytic cells 
and expressed to a lesser extent in immature erythroid cells [5, 6, 8]. PU.I has many 
presumptive targets in the B and monocytic lineages. In the monocytic lineage these 
include the genes for the macrophage colony-stimulating factor receptor (M-CSFR), 
the granulocyte colony-stimulating factor receptor (G-CSFR), the granulocyte
monocyte colony-stimulating factor receptor (GM-CSFR), the Fc-receptor, the 
scavenger receptor, and the myeloid integrin CD-lib [12, 14, 15,21,26]. We have 
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recently analyzed hematopoietic defects caused by a mutation in the murine PU.l 
locus generated using gene targeting in embryonic stem (ES) cells [19]. Disruption of 
the PU.l gene results in prenatal lethality as homozygous mutant embryos die 
between days 16 and 18 of gestation. Mutant embryos produce normal numbers of 
megakaryocytes and erythroid precursors, however the numbers of enucleated 
erythrocytes are reduced in some of the day 16.5 embryos. An invariant consequence 
of the mutation is a multilineage defect in the development of Band T lymphocytes, 
monocytes, and granulocytes. Histological staining for lysozyme and 
myeloperoxidase as well as FACs analysis (Mac -1, GR-l) suggested an inhibition of 
myelopoiesis at the level of differentiating progenitors. Consistent with these 
findings, colony-forming assays using yolk sac and fetal liver cells from mutant 
embryos yield normal numbers of CFU-E and CFU-Meg, but no CFU-GM, CFU-G, 
CFU-M or CFU-GEMM (Olson, M., E. W. Scott, A. Hack, G. Su, H. Singh, and M. 
C. Simon, manuscript in preparation). 

Many of the putative target genes of PU.l are thought to be critical for early 
myeloid cell proliferation and differentiation. In this report, we summarize the effect 
of the PU.l mutation on the expression of a number of hematopoietic and myeloid 
cell-specific genes. We have analyzed gene expression in the yolk sac and fetal liver 
of mutant mice and also during the in vitro differentiation of PU.l mutant ES cells 
into hematopoietic cells. We conclude that several early myeloid target genes are 
transcribed normally in the absence of PU.l, reflecting their probable expression in 
multi potent progenitor cells. Therefore, altered expression of these genes such as 
GM-CSFR and G-CSFR cannot account for the lack of myeloid cells in mutant mice. 
In contrast, later stage myeloid target genes are expressed at lower levels or not at all. 
We conclude that terminal myeloid gene expression and/or differentiation requires an 
active PU.l protein. 

Myeloid Gene Expression in PU.l Mutant Embryos 

To determine if early myeloid maturation or gene expression is taking place in 
PU.l-/- embryos, sensitive RT-PCR analyses were performed with myeloid cell
specific genes and the results are summarized in Table 1. 

Table 1. Summary of gene expression in yolk sac, fetal liver, and differentiated ES cells 

Yolk Sac Fetal Liv!;r Differentiated ES cellsa 

Gene 
WTb Het Hom WT Het Hom WTb Het Hom 

HPRT +c + + + + + + + + 
GATA-2 + + + + + + + + + 
GM-CSFR + + + + + + + + + 
G-CSFR +/- +/- +/- + + +/- + + +/+ 
MPO + + +/- + + +/- + + +/-
c-fes ndd nd nd nd nd nd + + 

CD-18 + + + + + + + + + 
CD-lib +/- +/- + + +/- + + 
M-CSFR + + + + + + + + 
CD-64 nd nd nd nd nd nd + + 
B-globin nd nd nd nd nd nd + + + 

a ES cells were differentiated for II days 
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b RNA was isolated from wild-type (WT), PU.I Heterozygous Mutant (Het), and PU.! Homozygous 
Mutant (Hom) samples 

c The peR reactions were electrophoresed and scored as detectable signal (+), trace signal (+/-), and 
no signal (-) 

d Not determined 

To compensate for variable RNA yields, the amount of eDNA synthesized was 
calibrated by using the relative expression of hypoxanthine phosphoribosyltransferase 
(HPRT). 

GM-CSFR binds granulocyte-macrophage colony stimulating factor which 
stimulates the proliferation and differentiation of granulocyte and macrophage 
precursors as well as their more mature counterparts [24]. G-CSFR is another 
receptor that, upon ligand binding, stimulates both multi potent precursors and cells 
restricted to the neutrophilic granulocyte lineage [4]. Myeloperoxidase (MPO) is an 
enzyme exclusively found in myeloid cells and synthesized in the azurophilic 
granules of promyelocytes and promonocytes [10]. The CD-ll b/CD-IS complex 
forms the Mac-I surface receptor on monocytes, macrophages, and granulocytes. 
Mac-I is tirst expressed during the myelocytic and monoblastic developmental stages 
and is upregulated during granulocytic and monocytic differentiation [17]. The 
receptor for M-CSF is expressed at high levels in monocytes and macrophages but is 
poorly expressed in immature myeloid cells and mature granulocytes [20]. RT-PCR 
analysis of myeloid gene expression in the day 15.5 fetal livers of wild type, 
heterozygous, and homozygous embryos indicates that the MPO and CD-lIb genes 
are expressed at lower but detectable levels in PU.I mutants (see Table 1). In 
contrast, GM-CSFR, G-CSFR, CD-IS, and M-CSFR genes are expressed at 
approximately the same levels in the mutant as the wild type and heterozygous fetal 
livers. Myeloid gene expression was also analyzed in pooled samples of day 10.5 
wild type, heterozygous, and homozygous mutant yolk sacs. CD-II b is not expressed 
in PU.I mutant yolk sac cells. However, mRNAs for many of the other myeloid 
genes including GM-CSFR, G-CSFR, MPO, CD-IS, and M-CSFR are detected. In 
both the fetal liver and yolk sac preparations, the failure to see pronounced effects on 
G-CSFR and M-CSFR expression may be attributed to the presence of non-myeloid 
cells which are capable of expressing these genes. G-CSFR is predominantly found 
on precursor and mature neutrophils, but is also expressed on endothelial cells, 
placenta, and trophoblastic cells. M-CSFR is expressed during mouse embryogenesis 
in trophoblastic cells and in unidentified cells in the visceral yolk sac [16]. However, 
GM-CSFR is not expressed in non-hematopoietic tissues. Therefore expression of 
GM-CSFR in hematopoietic cells is not dependent on PU.l and cannot account for 
the myeloid defects. 

PD.1 is Required for the Development of Myeloid Cells during ES 
Cell Differentiation 

To further explore the role of PU.I in myelopoiesis, we have developed a 
simplified in vitro system based on differentiation of ES cells into hematopoietic 
cells. This differentiation system recapitulates mouse hematopoietic development at 
6.5-7.5 days of gestation [7]. We generated ES cells that lack intact PU.l alleles by 
sequential gene targeting and differentiated them into embryoid bodies (EBs) that 
contain multiple hematopoietic cell lineages. In order to determine if granulocytes 
and monocyteslmacrophages were being produced, cytospin preparations were 
performed on wild type, heterozygous and PU.I homozygous mutant EBs after 11 
days of in vitro differentiation. When stained with May-Grunwald-Geimsa or an 
antibody to the macrophage-specific marker F4/S0, no granulocytes and 
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monocyteslmacrophages are detected in the PU.I homozygous mutant embryoid 
bodies EBs. In contrast, wild type and heterozygous EBs produce large numbers of 
myeloid cells. 

The expression of a number of myeloid-specific genes was analyzed including 
GM-CSFR, G-CSFR, MPO, c-fes, CD-lib, CD-IS, M-CSFR, and CD-64. The high 
affinity receptor of IgG, CD-64 (FCyRI), is expressed on monocytes, macrophages, 
and activated neutrophils [I]. c-fes is a tyrosine kinase that is expressed in 
monocytes, macrophages, neutrophils, and their precursors [II, IS]. It has also been 
detected in purified CD-34+ hematopoietic stem cells and progenitors [3]. The genes 
expressed in early stages of myelopoiesis include GM-CSFR, G-CSFR, MPO, and c
fes. We also analyzed the expression of two additional genes associated with early 
hematopoiesis: CD-34 and GAT A-2. CD-34 is detected in both hematopoietic 
progenitors and stem cells. The human CD-34 protein is only expressed on 
progenitors, and is lacking on terminally differentiated cells [2]. Its presence on 
murine stem cells (CFU-S) has been confirmed [9]. GATA-2 has been shown to be 
critical in early progenitor cell development [23]. From our in vitro cultures it is clear 
that CD-34 is expressed in differentiated wild type, heterozygous and homozygous 
mutant EBs. We obtained similar results for GATA-2 and also observe wild type 
levels of GAT A-2 expression in the yolk sacs and fetal livers of mutant embryos. 
GM-CSFR, G-CSFR, and MPO are also expressed in the differentiated wild type, 
heterozygous, and PU.I homozygous mutant EBs. Unlike other early myeloid genes, 
c-fes expression is significantly reduced by the PU.I mutation. We have recently 
demonstrated that a functional binding site for PU.I is located within the cjes 
promoter (Juang, G., A. Heydemann, K. Hennessy, M. Parmacek, and M. C. Simon, 
manuscript submitted). To date, c-fes is the only early myeloid gene whose 
expression is significantly diminished in the PU.I mutant EBs. 

When RT-PCR analysis was carried out on genes expressed later in myeloid 
development, the expression of several genes was found to be significantly reduced 
by the PU.I mutation. In the PU.l mutant EBs, CD-IS expression is notably lower 
whereas CD-lIb, M-CSFR and CD-64 are completely absent. B-major globin, which 
is expressed exclusively in the erythroid lineage, is not altered by the PU.I mutation 
indicating that erythroid production proceeds normally in the PU.l null EBs. Taking 
the cytological and RT-PCR data together, it appears that PU.I is not essential for 
much of the early program of myeloid gene expression but becomes critical at later 
stages. 

Discussion 

We have previously demonstrated using gene targeting that there is a multi
lineage defect in the generation of lymphocytic, monocytic, and granulocytic cells in 
day 16.5 PU.I-I- embryos. In the current studies, we have focused on how the PU.I 
mutation affects myeloid development and gene expression. By analyzing embryonic 
and fetal hematopoietic organs from PU .1-1- mice and by in vitro differentiation of 
PU.I null ES cells, we have observed a notable effect on late myeloid gene 
expression. Importantly, the expression of many early myeloid targets of PU.I is 
unimpaired oy the PU.I mutation. 

It is possible that myelopoesis is initiated but arrested at an early stage of 
myeloid development. In our studies, the CD34, GATA-2, GM-CSFR, and G-CSFR 
genes are expressed at wild type levels in PU .1-1- EBs. We also detect MPO mRN A 
in PU.I-I- EBs and yolk sacs. This enzyme is exclusively found in myeloid cells; 
specifically in the azurophilic granules. MPO mRNA can be detected in late 
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myeloblastic, promyelocytic and promonocytic stages of differentiation but it 
decreases upon further myeloid maturation [17]. In our previous study, the MPO 
protein could not be detected in the PU.I-I- fetal livers by histochemical staining. We 
do detect low levels of MPO mRNA in the fetal livers of mutant embryos. It is 
possible that early progenitors transcribe low levels of MPO RNA and further 
differentiation is required for efficient expression of MPO protein. The results of the 
RT-PCR analysis of early hematopoietic markers and MPO suggest that 
hematopoietic progenitors including early myeloid precursors are not altered by the 
PU.l mutation. 

In the in vitro system, a number of late myeloid genes are not expressed in the 
PU.I-I- differentiated ES cells including CD-lIb, CD-64, and M-CSFR. Low levels 
of CD-18 are detectable. The CD-l1b/CD-18 (Mac-I) complex is present on 
myelocytes, monoblasts, granulocytes, monocytes, and macrophages. However, CD-
18 is also part of the LF A-I surface complex found at the late myeloblastic stage of 
development. If myeloid differentiation is initiated but does not progress further, the 
low levels of CD-18 may be due to the presence of LFA-l on these early myeloid 
precursors. Previous studies have shown that M-CSFR is expressed during mouse 
embryogenesis in trophoblastic c'cylls and in unidentified cells in the visceral yolk sac. 
This may explain why we observe this late myeloid marker in the yolk sac but not in 
the differentiated ES cells. 

It is significant that several presumptive PU.l target genes are unaffected by 
the PU.l mutation: GM-CSFR and G-CSFR. GM-CSFR and G-CSFR could be 
regulated by the related ETS-family member, Spi-B, which is also present in early 
progenitor cells. One early myeloid target gene for PU.l, c-fes, is expressed at 
substantially lower levels in PU.l mutant EBs. c-fes is expressed in the same cells 
that are positive for CD-34, GAT A-2, GM-CSFR and G-CSFR. Given that these 
cells are present in PU.I-I- EBs, we conclude that PU.l is essential for c-fes 
expression. c-fes has also been implicated in myeloid maturation [25] and therefore 
could account for the arrest in myeloid development that we observe in PU.l mutants. 

In conclusion, early myelopoiesis is relatively unaffected by a mutation in the 
PU.l gene. We suggest that multipotent progenitors (expressing GATA-2, GM
CSFR, G-CSFR, and CD34) are formed at normal numbers. Two early markers of 
myelopoeisis are.also transcribed: MPO and CD-18. However, later developmental 
events are blocked and later markers are absent: CD-lIb, M-CSFR and CD-64. We 
have established an in vitro model of early myelopoiesis that is dependent on an intact 
PU.l gene. These cells will be extremely useful for further studies on the role of 
PU.l in the commitment of multipotent progenitors to myeloid development. 
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Abstract 

STAT family transcription factors regulate gene expression in response to a wide 
variety of cytokines. A transcription factor designated differentiation-induced factor 
(DIP), activated by treatment of myeloid cells with the differentiating agents 
interferon-gamma (IFN-y), granulocyte-macrophage colony-stimulating factor 
(GM-CSF), colony-stimulating factor-I (CSF-I) or during phorbol ester-induced 
differentiation, was characterized as a II2kDa protein related to, but not identical 
with known isoforms of STAT 5. Taken together with previously published results, 
our data suggest an important function for members of the STAT 5 subfamily in 
regulating gene expression during the process of myeloid differentiation. 

Introduction 

Hematopoietic cells committed to the myeloid lineage undergo a complex series of 
differentiation steps before reaching the stage of mature granulocytes or monocytes. 
While differentiating, the cells are continuously reprogrammed for the expression of 
stage-specific genes. Each differentiation step thus requires the activation of 
transcription factors that cause progression within the lineage and untimely 
transcription factor activity may result in failure to differentiate and thus promote 
leukemic growth. 
Intracellular signals originating from cell surface receptors are crucial in directing 
hematopoiesis. Ligand binding of the colony-stimulating factor receptors for G
CSF, GM-CSF, the macrophage lineage-specific CSF-I, or by the IFN-y receptor, 
induces partial or complete differentiation of granulocyte-macrophage precursors, 
promyelocytes or promonocytes into mature granulocytes and macrophages [1,2]. 
Intracellular signals originating from these receptors must therefore target the 
transcription factors required for an altered pattern of gene expression. One way of 
rapidly directing transcription from the cell surface is the activation of the JAK
STAT signaling path [3,4]. The cytoplasmic domains of most cytokine receptors, 
including those for G-CSF, GM-CSF or IFN-y have been shown to associate with 
one or more protein tyrosine kinases (PTKs) of the Janus Kinase OAK) family. 
Ligand binding induces activation of these PTKs and subsequently the PTKs 
themselves as well as the cytoplasmic receptor domains are phosphorylated on 
tyrosine. Phosphotyrosine residues then serve as docking sites for STAT family 
transcription factors that bind to these sites using their src homology 2 (SH2) 
domains. The bound transcription factors are phosphorylated on tyrosine and 
released from the receptors. They form either homo- or heterodimers and translocate 
to the cell nucleus where they bind to DNA designated gamma-interferon activation 
site (GAS)- like elements after the prototype sequence [5]. In many cases, DNA-
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binding of ST ATs directly correlates with the onset of transcription from a 
neighbouring gene. 
During recent years we have studied how the differentiation stage of a hematopoietic 
cell affects immediate early gene activation by cytokines. Using the promonocytic 
cell line U937 which can be differentiated into a monocytic stage in cell culture, we 
were able to demonstrate that activation of STAT transcription factors by IFN-y 
changes upon monocytic differentiation, indicating that STAT target genes may be 
important in determining the stage-specific biological effect of cytokines [6, 7]. In 
this report we summarize some of our most recent findings, indicating that STAT 
family transcription factors may not only determine stage-specific cytokine 
responses, but in addition also be involved in the differentiation processes per se. 

Materials and Methods 

All reagents and experimental procedures have previously been described [6-8]. 

Results 

Activation of DIF by Myeloid Differentiation Factors. 
The original detection of DIF resulted from studies addressing transcription factor 
activation by IFN-y in U937 promonocytes and monocytes. IFN-y promotes 
differentiation in promonocytes while triggering cellular activation in monocytes. 
Transcription of genes containing a GAS element within their promoters changes 
upon monocytic differentiation. These genes might therefore contribute to the 
altered biological response to IFN-y in promonocytes versus monocytes [6, 7]. 
Using a GAS sequence in electrophoretic mobility shift assays (EMS A) we noted 
that IFN-y activated binding of two distinct transcription factors to this element 
(Fig. 1) . 

IFN-y 

TPA 

+ + 

+ - + -. -

• • --/' DIF 
- y-y 

~GAF 

Fig. 1. Transcription factor activation by IFN-y in differentiated (TPA) or 
undifferentiated U937 cells. Nuclear extracts were reacted with a GAS 
oligonucleotide from the IFP53 gene promoter and analyzed in an electrophoretic 
mobility shift assay (EMSA). GAF, gamma-interferon activation factor; DIF, 
differentiation-induced factor. Reproduced with permission of ASM publications. 
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The higher mobility factor was predominantly activated in monocytes and identified 
as the IFN-y activation factor (GAF), a dimer of STATl [9, 10]. The second IFN
y-activated factor, DIF, was observed almost exclusively in promonocytes and 
might therefore be part of the differentiation response to the cytokine. In 
accordance with this assumption, DIF activation was observed during phorbol 
ester-induced monocytic differentiation (Fig. 2a) and after stimulation of U937 
promonocytes with GM-CSF but not with G-CSF (Fig. 2b). U937 cells do not 
express CSF-I receptors, however, in BAC1.2F5 cells that represent an immature 
macrophage stage, activation occurred in response to the the lineage-specific CSF-l 
(Fig. 2c). 

IFN-y 

GM-CSF 

G-CSF 

+ -

-
+ 

TPA (h) 0 3 6 1 2 F 18 24 41 72 
~-- ~ .... -. 

DIF ~ 

IFN- f + 

CSF·' (minI. 5 10 1530360 

~ DIF 

GAF .. 

...-GAF 

Fig. 2. Activation of the differentiation-induced factor (DIF) during TPA-mediated 
differentiation (a) or by the colony-stimulating factors GM-CSF and CSF-l (b, c). 
U937 cells were treated with cytokines for 30 min or with TPA for the indicated pe
riods. Control extracts were obtained from IFN-y-treated cells to mark the position 
of the gamma-interferon activation factor (GAF, the ST A T1 dimer). DIF activity in 
nuclear extracts was determined in the EMSA with the IFP53 GAS as a probe. 
Reproduced with permission of AMS publications and Elsevier Science publishers. 
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The common denominator of all tested agents is to promote differentiation of 
myeloid- or macrophage lineage precursors. The activated, GAS-binding factor 
was therefore designated differentiation-induced factor (DIP). The inability of G
CSF to activate DIF, despite the presence of the G-CSF receptor on U937 cells, 
suggested a role for DIP in monocytic, but not in granulocytic differentiation. This 
assumption was only partially verified using HL60 cells that represent a 
granulocyte-macrophage precursor stage. In HL60, DIF activation occured in 
response to stimuli of granulocyte differentiation (DMSO, G-CSF), albeit at much 
lower levels than in response to those of monocytic differentiation (TPA, GM-CSF; 
unpublished results). In primary chicken Ets26 monoblasts [11], DIP activation 
occurred specifically in response to cMGF, a myeloid differentiation factor in 
chicken, but not in response to IGF, a factor promoting survival but not 
differentiation of these cells (M. Kieslinger, H. Beug and T. Decker, unpublished 
results). Further consistent with a role of DIP in a myeloid cell differentiation 
response, TPA- or IFN-y treatment of fibroblasts or epithelial cells did not produce 
activated factor (unpublished results). 

Biochemical Characterization of DIF 
Several features of DIP suggested it might be a STAT family transcription factor: i) 
its rapid activation by cell surface receptors known to employ the lAK-STAT path, 
ii) its association with GAS sequences, iii) the ability of anti-phosphotyrosine 
antibodies to prevent formation of the DIP-GAS complex [6], indicating that the 
activated factor contains phosphotyrosine. We therefore reacted antibodies to 
known STAT proteins with DIF-containing extracts and tested the resulting 
complexes in the EMSA. Antibodies against STAT 1-4 were without effect, 
however, antibodies to the N-terminus of STAT 5 caused an altered mobility of the 
DIP-GAS complex (a DIP supershift [8]), indicating an immunological relationship 
between DIP and STAT 5. STAT 5 has previously been characterized from several 
species and proteins ranging in molecular weight between 77 and 96kDa have been 
reported [12-18]. To assess whether DIF might be STAT 5, we isolated the factor 
using GAS oligonucleotide-mediated precipitation [8] or adsorption to GAS affinity 
matrices followed by elution of bound protein, SDS PAGE and Western blotting. 
The membranes were stained with specific STAT 5 antibodies (Fig. 3a) or with 
anti-phosphotyrosine antibodies (Fig. 3b). STAT 5 antibodies predominantly 
stained a II2kDa protein present in extracts from IFN-y or GM-CSF-treated U937 
cells (Fig. 3a) or in extracts from CSF-I-treated BAC1.2F5 cells (data not shown). 
In addition, a minor band of about 97kDa was observed. Both the Il2kDa and 
97kDa bands stained with anti-phosphotyrosine antibodies (Fig. 3b). These 
findings indicate that the IPP53 GAS sequence [19] preferentially binds a II2kDa, 
STAT5-related protein in extracts of either GM-CSF or IPN-y-treated cells. The 97 
kDa minor protein most likely represents ST A T5. The following additional 
experiments confirm this assumption: i) an antibody directed to the SH3 domain of 
ST AT 1 which crossreacts with STAT 5 (97kDa [20D does not recognize 
DIP/p 112, but precipitates the 97kDa species. ii) three distinct antisera to the STAT 
5 C-terminus crossreact only weakly with DIP, indicating related but distinct 
carboxy termini of STAT 5 and DIP/pI 12 (data not shown). 
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Fig. 3. DIF is, or includes, a 112kDa, ST AT5-related, tyrosine-phosphorylated 
protein. Nuclear extracts from GM-CSF or IFN-y-treated U937 cells were 
subjected to GAS-oligonucleotide-mediated precipitation. Precipitated protein was 
analyzed by SDS-PAGE and Western blotting, followed by staining with either 
STAT5 N-terminal antibodies (a) or anti-phosphotyrosine antibodies (b). 
Reproduced with permission of Elsevier Science publishers. 

Discussion 

We have investigated transcription factor activation in response to differentiation 
factors of myeloid hematopoietic cells. Our results provide evidence for an 
involvement of DIF, a STAT family protein, in the differentiation response to all 
tested stimuli. ' DIF activation in response to such stimuli was observed in 
hematopoietic precursor cells, but not fibroblasts or epithelial cells. In the case of 
IFN-y, DIF activation is lost once monocytic differentiation ofU937 promonocytes 
has occurred. Both IFN-yand TPA induce a G 1 arrest of U937 cells clearly linking 
DIF to a differentiating, not a proliferative response. Taken together, these results 
support the conclusion that DIF may be a necessary component for the alteration of 
differentiation stage-specific gene expression during maturation of myeloid cells. It 
remains to be tested whether DIF activation also occurs in other lineages and what 
other differentiation factors might cause its activation. 
While being potentially necessary for differentiation, DIF activation is apparently 
not sufficient for this process because U937 or HL60 cells represent leukemic cells 
that have lost the ability to differentiate in response to e.g. GM-CSF, but DIF 
activation nevertheless occurs after treatment with GM-CSF. Receptors for 
differentiation factors activate several signaling paths targeting transcription factors 
and it is not surprising that more than one of these is required for the complete 
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differentiation program. Interestingly, DIF may itself be targeted not only by JAK 
kinases but also by a signaling path involving MAP kinase. BAC1.2FS cells 
constitutively expressing the v-raf oncogene lose the ability to activate MAP kinase 
in response to CSF-l, presumably due to a constitutive expression of the dual 
specificity phosphatase MKP-l [21, 22]. In such cells JAK kinase signals are 
normal, but DIF activation by CSF-l is strongly reduced (our unpublished results). 
Full DIF activation may therefore require the activity of converging signaling paths 
originating from the same cell surface receptor. We have recently reported a similar 
situation for GAF, the STAT 1 dimer in differentiating U937 cells and others have 
shown an influence of serine phosphorylation on the activity of APRF, a dimer of 
activated STAT 3 [23-25]. STAT factor activity may thus be generally controlled 
through an input of several distinct signaling paths. 

Biochemical studies have demonstrated DIF to be related to, but not identical with 
STAT S. Is there a general role for this STAT subfamily in differentiation 
processes? STAT S was first purified and cloned from rat and sheep as a 
transcription factor, MGF, involved in the transcription of milk proteins in 
mammary gland epithelium [12, 13]. MGF/STATS is therefore involved in the 
prolactin-induced maturation of mammary gland epithelium into actively lactating 
tissue. In mice, transcription factors induced in myeloid cells by IL-3 and GM-CSF 
were shown to be murine STAT S homologues. Purification and cloning 
demonstrated the existence of several STAT S isoforms, both derived from distinct 
genes (STAT Sa and Sb) and, most likely, from proteolytical processing of the 
larger isoforms [14, IS]. In human cells, STAT S was recently reported to be 
activated by receptors of the IL-2 receptor family during T cell activation [17, 18], 
and also by growth hormone, erythropoietin and GM-CSF [16]. STAT S activation 
might thus be linked to either differentiation or functional maturation of different cell 
lineages. However, most receptors, like the GM-CSF receptor, that mediate the 
differentiation of hematopoietic cells are also capable of generating proliferative 
signals. Thus, activation of STAT 5 by these receptors might also involve the 
transcription factor in a proliferative response. 
It is tempting to speculate that different STAT 5 isoforms might perform distinct 
functions, either linked to proliferation or differentiation/maturation. One possible 
support for this stems from the finding that the smaller versions of muST AT S were 
predominantly found in more immature myeloid stages whereas the larger forms 
occured in more mature precursor cells [1S]. DIF, as a STAT S related transcription 
factor, displays a binding preference for different GAS sequences that is distinct 
from STAT S and it may therefore be expected to activate a set of target genes 
distinct from those of STAT S. Investigating the function of individual STAT S
related transcription factors may be an important step towards understanding the 
regulation of stage-specific gene expression during myeloid differentiation. 
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Abstract 

CAA T Enhancer Binding proteins (CIEBP) belong to a family of transcrip
tion factors which are implicated in a number of developmental and growth regula
tory processes. One member of this family known as ClEBP)3 (called NF-M in the 
chicken system) is particularly important in myelomonocytic cells because it is tar
geted by kinases and collaborates with the Myb oncoprotein to induce the expres
sion of myeloid specific genes. Experiments dissecting the structure of NF-M sug
gest that it is a repressed transcription factor. Using the yeast two-hybrid system we 
showed that a negative regulatory domain masks the transactivation domain. 
Examination of NF-M mutants suggests that kinase (proto-) oncogenes uncover the 
concealed transcriptional activity by phosphorylation of the negative regulatory 
domain. 

Introduction 

In several cell types ClEBP proteins are of major importance in a number of 
basic functions including proliferation, growth arrest, differentiation and the im
mune as well as jnflammatory responses (Akira and Kishimoto, 1992; Juan et al., 
1993; Poli et al., 1990). In the hematopoietic system, CIEBPa, )3 and a appear to 
play decisive roles in myelopoiesis (Scott et al., 1992) and collaborate with the Myb 
oncoprotein to induce the expression of myeloid specific target genes even in het
erologous cell types such as erythroblasts or fibroblasts (Ness et aI., 1993). Re
cently, it was shown that mice containing a homozygous null mutation in the 
CIEBP)3 gene were defective in macrophage functions and resulted in pup death 
shortly after birth (Tanaka et al., 1995). The activity of CIEBP)3 protein appears to 
be regulated by a number of factors that induce macrophage activation including, 
bacterial lipopolysaccharide (LPS), cytokines (Akira et al., 1990; Nakajima et aI., 
1993; Katz et aI., 1993; Stemeck et al., 1992) growth factor receptors and kinase 
oncogenes (Katz et aI., 1993; Stemeck et aI., 1992). The targeting of NF-M by ki
nase proto-oncogenes as well as its collaboration with Myb suggests involvement in 
leukemogenesis since two oncogene pathways converge on CIEBPJ3 to regulate its 
activity. 



130 

Here we focus on how kinase oncogenes alter the transcriptional efficacy of 
NF-M. Like its mammalian counterparts, NF-M is a phosphoprotein which imme
diately implicates phosphorylation in its regUlation. Several phosphorylation sites 
have been described to date in mammalian CIEBP13. In P19 embryonal carcinoma 
cells, NF-Il6 (human CIEBP13) can be activated by a Ras regulated MAP kinase 
through phosphorylation of threonine 235 (Nakajima et al., 1993). In glial cells the 
Calcium/Calmodulin dependent Kinase n (CaMKll) also activates CIEBP13 (Wegner 
et al., 1992). Unlike the MAP kinase site, CaMKll-induced phosphorylation oc
curred in the C-terminal dimerization domain (serine 276). In Hepatoma cells it was 
shown that phorbol-ester treatment could activate rat CIEBP13 and enhance its tran
scriptional efficacy. In this case activation was believed to be brought about by 
phosphorylation of a PKC-site situated in the N-terminal trans activation domain 
(serine 105). The PKC target site however was not a substrate for purified PKC 
(Trautwein et al., 1993) instead, purified PKA could phosphorylate the site in vitro. 
However, PKA did not appear to be the responsible kinase in vivo, since stimula
tion of the cAMP pathway did not augment this phosphorylation. Further, this 
phosphorylated residue is neither conserved in human nor in chicken CIEBP13. 
Contrary to these results, in Pheochromacytoma (PCI2) cells CIEBP13 is phospho
rylated after induction of the cAMP pathway, although the targeted sites have not 
been defined (Metz and Ziff, 1991). Surprisingly, an additional report suggested 
that both PKA and PKC phosphorylated another site within the DNA binding do
main of CIEBP13 (serine 240 in the rat protein) (Trautwein et al., 1994). However 
phosphorylation of serine 240 resulted in a marked reduction of DNA binding, indi
cating loss rather than gain of CIEBP13 mediated transactivation. Therefore to date, 
accumulated data on mammalian CIEBP13 phosphorylation are difficult to reconcile 
with the activation of NF-M by oncogenic kinases. 

The cloning of the chicken CIEBP13 homologue (NF-M) revealed a striking 
feature of its structure, allowing the relationship between CIEBP13 phosphorylation, 
structure and function to be examined by an alternative approach. Sequence compar
ison of NF-M with its mammalian counterparts revealed in addition to the homolo
gous C-terminal DNA binding and dimerization domains, seven other conserved 
regions (CR's). These CR's lie between divergent alalgly/pro rich stretches within 
the N-terminus of the protein and suggest that CIEBP13 consists of discreet domains 
that are linked by flexible binges (Le. "beads on a string") (Katz et al., 1993). In the 
light of this consideration, such a structure/function relationship could integrate 
functionally independant domains into the same protein thus allowing the conver
gence of several signaling pathways on CIEBP13. This possiblity was examined by 
deletion analysis of NF-M (Kowenz-Leutz et al., 1994). Here we describe the in
volvment of kinase oncogenes in regulating the activity of a transcription supressor 
domain in NF-M/ ClEBP13. 

Materials and Methods 

Plasmitl constructions and tissue culture: NF-M mutants were constructed as described in 
Kowenz-Leutz et al., 1994. The ts-verbB transformed HD3 erythroblast cell line (as described by 
Beug et al.,1979) were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 
8% fetal calf serum (PCS), 2% heat inactivated chicken serum, lOmM HEPES (pH7.2), penicillin 
and streptomycin at 37°C, 5%C02. 

Transfections: 2x107 Cells were transfected by DEAE-Dextran as described (Ausubel et 
aI., 1987; Katz et al., 1993; Kowenz-Leutz et aI., 1994) and seeded in 10 ml of tissue culture 
medium. Cells were grown at 36°C and harvested 24h later. 
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Metabolic labeling, immune-precipitations and tryptic mapping: For in vivo labeling ex
periments, cells were transfected and harvested as above, washed twice in phosphate-free DMEM 
plus dialysed IO%FCS and incubated with ImCilml of [32]P-orthophosphate for 4h. They were 
then washed, lysed and immune-precipitated as described in Kowenz-Leutz et a!., 1994. Proteins 
were separated by SDS-polyacrylamide gel electrophoresis and transferred to immobilon. The la
beled proteins were localized by exposure to X-ray film and cut out. Membrane slices were blocked 
in 0.5% polyvinylpyrrolidone, 100mM acetic acid for 30 minutes at 37°C, after which samples 
were washed 5X in H20 and digested in 50mM Ammonium-bicarbonate, with 2x 211g trypsin per 
sample. The membrane was removed and the samples were lyophilized. Specimens were loaded on 
Kodak Cellulose thin-Iayer-chromatograpy plates and electrophoresed at pH1.9 at IKV for 30 min
utes followed by ascending chromatography in phosphochromo buffer (Boyle et al., 1991). 

Results 

In order to examine how oncogenic kinases and signal transduction are in
volved in CIEBP/3 activation, we used an erythroblast cell line (HD3) which con
tains a temperature sensitive mutant of the v-erbB kinase (the viral, constitutively 
active oncogenic form of the EGF-receptor). Thus CIEBP/3 induced the expression 
of the resident myeloid specific gene #126 (encoding a potential calcium binding 
protein) at the permissive temperature (36°C) when the kinase was active, but not at 
the non-permissive temperature (42°C) when the kinase was inactive (Kowenz
Leutz et aI., 1994). Cotransfection of NF-M with either Ras, Raf or polyoma mid
dle T antigen complimented the inactivated tsv-erbB kinase and induced expression 
of #126 and other NF-M target genes even at the non-permissive temperature. Thus 
NF-M which is normally present in the inactive state can induce myeloid-specific 
gene expression after activation of the signaling cascade. 

Chimeric mutants of NF-M that lack either CR5, CR7, or CR57 (noted as 
t.CR) were found to be more active than the wild-type protein in reporter assays. 
Since all chimeras were equivalently expressed, we assumed that CR5 and CR7 
might be implicated in the regulation of NF-M activity. Significantly, in temperature 
shift experiments using tsv-erbB expressing HD3 cells, it was found that t.CR5, 
t.CR7 and t.CR57 were all active at the permissive as well as the non-permissive 
temperature (Kdwenz-Leutz et aI., 1994). This implied that removal of these regula
tory domains constitutively activated the NF-M protein allowing it to by-pass the 
requirement for receptor-mediated signal transduction. 

To examine whether NF-M phosphorylation correlated with gene activation 
we determined the relative ratios of specific phosphate incorporation into the consti
tutively active iCR7 and t.CR57 mutants. Removal of CR7 or both 5 and 7 reduced 
phosphate incorporation by 90% and 95% respectively compared to the wild-type 
protein (Kowenz-Leutz et aI., 1994). These results suggest that most of the kinase 
oncogene-induced phosphorylation occurs in the negative regulatory regions of NF
M. 

To compare activated states ofNF-M with their respective phosphorylation 
patterns, we examined the t.CR7 and t.CR57 mutants by in vivo phosphorylation 
followed by phosphopeptide analysis (Fig. 1). Removal of CR7 results in the loss 
of a number of major phosphopeptides. The additional removal of CR5 did not de
tectably alter any other phosphopeptides. These data therefore demonstrate that the 
major target of phosphorylation is CR7. 
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Fig. 1. Phosphorylation of the regulatory part of NF-M. HD3 cells were transfected with expres
sion vectors encoding ~CR7 and ~CR57 and harvested after 24h at the permissive temperature. 
Cells were labeled with orthophosphate, immune-precipitated, separated by PAGE and im
munoblotted. Labeled proteins were digested with trypsin and subjected to two-dimensional phos
photryptic analysis. 

CR7 contains many conserved residues which could be phosphorylated, one 
of which is a MAP kinase consensus sequence (Katz et aI., 1992; Nakajima et aI., 
1993). To address the functional role of the MAP kinase site, a serine to aspartic 
acid mutation was introduced at this position (NF-M S220D) and temperature-shift 
experiments were performed as described above. Like the ~CR5, ~CR7 and 
~CR57 deletion mutants but unlike the wild-type protein, NF-M S220D also in
duced expression of the myeloid-specific genes at the non-permissive temperature 
(Kowenz-Leutz et al., 1994). The main implication of this finding is that phospho
rylation of NF-M at its MAP kinase site is sufficient to remove repression and in
duce activation of target genes. 

In order to examine whether the MAP kinase target (Ser 220) in NF-M is 
phosphorylated in tsv-erbB transformed erythroblasts in vivo, two dimensional 
tryptic maps of the wild type NF-M and the MAP kinase mutant (NF-M S220D) 
were compared (Fig. 2). It is apparent from these maps that there are no major dif
ferences between the wild-type and mutant protein. However there is one minor dif
ference, namely that one phosphopeptide is reduced in intensity (indicated by an ar
row in Fig. 2). Ser 220 of NF-M is thus phosphorylated in vivo but the minor dif
ference observed suggests that even if the MAP kinase site is of major regulatory 
importance, it is only a minor phosphorylation site in the protein. 

NF·M NF-MS220D 

Fig. 2. The MAP kinase mutant is a minor phosphorylation site by two-dimensional phospho
tryptic analysis. HD3 cells were transfected with expression vectors encoding NF-M or NF-M mu
tated at its MAP kinase site (NF-M S220D) and harvested after 24h at the permissive temperature. 
Cells were labeled with orthophosphate, immune-precipitated, separated by PAGE and immuno
blotted. Labeled proteins were digested with trypsin and subjected to two-dimensional phosphotryp
tic analysis. 
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Besides the regulatory region which covers CR's 5 to 7 as recently de
scribed (Kowenz-Leutz et al., 1994), a second region of NF-M, the leucine zipper, 
was described as having a crucial role in regulation of CIEBP~ activity (Wegner et 
al., 1992). We asked whether the leucine zipper played a role in kinase-oncogene 
induced activation of NF-M. Therefore we exchanged its leucine zipper for that of 
the CREB protein (cAMP Responsive Element Binding protein). Like the wild-type 
protein,the leucine zipper mutant (NF-MCREBLZ) forms homodimers and is active 
at the permissive but not at the non-permissive temperature (i.e. it requires tsv-erbB 
kinase activity). This observation suggests that the leucine zipper is not implicated 
in NF-M activation by kinase oncogenes. Examining two-dimensional phospho
tryptic maps of the mutant NF-MCREBLZ compared with the wild type protein in
dicates that the leucine zipper is phosphorylated (Fig.3). However these phosphory
lations are not required for NF-M activation and appear to have no effect on CR7 
phosphorylation (Fig. 1). Thus we conclude that CR7 phosphorylation can occur 
independantly of leucine zipper phosphorylation. 

NF·M NF·MCREBLZ 

Fig. 3. Phosphorylation of the NF-M leucine-zipper. HD3 cells were transfected with expression 
vectors encoding NF-M or NF-MCREBLZ and harvested after 24h at the permissive temperature. 
Cells were labeled with orthophosphate, immune-precipitated, separated by PAGE and im
munoblotted. Labeled proteins were digested with trypsin and subjected to two-dimensional phos
photryptic analysis. 

In discovering that CR7 and CR5 were crucial for the regulation of NF-M 
by signaling pathways, we asked how such a mechanism could work. Thus we 
tested the possipility that these domains could repress NF-M activity by an in
tramolecular mechanism. To do this we used a genetic complimentation test known 
as the yeast two-hybrid system (Fields and Song 1989). In this system, both CR5 
and CR7 were found to interact with the amino-terminal transactivation domain of 
NF-M. In the case of CR7 this is particularly striking as mutation of the MAP ki
nase site abrogates the interaction (Table. 1). CIEBP~ may thus adopt an inactive 
conformation in which its transactivation domain is normally masked by CR5 or 
CR7 (as shown in Fig. 4). Modification of either domain (for example by phospho
rylation of the MAP kinase site in CR7) may induce a conformational change that 
releases the transactivation domain of NF-M/ CIEBP~ and therefore allows activa
tion of target genes. 
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Table 1. NF-M is regulated by an intra-molecular mechanism 

DNA binding hybrid 
( inpGBT9) 

GalDBD
GalDBD-
Gal DBD-CR 7 
Gal DBD- CR5 
Gal DBD- CR 7D 
Gal DBD-CR5 
GaIDBD-CR 7 
Gal DBD- CR 7D 

Discussion 

Transactivation hybrid 
(inpGAD) 

Gal AD 
Gal AD- CR 1234 
Gal AD-
Gal AD-
Gal AD-
Gal AD- CR 1234 
Gal AD- CR 1234 
Gal AD-CR1234 

Color of colonies 

white 
white 
white 
white 
white 
blue 
blue 
white 

Our results suggest that a negative regulatory domain (CR7) within NF-M/ 
CIEBPj3 is itself negatively regulated or neutralized by the downstream action of 
oncogenic kinases. Since a number of other sites in the same domain can be phos
phorylated, it appears that several pathways may converge on this region to dere
press its activity. 

CR (j) <2) @ 

NF-M .e_ r..2lID IIIlIIlh .. ; .. ; .. j V& I 
'-----------.,.-----------~ ~ 

trans-activation regulation DNA-binding/ 
dimerization 

-~A Kinase 

"" oncogenes 

Fig. 4. Functional analysis of NF-M indicates a regulated modular structure. Sequence compari
son suggests nine discreetly conserved regions (CR's) in CIEBPj3 proteins (patterned boxes) 
interrupted by non-conserverd segments (white boxes). The transactivation domain consists of four 
individual modules, CR's 1-4. CR's 5,6 and 7 comprise the regulatory region in the middle of the 
protein. It is this region that conceals the transactivation potential of the molecule and that is 
regulated by kinase oncogenes. 

A number of kinases belonging to different signal transduction pathways have been 
found to target distinct regions in the CIEBPj3 protein, including the transactivatory, 
regulatory and basic DNA binding/ dimerization domains to bring about gene 
activation. Why are so many kinases involved in CIEBPj3 regulation? In many of the 
above-mentioned cases, the kinases which phosphorylate CIEBPj3 cause it to induce 
expression from certain cell-specific promoters. For example it is clear that the 
cAMP pathway activates CIEBPj3 in PCl2 cells but not in HepG2 cells (Metz and 
Ziff, 1991; Trautwein et aI., 1994). Thus the plethora of kinases known to 
phosphorylate CIEBPj3 do not appear to be redundant but may function in a tissue 
restricted fashion to activate cell-type specific genes. 

Weare currently using two-dimensional phosphopeptide analysis to estab
lish the presence and identity of various minor phosphorylation sites within NF-M. 
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Here we present data that strongly correlate activation of NF-M by kinase onco
genes with concurrent phosphorylation of a negative regulatory domain. All consti
tutively activated mutants of NF-M examined (ACR7, ACR57 and NFM220D) had 
in common at least the removal of a phosphopeptide consisting of the MAP kinase 
site. In addition the wild-type protein and NFMCREBLZ mutant contained a phos
phorylated residue at this site when activated by kinase oncogenes. Strong evidence 
from the yeast two-hybrid system indicates how this site may be important in NF-M 
activation, since mutation of the MAP kinase site abrogates interaction between CR7 
and the trans activation domain of the protein. This fits with the model that phospho
rylation of this amino acid derepresses the transcription factor and can therefore be 
mimicked either by exchange of the MAP kinase site or by the complete removal of 
the domain in which it is located. Though removal of CR5 also enhanced NF-M 
transactivation, it did not appear to contain any major phosphorylation sites indicat
ing it may be targeted by another mechanism (e.g. by protein-protein interaction). 
Although both CR5 and CR7 interact with the transactivation domain, removal of 
either one is sufficient for constitutive activation. It is thus tempting to speculate that 
CR5 and CR7 communicate with each other during activation of NF-M. Alterna
tively they could represent mutually exclusive ways of activating the protein in re
sponse to different signaling pathways. 

Ras induces a massive activation of NF-M in PI9 cells (data not shown), 
but is a poor activator compared to middle T antigen in HD3 cells at the non-per
missive temperature (Kowenz-Leutz et aI., 1994). This implicates other signaling 
pathways in NF-M activation. Analysis of two-dimensional tryptic maps ofNF-M 
show that CR7 is targeted through phosphorylation in response to oncogenic ki
nases. Though the MAP kinase site is clearly important for this response it is not the 
only target in CR7. In fact, several other phosphorylated residues are present within 
the same region but their functions have not been defined individually. Our data do 
not exclude that these other phosphorylation sites may be required for phosphoryla
tion of the MAP kinase site. In fact this is believed to be the case for one phospho
rylation site in CR7 (Nakajima et aI., 1993). Such phosphorylations would thus 
participate in activation of NF-M either through direct structure modification or by 
regulating the ability ofNF-M to interact with other factors. 

In addition to CR7, the leucine zipper was also found to be phosphorylated 
in the kinase-activated wild-type NF-M as well as in the activated mutants. Fur
thermore, one ph9sphorylation site within this region has already been identified as 
activating CIEBP~ in response to CaMKII in glial cells (Wegner et aI., 1992). 
However the significance of these phosphorylations are not known at the present 
time since the leucine zipper can be replaced without affecting kinase-oncogene in
duced activation ofNF-M in HD3 erythroblasts. 

It is evident from these and other data that the modular structure of NF-M 
together with secondary modifications such as phosphorylation, assist it in the co
ordination of multiple cellular signaling pathways and thus the tissue-specific ex
pression of target genes. The results of our experiments show that CR7 (and poten
tially CR5 also) is a target for cellular signals that regulate proliferation and differ
entiation. 
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Introduction 

Recent studies of the regulation of normal myeloid genes, as well as the study 
of leukemias, has suggested that transcription factors play a major role in 
hematopoietic differentiation as well as leukemogenesis.[1-3] In order to 
understand the process of normal myeloid differentiation, it is important to 
identify and characterize the transcription factors which specifically activate 
important genes in the myeloid lineage. In addition, these factors may playa role 
in acute myelogenous leukemia CAML), in which this normal differentiation 
program is blocked. Receptors for growth factors play an important role in 
myelopoiesis.[4-7] In order to further understand the mechanisms directing the 
expression of these key regulators of hematopoiesis, we have initiated studies 
investigating the transcription factors activating the expression of several important 
myeloid colony-stimulating factor (CSF) receptors. Our previously published 
studies have demonstrated that the protooncogene PU.l regulates the M-CSF 
receptor (CSF-l receptor, c-fms).[8] We have also demonstrated that PU.l is 
expressed in early human multipotential CD34+ cells, and specifically upregulated 
during commitment of these progenitors to the myeloid lineage. [9, 10] Competitor 
double stranded oligonucleotides which inhibit PU.1 and Spi-B function can 
specifically block myeloid colony formation, indicating that expression and 
upregulation of PU.l may play an important role in early myeloid development.[9] 

We have now gone on to characterize a second family of factors which 
regulate the M-CSF receptor promoter, CIEBP.[lI] We have also identified two 
additional important PU.I and CIEBP target CSF receptors in addition to the 
M-CSF receptor: the GM-CSF receptor ex [12] and the G-CSF receptor. [13] In all 
three of these myeloid CSF receptors, a relatively small (less than 100 base pair) 
upstream region directs specific expression in myeloid cell lines, and within these 
regions lie functionally important CIEBP sites and PU.I sites. These results 
suggest that PU.I and CIEBP direct the cell-type specific expression of multiple 
CSF receptor promoters, further establish the role of PU.I as a key regulator of 
myelopoiesis, and point to CIEBP as an additional important factor in this process. 
These findings, indicating that at least three important myeloid CSF receptors are 
regulated by PU.l and CIEBP, suggest why inactivation of PU.I leads to a loss 
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of myeloid cell development, and point to a major role of CIEBP in myelopoiesis. 
We have recently described that a third factor, AMLl, regulates the M-CSF 

receptor promoter.[ll] This factor also regulates the GM-CSF and IL3 
promoters,[14,15] suggesting that it, like PU.1 and CIEBPa, may playa major role 
in myeloid development by activating mUltiple myeloid CSF signalling pathways. 

How do myeloid promoters work? 

Myeloid promoters in general appear to differ from what has been described 
previously for tissue specific promoters.[16] In general, a relatively small 
upstream region (usually a few hundred base pairs) is capable of directing cell 
type specific expression in tissue culture studies. (See Fig. 1, references in 
Table 1, as well as [17]). 

II CIEBP IIAMUIAMLI @DPU.I 
. ·80 l ·70 ) ·45 ~ 
~==~--~--~~----------~I 

M·CSF RECEPTOR PROMOTER 

I CIEBP I ®U.I I ·60 ·45 ~ ______ -===~~~----------~I 
GM·CSF RECEPTOR PROMOTER 

ICIEBP I ~ 
\.50 r ~ --------=====-----------'-- -----------------------

G-CSF RECEPTOR PROMOTER 

Fig. I. Structure of the myeloid CSF receptor promoters. As with most myeloid promoters, there is 
no well defined TATA box, and the major transcription start site is designated with the arrow. 
Shown are thelocations of binding sites for PU.l, CIEBP, and AMLI. In myeloid cells, the major 
CIEBP gene product binding to these sites is ClEBPa. The PD.I site in the G-CSF receptor 
promoter is located in the 5' untranslated region, at bp +36. 

For example, almost all of the specificity and activity detected in transfection of 
tissue cultm:e cells by the M-CSF receptor, GM-CSF receptor ex, and G-CSF 
receptor promoters are contained within 80, 70, and 74 bases of the major 
transcription start sites.[11-13] Although most of these promoters direct lineage 
and developmental specific expression, in general they lack a TAT A box or 
defined initiator sequence. Consistent with their lack of a TATA box, these 
promoters often are dependent on a functional Sp 1 site, which not only mediates 
activity, but also specificity and inducibility with differentiation.[18-20] 
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Interestingly, many myeloid promoters have a functional PU.I binding site 
upstream of the transcription start site at a location corresponding to one similar 
to that of a TATA box. Since PU.l can bind to the TATA binding protein (TBP) 
in vitro,[2I] one mechanism by which PU.I could activate a whole class of 
myeloid promoters is by recruiting TBP, the primary component of the basal 
transcription factor TFIID, and the rest of the transcriptional apparatus. Consistent 
with this mechanism are studies showing that mutation of a PU.I site in the FcrRI 
promoter can abolish myeloid specific expression, and replacement of this mutant 
site with a TATA box can restore myeloid expression.[22] 

Regulation of PD.1 Expression and Function 

In the past two years, a number of investigators have identified the 
transcription factor PU.I as a possible regulator of myelopoietic development. 
PU.I was first isolated as the Spi-I oncogene,[23,24] subsequently shown to be 
a member of the ets family of transcription factors.[25] PU.I is expressed at 
highest levels in mature B cells and myeloid cells. Recently, it has been shown 
that PU.I is expressed at low levels in murine ES cells and human CD34+ stem 
cells, and specifically upregulated with myeloid differentiation.[9] Studies using 
competitor oligonucleotides in human CD34+ cells, as well as targeted inactivation 
in mice, point to a major functional role for PU.I in myeloid development.[9,26] 
Consistent with these findings has been the identification in the past two years of 
mUltiple myeloid genes regulated by PU.l (See Table 1). PU.I also plays a major 
role in B cell gene expression, and is important for lymphocyte development.[26] 

Table 1. Myeloid Gene Targets Regulated by PU.lISpi-1 

Gene Target 

CDllb (MAC-la) 
M-CSF (CSF-l) receptor 
FcyRl 

FcyRIIIA 
Chicken lysozyme 
CD18 (MAC-l B) 
Macrophage scavenger receptor 
IL-IB 
Neutrophil elastase 

Lentivirus 

G-CSF Receptor 
GM-CSF Receptor 
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Previous studies have shown that PD. 1 regulates the M-CSF receptor by 
binding to a site 45 nucleotides upstream of the major transcription start site.[8] 
More recently, we have identified functional PD.1 binding sites in the promoters 
for the GM-CSF receptor a at almost the identical relative position, and a site at 
+36 of the G-CSF receptor promoter.[12,13] In all three of these sites, PD.1 is 
the only factor in myeloid cells binding to this site, and specific mutations which 
abrogate PD.l binding decrease promoter activity significantly in PD.1 expressing 
cells only.[8, 12, 13] A prediction of these studies is that murine hematopoietic 
cells with targeted disruption of both alleles of the PD.l gene will have decreased 
or absent expression of these three myeloid CSF receptors, and, if so, their role 
in myelopoiesis can be tested by restoring their expression singly or in 
combination in these targeted cells. 

Role of CIEBP factors in Regulation of Myeloid CSF Receptor 
Promoters 

A second major regulator of these three myeloid CSF receptor promoters is 
the family of CIEBP factors. CIEBP was first isolated as a protein with a basic 
regionlleucine zipper structure which binds a CAAT site (hence the name CAAT 
enhancing binding protein), and subsequently shown to be a member of a family 
of differentially expressed genes.[38,39] A number of studies have shown the 
importance of CIEBP proteins in adipogenesis, as well as regulating several avian 
myeloid genes.[40] These and other studies suggested that in the hematopoietic 
system, CIEBP factors may be specifically expressed in myeloid cells.[4l] Alan 
Friedman's group demonstrated their regulated expression in a murine myeloid 
cell line, further suggesting that they might play a role in myeloid 
development.[42] It was recently shown that CIEBP~ (NF-IL6) regulates the ILl ~ 
promoter, consistent with the role of this member of the family in activation by 
cytokines like IL6 and LPS.[43] Targeted disruption of CIEBP~ leads to defects 
in killing of bacteria and tumor cells by macrophages. [44] 

Our o~n studies have now shown that important CIEBP binding sites are 
located in the proximal promoter regions of the same three myeloid CSF receptors 
regulated by PD.1, and that the CIEBP and PD.1 sites are separated by as little as 
15 (GM-CSF receptor a) to 80 (G-CSF receptor) bases (Fig. 1). Although all 
three CIEBP proteins (CIEBPa, CIEBP~, and CIEBPo) can bind to the M-CSF 
receptor and GM -CSF receptor a sites and trans-activate the promoter in cells 
which do not normally express significant amounts of CIEBP proteins, to date we 
have identified CIEBPa as the major form that binds to and activates these 
promoters in myeloid cells lines (D.E.Z., C.J.H., S. Hiebert, and D.G.T, 
manuscript in preparation [11,12]). These studies suggest that the relative 
abundance of the different CIEBP proteins during myeloid differentiation may be 
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critical to CSF receptor expression, and we are currently measuring the expression 
of the different CIEBP genes during myeloid differentiation of human CD34+ 
cells. Our prediction is that targeted disruption of CIEBPa may produce a 
phenotype in myeloid cells similar to that of the PU.! knockout mice, in which 
the PU! related factor Spi-B is unable to compensate for loss of PU.!, perhaps 
due to a lack of significant levels of Spi-B expression in myeloid cells.[lO] 

Role of the AMLI Factor in Regulation of the M-CSF Receptor 
Promoter 

In addition to PU.I and CIEBPa, we have identified a functionally critically 
binding site in the M-CSF receptor promoter for the AMLl transcription factor, 
which has been described in detail in other chapters of this volume. [1 I] AMLl 
is a member of the core binding factor famiIy,[45-47] and is expressed in a variety 
of hematopoietic cells, with significant levels in myeloid and T celIs. [1 1,48-51] 
AMLI forms a fusion protein, AMLIIETO, in t(8:21) leukemias, one of the most 
common translocations found in AML.[52-54] Therefore, identification of AMLl 
targets will be important to understand the pathogenesis of this form of leukemia. 
To date, AMLI sites have been identified in the promoters for the IL3 and 
GM-CSF growth factor genes,[14,15] but not in other myeloid receptor promoters, 
such as G-CSF receptor and GM-CSF receptor a. Therefore, alteration of the 
AMLI protein could affect the expression of three myeloid growth factor 
pathways (IL3, GM-CSF, and M-CSF through its receptor). The AMLl site in the 
M-CSF receptor lies just downstream of the CIEBP site, separated by only 10 
bases (Fig. I), and although CIEBP and AMLl bind to these two adjacent sites 
independently, mutation of either site dramatically decreases promoter function to 
low levels similar to that of mutating both sites. [11] These results suggest that 
although we do not observe evidence for physical interactions between AMLI and 
CIEBP in gel shift experiments, it is likely that these two factors interact positively 
in their functional activation of M-CSF receptor expression. We are currently 
testing the effect of the AMLIIETO fusion protein on M-CSF receptor promoter 
function. 

The M -CSF receptor promoter provides a striking example of how the 
combinatorial action of transcription factors can lead to lineage specific 
expression. To date, we have identified three major factors activating the 
promoter (Fig. I). When one takes into account the lineage specificity of the 
three factors (PUI in myeloid and B cells, CIEBPa in myeloid cells, and AMLl 
predominantly in T and myeloid cells), it is clear why this promoter is primarily 
active in the myeloid lineage, the only one in which all three are present in 
significant amounts. 
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Summary and Conclusions 

Our studies of the promoters of the myeloid CSF receptors (M, GM, and G) 
in cell lines have led to the findings that the promoters are small, and are all 
activated by the PD.I and CIEBP proteins. To date, we have only found evidence 
for involvement of CIEBPa, although further experiments will be needed to 
exclude the role of CIEBP~ and CIEBPo in receptor gene expression. These 
studies suggest a model of hematopoiesis (Fig. 2) in which the lineage 
commitment decisions of multipotential cells are made by the alternative patterns 
of expression of certain transcription factors, which then activate growth factor 
receptors which allow those cells to respond to the appropriate growth factor to 
proliferate and survive. For example, expression of GATA-I activates its own 
expression,[55] as well as that of the erythropoietin receptor,[56] inducing these 
cells to be capable of responding to erythropoietin. Similarly, expression of PU.I 
activates its own promoter,[57] and turns on the three myeloid CSF receptors (M, 
GM, and G), pushing these cells along the pathway of myeloid differentiation. 
CIEBP proteins, particularly CIEBPa, are also critical for myeloid receptor 
promoter function, and may also act via autoregulatory mechanisms. Murine 
CIEBPa has a CIEBP binding site in its own promoter.[58] Human CIEBPa 
autoregulates its own expression in adipocytes by activating the USF transcription 
factor. [59] Myeloid genes expressed later during differentiation, such as CDIIb, 
are also activated by PD.I, which is expressed at highest levels in mature myeloid 
cells,[IO] but not by CIEBPa, which is downregulated in a differentiated murine 
myeloid cell line. [42] Consistent with this model are the findings that 
overexpression of PU.1 in erythroid cells blocks erythroid differentiation, leading 
to erythroleukemia,[23,24,60] and overexpression of GAT A-I in a myeloid line 
blocks myeloid differentiation.[6I] 

While these findings have provided some framework for understanding 
myeloid gene regulation, there are a number of critical questions to be addressed 
in the near future: 

What is the pattern of expression of the CIEBP proteins during the course 
of myeloid differentiation and activation of human CD34+ cells? 
What is the effect of targeted disruption and other mutations of the CIEBP 
and AMLI proteins on myeloid development and receptor expression? 
What are the interactions among these three different types of factors (ets, 
basic region-zipper, and Runt domain proteins) to activate the promoters? 
What is the effect of translocations, mutations, and alterations in 
expression of these factors, particularly in different forms of AML? 
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Regulation of Immature Myeloid Cell 
Differentiation by PEBP2/CBF, MYB, C/EBP 
and ETS Family Members 

A.D. Friedman 
Pediatric Oncology Division, Johns Hopkins Oncology Center, Baltimore, Maryland, USA 

Transcriptional Regulation of Hematopoiesis 

The differentiation potential of the pluripotent hematopoietic stem cell 
becomes stochastically restricted until unipotent progenitors arise (Till and 
McCulloch 1980). A simplified diagram of the cellular and hormonal basis of 
hematopoiesis is depicted in Fig. 1. 

B-cells 
lL-2 
lL-4 

T-cells 

Epa 
RBCs 

TPO platelets 

G-CSF 
PMNs 

M-CSF monocytes 

Fig. 1. A model of hematopoiesis. The pluripotent hematopoietic stem cell (P) gives rise to 
progenitor cells with,more restricted potential, through a series of cellular intermediates which are 
not diagrammed. Three main branches of P cell differentiation are the lymphoid (L) branch, the 
Erythroid/Megakaryocytic (E/Me) branch, and the Granulocyte!Monocyte (G!M), Myeloid branch. 
The Basophil and Eosinophil branches are not shown. The proliferation and survival of the 
progenitors is thought to require hematopoietic hormones such as Stem Cell Factor (SCP) and 
Interleukin-3 (IL-3), which act predominantly on multipotent progenitors, IL-2 and IL-4 which act 
on lymphoid cells, Erythropoietin (EPO), which acts on erythroid cells, Thrombopoietin (TPO), 
which acts on megakaryocitic cells, Granulocyte Monocyte-Colony Stimulating Factor (GM
CSp), which acts predominantly on immature myeloid cells, G-CSF, which acts on neutrophilic 
cells, and M-CSF, which acts on monocytic cells. 
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The events which regulate the successive restriction in differentiation 
potential of hematopoietic progenitors are thought to be cell autonomous, with 
hematopoietic growth factors serving only to promote the survival and proliferation 
of particular progenitors. This generality was true for the myeloid and erythroid 
differentiation of a stem cell line (Fairbairn et alI993), but has not been established 
for all growth factors and progenitors. Whether the stochastic events which 
regulate the successive restriction of progenitor differentiation potential primarily 
involve transcription factors, kinases, chromatin structure, or other mechanisms is 
not known. Transcription factors are, however, clearly involved in the expression 
of these commitment decisions. For example, GAT A-I is required for erythroid 
differentiation (Simon et al 1992), and Oct-2 is required for lymphoid 
differentiation (Corcoran et al 1993). The involvement of these transcription factors 
in hematopoiesis came to light through investigation of the transcriptional regulation 
of erythroid- and lymphoid-restricted genes. Similarly, my research group began 
investigating the transcriptional regulation of two genes expressed specifically in 
immature myeloid cells, myeloperoxidase and neutrophil elastase, with the intent of 
identifying transcription factors which regulate the generation of commited myeloid 
progenitors. Perhaps not surprisingly, three of the factors we identified have 
already been implicated as myeloid leukemia proto-oncoproteins. 

DNA Elements Which Regulate The Myeloperoxidase and 
Neutrophil Elastase Genes 

Myeloperoxidase (MPO) and Neutrophil Elastase (NE) are microbicidal 
proteins present in the primary granules of myeloid cells. These proteins, and their 
corresponding mRNAs, are not found in other cell lineages (Tobler et al 1988). 
Transcriptional regulation is in part responsible for the activation of the murine 
MPO gene during 32D c13 cells differentiation (Friedman et a11991) and for shut
off of the human NE gene during HL-60 cell differentiation (Yoshimura et alI992). 

MPO and NE are early markers of both the granulocytic and monocytic 
myeloid lineages (Pryzwansky et al 1978; Fouret et al 1989). The expression of 
both murine MPO and NE mRNAs increases markedly during the first days of 32D 
cl3 cell differentiation (Friedman et al 1991; Nuchprayoon et al 1994). Myeloid 
cytokine receptor genes may be activated before MPO and NE in myeloid 
progenitors, but this remains to be established. Interestingly, the elegant work of 
D. Tenen and colleagues has shown that the GM-CSF, G-CSF, and M-CSF 
Receptor genes are at least in part regulated by factors similar to those which 
regulate MPO and NE (see further discussion below and elsewhere in this volume). 

The Myeloperoxidase Gene 
Both the murine and human MPO genes lack a TAT AA box, and their 5' 

flanking sequences are highly homologous (60%) over 2 kb (as first noted by G. 
Rovera, pers. <;ommunic.). The murine MPO gene initiates transcription from two 
major sites which are separated by approximately 400 bp (Friedman et al 1991). 
Two groups identified a DNAse I hypersensitivity sites in the human MPO gene in 
a region homologous to that containing the distal murine MPO start site (Jorgenson 
et al 1991; Lubbert et al 1991). Dr. Rovera generously provided a murine MPO 
genomic clone and the valuable 32D cl3 myeloid cell line (Valtieri et al 1987), 
enabling us to analyze this region for functional DNA elements. 
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32D c13 cells are a diploid, non-leukemic murine cell line which requires IL-
3 for survival and cell proliferation. In G-CSF-containing media, they differentiate 
along the granulocytic lineage (VaItieri et al 1987). Morphologically, their 
differentiation closely mimics normal granulocytic differentiation, and unlike most 
myeloid lines they even produce secondary granules. 32D cl3 cells also retain the 
ability to differentiate along the monocytic pathway (Kreider et al 1990). Thus, 
32D cl3 cells retain many characteristics of normal myeloblasts. 

We developed a DEAE-dextran procedure which allows reproducible 
transient transfection of uninduced 32D cl3 cells (Suzow and Friedman 1993), 
which can then be cultured in G-CSF. Transfection of 32D c13 cells is at least 10 
times less efficient than of fibroblastic lines. Therefore, we relied on the sensitive 
luciferase assay to detect expression of transfected DNA constructs. When murine 
MPO 5' flanking region segments were linked to a luciferase reporter and 
transfected into 32D cl3 cells, luciferase activities barely above background were 
detected. We reasoned that the TATAA-Iess murine MPO promoters may not 
function well in our constructs and so inserted a TAT AA box and cap site from the 
herpes thymidine kinase (TK) gene in place of the murine MPO start sites. We then 
found that a 1300 bp murine MPO 5' flanking region segment would enhance 
transcription from the heterologous TK promoter with 100-fold greater potency in 
induced 32D c13 cells compared with mouse L cells (Suzow and Friedman 1993). 
5' deletional analysis further showed that a 414 bp DNA segment located in the 
vicinity of the distal MPO mRNA initiation site was similarly a potent myeloid 
enhancer. Additional analysis of this segment identified several functional elements 
(Fig. 2), which are apparently conserved in the murine and human MPO genes. 

Fig. 2. Functional elements identified in the murine MPO 5' flanking region enhancer (Suzow 
and Friedman 1993). Deletion of segment -414 to -315 diminished enhancer activity 5-fold only in 
32D ci3 cells but not in L cells. Clustered point mutations at -302/-297 diminished activity 4-
fold, and this site cpntains a c-Myb consensus. Mutation of -293/-289 diminished activity 30-fold, 
and this site contains a PEBP2/CBF consensus. Deletion of bases -269 to -241 or -281 to -241 
increased activity lO-fold, suggesting the binding of a transcriptional repressor. Deletion of 
segment -74 to -1 was markedly deleterious in both 32D c13 and mouse L cells, suggesting that 
this segment is important for general promoter activity. In addition, we recently identified a 
functional Myb consensus sequence and a functional GA-rich sequence, which could bind a member 
of the Ets family, at approximately -150 (M. Britos-Bray and A.D.F., not shown). 

The Neutrophil Elastase Gene 
Using the human NE cDNA, provided by R. Crystal, we cloned the murine 

NE gene. Both the human and murine NE genes contain a TAT AA homology and 
single mRNA start site. We linked the luciferase reporter downstream of the 
murine NE cap 'Site. Functional, analysis of an 1800 bp murine NE 5' flanking 
region segment showed that only the proximal 91 bps contained functional 
elements. This murine NE enhancer was several-hundred fold more active in 
induced 32D cl3 myeloid cells compared with mouse L cells. Comparison of the 
human and murine sequences of this 91 bp segment revealed three areas of striking 
conservation. The underlying sequences predicted the binding of members of the 
Ets, C/EBP, and Myb families. Introduction of clustered point mutations separately 
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into each of these sites verified that they were functional in 32D c13 cells. An 
additional site, located at -70 was shown to be functional in the murine NE 
enhancer. This site weakly fits the consensus for PEBP2/CBF, but is not 
conserved in the human NE gene (Nuchprayoon et alI994). 

The human NE gene was recently shown to be adjacent to genes encoding 
two other myeloid-specific serine proteases, azurocidin and myeloblastin (Zimmer 
et al 1992). Those authors noted that the immediate 5' region of these three genes 
contains potential binding sites for members of the Ets, CAAT box-binding, and 
Myb families of transcription factors. These conserved sites, and the functional 
sites we identified in the murine NE gene are shown in Fig. 3. 

mNE: GGAGAGGAAG TGGGGCAAT CAACGG 
bNE: AGGGAGGAAG TGGGGCAAT CAACGG 
bAZU: GAGAGGGAAA TTGGGCAAT CAACTG 
bMBN: AAGGAGGAAG CTGGGCATT CAACGG 

CONSENSUS: RRRGAGGAAG T(T/G)NNGNAA(T/G) (T/C)AAC(T/G)G 

ETS C/EBP MYB 

Fig. 3. Conserved binding sites in murine NE (mNE), human NE (hNE), human azurocidin 
(hAW) and human myeloblastin (hMBN) 5' flanking regions. The consensus sequences for PU.l 
(an Ets factor), C/EBP, and c-Myb are shown. Note that whereas the mNE and hNE genes 
conserve the spacing between these binding sites, neither their spacing nor their orientation relative 
to the DNA helix are conserved between the NE, hAW, and hMBN genes. 

Transcription Factors Which Regulate The 
Myeloperoxidase and Neutrophil Elastase Genes 

PEBP2/CBF 
Polyoma Enhancer Binding Protein 2/Core Binding Factors (PEBP2/CBF) 

were purified based on their ability to bind the core sites of polyomavirus or 
Moloney murine leukemia virus (see references in Nuchprayoon et alI994). The 
PEPB2/CBFs are a family of heterodimeric factors, each of which contains a 
common PEBP2/CBF~ subunit and a specific PEBP2/CBFa subunit. The three 
identified a subunits are encoded by separate genes. The PEBP2/CBFaB subunit 
was also termed AMLl, because its corresponding gene is present at the breakpoint 
of t(8;21) present in some cases of acute myeloid leukemia. The PEBP2/CBF~ 
subunit does not bind DNA, but strengthens binding by the a subunits. The tissue 
distribution of the PEBP2/CBFs has not been established, but evidence suggesting 
that they are restricted to lymphoid and myeloid cells has been presented. 

The consensus binding sequence for PEBP2/CBFa subunits is 5'_ 
ACCPuCA-3'. The strong functional element located at -290 to -284 of the murine 
MPO gene, 5-AACCACA-3' fits these consensus sequences, whereas our initial 
down-mutation, 5'-TAGCACA-3', did not. We detected two gel shift species in 
32D c13 nuclear extracts which bound the wild-type site, but not the mutant site, 
and termed these MyNFI (Suzow and Friedman 1993). As CIEBP and several 
other simian virus 40 enhancer core binding proteins were known to bind the 
related sequence 5'_ TTCCACA-3', we determined whether the MyNFls could bind 
that site - they could not. But they did bind and activate transcription via 5'_ 
GACCGCA-3', which fits the PEBP2/CBF consensus. Finally, together with S. 
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Hiebert and colleagues we showed that the MyNF1 gel shift species were super
shifted by an N-terminal PEBP2/CBFa. subunit antisera, establishing that 
PEBP2/CBF binds and regulates the murine MPO proximal enhancer. Which 
PEBP2/CBFa. subunit activates murine MPO in 32D cl3 cells remains to be 
determined, as the antisera employed would recognize both a.A and aB, and we 
detected both aA and a.B mRNAs in these cells (Nuchprayoon et aI1994). 

We similarly showed that PEBP2/CBF weakly binds a functional site 
located at -70 in the murine NE gene (Nuchprayoon et alI994). Conceivably, such 
weak in vitro binding might translate into strong in vivo cooperativity with other 
factors. In addition to MPO and murine NE, PEBP2/CBF has been shown to 
activate a third early myeloid gene, the M-CSF receptor (Zhang et alI994a). 

C/EBP 
CCAAT/Enhancer binding proteins (C/EBP) are a family of bZIP DNA

binding proteins which bind DNA as homo- or hetero-dimers. The founding 
member, CIEBPa., was originally purified and cloned from rat liver. The C/EBP 
family also includes CIEBP~, C/EBPy, and C/EBPo (see references in Scott et al 
1992). C/EBPa is present only in terminally differentiated hepatocytes, where it 
activates lineage-specific genes (e.g. Friedman et al 1989). Also, C/EBPs help 
regulate terminal adipocyte differentiation (Yeh et al 1995), and C/EBPa. even 
inhibits proliferation of3T3-Ll preadipocytes (Umek et al1991). 

Within hematopoietic cells we detected C/EBPa, CIEBP~, and C/EBPo in 
all myeloid cell lines examined, but not in lymphoid or erythroid lines, by Western 
blotting. C/EBPa. was detected as well in myeloid cells prepared from normal 
marrow and in de novo myeloid leukemia cells, but not in normal lymphoid or 
erythroid cells or in de novo lymphoid leukemias (Scott et al 1992). These findings 
were consistent with the detection of a CIEBP gel-shift activity in avian myeloid but 
not lymphoid or erythroid cell extracts (Sterneck et alI992). 

In contrast to immature hepatocytes and adipocytes, immature myeloid cells 
were found to tolerate high-level CIEBPa. expression, and expression of this 
C/EBP isoform diminished rather than increased with myeloid maturation (Scott et 
aI1992). On the other hand, we also observed that C/EBP~ levels increased during 
32D cl3 maturation and were higher in a macrophage than in mono blastic cell lines. 
These findings are constistent with the macrophage functional defects present in the 
a C/EBP~-knockout mouse (Tanaka et al 1995). 

We are collaborating with B. LUscher and colleagues to further determine 
the role that C/EBPs, as well as c-Myb and Ets family members, play in regulating 
the murine NE proximal enhancer. Both of our groups have found that the murine 
NE C/EBP site, located between -61 and -53, can bind C/EBPa., and that the 
murine NE enh~cer is activated by a C/EBPa. expression vector in non-myeloid 
cells only if that site is intact (not shown). Two genes expressed specifically in 
immature myeloid cells had previously been shown to be activated by NF-M (avian 
C/EBP~), the avian specific mim-l gene and lysozyme (Ness et alI993). Another 
immature myeloid gene, the M-CSF receptor contains a functional site which also 
fits the CIEBP consensus (Zhang et al 1994a). 

c-Myb 
c-Myb is predominantly expressed in immature hematopoietic cells 

(Sheiness and Gardinier 1984). Mice lacking c-Myb are defective for fetal 
hematopoiesis (Mucenski et al 1991). c-Myb cooperated with avian C/EBP~ to 
activate the mim-1 and lysozyme genes in myeloid cells (Ness et alI993). We have 
detected functional elements which fit the c-Myb consensus in both the MPO and 
NE genes. In collaboration with B. LUscher and colleagues, we have found that the 
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murine NE proximal promoter is activated by c-Myb in a non-myeloid cell line only 
if the c-Myb site located between -51 and -45 is intact; and, as with mim-l and 
lysozyme, c-Myb and C/EBPs activate murine NE synergistically (not shown). 

c-Myb and PEBP2/CBF cooperate to regulate the T cell receptor ~ enhancer 
in T cells (Hemandez-Munain and KrangeI1994), and these two factors may also 
help regulate MPO and murine NE expression. 

Ets Family Members 
The Ets family member PU.l has been shown to regulate the CDllb and 

M-CSF receptor genes in monocytic cells (Pahl et al1993; Zhang et alI994b), and 
was recently found to also regulate the G-CSF receptor and GM-CSF receptor 
genes (Smith et a11994; Hohaus and Tenen 1994). Also, we recently found using 
gel shift and super-shift assays that PU.l can bind the functional element located 
between -88 and -78 in the murine NE enhancer (I. Nuchprayoon and A.D.F., not 
shown). PU.l knockout mice indeed lack myeloid, as well as lymphoid, cells 
(Scott et alI994). However, other Ets family members are also present in myeloid 
cells, and several of these may well bind the same sites as PU.l in these myeloid 
genes (Klemsz et al 1993 and references therein). Indeed, we recently found that 
an Ets-2 expression vector activated the murine NE enhancer in NIH3T3 cells, 
whereas a PU.l expression vector did not (I. Nuchprayoon and A.D.F., not 
shown). Ets-2 and c-Myb can combine to regulate the hematopoietic progenitor
specific CD34 promoter (Melotti and Calabretta 1994). 

Combinatorial Activation and Lineage Specificities 
The transcriptional activator MyoD can activate a program of muscle

specific gene expression in a variety of non-muscle cells (Davis et al 1987). 
However, the majority of cell lineages may be specified by a combination of 
transcription factors, none of which may be restricted in expression to that lineage. 
A. Leutz and colleagues first proposed that the combination of a C/EBP and c-Myb 
may specify early myeloid differentiation (Ness et alI993). The results described 
above led us to suggest that a combination of two or more factors from the 
PEBP2/CBF, C/EBP, c-Myb, and Ets family of factors may be required to activate 
genes in immature myeloid cells (Nuchprayoon et alI994). 

Of these four groups of transcription factors, only the C/EBPs have been 
found to be restricted in their expression to myeloid cells, within the hematopoietic 
lineages (Scott et al 1992), although subsets of the PEBP2/CBF or Ets families 
might be myeloid specific as well. As C/EBPa. expression predominates in early 
myeloid cells, it will be of great interest to determine whether this protein is 
essential for production of early myeloid cells. We employed a naturally occuring 
dominant-negative C/EBP, CHOPI0 (Ron and Habener 1992), to inhibit CIEBP 
activities in 32D c13 myeloid cells. In two cell lines expressing high-levels of 
CHOPIO from the transduced retroviral vector, C/EBP activities were markedly 
reduced, as assessed using a reporter construct containing two C/EBP DNA
binding sites upstream of a TK promoter and a luciferase reporter. These cell lines 
proliferated no differently than control cell in IL-3, but apoptosed in G-CSF
containing media, whereas the control cells differentiated (Friedman 1993). Thus, 
C/EBP activities may be required in the early stages of myeloid differentiation. 
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Links Between Transcriptional Regulation in Immature 
Myeloid Cells and Leukemogenesis 

PEBP2/CBF 
The PEBP2/CBFaB, or AMLl, gene is located at the breakpoint of 

t(8;21)(q22;q22), associated with some cases of FAB M2 acute myeloid leukemia 
(AML, Miyoshi et alI991). The AMLl gene is also present at the breakpoint of 
t(3;21)(q26;q22), in a subset of myeloid leukemias (e.g. Sacchi et al 1994). 
Finally, the PEBP2/CBF~ gene is disrupted by inv(16)(p13q22), associated with 
FAB M4eo cases of AML (Liu et al 1993). The inv(16) oncoprotein, CBF~
MYH11, has been found capable of inhibiting binding of PEBP2/CBF to DNA 
(Hajra et al1995), and the t(8;21) oncoprotein, AMLl-ETO, has been shown to be 
a transcriptional repressor (Meyers et al 1995). These results, together with the 
finding that PEBP2/CBF regulates early myeloid-specific genes such as MPO, 
suggest a model in which these two oncoproteins act by inhibiting early myeloid 
differentiation. The FAB M3 myeloid oncoprotein, PML-RARa, may act 
analogously (Tsai et al 1992, Fig 4). The differentiation block in M2 and M4eo 
AMLs may be leaky, as some granulocytic differentiation is evident in these 
leukemias. Also, the eosinophilic blasts present in M4eo AMLs may reflect 
activation of an eosinophilic differentiation program by CBF~-MYH11. 

Fig. 4. Proposed inhibition of 
myeloid differentiation by AMLl
ETO, CBF~-MYHll, and PML
RARa. PEBP2/CBF is required 
for activation of MPO and other 
genes leading to the promyelocyte 
stage. RARa is required for 
differentiation past this stage. 

c-Myb 

M2 or M4eo AML M3 AML 

Although c-Myb has not been implicated in human leukemias, activated 
forms of c-Myb have been implicated in both myeloid and erythroid 
leukemogenesis in avian and murine systems (reviewed in Introna et al 1994). c
Myb may regulate both proliferation and differentiation of immature myeloid cells. 
This dual role may be true for members of the CIEBP, Ets, and PEBP2/CBF 
families as well. 

Ets and C/EBP families 
Over-expression of Ets family members PD.1 or fli-1 can contribute to 

erythroleukemia, and activated ets-1 can contribute to both myeloid and erythroid 
leukemia (Hromas and Klemsz 1994). Perhaps aberrant expression of transcription 
factors normally present only in myeloid and lymphoid cells contributes to 
inhibition of erythroid differentiation and thus to leukemogenesis. 

CIEBPs have not been implicated as proto-oncoproteins. 
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Summary- Transcriptional regulators control much of hematopoiesis. One such 
transcriptional regulator is the myeloid zinc finger gene MZF-l. MZF-l has been localized 
to the telomere of chromosome 19q, where a large number of related zinc finger genes 
reside. It has been found to be essential in granulopoiesis. It is a bi-functional 
transcriptional regulator, repressing transcription in non-hematopoietic cells, and activating 
transcription in cells of hematopoietic origins. Its consensus DNA binding site has been 
isolated, and sites in several promoters of myeloid-specific genes, such as CD34, 
lactoferrin, and myeloperoxidase, have been defmed. In co-transfection experiments MZF-
1 has been found to regulate transcription from the CD34 promoter. 

Cloning of the Myeloid Zinc Finger Gene, MZF-l 

Most embryonic gene expression is regulated at the transcriptional level. Since 
hematopoiesis may be viewed as a continuous model of development, it can be inferred that 
much of the genetic regulation of hematopoiesis may be under transcriptional control. This 
hypothesis has been validated by 1) the vast majority of leukemic translocations isolated 
involve transcription factors, 2) the genetic regulators of hematopoietic lineage phenotypes 
that have been cloned have been transcription factors [1-3]. 

The present study.was based on two assumptions: 1) novel transcription factors 
controlled much of the lineage commitment and stage progression in hematopoiesis, and 2) 
these transcription factors would fall into known gene families based on conserved DNA
binding domain structures. Thus, using a degenerate oligonucleotide to the conserved H-C 
link (HTGERKPl in the Krupple family of zinc finger genes, we cloned MZF-l from a 
cDNA library made from the peripheral leukocytes of a patient with chronic myelogenous 
leukemia. These peripheral leukocytes contained a wide variety of myeloid cells, from 
myeloblasts through granulocytes. 

As shown below, MZF-1 has thirteen zinc finger domains, divided in two groups 
[4]. The amino-terminal group has four fingers, and the carboxy-terminal group has nine 
fingers. This structure is reminiscent of KID-I and YY1, two other zinc finger genes 
important in development [5,6]. MZF-1 zinc finger domains are also related to PLZF-1, 
which is part of a fusion protein with RAR-alpha in t( 11; 17) promyelocytic leukemias [7]. 
There are acidic regions in the amino-terminal non-zinc finger portion of the protein which 
may be part of the transcriptional regulatory domain. Interestingly, there is a 24 amino acid 
glycine-proline rich link between the first and second zinc finger regions. Glycine-proline
rich domains have also been implicated in transcriptional regulation in a large number of 
transcription factors, including Oct-3, Rex-I, and CP-l [4]. This glycine-proline-rich 
region, therefore, may ser.ve as a hinge, allowing the two fmger domains to bind DNA 
more efficiently, or as a separate transcriptional regulatory domain. 

High stringency northern analysis using the zinc finger region of MZF-l found 
multiple cross-hybridizing mRNA species. Likewise, high stringency Southern blotting of 
human DNA using the same zinc finger region of MZF-l found a large number of cross
hybridizing bands. These 'findings lead us to postulate that MZF-l was the prototype of a 
large family of related C2-H2 zinc finger genes. 
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Figure 1. Schematic of the functional domains of the myeloid zinc finger gene MZF-l. The acidic region 
in the amino-tenninal portion of the protein is designated by ACID. The first four zinc fingers (ZFI-4) are 
separated by a glycine-proline-rich region (GP) from the last nine fingers (ZFS-13) 

By northern analysis MZF-l was found to be expressed HEL, HL60, K562, and 
KG-l cells. It was not present in Daudi, ClO, Eskol, JY, FHS 738, U937, rat brain, Panc
I, melanoma, SJ4, HepG2, placenta, smooth muscle, or endothelium [4]. By cRNA in situ 
hybridization of nonnal marrow MZF-l was found to be expressed in myeloid cells [8], 
from myeloblasts to metamyelocytes, but in no other marrow cell types. Thus, the 
expression pattern of MZF-l implied a role in myeloid development. 

Chromosomal Localization of MZF-l 

Using in situ chromosomal hybridization MZF-l was localized to human 
chromosome 19q 13.4 [4]. Since at that time about a third of the known zinc finger genes 
had been mapped to chromosome 19, we thought that perhaps other members of the MZF 
family might also be on chromosome 19. Thus, we probed a chromosome 19-specific 
cosmid genomic library with the H-C link oligomer described above. We isolated over 490 
cosmids that had Kruppleclike zinc finger sequences within them. These were arrayed 
robotically on nitrocellulose filters, and have served as templates for many investigators to 
assess whether a given zinc finger gene was on chromosome 19. Since the location for 
most of these cosmids on chromosome 19 was known, once a zinc finger gene was found 
to hybridize to this filter, in almost every case its exact chromosomal 19 location was also 
known. 

However, the large number of zinc finger -containing cosmids prohibited individual 
analysis. So, we concentrated on those zinc finger-cosmids that were located close to 
MZF-1 on chromosome 19q 13.4. Using a combination of yacs, bacs, and high resolution 
FISH, the telomeric region of 19q was mapped with respect to these zinc finger containing 
cosmids. Cosmids containing zinc finger sequences were identified within a megabase of 
the telomere. The DNA fragments that contained these zinc finger sequences were 
subcloned, and tested for tissue patterns of expression using northern analysis. The zinc 
finger sequences we analyzed all had ubiquitous patterns of expression. 

In our analysis of the telomeric region of chromosome 19q we found that MZF-l 
was the most telomeric gene yet mapped. The entire coding region of MZF-l is present in a 
6.6 kB Hind3-EcoRI fragment, with the EcoRI site being most telomeric. In addition, 
MZF-l is oriented with the 5' end being closest to the telomere. The 5' end of the MZF-l 
gene is within 13 kB of a 3 kB Hind3 fragment that contains the 19q telomeric repeats. 
These repeats cross-hybridized by FISH to telomeres of the other chromosomes, indicating 
that they repr~sent the true end of 19q. This data is being prepared for submission. 

The finding that MZF-1 is located at the telomere of chromosome 19q is significant 
because there is evidence that the aging hematopoietic stem cell loses telomeric size with 
time [9]. With age the incidence of stem cell disorders such as myelodysplasia and 
leukemia increases markedly. It is possible that the regulatory region of MZF-1 or the 
transcribed sequence is disrupted with age, which could playa role in the increased 
incidence of hematopoietic stem cell disorders with age. Thus, one important future study 
will be to assess whether MZF-1 genomic structure or expression is disrupted in both 
nonnal and aoerrant hematopoietic cells as they age. 
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Myeloid Transcriptional Regulation by MZF-1 

MZF-I encodes a zinc finger gene that is a putative regulator of transcription [10]. 
To evaluate the transcriptional regulatory function ofMZF-l co-transfection studies were 
performed in various cell lines. 

The coding region of MZF-l was cloned in frame into the GAL4 expression 
plasmid pSG424 to produce a GAL4-MZF fusion protein, where MZF-l was fused to the 
carboxy-terminus of the GAlA zinc finger region. To assay for the effect of MZF-l on 
transcription mediated through the GAL4 binding sites, pSG424 was co-transfected with a 
CAT reporter plasmid, pGAL45/tk-CAT, where 5 GAL4 binding sites are just 5' of a 
minimal thymidine kinase promoter driving chloramphenicol acetyl transferase. 

To assess whether MZF-I was a transcriptional activator or repressor GAL4-MZF 
was co-transfected with pGAL45/tk-CAT into two non-hematopoietic cell lines, 3T3, 293, 
and two hematopoietic cell lines, lurkat and K562. In this fusion protein the transcriptional 
regulatory region is provided by MZF-I and the DNA binding domain by the GAL4 zinc 
fingers. 

In the two non-hematopoietic cell lines GAL4-MZF-l repressed CAT activity. In 
3T3 cells GAL4-MZF repressed CAT activity an average of9-fold from GAL4 alone. In 
293 cells with the same transduction procedure GAL4-MZF repressed CAT activity by an 
average of lO-fold. 

Surprisingly, GAL4-MZF behaved differently in hematopoietic cells. In contrast to 
the non-hematopoietic cells, it was found to activate CAT expression in both cell lines. In 
K562 cells GAL4-MZF increased CAT activity by an average of 12.3-fold. In lurkat cells 
GAlA-MZF increased CAT activity an average of 31.0-fold. 

Therefore, based on the GAL4 assays, MZF-I had bi-functional transcriptional 
regulatory activity. In one intracellular environment it functions as a transcriptional 
repressor, and in another as an activator. 

To assess transcriptional regulation mediated by the DNA binding of the MZF-I 
zinc finger domains the coding region of MZF-l was cloned into the expression vector 
CB6. This plasmid was termed CB6-MZF. Three copies of the ZNI-4 consensus DNA 
binding site were cloned in forward orientation into pBL2CAT, which has chloramphenicol 
acetyl transferase driven by a minimal thymidine kinase promoter. This plasmid was telmed 
M3/tk-CAT. To assay for the effect of MZF-I on transcription initiated from a heterologous 
promoter with 3 copies of the MZF-I consensus binding site, CB6-MZF was co
transfected with M3/tk-CAT into various cell types, and CAT activity assessed. 

These co-transfection experiments allowed examination of the transcriptional 
regulatory activity ofMZF-l mediated by its own DNA binding domains uninfluenced by a 
promoter with which MZF-I could interact. This reporter was co-transfected with CB6-
MZF into non-hematopoietic and hematopoietic cell lines. In the hematopoietic cell line 
K562 CB6-MZF activated CAT by an average of 9.8-fold. In the hematopoietic cell line 
lurkat CB6-MZF activated CAT by an average 8.3-fold. These data also indicated that in 
hematopoietic cell lines MZF-I was functioning as a transcriptional activator. 

The consensus DNA binding sites of MZF-l were isolated by mobility shift 
selection of degenerate oligonucleotides and PCR amplification [II]. The first finger 
domain ZFI-4 bound to a consensus sequence of 5'-AGTGGGGA-3', while ZF5-13 
bound to a consensus of 5'-CGGGnGAGGGGGAA-3'. These guanine-rich sites resemble 
NF-kB binding sites. The full length recombinant MZF-I could bind to either sequence. 
Indeed, the two MZF-l finger domains, ZFl-4 and ZF5-13 could bind to each others 
consensus binding sequence. In addition, it was discovered that ZF5-13 probably needs all 
nine fingers to bind to its consensus sequence. Deletion of as few as 3 fingers from either 
end ofZF5-13 could abrogate DNA binding [II]. 

Computer searches of data bases for promoter sequences that contained these 
consensus MZF-I binding sites found several possible matches. The promoters of the 
myeloid genes CD34, myeloperoxidase, and lactoferrin all contained consensus MZF-I 
binding sites. Three MZF-l binding sites were found in the CD34 promoter, at -575, -519, 
and -142 from the start site, with the numbering according to He et al [12]. Recombinant 
MZF-I will bind to each of these sites by mobility shift analysis. This binding can be 
appropriately competed off by cold duplex oligonucleotides containing the MZF-l 
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consensus DNA binding sites. There was one MZF-l binding site in the human 
myeloperoxidase promoter, at -278 according to Morishita et al [13]. Recombinant MZF-l 
will also bind to this site in a mobility shift assay. There was one binding site within the 
human lactoferrin promoter that perfectly matched the consensus for ZFl-4, at -82 
according to Johnston et al [14]. Full length recombinant MZF-l will also bind to this site. 

We have not yet explored the potential regulation ofthe lactoferrin or 
myeloperoxidase promoters by MZF-l. However, we have extensively analyzed the 
regulation of the CD34 promoter by MZF-l in co-transfection experiments. 

The CD34 promoter was cloned in front of a luciferase reporter gene to assess 
whether MZF-l could regulate the CD34 promoter. When CB6-MZF was co-transfected 
into Hela cells with CD34-Luc it repressed luciferase activity by an average of 5.2-fold 
over vector alone at the highest CB6-MZF level. In 3T3 cells at the highest CB6-MZF 
amounts CB6-MZF repressed CD34-mediated luciferase activity by an average of 10.1-
fold. Consistent with the GAL4 and heterologous promoter studies, MZF-l also functioned 
as a transcriptional repressor when transcription was initiated by the CD34 promoter in 
non-hematopoietic cells. 

In the hematopoietic cell lines, however, MZF-l activated transcription from the 
CD34 promoter. In Jurkat cells at the highest transfected amounts of CB6-MZF CD34 
luciferase activity was increased by an average of7.5-fold. In K562 cells at the highest 
transfected amounts of CB6-MZF luciferase activity was increased by an average of 18.1-
fold. In KG-l cells the average increase of luciferase activity produced by CB6-MZF over 
vector alone was 6.1-fold. Mutating the three MZF-l binding sites in the CD34 promoter 
prevented activation by MZF-l in hematopoietic cells. However, it did not prevent 
repression in Hela cells, implying that the repression in non-hematopoietic cells is not 
mediated by the MZF-l binding sites, but may be indirect, perhaps by interacting with 
other transcriptional repressors. The data in the CD-Luc study was also consistent with the 
previous GAL4 and heterologous promoter experiments. This study has been submitted for 
publication. 

The presence of MZF-l binding sites in several myeloid promoters and the explicit 
regulation of the CD34 promoter by MZF-l point out that MZF-l may have a general role 
in the regulation of hematopoietic gene expression. Lending evidence to the hypothesis that 
MZF-l may be an important regulator of hematopoietic development are studies showing 
that blocking MZF-l expression inhibits granulopoiesis [8]. Anti-sense but not sense 
oligonucleotides to MZF-l decreased G-CSF-driven granulocyte colony formation by 5 to 
20-fold, depending on the anti-sense oligonucleotide [8]. The colonies that did fmID were 
dysplastic in cytospin morphology. However, erythropoietin-driven BFU-E were not 
affected by the MZF-l anti-sense oligonucleotides. This study was recently replicated by 
Licht and colleagues, in comparing MZF-l to PLZF-l (J. Licht, personal communication). 

It was not clear from these experiments how blocking MZF-l expression inhibited 
G-CFU. It is possible that MZF-l may be important in stimulating the developing myeloid 
phenotype, as described in this section. However, as shown in the next section, there is an 
equal amount of data that implies that MZF-l may be important in myeloid cell 
proliferation. Thus, blocking its expression would prevent the proliferation needed to form 
a colony. 

MZF-l in Cell Proliferation 

To study the effects of disrupted regulation of MZF-l on myeloid growth 
characteristics, MZF-l was continuously over-expressed in the IL-3-dependent myeloid cell 
line FDCP.l. The complete ORF of MZF-l was subcloned into the retroviral expression 
vector pLXSN (LXSN-MZF), packaged in PA317 cells, and retroviral supernatants used to 
infect FDCP.l cells. FDCP.l cells were also infected with LNL6, a related retrovirus that 
carries only neomycin phosphotransferase, as a control. Both cell types were selected in 
G418 for stable integrants. The FDCP.l cells infected with LXSN-MZF (FDCP-MZF) had 
generally the same morphology as those infected with LNL-6 (FDCP-LNL). 
Immunohistochemistry analyses were performed to assess whether MZF-l expression 
altered the phenotype of the FDCP.l cells. Both cell lines expressed lysozyme to the same 
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extent. Neither expressed .myeloperoxidase, factor VIII, or hemoglobin. Of interest is that 
the FDCP-MZF cells expressed esterase and proliferating cell nuclear antigen at two-fold 
higher levels than the control cells. In cytochemical stains the FDCP-MZF cells were also 
markedly more PAS positive than controls. These changes suggested that forced MZF-1 
expression may alter the phenotype of FDCP.I cells. 

To investigate whether MZF-I over-expression affected the apoptosis that occurs 
with IL-3 withdrawal in FDCP.l cells, both cell lines were washed three times, and 
resuspended in growth media without IL-3. No outgrowth ofIL-3 independent FDCP-MZF 
cells occurred in either cell line. However, by 24 hours after cytokine removal, 84% of the 
FDCP-LNL cells had apoptotic nuclear changes, while none of the FDCP-MZF cells did. At 
24 hours the FDCP-MZF cells had little nucleosomal DNA cleavage, a characteristic of cells 
undergoing apoptosis, while the control cells had all cellular DNA cleaved into nucleosomal 
fragments. After 6 days without IL-3 there were no viable control cells, but 18% of FDCP
MZF cells were still viable. Injection of 10,000 FDCP-MZF or FDCP-LNL cells into 
congenic DBA2 mice produced injection site tumors in 70% of mice given FDCP-MZF cells 
but none in the mice given the FDCP-LNL cells. These tumors had the histology of 
granulocytic sarcomas. PCR analysis of these tumors found that neo DNA sequences were 
amplified, indicating that LXSN-MZF was still present. These data suggest that over
expression of MZF-l can disrupt the normal proliferative behavior of myeloid cells. This 
study is being prepared for publication. 

MZF-1 can also disrupt the normal proliferative behavior of embryonic fibroblasts. 
When MZF-1 was retrovirally transduced and over-expressed in NIH 3T3 cells, where it is 
not normally expressed, it rapidly transformed those cells [15]. However, two other 
myeloid transcriptional regulators, PD.l and HOX12, did not transform 3T3 cells when 
they were similarly over-expressed. 

The loss of contact inflibition was assayed in 3T3ILNL versus 3T3IMZF cells by 
focus formation. When 3T3ILNL cells were grown to confluency on a 100 mm culture dish 
and stained with crystal violet they had an average 3.2 foci per plate. 3T3 cells infected 
with LXSN-HOX or LXSN-PD and selected with 0418 had an average of 3.5 and 12 foci 
per plate, respectively. These values were not significantly different from the 3T3ILNL 
cells. 3T3 cells transduced with HOXl2 or PD.l did not change in morphology from 
normal NIH 3T3 cells. In -addition, there was no difference in focus formation between 
normal 3T3 and 3T3ILNL cells. 

The uncloned, heterogenous population of 3T31MZF cells averaged 234 foci per 
plate, the clonal3T31MZF#1 cells 231 foci per plate, and the clonal3T31MZF#2 174 foci 
per plate. Large foci of 3T31MZF cells formed quickly in culture, even before the adherent 
layer of cells neared confluency. Thus, 3T3 cells transduced with MZF-l but not LNL6, 
HOX12 or PD. 1 produced a loss of contact inhibition. 

Loss of substrate dependence by 3T3IMZF cells was assayed by colony growth on 
a layer of soft agar. When 3T3IMZF cells were plated in soft agar, they formed 
macroscopic colonies in two weeks. Normal3T3 or control 3T3ILNL cells did not produce 
any colonies in soft agar. However, 3T31MZF parent cells had an average soft agar cloning 
efficiency of 43%, the 3T31MZF#l cells 35%, and the 3T31MZF#2 cells also 35%. 3T3 
cells over-expressing MZF-1 are able to grow without adhering to a substrate. 3T31H0X 
and 3T3IPD cells did not form any colonies in soft agar. The 3T31LNL, 3T31H0X, and 
3T3IPD cell lines served as an internal control for the possibility that retroviral integration 
and 0418 selection might have produced the 3T3-MZF oncogenic transformation. 

The uncloned and clonally-derived 3T3 cell lines transduced with MZF-1 formed 
tumors in athymic mice. These tumors had the characteristics of aggressive fibrosarcomas. 
They had a high nuclear to cytoplasmic ratio, pleomorPhic nuclei with prominent nucleoli, 
and a high grade of mitotic indices. These tumors appeared within four weeks of injection, 
and expanded rapidly. On sacrifice at eight weeks the mice were found to have tumor 
invading through the peritoneum and into the abdominal cavity. Malignant cells studded the 
inner peritoneum, and involved bowel and liver. Normal 3T3 cells did not form tumors in 
these mice while 3T31MZF formed tumors in 5 of 5 mice injected, 3T31MZF#1 in 4 of 5 
mice, and 3T31MZF#2 in 5 of 5 mice. 

The MZF-1-transformed 3T3 cells traversed the cell cycle at twice as fast a rate as 
the untransformed cells. There were approximately twice as many cells in S-phase by flow 
cytometry in the 3T31MZF populations. In addition, the 3T31MZF cells also markedly over-
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expressed cyclin A and E. This raises the possibility that MZF-l may stimulate cell cycle 
progression, perhaps by increasing the expression of cyclins. 

These data imply that the aberrant expression of nodal regulators of development 
can be neoplastic. It lends evidence for the hypothesis that malignancy is a nom1al 
development gone awry. 

Conclusion 

MZF-l is a Krupple-class zinc finger gene that is expressed preferentially in 
myeloid cells and is essential in the development of granulocyte colonies in vitro. It is 
located at the telomere of human chromosome 19q, at the end of a cluster of other zinc 
finger genes. MZF-I is a DNA-binding protein, and recognizes a consensus sequence 
present in many myeloid promoters. In non-hematopoietic cells MZF-I functions as a 
transcriptional repressor and as a transcriptional activator in hematopoietic cells. Over
expression of MZF-l will aggressively transfom1 3T3 cells, and inhibit apoptosis and 
promote leukemogenesis in the IL-3-dependent myeloid leukemia line FDCP.1. 
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Introduction 

Evidence from study of both normal and leukemic cells suggests that a crucial 
step in neutrophil maturation occurs in the transition from the promyelocyte to 
the myelocyte stage. The transition from the promyelocyte to the myelocyte in 
normal marrow cells is accompanied both by the loss of proliferative capacity 
associated with terminal maturation [1], and by the loss of the capacity for alter
native maturation [2]. Normal promyelocytes respond to stimuli of both granu
locyte and monocyte differentiation, but myelocytes are restricted to terminal 
granulocyte maturation [2]. In this regard, it is striking that acute myeloid 
leukemias invariably involve proliferation of cells arrested in development at or 
before the promyelocyte stage. Consequently, an understanding of the transition 
from the promyelocyte to the myelocyte stage should provide crucial insights 
into both the control mechanisms governing normal hematopoietic cell differen
tiation and the ways in which disruption of the control mechanisms can contrib
ute to leukemic transformation. 

The acquisition of different types of granules marks progressive stages of granu
locyte differentiation. The promyelocyte stage is characterized by primary 
("nonspecific") granules which persist in decreasing numbers in the later phases 
of both neutrophil and monocyte maturation [3]. As a promyelocyte undergoes 
the transition to the myelocyte stage it acquires secondary (Bspecific") granules 
[4]. Specific granules contain four major identified proteins, namely, transcoba
lamin I (TCI), lactoferrin (LF), human neutrophil collagenase (HNC), and 
human neutrophil gelatinase (HNG). The appearance of secondary granules, in 
association with the expression of their content proteins, provides a unique 
marker of commitment to terminal neutrophil differentiation. Thus, the expres
sion of genes responsible for the formation of secondary gt3Dule membranes and 
their contents should provide a convenient probe for the processes controlling 
normal neutropl}il differentiation. 

Although many structural and functional features of primary and secondary 
granules are defined, little else is known about their biogenesis. It is known that 
primary granules are the first clear marker of granulocyte differentiation. It is 
also known that secondary granules are seen only in granulocytes at and beyond 
the myelocyte stage; hence, they are invariably absent from leukemic cells. A 
clear function has not been found for any of the major secondary granule pro
teins, although two of them, lactoferrin and TCI, are expressed in a wide range 
of tissues. Specific granule deficiency, a rare syndrome characterized by ab
sence of secondary granules and failure of gene expression of the secondary 
granule content proteins, is associated with increased infections, but the func
tional defect in the granulocytes associated with the syndrome is as yet unde
fined [5]. The clinical manifestations of isolated R-binder deficiency are mini-
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mal [6]. Lactoferrin deficiency without other defects in secondary granules has 
not been encountered [7]. 

Although granule formation is clearly closely tied to normal neutrophil differen
tiation, the processes governing the stage-specific development of these crucial 
structural and functional components of developing granulocytes remain to be 
elucidated. Two lines of evidence summarized here suggest indirectly that the 
regulation of the genes encoding for the secondary granule proteins is dependent 
on trans-acting factors: evidence suggested by studies of the leukemic cell 
lines, HL60 and NB4, and analysis of patients with specific granule deficiency. 
Based on the results, we would propose that a factor governing the coordinate 
regulation of neutrophil secondary granule protein gene expression may be 
involved in early events in the neutrophil differentiation pathway. Further 
analysis of shared regulatory features of these late-stage differentiation markers 
may therefore provide important insights into the more proximal events in 
neutrophil differentiation. 

Secondary Granule Protein mRNA Expression is Coordinate 

In order to investigate the regulation of neutrophil secondary granule protein 
(SGP) gene expression as a probe for the transcriptional regulation of neutrophil 
maturation, we isolated cDNA and genomic clones for the four major SGP 
genes, and examined their expression during neutrophil maturation [8-12]. As 
described below, leukemic cell lines are an inappropriate system in which to 
study this question, as they fail to express SGP genes, even upon chemical 
induction of neutrophil maturation. Consequently, we have examined the stage
specific expression of SGP genes in two other systems. We have investigated 
the pattern of primary and secondary granule protein gene expression in a fac
tor-dependent murine stem cell line, 32Dc13, which is considered to be one of 
the best available cell culture models of "normal" neutrophil maturation. We 
have also looked at granule protein gene expression in isolated human bone 
marrow progenitors induced to undergo neutrophil maturation in vitro. 

32DCI3 Cells 
The 32Dcl3 cell line (32D) is an IL3-dependent murine stem cell line which can 
be induced to undergo differentiation to mature neutrophils upon induction with 
G-CSE We initially determined that this cell line shows a sequential pattern of 
primary and, secondary granule protein gene expression by analyzing expression 
of myeloperoxidase (MPO) and lactoferrin (LF). We then undertook to clone 
one of the two mouse neutrophil metalloproteinase genes (neutrophil gelatinase 
or collagenase). Using highly conserved sequences for functional domains of 
those genes which are shared by nearly all metalloproteinases across wide spe
cies barriers, we synthesized degenerate primers for PCR amplification of 
eDNA from the 32D cell line, and successfully isolated a PCR fragment encod
ing a portion of the mouse homolog of the 92 kDa gelatinase expressed in both 
neutrophils and monocytes. This was then used to obtain a full length mouse 
neutrophil gelatinase (MNG) clone from a mouse monocyte library. We then 
demonstrated that upon induction of neutrophil differentiation with G-CSF, the 
expression of the MNG gene, as determined by Northern blot analysis, did in 
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fact parallel that of the LF gene. Nuclear run-on assays confirmed that control 
of expression was exercised at the level of mRNA transcription [13]. 

G-CSF induction of normal marrow progenitors in vitro 
We have examined the stage-specific expression of the primary and secondary 
granule protein genes in purified bone marrow progenitors induced with growth 
factors to undergo in vitro differentiation to mature neutrophils. A fraction of 
marrow cells enriched for hematopoietic progenitor cells (CD34+ HLA-DR+) 
was isolated from normal human bone marrow by monoclonal antibody staining 
and fluorescence activated cell sorting. Cells were cultured in a suspension 
system for three days in the presence of stem cell factor and IL3, following 
which G-CSF was added. Cells were harvested daily and analyzed for phenoty
pic maturation by morphologic criteria, and total RNA was obtained for analysis 
of myeloid gene expression. Maturation was observed to progress to the late 
metamyelocyte and band stage over a period of 10-12 days. Neutrophil-specific 
gene expression was assayed by RT-PCR. Induction with G-CSF resulted in 
sequential expression of primary and secondary granule proteins. Interestingly, 
primary granule protein genes showed surprisingly asynchronous expression. 
MPO expression was detectable from the time of isolation of CD34+ cells, 
despite the fact that the cells did not yet contain visible granules. However, the 
expression of lysozyme and defensin, two other primary granule proteins, was 
first detectable at about 2 days and 4-5 days respectively. Secondary granule 
protein genes, however, showed synchronous mRNA expression, as determined 
by RT-PCR of LF and TCI. Expression of secondary granule protein genes was 
detected from day 7-8 [14]. This recapitulation of a program of sequential 
expression of primary and secondary granule protein genes suggests that in vitro 
marrow culture suspensions with appropriate growth factors can mimic normal 
granulocytic maturation, and may be a useful model of transcriptional regulation 
of neutrophils. 

Leukemia is Associated with a Failure of SGP Gene Expression 

HL60 is a human leukemia cell line which has been observed to undergo pheno
typic maturation upon exposure to a variety of chemical agents. Upon induction 
with dimethyl sulfoxide (DMSO) or retinoic acid, the cells undergo transition to 
a more mature neutrophil phenotype; when stimulated with phorbol esters, they 
acquire the phenotypic characteristics of more mature monocytes. Uninduced 
HL60 cells have the morphologic appearance of promyelocytes; they contain 
primary granules and express high levels of myeloperoxidase. The granulocytic 
maturation induced by DMSO and other agents is associated with the acquisition 
of many properties associated with normal mature neutrophils. Morphological
ly, the cells resemble predominantly metamyelocytes and bands; like mature 
neutrophils, they reduce nitroblue tetrazolium, and display phagocytosis [15]. 
However, they do not acquire secondary granules [16]. 

Similarly, studies of patients with leukemia have shown abnormalities in SGP 
gene expression in apparently normal neutrophils in patients with newly-diag
nosed acute leukemia [17]; other studies suggest that these circulating neu
trophils are in fact part of the malignant clone [18]. These studies suggest that 



168 

one abnormality of the leukemic cell is a disruption of the differentiation pro
gram which affects more distal events in neutrophil maturation, as reflected in 
the coordinate absence of expression of secondary granule proteins. 

Having obtained probes for all of the SGP genes, we examined the defect in 
SGP gene expression in leukemic cell lines induced toward mature neutrophils 
to determine the nature of their defect in SGP gene expression. For these ex
periments, we studied HL60 cells induced with DMSO, as well as NB4 cells 
induced with all-trans retinoic acid. 

1. HL60 cells 
HL60 cells are differentially inducible with TPA or DMSO to monocytes or 
granulocytes respectively. HL60 cells induced with DMSO undergo defective 
neutrophil maturation, manifested by a coordinate failure of secondary granule 
protein gene expression. We have looked at the defect in SGP gene expression 
in uninduced and DMSO-induced HL60 cells. Northern blot analysis reveals a 
total failure to accumulate mRNA for any of the SGP genes upon induction with 
DMSO. Nuclear run-on assays further confirmed that the SGP genes are uni
formly untranscribed in these cells. In addition, we fully sequenced over 600bp 
of the HL60 lactoferrin promoter region and showed that it is structurally intact. 
This suggests that the failure of gene expression in these cells reflects a regula
tory defect [11]. 

2. NB4 cells 
NB4 is an acute promyelocytic leukemia cell line that has been shown to be 
inducible to terminal neutrophil maturation with all-trans retinoic acid (ATRA). 
Because initial reports of the maturation of this cell line induced by ATRA 
suggested that it achieved a more "normal" differentiated phenotype, we under
took to examine secondary granule protein gene expression in that cell line. We 
found that, in a manner parallel to HL60, NB4 cells displayed limited phenoty
pic differentiation, although they acquired the ability to reduce NBT. Upon 
induction with ATRA, they did not express mRNA for any of the secondary 
granule proteins [19]. 

Coordinate Regulation of SGP Genes is Neutrophil-Specific 

Human neutrophil gelatinase (HNG) is unique among the four major content 
proteins of the neutrophil secondary granule in that it is also expressed in the 
monocyte/macrophage lineage. We have examined HNG expression during 
differentiation of both HL60 and NB4 along monocytoid lines induced with 
TPA. Both lines showed striking phenotypic maturation along the monocytoid
macrophage lineage with TPA induction, with a change to an adherent pheno
type. In both cell lines, Northern blot analysis showed induction of expression 
of CD18, c-jos, and human neutrophil gelatinase (HNG). We have observed 
that HNG expression is absent in myeloblast (HL60) cells and NB4 promyelocy
tic cells induced toward the neutrophil lineage with DMSO or ATRA respective
ly (which do not express any secondary granule proteins), but present in both 
cell lines when induced along the monocyte/macrophage lineage with TPA 
[12,19]. This suggests that the regulatory pathways governing HNG expression 
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in the two granulocytic lineages are distinct, and that while the neutrophil-spe
cific pathway is defective in leukemic cells, the monocyte-specific regulatory 
pathway remains intact. Further evaluation of the control of HNG expression 
could therefore provide a useful probe of the factors determining lineage 
differentiation between neutrophils and monocytes. 

Specific Granule Deficiency is a Transcriptional Defect 

Specific granule deficiency (SGD) is a rare congenital disorder characterized by 
recurrent infections. SGD is characterized by heterogeneous developmental 
defects in the neutrophil, complete absence of neutrophil secondary granules, 
and marked deficiency or absence of their content proteins. Evaluation of the 
cells at the protein level confirms that they contain none of the proteins found in 
secondary granules. Work summarized here, from our laboratory as well as our 
collaborators, has shown that leukocytes from patients with specific granule 
deficiency exhibit almost total absence of secondary granule mRNA [5,20]. 

We obtained bone marrow from a patient with SGD, and isolated total mRNA. 
We then performed Northern blot analysis on normal and SGD marrow, to 
determine the mRNA accumulation for all four SGP genes, as well as the prim
ary granule protein genes MPO and defensins. We demonstrated absent or 
negligible mRNA for all of the SGP genes, as well as for defensins. These 
levels correlated well with previously determined levels of secondary granule 
proteins in this patient's neutrophils. This suggests that SOD may well repre
sent a defect in a common trans-acting factor governing SOP gene expression. 

In the absence of these results implicating a defect in mRNA accumulation, one 
might postulate that failure to make secondary granule proteins would most 
likely result from a defect in protein processing or transport into granules. 
However, the observed absence of all of the secondary granule proteins (the 
genes for which are not linked) in association with a deficiency of the mRNAs 
encoding those genes, suggests that the abnormality instead resides in a failure 
of gene transcription of all of the SGP genes. We postulate that this failure 
could result from the absence or abnormal function of a shared trans-acting 
factor regulating their transcription. 

Conclusion 

In summary, we have identified the neutrophil secondary granule protein genes 
as a potential probe for the events determining lineage commitment and terminal 
maturation to neutrophils. Toward this end, we have cloned the cDNAs and 
genomic genes for the four secondary granule content proteins, and studied their 
expression in a variety of hematopoietic cell lines, in a patient with specific 
granule deficiency, and in normal marrow progenitors. Our results support the 
hypothesis that secondary granule protein gene expression is coordinately regu
lated at the level of mRNA transcription. 
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The abnormalities in secondary granule protein gene expression in leukemic cell 
lines suggests the possibility that leukemic transformation results in a defect in 
this regulatory pathway. Given that these cell lines represent cells arrested at or 
before the promyelocyte stage, it is not surprising that the uninduced cell lines 
do not express secondary granule proteins. However, the failure to transcribe 
these genes after the chemical induction of a more mature phenotype implies 
that the shared factor regulating their coordinate expression may be involved in 
early events in the neutrophil differentiation pathway. This would suggest that 
disruption of secondary granule protein gene expression may be a downstream 
manifestation of the process of malignant transformation. 

The finding that the factor dependent cell line 32Dcl3 retains the capacity to ex
press secondary granule proteins offers a potential probe for the further analysis 
of the defect in leukemia. One striking difference between 32Dcl3 cells and 
leukemic cell lines is that the latter are growth factor independent. The loss of 
the capacity for normal late stage gene expression may accompany the changes 
which render the cell hyperproliferative and growth-factor independent. 

In conclusion, the control of expression of the secondary granule protein genes 
appears to be exercised by factors that may have far-reaching influences on 
early stages of neutrophil differentiation. Current studies are directed at the 
analysis of the transacting factors determining that expression, with the long 
term goal of analyzing the expression of those factors in pathologic states. 
Further analysis of shared regulatory features of these late-stage differentiation 
markers may therefore provide important insights into the more proximal events 
in neutrophil differentiation and into the maturation defect induced by leukemic 
transformation. 
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1 Introduction 

1.1 IL-S and eosinophil development. The molecular basis for the 
commitment of multi potential myeloid progenitors to the eosinophil lineage, and the 
transcriptional mechanisms by which eosinophil-specific genes are subsequently 
expressed and regulated during eosinophil development are currently unknown. 
IL-5, produced primarily by activated T cells [1] and mast cells [2], is integral to 
both the differentiation and functional maturation of the human eosinophil lineage 
[3-6]. The development and maturation of eosinophils in the bone marrow, and 
their post-mitotic functional activation in tissues occurs in response to a number of 
cytokines in addition to IL-5, including GM-CSF and IL-3 [7-9]. In humans, both 
IL-3 and GM-CSF have activities on other hematopoietic lineages, whereas IL-5 is 
eosinophil-specific and plays a crucial role in regulating the differentiation and 
development of the eosinophil lineage [3]. Although IL-3 and GM-CSF participate 
in the proliferation and committment of progenitors to the eosinophil lineage, IL-5 
is both necessary and sufficient for eosinophil development to proceed[3, 10]. In 
humans, the high affinity receptor for IL-5 is apparently restricted to eosinophils 
and hematopoie.tically related basophils [11]; in contrast to murine B cells, the 
activity of IL-5 on human B cells is controversial [3, 12] and is still being 
delineated [13]. Thus, the expression of the high-affinity receptor for IL-5 is an 
important prerequisite and very early lineage-specific event in the hematopoietic 
program for these granuloctyes. Overexpression of IL-5 is observed in many 
eosinophil-associated diseases [14-16] and IL-5 transgenic mice develop profound 
eosinophilia [4, 5], indicating that IL-5 plays critical roles in promoting the 
production and function of eosinophils in vivo. Of note, IL-5 is also active in 
vitro both in the production of eosinophils from bone marrow, umbilical cord and 
peripheral blood progenitors, as well as in the priming, activation and enhanced 
survival of mature eosinophils. 

1.2 The IL-S receptor. A heterodimeric receptor for IL-5 has been identified 
that is comprised of a unique a subunit (lL-5RIX) and a ~ subunit (Be) which is 
shared with the IX subunits of the receptors for IL-3 and GM-CSF [17-19]. The 
unique IL-5RIX subunit is the primary ligand-binding polypeptide of the receptor, in 
contrast to the ~ subunit which does not independently bind IL-5; the combination 
of a and ~ subunits forms the high affinity receptor. Although signaling through 
the IL-5R, as well as the receptors for IL-3 and GM-CSF, was thought to occur 
primarily via the Be subunit, intact IX and 13 subunits of the IL-5R were both shown 
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to be required for optimal signal transduction [20, 21]. Further, a critical 
cytoplasmic domain of the a subunit has recently been shown to play an essential 
role in protein tyrosine phosphorylation of the Be chain, SH2/SHS-containing 
proteins and consequent cell proliferation [22]. The isolated a subunit if the 
GM-CSFR has likewise been shown to participate in signaling, albeit via a 
phosphorylation independent pathway [23]. The gene encoding the IL-5Ra subunit 
is located on chromosome 3 in the region 3p26 [24]. The organization of this gene 
reflects the functional domains of the protein [24] and shares many characteristics 
with other members of the cytokine/hemopoietin receptor gene family [9, 19,24]. 
Several alternatively spliced transcripts have been identified in the mRNA and 
reflect the membrane versus soluble isoforms [25]. Aside from its ability to bind 
IL-5 in vitro [26], the in vivo function of the soluble form of the IL-5R has not 
been elucidated. 

1.3 IL-5Ra expression and eosinophil development. In contrast to its 
expression on both eosinophils and B cells in the mouse [27], expression of the 
IL-5Ra gene appears to be restricted to the eosinophil and hematopoietically related 
basophil lineages in humans. The IL-5Ra subunit is expressed at the mRNA level 
in purified human bone marrow-derived CD34+ progenitors, and is strongly 
upregulated during IL-3 and/or IL-5 induced eosinophil differentiation of these cells 
(ZJS and SJA, unpublished results). In addition to mature eosinophils and 
basophils, the high affinity IL-5R is constitutively expressed on a number of 
eosinophil-inducible and eosinophil -differentiated myeloid leukemic cell lines [19, 
28-30] (see below). Early expression of the IL-5Ra gene may be a critical step in 
the process of commitment and differentiation of multipotential myeloid progenitors 
to the eosinophil lineage. Recent studies with transgenic mice that ubiquitously 
express the murine IL-5Ra gene constitutively through the phosphoglycerate kinase 
promoter suggest that the lineage specificity of IL-5 is mainly a function of the 
restricted expression of the IL-5Ra subunit [31]. Like other cytokine receptor 
genes analyzed thus far, regulation of IL-5Ra gene expression in this process is 
likely controlled in part at the transcriptional level in a cell-type specific and 
temporal manner [32-35]. However, the transcriptional mechanisms and lineage 
specific cis-elements and trans-acting factors critical to the expression and 
regulation of the IL-5Ra subunit have not been determined. 

1.4 Cell 'lines for analysis of IL-5Ra gene regulation. Studies of 
human eosinophil differentiation and gene regulation have been aided significantly 
by the development of eosinophil-committed subclones of the promyelocytic 
leukemia cell line HL-60 [38, 39] and the acute myeloid leukemia line AMLl4 [28, 
29], which proliferate in suspension cultures, continue to resemble very immature 
myeloid precursors, and are uniquely capable of being driven towards eosinophil 
differentiation (Fig. 1). The AML 14 line has the unusual ability to differentiate into 
eosinophils with a nearly mature phenotype (AMLl4.eos) in response to 
stimulation by IL-3, GM-CSF and IL-5 [28, 29], and to upregulate the expression 
of the genes encoding the eosinophil granule cationic proteins (EPO, MBP, EDN 
and ECP) and eosinophil lysophospholipase (CLC protein) [29]. AMLl4 is 
committed to the eosinophil lineage [28], and AMLl4.eos, the cytokine-induced 
fully differentiated eosinophilic myelocyte subline of AMLl4, continues to 
proliferate and maintain a differentiated phenotype with cytokine (IL-3, GM-CSF, 
IL-5) supplementation [29]. AMLl4.3DlO is a recently cloned factor-independent 
subline of AMLl4.eos that continues to proliferate as a granulated eosinophilic 
myelocyte [40]. The eosinophil-committed HL-60-CI5 line was cloned following 
induction of HL-60 by alkaline culture and butyric acid [38]. These cell lines either 
constitutively express the IL-5Ra subunit gene and a functional high affinity IL-5R 
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(AML14, AML14.eos, AML14.3DlO [28, 29, 40], or express the IL-5Ra subunit 
and IL-5R after induction towards eosinophil differentiation with butyrate 
(HL-60-CI5) [17,30]. These eosinophilic ceJllines have proven their utility as 
models for analyzing the mechanisms regulating expression of the IL-SRa subunit 
gene [36, 37] and other eosinophil genes [41-43], including characterization of the 
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cis-acting elements and nuclear 
factors that may be critically involved 
in their myeloid and/or eosinophil 
lineage-specific expression during 
eosinophil development. 

2 Characterization of the 
IL-5Ra Gene Promoter 
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Fig. 1. Models of normal myeloid/eosinophil 
differentiation of (CD34+) stem cells/progenitors and 
eosinophil-inducible and eosinophil-differentiated cell 
lines used for IL-5Ra promoter charaeteri7.ation. 

mapped the transcriptional start site, 
cloned and characterized the 
promoter, and identified a 34 bp 
upstream region critical for functional 
promoter activity in vitro [36]. We 
have subsequently characterized this 
functional region of the gene, 
identifying a unique enhancer-like 
cis-element (EOS I) 421 bp upstream 
of the transcriptional start site [37]. 
This element is important both for 
full promoter function and for 
lineage-specific activity in myeloid 
and eosinophilic cell lines. Further, 
the EOS I element exhibits 
characteristics of a lineage-specific 

enhancer for which we have not detected any significant similarities to consensus 
sequences for known transcription factor binding sites. The EOS 1 element binds a 
novel nuclear factor(s) that is expressed by eosinophilic as well as other myeloid 
leukemic ceJllines that can be driven towards eosinophilic differentiation, but is 
absent in non-myeloid and non-hematopoietic lines. Interaction between this 
unique element and its cognate transcription factor(s) is likely critical for regulating 
expression of the human IL-5Ra gene and may be essential to the development of 
the eosinophil lineage. 

2.1 A unique nuclear protein-binding cis-element is present in the 
functional IL-SRa promoter region. We previously showed that the region 
between bp -432 and -398 of the IL-SRa gene was both necessary and sufficient 
for maximal promoter activity in vitro [36]. To detect interactions between potential 
transcriptional activators and the cis-element(s) in this region, we performed 
electrophoretic mobility shift assays using a 32P-end labeled 93bp DNA probe 
which encompassed the region from bp -469 to -377. Two major DNA-protein 
complexes, identified as Cl and C2, were obtained using nuclear extracts isolated 
from certain myeloid cell lines, including eosinophil-committed HL-60-C1S, 
promyelocytic HL-60, undifferentiated eosinophil-committed AML-14, fully 
differentiated AML14.eos, and myeloid U937. In contrast, these complexes were 
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not detected using nuclear extracts from lymphoid BJA-B or non-hematopoietic 
HeLa cell lines (Fig. 9 in reference [36]). To precisely identify the nuclear protein 

A A+G CIC2 F A+G A+G CIC2 F A+G 

-
Top Strand Bottom Strand 

binding element(s) in this 
region of promoter sequence, 
we analyzed both the Cl and 
C2 protein-DNA complexes by 
methylation interference using a 
partially methylated 93 bp DNA 3 fragment between bp -469 and 
-377 (Fig. 2). On the coding 

= strand, methylation of the G 
residues at bp -430 and -427 
strongly blocked nuclear 
factor(s) binding, and at bp 
-422 and -421 blocked complex 
formation as well, though 
slightly less effectively. On the 
non-coding strand, methylation 
of the two G residues at bp 
-426 and -425 likewise strongly 
blocked complex formation. 
These results indicated that a 
GTTGCCT AGG sequence 
between bp -430 and -421, 
now referred to as EOS 1 , 
comprised a cis-element which 
comes in direct contact with the 
DNA-binding protein(s) 
forming both the Cl and C2 
complexes. Since both the Cl 
and C2 complexes showed 

Fig. 2. Methylation interference analysis localizes the precisely the same methylation 
nuclear factor binding site in the functional region of the interference pattern on the 
IL-SRu promoter to bp -430 to -421. (A) A 93 bp probe coding and non-coding strands, 
from bp -469 to -377 of the IL·SRu promoter was single both complexes are likely 
end labeled with y·32p·ATP. The labeled probe was formed by the same nuclear 
partially methylated by treatment with dimethylsulfate and factor, with the difference in 
incubated with nuclear extract from the AMLI4 mobility potentially due to 
eosinophil-committed cell line. Protein-DNA complexes limited proteolysis, binding of 
were separat~ on a low ionic strength preparative 4% monomer versus dimer, or 
polyacrylamide gel. Bands comprising free probe not post-translational modifications 
exposed to nuclear proteins (F) and CI and C2 complexes as such as phosphorylation. 
shown in Figure 3, were visualized by autoradiography, 
excised from the gel, isolated by clectroelution, extracted 2.2 Mutation of the EOSt 
with phenol-chloroform, precipitated with ethanol, and si te a bol ishes n uclea r 
treated with 1 M piperidine. Equal amounts of radioactivity factor binding. Three 18 bp 
were subjected to electrophoresis on 8% polyacrylamide-urea oligonucleotides from bp -434 
gels. Maxam and Gilbert sequencing reactions for A+G to -417 were synthesized with 
were used as markers. The G residues for which DNA either the wild type binding 
methylation interfered with nuclear factor binding on the motif, GTIGCCTAGG, or the 
coding or non-coding strands arc indicated (arrows) and binding motif with mutations in 
sequence bracketed below in panel (B) for the bp -432 to either 3 (A TIGGGTAGG, Mut 
-420 region containing the IObp GTIGCCTAGG clement. A) or 2 bases (GTIGCCT ACC 
Reproduced from reference [371. Mut B) in the EOS 1 element. 
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Double stranded wild type or mutant oligonucleotides were prepared and used as 
competitors or probes for electrophoretic mobility shift assays (Fig. 3). A 50 or 
100 fold molar excess of wild type oligonucleotide completely blocked formation of 
both the CI and C2 complexes, whereas the mutant oligos failed to block complex 
formation with either the wild type DNA or oligonucleotide probes. Gel shift 
analysis with the oligonucleotide probe was much cleaner than with the 93 bp DNA 
fragment, providing essentially no non-specific bands (Fig. 3, a versus b). A third 
minor but specific complex (C3) was detected using the bp -434 to -417 
oligonucleotide probe (Fig. 3b), which was not visualized using the 93 bp DNA 
probe. Finally, the mutant B oligonucleotide did not bind the AML14-derived 
EOSI factor(s) when used directly as the probe for gel shift analysis (Fig. 3b). 
Thus, mutations at either three bases (GTTGCCTAGG) or two bases 
(GTTGCCTAGG) in the EOSI element were sufficient to completely destroy the 
binding site. 
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Fig. 3. Nuclear proteins of eosinophil and other myeloid cell lines bind specifically to a unique 
10 bp cis-element required for activity of the IL-SRa promoter. In (A), a 93 bp probe from bp 
-469 to -377 of the IL-5Ra promoter was labelled and used for gel shift analysis. Two low 
mobility DNA-protein complexes (el and e2, arrows) were identified using nuclear extracts from 
both the eosinophilic' (HL-60-C15, AMLI4, AML14.eos) and other myeloid (HL-60, U937) cell 
lines. The specificity of formation of the el/e2 complexes with the bp -430 to -421 element of 
the promoter is indicated by the inhibition of complex formation by a 50-fold molar excess of the 
wild type but not mutant A oligonucleotide covering this region. In (B), the doublestranded wild 
type or mutant B oligonucleotides were labeled and used as probes for the gel shift analysis. In 
addition to the specific el and e2 complexes identified using the longer 93 bp DNA fragment in 
panel A, a minor but specific third complex (e3) was detected. All three complexes formed using 
the AML14 and AMLl4.eos nuclear extracts were likewise obtained using an AML14.3DIO 
nuclear extract. A 100-fold molar excess of mutant oligonucleotides A and B failed to block 
complex formation, and the mutant B oligonucleotide probe did not bind the AML 14 EOS I 
nuclear factor(s). Reproduced from reference [371. 

2.3 Mutation of the EOSl site markedly reduces IL-SRa promoter 
activity. To determine whether the EOSI cis-element was functionally important 
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for promoter activity and possessed enhancer-like activity, we generated IL-5Ra 
promoter constructs which contained the wild type or mutated element in the pXP2 
and pT8l luciferase vectors (Fig. 4a), and analyzed reporter gene activity in 
transient tranfections of various eosinophil, myeloid and non-myeloid/non
hematopoietic cell lines (Fig. 4b). Results from these experiments showed that 
promoter activity of the mutant, -436Mut-Iuc construct was 75-99% lower 
compared to its wild type counterpart in the various cell lines tested. Comparison 
of the luciferase activities of the mutant -436Mut-Iuc and -179-luc deletion 
constructs [36] showed essentially identical reductions in promoter activity. These 
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results indicate that the EOS 1 
element, as the only nuclear factor 
binding site and functional motif 
we have been able to identify in this 
region, accounts for the majority of 
IL-5Ra gene promoter activity in 
vitro in the eosinophilic and other 
myeloid cell lines. 

2.4 The EOSt sequence is 
an enhancer-like element 
which requires a basal 
promoter for its full activity 
and lineage specificity. The 
EOS 1 element, located in the region 
between bp -430 to -421, is 
-400bp upstream of the putative 
TATA box for this gene [36]. To 
determine whether this element is 
capable of functioning 
independently without a proximal 
basal promoter region, we inserted 
a 60bp sequence (bp -436 to -377), 
containing the GTTGCCT AGG 
element, directly upstream of the , ... ~ 

, .. _ ,...... _ _ luciferase reporter gene in the 
promoterless pXP2 vector (Fig. 
4a). Results from transient trans

Fig. 4. Mutation of the EOSI element fections showed that the 
(GITGCCTAGG to aITGggTAGG) destroys IL-SRa -436/-377Wt-luc construct, like the 
promoter activity. (A) Wildt ypeor mutant IL-SRa -179-luc deletion construct, 
promoter constructs containing the indicated regions of expressed <8% of the promoter 
sequence were generated in the promoterless pXP2 activity of the maximally active 
luciferase vector or pT81 vector containing the Herpes -436Wt-luc construct containing 
simplex minimal thymidine kinase promoter. (8) The this element (Fig. Sa). These 
wild type or mutant constructs were transiently results suggest that EOS 1 acts like 
transfected into the various eosinophil, myeloid, most other enhancers, requiring a 
lymphoid an<lnon-hcmatopoictic cell lines as indicated. proximal basal promoter for 
Mutation of the 10 bp element shown to bind nuclear initiation of tran scri ption. 
factors in HL-60-ClS and other eosinophil and myeloid However, the combination of 
cell lines (Fig. 3) functionally inhibited promoter IL-5Ra sequences between bp -179 
activity of the -436!luc construct by >90%, as well as and +51 with the EOS 1 upstream 
significantly decreased enhancer-like activity in the bp element produced only 15% to 35% 
-436 to -377 jpT81!luc construct (shown in Fig. Sb). of the activity of the most active full 
Reproduced from reference [37]. length promoter construct in the 
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various myeloid cell lines 
(Fig. 5a), suggesting there 
may be additional function
ally relevant sequences in 

• ·4J6/·J77w t/.J1Y. '. , the bp -377 to -179 region. 
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Fig. 5. The relative activities of different IL-SRa. promoter 
constructs in the pT81 plasmid demonstrates lineage specific 
and enhancer-like activity of the EOSI element (A) Relative 
promoter activities of -436/-377wt/-179-luc, -436/-377wt-luc 
and -179-luc construCl~ were compared to the maximally active 
wild type -436wt-luc construct (100%) in several eosinophilic 
and myeloid cell lines. (B) The 60 bp region between bp -436 
to -377, containing a wild type (GTTGCCTAGG) or mutant 
(aTTGggT AGG) binding site, was cloned into pT81 luciferase 
vector containing a basal thymidine kinase promoter. The fold 
increase in promoter activity was measured relative to the 
enhancerless pT81 parent vector in the various cell lines. 

To further characterize the 
enhancer-like activity of the 
EOS 1 element, we inserted a 
60bp sequence (bp -436 to 
-377), containing either the 
wild type or mutant 
sequence, into the pTBl-luc 
vector upstream of its basal 
thymidine kinase promoter. 
These two constructs, 
identified as -436/-377Wtl 
pTB1-luc and -436/-
377Mut/pTBl-luc (Fig. 4a), 
and the parent pTBl-luc 
plasmid were transiently 
transfected into the various 
eosinophil, myeloid, 
lymphoid and non-myeloid 
cell lines (Fig. 5b). In 
comparison to the enhancer
less pTBl-luc plasmid, 
promoter activity of the 
-436/-377Wt/pTBI construct 
was increased 10-fold in 
both the eosinophilic HL-60 
-CIS and AMLI4 cell lines, 
and 40-fold in the myeloid 
U937 line, versus only an 
-5 fold or no increase in the 
lymphocytic BJA-B and 
non-hematopoietic HeLa cell 
lines, respectively. The 

Reproduced from reference [37]. _ 4 3 6 1- 3 7 7 M u tip TB 1-1 u c 

construct with a three base mutation in the functional EOS 1 element showed 
significantly les~ promoter activity than its wild type counterpart in all cell lines 
analyzed (Fig. 5b). These results imply that the EOSI element functions as a 
myeloid lineage-specific enhancer with a critical role in the cell-specific expression 
of the IL-5Ra. gene. Further, since this enhancer element was highly active with a 
basal tk promoter, its enhancer activity is not likely promoter specific. 

3 Discussion 

Little is currently known regarding the mechanisms by which human cytokine and 
growth factor receptor genes are expressed and regulated during the commitment 
and differentiation of hematopoietic progenitors to the myeloid lineages in general 
or eosinophil lineage in particular. IL-5 is a late-acting, lineage-specific cytokine 
that demonstrates maximum activity on an eosinophil progenitor pool expanded by 
the earlier-acting, multi potential cytokines such as IL-3 or GM-CSF [31. The 
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unique a subunit of the IL-5R is required for both ligand binding [20] and for 
signal transduction [21, 22] and is therefore critical to the specific action ofIL-5 on 
the eosinophil lineage. Expression of the IL-5Ra gene, like other hematopoietic 
growth factor receptor genes including those encoding the M-CSF (CSF-l) [32-
34], G-CSFR [35,44] and GM-CSFRa [45, 46] receptors, may be critical to the 
entry of multipotential myeloid progenitors into a particular hematopoietic 
developmental program. Thus, elucidation of the processes controlling IL-5Ra 
gene expression will be extremely pertinent to understanding the mechanisms 
involved in regulating eosinophil lineage commitment and differentiation. Since 
activation and prolonged survival of the mature eosinophil is also regulated in part 
by IL-5, the mechanisms regulating expression of the IL-5Ra subunit gene are 
likewise pertinent to the activities of IL-5 and other eosinophil-active cytokines on 
eosinophil function [9, 47], especially with regard to the mechanisms for 
IL-5-mediated signal transduction pathways in eosinophil activation [48, 49]. 
These regulatory mechanisms are also likely to be important both to the 
development of eosinophilia and to the functional activation of eosinophils in 
tissues in eosinophil-associated allergic, parasitic, inflammatory and other diseases. 

We previously isolated the 5' upstream region of the human IL-5Ra gene and 
identified a 34 bp promoter region that was highly functional in the eosinophil 
lineage [36]. We have subsequently identified a unique and previously 
uncharacterized cis-element (EOS 1) in this 34bp region of the promoter, identified a 
nuclear factor or factors that binds specifically to the EOS 1 element, characterized 
the functional importance of EOS 1 for promoter activity in eosinophil versus other 
myeloid, lymphoid or non-myeloid lineages, and defined the element as an 
eosinophil/myeloid lineage-specific enhancer-like sequence [37]. Our results 
suggest that full tissue specificity of the IL-5Ra promoter may depend on both the 
distal EOSI element and the more proximal basal promoter region of this gene. 
Constructs containing the IL-5Ra enhancer element driving the thymidine kinase 
promoter in the pT81 vector expressed markedly increased levels of activity 
compared to the enhancerless pT81 parent construct in the various eosinophil and 
myeloid lines tested, significantly greater increases than in the non-myeloid lines. 
These results suggested that the EOS 1 element is myeloid and possibly eosinophil 
lineage specific in its function. However, mutation of the EOS 1 site in the context 
of the -436 bp promoter further decreased the low levels of promoter activity 
detected in some of the non-myeloid lines (REX and BJA-B), suggesting these 
transformed lymphoid lines may contain low but functional levels of factors capable 
of transactivating the IL-5Ra promoter via the EOS 1 element. Of interest, the 
-436/-377Wt/-179-luc construct was somewhat more active than the-
436/-377Wt/pTSI-luc construct in the AML14 cell line. AML14 constitutively 
expresses the IL-5Ra subunit and a functional high affinity IL-5R [28] and culture 
with eosinophil-active cytokines (IL-5, IL-3 and GM-CSF) induces it into a fully 
differentiated eosinophilic myelocyte subline (AML14.eos) [29]. The 
differentiation potential of this line probably reflects the fact that expression of a 
number of regulatory genes that control eosinophil differentiation can be induced by 
growth factors such as IL-S, IL-3 and/or GM-CSF. The IL-SRa gene is likely to 
be an impor,tant component of this process and studies of IL-SRa gene regulation 
will likely result in greater understanding of the processes involved in the induction 
and/or maintenance of eosinophilia and tissue damage in syndromes such as RES, 
in infections with parasitic helminths, and in the pathogenesis of 
eosinophil-associated allergic diseases such as asthma. 

We have identified a nuclear factor or factors in the eosinophilic cell lines studied 
that binds specifically to the EOS 1 enhancer-like element and that likely regulates 
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expression of the IL-5Ra gene. Whether the two DNA-nuclear factor complexes 
formed by the interaction of the EOS I cis-element and its factor represent monomer 
versus homodimer or heterodimer binding, proteolytic cleavage or postranslation 
modification has not been determined. Consensus sequences for known 
transcription factor binding sites were not detected in searches of a 1994 update of 
the Ghosh transcription factor data base [50]. Recently, Zhang and colleagues [33] 
reported that a functional element, TGTGGTTGCCT, in the M-CSF receptor 
promoter interacts with the PEBP2/CBF (AMLl) transcription factor. Comparison 
of this AMLl element to the EOSI (GTTGCCTAGG) element in the IL-5Ra 
promoter showed identity in 7 of 11 3' bp of the AMLI sequence. To determine 
whether the PEBP2/CBF (AMLl) factor binds to the IL-5Ra EOSI enhancer, we 
used two double stranded oligonucleotides containing either a perfect AMLI 
binding motif (TGTGGT) or the M-CSF receptor element itself (TGTGGTTGCCT) 
that binds AMLl [33], to compete with the IL-5Ra promoter sequence for 
formation of the Cl and C2 complexes. Results from electrophoretic mobility shift 
assays showed that Cl and C2 complex formation was not inhibited by either of the 
AMLl-binding sequences (data not shown). In addition, a specific anti-AMLl 
antibody (kindly provided by Dr. Scott Hiebert) was used to try to supershift the 
IL-5Ra Cl/C2 complexes, but this antibody likewise failed to recognize the nuclear 
factor(s) forming these complexes (data not shown). From these results, we 
conclude that PEBP2/CBF (AMLl) is not involved in the formation of complexes 
with the IL-5Ra EOS I element nor in its function. 

The structure of the murine IL-5Ra chain gene was published recently by Imamura 
and colleagues [51]. In marked contrast to the selective expression of the human 
gene in the eosinophil and basophil lineages [3, 52], the murine gene is also 
expressed in B cells, which have a functional IL-5R [51]. Identification of the 
promoter regions and transcription factors that control the differential expression of 
the human gene in eosinophils and basophils only versus the murine gene in 
eosinophil and B cell lineages [3, 53], should provide insights into their respective 
mechanisms of lineage-specific regulation. The upstream, 5' flanking region of the 
murine IL-5Ra gene contains consensus sequences for ApI, AP-l, GATA-I and 
PU.l, but these sequences have not been characterized for their functional relevance 
[51]. In functional analyses of the murine promoter published thus far [51], 256bp 
of 5' flanking region (-96 to +160bp) had minimal promoter activity in a pCAT 
vector in fibroblast (NIH3T3), FDC-Pl and IL-5 dependent pre-B cell (YI6) lines. 
Of interest, functional characterization of an additional -1.3kb of upstream 
sequence to identify a region that directs B cell-selective expression, detected no 
promoter activity in murine cell lines, suggesting suppressive 5' elements in the 
gene. Similarity searches of the murine IL-5Ra upstream region for the EOS 1 
element we have characterized in the human promoter did not identify a similar 
element within the 740bp of murine upstream sequence published thus far [51]. 
However, these searches have identified a single region of marked sequence 
similarity for the human versus murine IL-5Ra genes (bp -76 to -38 versus bp -212 
to -174, respectively; 85% identity), a region containing an NF-IL6 (CIEBPB) 
consensus site [51] for which the functional importance has not been determined. 

In comparisons of the human IL-5Ra upstream sequence to the 5' flanking 
sequences of the human GM-CSFRa gene [45], we did not detect any regions of 
significant similarity to the functionally active 34 bp region of the IL-5Ra promoter 
identified previously [36]. Likewise, similarity searches for the EOS 1 element 
itself have failed to identify a similar element in the functionally active promoter 
region of the GM-CSFRa gene [461. Recent studies of human GM-CSFRa 
subunit gene expression have demonstrated that PU.l (Spi-l) and CIEBPa 



182 

transcription factors bind to and regulate the functional activity of the GM-CSFRa 
promoter in myelomonocytic cell lines such as U937 in a cell-type specific manner 
[46]. We have not identified similar binding sites for the PU.l or C/EBP factors in 

the human IL-5Ra promoter, nor does in vitro 
translated PU.l bind to the promoter in 
electrophoretic mobility shift assays (data not 
shown). Furthermore, antibodies to C/EBPa, 
C/EBP~, and C/EBPo (kindly provided by Dr. 
Steven McKnight) as well as oligonucleotides 

~----f"k~~==2,~~ 3' containing functional C/EBP binding sites did 
not inhibit EOSt complex formation (data not 
shown), indicating that EOS 1 is not likely one 
of the C/EBP family of transcription factors. 

k~~~~"""n-___ -n5' Overall, these findings indicate important 
differences in the regulatory regions and 
trans-acting factors for the human IL-5R a 
subunit versus murine IL-5Ra and human 
GM-CSFRa subunit genes, differences likely 
relevant to their selective expression in 
eosinophil versus B cell lineages in the two 

~--~a..~~~~fd!Q3' species, and granulocyte/macrophage lineages 
in humans, respectively. The promoters for a 
number of other genes preferentially expressed 
in the myeloid series, including CDIlb [54], 

~=,==,~~:'-='0--__ -r;5' M-CSF [32], and CD14 [55] have likewise 
been shown to require either PU.l and/or Sp 1 
[55, 56] binding for myeloid-specific 
expression. The lack of functionally active or 
consensus binding sites for PU.l or Spl in the EOSl 

IL-5Ra promoter further emphasizes important 
Fig. 6. Modeling of EOS 1 nuclear differences in the lineage-specific regulation of 
factor binding to the DNA helix based on genes in the eosinophil versus other myeloid 
methylation interference. The DNA from lineages. 
bp -416 to -435 is shown as a cylindrical 
projection with phosphate backbone We have recently characterized functional 
indicated by the small open circles. promoter regions for a number of other genes 
Nucleotide bases representing the core expressed selectively in the eosinophil lineage 
recognition residues in the EOS 1, including those for eosinophil peroxidase [41] 
GTTGCCTAGG element are in bolded and Charcot-Leyden crystal protein (eosinophil 
boxes in the major groove and the lysophospholipase) [42]. Searches of the 
methylated residues that strongly or upstream functional promoter regions of these 
weakly interferred with nuclear factor genes for the IL-5Ra EOS 1 element, as well as 
binding are indicated by the black or the published 5' sequences for genes encoding 
shaded triangles, respectively. Mutations eosinophil granule major basic protein [57], 
of G residues in the binding site that eosinophil cationic protein [58] (SJ A, 
blocked both nuclear factor binding (Fig, unpublished sequence data) and eosino-
3) and functional activity of the enhancer phil-derived neurotoxin [58], did not detect an 
element (Fig. 4 & 5) are indicated by the identical sequence element. However, since the 
arrowheads. The center of potential diad genes encoding the eosinophil granule
symmetry of the EOS I element between associated proteins are likely expressed later in 
bp -423 and -424 is indicated by the eosinophil development, subsequent to 
symbol (§) and corresponding signaling through an IL-5R expressed by early 
symmetrically arranged ba~es (shaded), multipotential myeloid progenitors, these 
Reproduced from reference [37]. granule protein genes may be coordinately 
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regulated in an entirely different fashion than the IL-5Ra. subunit during eosinophil 
differentiation and granulogenesis. 

4 Summary and Conclusions 

Further functional and biochemical characterization of the nuclear factor(s) which 
interacts with the EOS 1 enhancer-like element in the IL-5Ra. promoter is currently 
in progress. Since different transcription factors recognize and interact with DNA 
in distinct fashions and with distinct structural motifs [59], we have modeled 
potential binding of the EOS 1 factor to its cis-element based upon its methylation 
interference pattern (Fig. 2), using a cylindrical DNA helical projection [59, 60] 
(Fig. 6). Over a length of two helical turns, all nuclear protein contacts indicated by 
methylation interference map to one side of the DNA helix, suggesting that EOS 1 
binds in the major groove, across the minor groove, and on only one side of the 
helix. Further review of the model also reveals a potential diad symmetry for the 
binding site, suggestive of binding by a homodimer and consistent with the 
formation of the two DNA-protein complexes in our electrophoretic mobility shift 
experiments that could represent interactions with monomer versus dimer. 
Comparison of the EOS 1 binding motif to similar models for the binding of other 
transcription factor families for which structural crystallographic and/or binding 
data is available suggests a similarity of the EOS 1 complex to that of the bacterial 
helix-tum-helix phage A and 434 repressor-operator complexes [61], and the Cys4 
zinc finger glucocorticoid response element (ORE) [62] DNA-binding motifs, all of 
which show similar diad symmetry and binding in the major groove on one side of 
the DNA [59]. The possibility that EOS 1 functions as a ORE is being investigated, 
especially since there is a consensus AP-l site at bp -440 to -432 of the IL-5Ra. 
promoter, immediately adjacent to the EOS 1 binding site (see Fig. 5 in reference 
[36]) and AP-l/ORE interactions have been identified for composite response 
elements in the regulation of a number of different genes [63, 64]. The 
identification or cloning of EOS 1, a potentially novel and eosinophil lineage-active 
transcription factor, should enhance our understanding of the processes involved in 
eosinophil development in particular and myeloid lineage committment and 
differentiation in general. 
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Abstract 

Studies have focused on two genetic loci, c-myb and Mmll, whose activation by 
retroviral insertional mutagenesis contribute to promonocytic leukemia in our acute 
monocytic leukemia (AMoL) model. Multiple mechanisms of activation of c-myb by 
retroviral insertional mutagenesis implicate both transcriptional deregulation and 
protein truncation in conversion of this proto-oncogene to an oncogene. Because 
transformation by c-Myb can be viewed as a block to differentiation our studies moved 
into two in vitro systems to evaluate effects of truncated forms of c-Myb on cytokine 
induced maturation of myeloid progenitors to the granulocyte and macrophage 
lineages. Deregulated expression of truncated and full length c-Myb did not result in 
maintenance of the myelomonocytic progenitor state but rather a block in differentia
tion at intermediate to late steps in the maturation processes of myelomonocytic cells. 
Our results argue that inhibition of differentiation is due to c-Myb's ability to maintain 
the proliferative state of cells. Interestingly, the phenotype of continuously proliferat
ing monocytic cells resembles that of the tumor cell phenotype. Recently we 
identified a new target of integration, Mmll, which is rearranged in ten promonocytic 
leukemias that do not have c-myb rearrangements. This locus which was mapped to 
chromosome lOis presently being characterized. 

The Disease Model 

Promonocytic leukemias develop as a result of intravenous inoculation of replication 
competent retroviruses into adult BALB/c or DBN2 mice that are undergoing a 
chronic peritoneal inflammation (1-5). They are referred to collectively as MMLs for 
murine leukemia virus (MuL V)-induced myeloid leukemia. These leukemias develop 
as a consequence of retroviral insertional mutagenesis involving either c-myb or 
recently demonstrated genetic target Mml-l. 

During the early phase of disease, myeloid progenitors undergo transformation in 
hematopoietic organs by the mutagenic action of the virus. For example, c-myb was 
demonstrated by a sensitive RT -peR approach to be activated by insertional 
mutagenesis in cells of the bone marrow and spleen within the first month after virus 
inoculation (6). In leukemias involving c-myb, activation of the proto-oncogene by the 
virus is the first step in what appears to be a multistep process and neoplastic 
development is dependent upon the pristane-induced chronic inflammation. Support 
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for this comes from observation that the mutagenic event occurs in 100% of mice 
inoculated with virus in the absence of the promoting effects of the pristane, but these 
mice never develop leukemia. Only about 50% of the mice succumb to full blown 
disease with pristane treatment suggesting that progression beyond this preleukemic 
phase is rate limiting for disease. One explanation for this is that the immune response 
becomes active in eliminating cells during this crucial phase. Interestingly, 
susceptibility and resistance does not correlate with the capacity of mouse strains to 
support virus replication and activation of c-myb but rather the capacity to undergo 
progression (7). Similarly, pathogenic determinants of the retrovirus, namely the l\r
gag-PR and env regions do not determine whether c-myb will be activated by the virus 
but whether the mice will develop disease once the proto-oncogene is activated (8). 

It is believed that progression involves differentiation, further oncogenic or 
promoting events, and clonal expansion. The fact that splenectomy decreases disease 
incidence indicates that this organ, in addition to the peritoneal cavity may function 
in this progression (9). We have demonstrated increased myelopoiesis in this organ 
following pristane treatment which may explain its ability to facilitate myeloid tumor 
development (9). 

Our studies have demonstrated that insertional mutagenesis may occur in multiple 
cell types but selection of transforming oncogenes appears to be cell-type specific. 
For example, c-myb is activated in the thymus shortly after inoculation of Moloney 
MuL V into newborn mice, however c-myb is never activated in the lymphomas that 
are derived by this widely used method of tumor induction (10). 

Mechanisms of c-myb Activation 

C-myb activation in pro monocytic leukemia can occur by proviral insertion at more 
than one site. With integrations at the 5' end of the gene constitutive promotor function 
is provided by the virus and the protein is truncated at the amino terminus by 20,47, 
or 71 aa.(1,3,4) Integration can also occur within the ninth exon which gives rise to 
carboxyl truncation of 248 aa (4). Similar truncations have also been observed to 
occur in other murine and avian leukemias and in vitro transformed cell lines. Very 
recently we also identified novel insertion sites at the distal 3' end the gene in some 
DBN2 tumors induced by Friend MuLV(5). It was found that the proviruses in these 
instances were located within a narrow region in the beginning of the large (greater 
than 10 kb) intron 14. The integration of the provirus resulted in inhibition of splicing 
to exon 15 in the affected allele thereby removing 38 amino acids encoded by exon 15 
and adding 14 amino acids encoded by the beginning ofintron 14. 

The c-Myb protein is a nuclear regulator whose transcriptional activity has been 
reviewed (11,12). Figure 1 shows its overall structure including its DNA binding, 
transactivation, and negative regulatory domains. In addition, it depicts the various 
truncated versions the c-Myb either detected or predicted in promonocytic leukemias. 
Although some type of N-and C-terminal truncation of the protein occurs in all 
leukemias so far analyzed, it is unclear whether protein truncation is essential for 
leukemia. It has been hypothesized that truncations at the amino-terminus of c-Myb 
could affect its DNA binding. Increased binding might result from removal of the 
casein kinase II phosphorylation site through which negative regulation of this 
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function has been shown to occur (13,14). Alternatively, removal of the Rl region of 
the binding domain might lower the binding capacity for specific target sequences 
(15). Deletion of the C-terminal negative regulatory domain has been demonstrated 
to increase transcriptional activity by c-Myb (16,17,18). 
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Figure 1. Truncated forms of c-Myb protein in promonocytic leukemias called MML (see ref 1,3-5). 
The top bar depicts the normal c-Myb protein with exon numbers inside. Functional regions are shown 
above. RI,R2, R3 are direct repeat regions within the DNA binding domain. Shaded region at amino 
termini denote amino acids encode by viral gag. ekII, casein kinase II. 

Although C-myb activation by insertional mutagenesis has been associated with 
protein truncation, it has also been observed that disregulation of myb transcription is 
an important feature of the activation as well. Since several of our recently examined 
tumors had only small protein truncations at either the C-or N-terminus, we began to 
wonder if protein truncation was absolutely required for transformation. Because 
transformation by c-Myb can be viewed as a block to differentiation our studies moved 
into two in vitro systems to evaluate effects of normal and truncated forms of c-Myb 
on cytokine induced maturation of myeloid progenitors. We were particularly 
interested in determining to what extent maturation inhibition occurs; a widely held 
view in the field is that c-Myb maintains cells in the progenitor or immature state, 
however, inconsistent with this is the fact that pro monocytic leukemias that 
overexpress c-Myb have a very mature phenotype (2). 

Effects of Full Length c-Myb and Leukemia-specific Truncated 
Forms on Differentiation of Granulocytes and Macrophages 

Granulocyte ditTen;ntiation. To study the effects ofMyb on granulocyte differentia
tion we utilized the 32Dc13 cells which differentiate in response to the physiological 
regulator, granulocyte colony stimulating factor (G-CSF). The results of this study 
were recently published but will be summarized here (19). 

Initial evaluation of G-CSF -induced differentiation of this cell line demonstrated 
that c-Myb is expressed for the first 8-9 days of the 12-14 day maturation process. We 
predicted, therefore, that Myb may be essential for the early to intermediate steps of 
maturation and that overexpression would not inhibit the early stages of differentia-
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tion. Our data confirmed this hypothesis; cells infected with c-myb expressing 
retroviruses progressed to the promyelocyte stage and there was some evidence for 
differentiation to the myelocyte stage as well. These cells, however, were inhibited 
from entering late maturation to the nonmitotic metamyelocyte and neutrophilic 
granulocyte stages. Interestingly, truncated versions of c-Myb had exactly the same 
effect as full length c-Myb on differentiation; no difference in the ratios of the various 
morphological phenotypes was observed. An early differentiation marker, myelo
peroxidase was expressed in all cells ectopically producing c-Myb whereas lactoferrin, 
a late marker was completely suppressed. The cells continued to proliferate in the 
presence of the G-CSF and no difference was observed in doubling times of cells 
overexpressing full length or truncated c-Myb. 

Macrophage differentiation. Ml cells treated with IL-6 will differentiate to a mature 
macrophage phenotype over the course of 4 days. In order to evaluate the effects of 
normal murine c-Myb and truncated forms on this arm of the differentiation pathway, 
we infected Ml cells with LXSN vectors expressing these proteins. Helper-free stocks 
of the viruses were produced in GP + E-86 cells as described in ref 19. Protein 
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Figure 2. Immune precipitation of c-Myb proteins 
exogenously expressed in Ml cells. Ml clones 
infected with vector alone (LXSN) or LXSN 
expressing full length (FL), C·teIIDinally truncated 
(CT), or N.tehninally truncated c·Myb were either 
untreated ( . ) or treated (+) with human(h) 
recombinant IL·6 (IOOnglml) (peproTech, Inc.) for 
24 hr. Medium for growth and differentiation was 
RPM! 1640 with 10% horse serum. Immune pre
cipitation was carned using polyclonal rabbit 
antisera direct toward GST -MybJ, amino acids 1-
325. 

expression in clonal cell lines derived 
by infection with the viruses is 
shown in Figure 2. After 24 hrs in 
the presence of IL-6 endogenously 
expressed Myb disappeared while 
exogenously expressed c-Myb levels 
remained high. All of the cells in-
fected with Myb viruses continued to 
proliferate in the presence of IL-6 
while the cell line infected with 
empty vector proliferated with a long 
doubling time for 2-3 days and than 
ceased to grow (Figure 3). 

Evaluation of RNA expression by 
Northern analysis demonstrated that 
MyD88, a gene shown to be express
ed early during differentiation, was 
upregulated in cells ectopically ex-
pressing all forms of the c-Myb pro
tein. Results for the full length pro
tein are shown in Figure 4. With 
deregulated expression of all forms 
of c-Myb the cells were able to only 
partially develop into macrophages 
and had an intermediate morphology 
consistent with the promonocytic 
phenotype observed for MML leu
kemias (Figure 5). Cell surface 
markers characteristic of macro
phages showed varied expression. 
For example, expression ofFc and 
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Figure 3. Cell growth curves of Ml cells 
ectopically expressing FLmyb, CTmyb, or 
NTmyb. hIL-6 (100 nglml) was added at 
day O. Cell counts were prepared using 
trypan blue exclusion and performed in 
triplicate. 

6 

M1 IL-6 
o 1 3 24 72 [hours) 

- MyD88 

·GAPDH 

M1/c-Myb IL-6 
o 1 3 24 72 [hours) 

. MyD88 

-GAPDH 

Figure 4. MyD88 expression in Ml cells 
and Ml ectopically expressing c-Myb. 
Cells were treated with hIL-6 for times 
indicated. Total RNA was prepared, 
separated by electrophoresis and 
hybridized with a MyD88 cDNA probe 
(27). 
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C3 receptors was intennediate compared to untreated Ml cells or Ml cells treated with 
IL-6 (Figure 6). Mac-l was suppressed in cells infected with the Myb viruses while 
Mac-2 expression was unaffected (Figure 7). In all phenotypic marker studies, the 
expression was determined to be similar for all forms of the c-Myb, leukemia-specific 
truncated forms or the full length protein. 

untreated IL-6 4 days 

1.11 LXSN FLmyb NTmyb CTmyb 

Figure 5. Morphology of Ml cells infected with FLmyb, NTmyb, and CTmyb containing retroviruses. 
Cells at a concentration of 5 x 10' were treated with hIL-6 for 4 days. Cells were prepared by 
cytospinning and stained with Diff-Quik (Scientific Products). 
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Figure 6. Induction of Fc and C3 receptors following !L-6 treatment of MI cells constituitively 
expressing full length and truncated c-Myb proteins. Cells were seeded at 1.5 x 105 in the presence of 
1L-6 and the percentage of cells positive for the receptors was determined as previously reported (20) 
after 3 days. All values represent the means of three independent determinations. 
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Figure 7. Cell surface expression of Mac-l and Mac-2 following differentiation ofMI cells infected 
with c-myb containing retroviruses. Cells were prepared and analyzed using a F ACSCAN (Becton 
Dickinson) as previously described (3). Mac-l was detected with monoclonal antibody MinD; Mac-2 
was detected with monoclonal antibody 2.402 (Boehringer Mannheim). Data is shown as the relative 
number of cells versus fluorescence intensity. Black histograms represent the control Ml cells growing 
in the absence of !L-6. 
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Overall conclusions from differentiation studies. These results demonstrate that 
normal murine c-Myb does not maintain the progenitor state but rather blocks 
differentiation at intermediate to late steps in the maturation processes of myelo
monocytic cells. This is an observation which is consistent with studies of by 
Yanagisawa et al. carried out in WEHI 3B cells (21). Our results argue that inhibition 
of differentiation is due to c-Myb's ability to maintain the proliferative state of cells, 
but does not preclude c-Myb's possible other roles in driving maturation in early 
development or in granulocyte differentiation through regulation of lineage or stage
specific genes (22,23,24,25). Interestingly, Ml/c-Myb cells treated with IL-6 are 
phenotypically similar to that of Ml cells overexpressing c-Myc (26,27) in that their 
differentiation state is intermediate. This correlates with the evidence that c-Myb 
upregulates c-Myc transcription (28-31). Our previous demonstration that deregulated 
expression of human c-Myb results in an earlier block in Ml cells (32) could be 
explained by species differences. Protein levels in our Ml overexpressing murine c
Myb were quite high suggesting effects observed for these genes from different 
species was not due to differences in protein levels. Although these results at first 
sight may seem inconsistent with the demonstration that avian v-myb can induce retro
differentiation in c-myc transformed avian macrophages (33), one must take into 
account the fact that avian and murine c-Mybs may function somewhat differently and 
there are mutations in the avian v-myb compared to its normal counterpart. 

Mmll, a new common locus of retroviral integration in promonocytic 
leukemias 

Although c-myb DNA is a rearranged in greater than 90% of promonocytic leukemias 
induced by Moloney MuL V or its derivatives in BALB/C mice, there are many such 
leukemias induced by other MuLVs that do not have c-myb rearrangements. This is 
particularly observed in promonocytic leukemias of DBAl2 mice induced by 
amphotrophic 4G70A, FB29, and Friend MuLV C57(3,4,5). We have now identified 
a common site of integration, Mmll. A NheI fragment containing LTR and cellular 
flanking sequences from this locus was cloned using DNA from a tumor that did not 
have a c-myb rearrangement, but had a single proviral insertion. Flanking cellular 
sequences segregated from the proviral sequences in the cloned fragment were then 
used as a probe in Southern blot hybridization to determine if DNA from other 
leukemias had rearrangements at the same locus. We have now identified rearrange
ments of Mmll in at least ten MuLV-induced leukemias. The same probe was 
subsequently used to clone a 12kb segment ofMmlI from normal liver cellular DNA 
and map the location of the integration sites as shown in Figure 8. 

Chromosomal mapping studies, performed using progeny from interspecies 
backcross mice generated by mating (BALB/cAn x M spretus)Fl females to 
BALB/cAN males, has determined that Mmll is located on the proximal end of mouse 
chromsome 10. Interestingly, there were no recombinants between c-myb and Mmll 
in 102 backcross progeny. Despite this, our data suggest that Myb is not involved in 
leukemia development. Fragments from a 40kb region which include the new Mmll 
integration sites do not cross hybridize with probes from the 5' and 3' ends of the c
myb locus. Furthermore, c-Myb mRNA and Myb protein expression appears to be 
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unaffected in leukemias with integrations in Mml1. Future studies will be aimed at 
looking for regions which are actively transcribed from this locus . 
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Figure 8. Restriction endonuclease map of cloned region of Mmll from normal DBA liver. Positions 
of integrated retroviruses in 10 leukemias are depicted above. Arrows show orientation of viruses. 
B,BamHI; E, Bg, BglII;EcoRI; H, HindlII; M, MscI; N,NheI; S,SstI; Sp, SpeI. 
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Introduction 

Murine retroviruses (MuLV s) induce a large variety of hematopoietic tumors through 
complex mechanisms involving insertional activation of cellular proto-oncogenes in 
the tumor cell (for review see [1,2]). The type of tumor induced generally depends 
on sequences located in the viral enhancer [3-5] but also on coding sequences from 
other regions of the viral genome [6-8]. The Cas-Br-E MuLV is an ecotropic retrovirus 
that induces hindlimb paralysis in susceptible strains of mice [9]. It also induces 
mainly non-T, non-B-cellieukemia in infected NIHlSwiss mice [10-12]. The tumor 
cells show a very undifferentiated blast cell morphology which suggest that they are 
immature precursors. 
The Graffi MuLV was ftrst characterized by Grafft who initially reported in 1957 
that cell-free supernatants of Ehrlich sarcoma and derivative tumors induced 
«chloroleukemias» with a high frequency in various inbred and outbred mouse strains 
[l3]. However, he also observed a large spectrum ofleukemic cell types after repeated 
passages of the putative viral agent; this phenomenon was described as «hematological 
diversiftcation» [14]. The leukemic cell type observed in these experiments was 
influenced by the tumorigenic tissue used for the viral extract preparation. These 
studies which have been limited to morphological and histochemical analysis of the 
leukemic cell phenotype suggested that the Grafft virus could be a mixture of viral 
components [15]. 

1. The Cas-Bi--E MuLV 

Histopathology of the tumors. 
Newborn NIH/Swiss mice were inoculated intraperitoneally with a molecular clone 
of Cas-Br-E [11,16]. Over the next months, the mice developed several pathologies 
as described in Table 1. Tumors could be divided into two distinct groups based on 
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gross pathology and latency periods. Tumors classified as non-T, non-B leukemias 
were characterized by an enlargement of the spleen after a mean latency period of 
120 d., accompanied by a severe anemia. Thirty-three tumors were examined and 
showed no gene rearrangement of the T-cell receptor .B chain neither of the 
immunoglobulin heavy-chain regions [11]. Histopathological analysis of the tumor 
cells revealed that they had an immature blast cell morphology with high nuclear-to
cytoplasmic ratios. Analysis of blood smears from 3 tumors showed that the cells 
were negative for Sudan black, myeloperoxydase and Schiff periodic acid. In one 
experiment, in which we used a lower titer of Cas-Br-E MuLY, we obtained a larger 
proportion of myeloid leukemia (50%) with a longer latency. These were characterized 
by an enlargement of the lymph nodes and/or the thymus with a mean latency period 
of 210 days. All these fmdings are consistent with the original description of these 
tumors as "non-T, non-B cells" [9-11]. They are also very similar to those obtained 
with the 10AI MuLV [17,18] and are typical of early, uncommitted precursor cells 
very close to the stem cell since they still express the c-Kit mRNA [18]. 

Table 1. Types of leukemia induced by NE-8-Cas-Br-E 

non-T, non-B leukemia 
T-Iymphoma 

myeloid leukemia 

No of mice 

63 
I 

5 

2 

1 

Gross pathology 

splenomegaly 
splenomegaly 
lymphadenopathy 
gross thymic enlargement 
splenomegaly 
lymphadenopathy 
splenomegaly 
lymphadenopathy 
gross thymic enlargement 
lymphadenopathy 
gross thymic enlargement 
gross thymic enlargement 

Latency 
(month) 

3-5/4-8a 
4 

6 to 8.5 

5 
7 

9 

a Two groups of mice were infected with virus at different titers. 53 tumors were obtained with 
a latency of 3-5 months (virus titer: 5 x loS PFU/ml) and 10 tumors with a latency 
of 4-8 months (virus titer: 1 x loS PFUImI). 

DNA rearrangements in Cas-Br-E-induced tumors 
To identify proto-oncogenes associated with transformation, the DNA from 63 non-T, 
non-B lymphomas were analyzed by Southern blot hybridization for the presence of 
rearrangement in the genomic regions coding for p53, Evi-l, Evi-2, Piru-l, c-myc, c-myb, 
EpoR, Spi-l/Pu-l, Fim-l, Fim-2, Fim-3 and Fli-l. We found that Fli-l, p53 and Evi-l 
were rearranged in respectively 72%, 23% and 18% of the tumors. As shown in Fig. 
1, Evi-l rearrangements were not associated with p53 or Fli-l alterations. However, 
two tumors appeared rearranged for both Fli-l and Evi-l but they were oligoclonal, 
each cell population showing a unique rearrangement. In contrast, p53 and Fli-l 
genes are often rearranged within the same tumor. The percentage of double 
rearrangements could be even higher since we looked for large DNA rearrangements 



only and not single point mutations. 
The Fli-llocus was originally identified 
as a viral integration site by Ben-David 
et al [19] in Friend MuLV-induced 
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erythroleukemias and by us in Cas-Br-E 2 % ~~~~sg3t 
MuLV-induced non-T, non-B lymphomas p·53 ~ 
[11]. The Friend-MuLV-induced tumors 
were composed of committed erythroid 
cells as they expressed EpoR and B-Globin 
mRNAs. As depicted in Fig. 2A, Friend
MuLV pro viruses were integrated within 
a 2 Kbp genomic region upstream of the 
Fli-l coding region and in the opposite 
transcriptional orientation. In contrast, 
Cas-Br-E viral integrations were all 
clustered in a very narrow DNA region 
(less than lOO bp) in the same 
transcriptional orientation as the Fli-l 
gene. The retrovirus integrates in the Fli-l 

Fig. 1. Distribution of the DNA rearrangements 
in the Cas-Br-E-induced non-T-, non-B-cell 
leukemias. 

exon 1, few nucleotides upstream of the ATG start codon for the Fli-l gene product 
[20]. Interestingly, the lOAl MuLV was recently associated with Fli-1 activation in 
murine leukemia and it induces tumors remarkably similar to those induced by Cas-Br-E 
both in their morphology and in the absence of T- or B-cell DNA rearrangements 
[11,18]. Cell surface analysis has revealed that the morphology of lOAl MuLV
induced tumors is consistent with proerythroblastic, promyeloblastic, and 
undifferentiated blastic cell types, negative for IS lineage-specific markers [18]. The 
virus was found integrated in the same cluster and orientation as the Cas-Br-E MuLV 
in Fli-1 exon 1. Most likely, both MuLVs activate Fli-l transcription from their 3'LTR 
according to a promoter insertion mechanism even though their LTR sequence is 
96% homologous only. 
As illustrated in Fig. 2B, Cas-Br-E integrations were mapped in the Evi-l gene for 7 

Fig. 2. Position of viral integrations in the Fli-l 
and Evi-l regions. A) Vertical lines indicate the 
integration sites for Cas-Br-E or Friend MuLVs 
in the FIi-llocus. Horizontal arrows indicate one 
proviral orientation and the thick arrow represents 
45 proviral integrations ofCas-Br-E ecotropic and 
MCF recombinant MuL V s. B) Bracket indicates 
the integration sites of ecotropic proviruses in the 
Evi-Ilocus. Black boxes indicate the position of 
the postulated Fli-l exon 1 and of the Evi-l exon 
2. B, BamHI; E, EcoRI; H, HindIIl; K, KpnI; P, 
Pst!; S, Sacl. 
This Fig. is modified from Fig. 2 in [12]. 
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tumors [20]. They are all located upstream the exon 2, in the main viral integration 
cluster previously described in myeloid leukemias induced by Cas-Br-E and Moloney 
MuLVs [21]. In these tumors, Northern blot analysis revealed that Evi-l transcripts 
were present, but detected as a smear extending from 1 to 7 Kb [12]. As reported in 
cell lines derived from Cas-Br-E-induced tumors, the diffuse nature of Evi-l transcripts 
may result from differential splicing of retrovirus-Evi-l RNA sequences [21]. 
Interestingly, the proviruses found in the Evi-l locus were all ecotropic in contrast 
with the Fli-l locus, where 50% of proviruses were MCF recombinants and 50% 
were ecotropic MuLV [20]. 

Proto-oncogene expression in Non-T, non-B lymphomas 
We performed Northern blot analysis on the total RNA from Cas-Br-E induced, non-T, 
non-B tumors to analyse the expression of several proto-oncogenes. Tumors showing 
DNA rearrangements for Fli-l, p53, Fli-l/p53 and Evi-l were chosen. As shown in 
Fig. 3, high expression ofEvi-l was detected only in the Evi-l rearranged tumors. In 
these tumors, only low levels of Fli-l, 
p53, c-myc and Pim-l were detectable. 
On the other hand, all Fli-l andlor p53 
rearranged tumors did not synthesize Evi-l 
transcripts but expressed much higher TUMOR N0 ::g ~ ~ ;:;; f?j ~ ~::t ~ ~ ~ N ~ ;t 
levels of Fli-l, p53, c-myc and Pim-l 
mRNAs. Interestingly, these four genes 
have been reported to be rearranged in 
transplanted erythroid tumors induced by 
the Friend MuLV [22]. 
Only 2 out of 63 non-T, non-B tumors 
showed a DNA rearrangement for p53 
in the absence of Fli-l alteration. 
Surprisingly, in these two tumors, 
Northern blot analysis revealed a 2,4 Kb 
transcript in addition to the normal 2,8 
Kb Pim-l transcript, in the absence of any 
Pim-l DNA rearrangement (Fig.4B). The 
serine/threonine protein kinase Pim-l 
was reported to be frequently activated 
in Moloney MuLV-induced T cell 
lymphomas. In these tumors, the major 
cluster of viral integration was mapped 
in the non-translated region of the last 
exon of Pim: 1 [23], a region associated 

Fig. 3. Densitometric quantification of mRNA 
expression in tumors rearranged for p53, Fli-l and 
Evi-l. The quantification was nonnalized by 
hybridization with the B-actin probe. The data are 
plotted relative to the level in spleen (base line). 
This Fig. is from [12]. 
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with sequences confering instability to Pim-l mRNA [24]. In Cas-Br-E-induced 
tumors, the activation of Pim-l expression is not the result of viral integration but 
rather of an indirect mechanism possibly associated with the activation of Fli-l 
expression. In the two tumors rearranged for p53 but not for Fli-l, sufficient activation 
of Pim-l may occur through the expression of the shorter mRNA. Indeed, in rat 
testes germ cells, the shorter 2,4 Kb Pim-l transcript, which arises through the use of 
an alternate polyadenylation signal , was shown to be extremely stable [25]. These 
findings suggest that the expression of Fli-l and Pim-l may be related. Consistent 
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Fig.4. Northern blot analysis of hematopoietic cell lines (A) and Cas-Br-E-induced tumors (B). Total 
RNAs from erythroid (K-562, CB7), myeloid (WEHI-3B, MI, M-NFS), lymphoid (Ti6) cell lines, 
Cas-Br-E-induced tumors (2ACll, 1-2,55, 1-6,207-2), and normal spleen were successively hybrized 
with the probes indicated in the left of each panel. 

with this hypothesis, analysis of various hematopoietic cell lines revealed a perfect 
correlation in the level of expression of these two genes (Fig. 4). It is tempting to 
speculate that, in the absence of Fli-I, the shorter Pim-l transcript is necessary for 
tumor progression and development. 
In conclusion, it seems that our non-T, non-B tumors can be divided in two categories, 
one with Evi-l activation and the other with Fli-l activation accompanied by enhanced 
expression of Pim-l and frequently with DNA rearrangements of p53. Evi-l has 
been shown to repress GATA-I-dependent transactivation [26] which itself is essential 
for erythroid differentiation [27]. It is therefore possible that the Cas-Br-E infects 
immature progenitor cells and when integrated in the Evi-l locus, enhanced Evi-l 
expression may block erythroid factors thus promoting myeloid characteristics of 
the tumor cells. However, when integration occurs in the Fli-l locus, both Fli-l and 
Pim-l become activated and the tumor cells maintain their undifferentiated phenotype 
or progress toward proerythroblast cells. 
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2. The Graffi MuLV 

Molecular cloning and restriction map 
We took advantage of the ability of a probe derived from the U3 portion of Moloney
MuLV [28] to detect and clone proviruses from a genomic library of Graffi MuLV 
newly infected NIH 3T3 cells. Two types of molecular clones, GV-1.2 and GV-1.4, 
corresponded to complete, apparently non-defective retroviruses [15]. Two other types 
were defective molecules or MCF recombinants. Clones GV-1.2 and GV-1.4 were 
digested with several restriction enzymes and analyzed by Southern transfer and 
hybridization with probes derived from different portions of the Moloney-MuLV 
genome. A summary of their restriction maps is shown in Fig. 5. Clone GV-1.2 is 
very similar to clone GV-l.4 except for its LTR which is about 60 nucleotides longer 
and for a few restriction sites. The nucleotide sequence of the LTR of clone GV-l.2 
showed a 60 bp perfect direct repeat in the U3 region which is present in only one 
copy in clone GV-l.4. The restriction maps of these clones are clearly distinct from 
those of Moloney, Friend, Rauscher, Cas-Br-E MuLVs, Kaplan RadLV and 
endogenous viruses (ecotropic, xenotropic and amphotropic) suggesting that the Graffi 
virus is a novel leukemogenic retrovirus [15]. A comparison of the LTR sequences 
with those of other retroviruses showed a best homology between clone GV-l.4 and 
the amphotropic4070 MuLV and Cas-Br-E MuLV with 92% and 91,5% of homology 
respectively. 
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Fig. 5. Restriction endonuclease map of Graffi MuLV clone GV-1.2 and GV-l.4. B: BamHI, C: ClaI, 
E: EcoRV, EN: EcoNl, H: Hind III, K: KpnI, P: Pst!, PI: PvuI, PII: PvulI, S: SmaI, Sl: Sail, SII: 
SaclI, Sc: Sac!, Sp: SpeI, X: XbaI, Xh: XhoI. 

Biological and clinical characteristics of the cloned Graffi-MuLVs 
Infectious retroviruses, recovered following transfection of clones GV-l.2 and GV-l.4 
DNAs, wereoecotropic, XC positive and NB tropic. They also grew well on Rat-l but 
not on Mink cells. They were injected intraperitoneally into newborn Balb/c and 
NFS mice. All mice inoculated with GV-l.2, GV-l.4 and the uncloned parental virus 
mixture (GV) developed leukemia. Leukemic cells began to appear in peripheral 
blood by 4 weeks post infection. Gross post mortem examination of the animals 
revealed splenomegaly and generalized lymphadenopathy often accompanied with 
thymic and mesenteric lymph node enlargements. Peripheral blood smears contained 
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predominantly myeloid blasts with rare differentiation to the promyelocyte stage or 
a hiatus to mature neutrophils. Immature forms predominated in tissue imprints of 
lymph nodes, spleen and thymus. Approximately 15-20% of blasts showed positive 
staining for myeloperoxidase and 60-70% staining for naphtol AS-D chloroacetate 
esterase. Interestingly, we obtained chloroleukemias (greenish coloration of lymph 
nodes reflecting endogenous myeloperoxidase activity) with clone GV-I.4 exclusively 
in about 10% of the diseased animals. 
The cumulative incidence of disease is shown in Fig. 6. Identical results were also 
obtained in NIHlSwiss mice (data not shown). The latency was significantly longer 
for clone GV-l.4 in the three strains of mice compared to clone GV-1.2 or to parental 
GVvirus. 
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Fig. 6. Cumulative incidence of disease (in days) induced by parental Graffi MuLV (GV), and molecular 
clones GV-1.2 and GV-1.4. Newborn Balb/c mice (A) and NFS mice (B) were inoculated 
intraperitoneally with 5xl04 PFU. Animals were sacrificed when they showed signs of advanced 
disease. 

Since most mice developed thymic and lymph node enlargement in addition to 
splenomegaly, the leukemic cell phenotype was further characterized by the analysis 
of cell surface antigens and molecular markers. The tumor cells were negative for 
Thy-1.2, surface Ig and Ly-5 markers. Southern blot analysis of tumor DNAs with 
IgH and TCR-B gene probes revealed DNA rearrangements in certain tumors with 
either one or both probes (data not shown). In some cases, the rearranged allele was 
not equimolar whim compared to the germ line allele. However, we confmned the 
clonality of the tumors with a Graffi-derived U3LTR probe as we could detect by 
Southern analysis a discrete pattern of bands for each tumor DNA. All leukemias 
which demonstrated mixed lineage markers showed a clonal pattern of viral integration 
despite non-equimolar rearrangement of IgH or TcR genes, similar to fmdings in 
human chronic myeloid leukemia [29-31]. Indeed, concomitant expression of myeloid 
and lymphoid markers has been observed in several human leukemias such as acute 
and chronic myeloid leukemia and acute lymphocytic leukemia [31]. 

DNA rearrangements in Gram-induced tumors 
To identify proto-oncogenes associated with Graffi-MuLV-induced leukemias, we 
analysed 30 tumors for DNA rearrangements of genes that are related to the myeloid 
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lineage. Thus, we have tested Evi-l, Evi-2, Evi-3, Evi-4, c-myb, Fim-l, Fim-2, Fim-
3, Fis-l, Meis-l and Spi-l/Pu-l. One tumor only was found rearranged for Spi-l/Pu-
1 and none of the other genes tested was found rearranged. This suggests that 
potentially new genes are involved in Graffi-induced leukemias. 

Analysis of the U3 LTR region of Cas-Br-E and Graffi MuLVs 
Both retroviruses are capable of causing myeloid leukemia in mice. However, Cas-Br-E 
MuLV induces usually a low percentage of myeloid disease in mice. In fact, in two 
series of experiments, we obtained a higher incidence of myeloid leukemia when a 
lower virus titer was injected to the animals. In contrast, the Graffi MuLV induces 
100% of myeloid leukemia when injected in three different strains of susceptible 
mice. This suggests that the target progenitor cell might be different for these two 
retroviruses. We were therefore interested to compare the LTR sequences of these 
two viruses in light of potential regulatory sequences recognized by specific DNA 
binding proteins. The results are summarized in Fig. 7. As shown, a large number of 
elements identified in Moloney and Friend MuLV U3 regions are also present in 
Cas-Br-E and Graffi U3 sequences. Indeed, Cas-Br-E LTR is highly homologous to 
GV-1.4 LTR (91.5%) but also to Moloney LTR (91 %). The Moloney MuLV causes 
primarily T lymphomas, and sequences in its U3 region, in particular the core and 
LVb regions, have been shown to be the primary determinant for disease specificity 
[32]. Cas-Br-E and Graffi MuLV U3 sequences are very similar to those of Moloney 
in these regions although they do not induce T lymphomas in mice. However, knowing 

C AATGAAAGA.CCCACCATCAGGTTTAGCAAGCTAGCTTAAGTAACGCCATTTATTTTGCAAGGCCTGGAAAAATACCGAA --.-
G AATGAAAGACCCCACCATAAGGCTTAGCAAGCTAGCTACAGTAACGCC .... ATCTTGCAAGGCCTGGAAAAATACAGGA 

C 

G CTGAGAATAGGGAAGTTCAGATCAAGGTCA.GAGCAG 

GRE 
I MCREF-l I 

C AGTTTCGGCCCCGGCCCGAGGCCjQAGA "CCCC~TGGCCCAATCCTCAGCAGTTTCTAGGGACCCt 
* * * * * * 

G AGTT1¢GGGCCCGGCCCGG~GC C G CCCC~TGGCCTAATCCTCAGCAGTTTCAAGAGACCC A 
MCREF-l - x 

CAAT 
C GATGJ:TTCA~GCTGCCCCAAAGACCTGAAGTGACCCTGTGCCTTATTTGAACTtJAA AGCTCGCTTCTCGCTTCT 

* * ** * * * * 
G GATG TCCAGGTTGCCCCAAAGACCTGAAACGACCTTGCGCCTCATTTGAACT CAA AGCCCGCTTCTCGCTTCT 

E-box 
TATA 

C GTTTGCGCGCTTCTGCTCCCCGAGC:CATA GA. GCACACTACCCCTCACTCGGC 
* * * ** * * 

G GTTCGCGCGCTTCTGCTCCCCGAGCT TAT GAGGCCCAAGAACCCTTACTCGGC 

Fig. 7. AlignmentofU3 LlR sequencesofCas-Br-EMuLV [16,20] and Graffi MuLV clone GV-1.4 
[15]. The regulatory elements including the CAAT box and promotor (TATA) are boxed or underlined. 
Mismatch is represented by a *. LVa, L Vb, core, GRE: binding sites identified in Moloney MuLV U3 
region [32]; FVa:Binding site identified in Friend MuLV U3 region [32,35]; MCREF-l: Mammalian 
type C retrovirus enhancer factor-l [35]; E-box:binding sites for basic helix-loop-helix tranScription 
factors identified in U3 regions of Friend, Moloney, SL3-3 and AKV MuLVs [36]; GATA:binding 
sites for members of GATA protein family [34]. 
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that a multitude of factors bind to U3 region and regulate transcription in a tissue
specific fashion, the few nucleotide differences between Cas-Br-E, GV-l.4 and 
Moloney U3 sequences could be sufficient to alter the very complex assembly of 
binding factors, thus changing the tissue specificity of the enhancer. For example, 
the sequence in the core region could be important, since a single nucleotide of the 
SL3-3 MuLV LTR was shown to be crucial [32,33]. Also, as another example, the 
GATA elements could be of importance as we have shown that members of this 
family are able to bind elements in Graffi and Cas-Br-E LTRs (Barat and Rassart, 
unpublished results), even if they do not match perfectly the GATAconsensus element [34]. 
Alternatively, the disease determinant could be situated outside of the LTR, for 
example in gag or env coding regions. In this regard, the leukemogenic potential of 
Cas-Br-E was shown to be dispersed in the entire genome as any region of its genome 
could render the ampho4070 MuLV leukemogenic [7]. 
Additional studies including the construction of chimeric viruses between Cas-Br-E, 
Graffi and non-leukemogenic retroviruses, as well as site-directed mutagenesis, will 
be required to understand the molecular basis of their disease specificity. Moreover, 
the analysis of the various factors binding to Cas-Br-E and Graffi U3 regions will 
allow the identification of putative myeloid specific factors which may explain the 
targeting in myeloid progenitors. 
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Introduction 

Our molecular understanding of myleoid leukemogenesis has come largely 
from the identification and characterization of genes whose alteration, through 
deletion, translocation, mutation, or retroviral insertion contributes to this multistep 
process. In this pursuit, several mouse models have contributed significantly, 
including the BXH-2 [1] and AKXD23[2] recombinant inbred strains, as well as 
retroviral infection of a number of different strains. These studies have led to the 
identification of Evil [3], Nfl [4], Flil[5], Spil[6], Hox2.4[7], and, more recently, 
Meisl[8] and Hoxa9[9] as genes involved in myeloid leukemogenesis. This review 
focuses on Evil, a myeloid leukemia-specific site of retroviral insertion that 
encodes a zinc finger transcription factor. 

Identification Of Evil 

Evil is a common site of retroviral insertion in murine myeloid leukemias, 
and has been found in tumors arising in the AKXD23 strain of mice[lO], as well as 
in Cas-Br-E virus-induced tumors in NIHISwiss[1I] and their inbred derivative, 
NFS[lO]. Tumors in Cas-Br-E-infected animals contain both ecotropic and MCF 
recombinant viruses. Interestingly, all of the proviral insertions at Evil were 
ecotropic, whereas other sites of insertion, such as Flil, have both ecotropic and 
MCFs [11]; the ryason for this specificity is not known. While Evil insertions are 
predominantly myeloid-specific, some were found as well in a small number of B 
and pre-B cell tumors [10]. Elucidation of the intron-exon structure of the 5' end of 
the gene revealed that the pro"iral insertions were in both transcriptional 
orientations, and were tightly clustered, occurring within a 2 kb stretch of DNA 
either upstream of exon one or between exon one and exon two. It is believed that 
the first coding exon is the third, since this is the first ATG on the mRNAs 
described to date, and is consistent with the size of observed protein products for 
the gene[12]. 

A distinct site of retroviral insertion was documented in myeloid tumors in 
mice, termed Cbl/Fim3[13], which by genomic mapping was localized near the 
Evil locus. Proviral integrations at this site result in high expression of Evil[14], 
yet analysis of the genomic organization of the CbllFim3IEvil region revealed that 
CbllFim3 is 90 kb upstream of the first exon of Evil. Since there is no evidence of 
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an ex on in the vicinity of CbllFim3, it is currently thought that these insertions act 
from a distance to activate Evi I transcription by an enhancer-insertion 
mechanism[15]. 

Both the retroviral insertions and the translocations (see below) at Evil 
result in transcriptional activation of the gene, thus indicating that the gene acts as a 
dominantly acting oncogene in leukemia. Interestingly, most AMLs bearing EVIl
activating alterations are of the MO, M1, or M2 class, and are usually CD34 
positive, suggesting an immature phenotype. Cell lines with such alterations are 
dependent on hematopoietic growth factors. These characteristics indicate that Evil 
does not abrogate growth factor requirements [3] [16]. 

Involvement Of Evil In Human Disease 

Rearrangements of Evil have also been documented in human 
myelodysplasias and leukemias, indicating its involvement in human disease [16-
22]. The gene is located on human chromosome 3q26 [23]. This is a region of 
nonrandom chromosomal rearrangement in a small subset of both myelodysplastic 
syndromes and myeloid leukemias [24-26]. There is a 3q21q26 myelodysplastic 
syndrome that is characterized by normal or elevated platelet counts, hyperplasia 
with dysplasia of megakaryocytes, multilineage involvement, short duration of the 
myelodysplastic stage, and a poor prognosis [26]. 

The involvement of EVIl rearrangements in MDS and AML has emerged 
from several studies. One study, involving 116 patients with human AML, eight 
expressed EVIl, and seven of these had cytogenetically detectable translocations or 
inversions of chromosome 3q26. In numerous cases, the site of rearrangement has 
been documented by pulsed field gel analysis, and these range from 13 kb 5' of the 
gene[16] to 400-kb region distal to the EVIllocus[201. 

In cases with inv(3)(q2l ;q26) and t(3;3)(q21 ;q26), EVIl is located near the 
q26 breakpoint, while the ribophorin gene is located near the q2l breakpoint [21]. 
Ribophorinis a ubiquitously expressed gene that may provide enhancers for EVIl 
transcriptional activation. The size of the EVIl transcript in these cells, 6.0kb, is 
comparable to that seen in normal human kidney or ovary (normal sites of EVIl 
expression), suggesting that there is no significant alteration in the mRNA 
structure. The 3q26 breakpoint location relative to EVIl depended on the type of 
rearrangement: inv(3)(q2l ;q26) cases had breakpoints 3' of the gene, whereas in 
t(3;3)(q21;q26) cases, the breakpoints were 5' of the gene [21]. 

EVIl is also involved in a t(3;21)(q26;q22), which is seen in the blast crisis 
phase of CML [27] and in mye10dysplastic syndrome (MDS)-derived leukemia 
[28]. This is a reciprocal translocation and likely plays a causative role in these 
diseases [29, 30]. This rearrangement involves AMLl on human chromosome 
21q22, with the breakpoint between exons 6 and 7. AMLI encodes the human 

homolog of the ex subunit of the heterodimeric transcription factor PEBP2/CBF[31, 
32], a factor that is involved in the transcriptional control of several myeloid
specific genes (see papers by Zhang et aI, and Friedman, this volume). 
Interestingly, in between the t(3;21) breakpoint and EVIl (a distance of 470 kb), 
there are two other genes: EAP, which encodes the small ribosomal protein 
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L22[33], and MDS, a gene of unknown function that codes for an approximately 
40kd protein [19](G. Nucifora, personal communication). All three chromosome 3 
genes are in the same transcriptional orientation, directed away from the breakpoint 
site, and in the same orientation as AMLI. Eight different chimeric RNA 
transcripts derived from this recombinant chromosome have been identified, and 
these join either exon five or six of AMLI to one of the chromosome 3 genes [19]. 
In addition, AMLlIMDSIEVll transcripts have also been documented. In the latter, 
the translational reading frame is maintained across this tripartite chimera, and 
yields an 180 kd protein that reacts with both anti-AMLI and anti-EVIl antisera 
[22]. The leukemogenic effect of these chimeric proteins is under investigation. 

From the studies of EVll in human myeloid disease, it is clear that it can 
contribute to leukemia by either increased level of expression or by alteration in 
protein structure. 

Evil Protein Structure 

cDNA cloning and analysis showed that Evil encodes a 1030 residue 
protein with ten zinc finger motifs that are separated into two domains (Figure I) 
[3]. There is also an acidic domain at the C-terminal end, although, as discussed 
below, Evil does not appear to function as a transcriptional activator. A shorter 
isoform of Evil, which migrates as 88kd, is produced via alternative splicing in 
both human [34] and mouse [35]. This form lacks zinc fingers six and seven, as 
well as 324 of the adjacent C-terminal amino acids. Since these fingers are 
important for DNA binding [36], it is likely that this isoform has different binding 
characteristics than the 145 kd isoform, although this has not been carefully 
examined. 

EVIl is localized to the nucleus [12,37], and exhibits an interesting, dotted 
pattern of localization in cells that contain a provirally activated allele. A similar 
pattern of nuclear localization has been reported for the PML gene product in 
myeloid precursors [38, 39]. Murine EVIl is highly phosphorylated at numerous 
sites, predominantly serine and threonine. The protein binds to wheat germ 
agglutinin, and can be eluted off with N-acetyl glucosamine (GIcNAc), suggesting 
the presence of O-linked GIcNAc residues, which is a feature seen on a number of 
other nuclear proteins [40]. The significance of these modifications is not clear. 
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Figure 1. Structure of the 145kDa and 88kd isoforms of murine EVIl. Hatched 
areas denote zinc finger 
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Evil Expression 

In Drosophila, zinc finger proteins play an important role in cell fate and 
body plan decisions. In the developing mouse, Evil is expressed in a temporally 
and spatiaIly restricted pattern of expression, suggesting a role for the gene in 
organogenesis[41]. Organs showing high level expression include the developing 
renal system and respiratory systems, where the gene is expressed in the epithelial 
component, and not in the mesenchymal cells. Expression of Evil can be found in 
primary fetal kidney ceIls but not in numerous established kidney ceIl lines. 
Interestingly, Evil expression in A 704 human renal carcinoma ceIls could be 
induced with agents that raise cAMP levels, and blocked by the addition of TPA ; 
however, not all renal ceIl lines responded in a similar manner[42]. These data 
suggest that Evil expression in the kidney may be modulated in vivo in response to 
various physiologic states. 

In the developing limb buds, Evil is expressed at 9-12 days postcoitum 
(dpc) in a non-graded pattern, with no significant expression seen in the apical 
ectodermal ridge. The developing heart also expresses Evil; transcripts can be 
detected at 12.5 dpc in the endothelial cells that partition the truncus arteriosus, as 
well as the valve leaflets. At 14.5 dpc, when the truncus is fully separated into the 
two outflow channels, no expression can be seen in the heart [41]. 

The pattern of expression seen in the heart and limb buds, where the gene is 
on for brief periods of rapid growth and morphogenetic change, suggests a role for 
Evil in cell migration or cell growth at a point after lineage commitment but prior to 
terminal differentiation. A similar pattern of expression, where Evil is on at the 
midpoint of differentiation but off at later stages, is also seen in differentiating 
blood cells. Analysis of EVIl expression during G-CSF-induced differentiation of 
CD34 positive human myeloid precursors has revealed that while the gene is 
expressed at low levels early in myeloid differentiation, its expression increases 
dramatically at the promyelocyte stage; thereafter, its expression drops to 
undetectable levels. It is interesting to note that EVIl expression is downregulated 
as the ceIls become terminally differentiated and postmitotic. These data suggest a 
possible role for the gene in preventing terminal differentiation, a concept that has 
some experimental support [43]. 

Additional evidence of EVIl expression in hematopoietic cells, in the 
absence of retroviral insertion or chromosomal rearrangement, comes from a recent 
study that reported EVIl expression in a variety of myelodysplastic syndromes and 
leukemias that lacked cytogenetically evident rearrangements at EVIl [44]. It is not 
clear if a cytogenetically undetectable genetic lesion at EVIl, or a extragenic 
alteration, is causing EVIl overexpression in these instances, nor what role this 
expression plays in the transformed phenotype. It is possible that expression in 
these cells is stage-specific, and reflects the point in cellular maturation at which the 
cells arrested. 
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Biochemical Properties Of Evil 

The finding of ten zinc fingers in the protein argues that Evil encodes a 
sequence-specific DNA binding protein that plays a role in RNA transcription, 
DNA recombination or replication, or some other aspect of nucleic acid regulation. 
By performing cycles of protein-DNA binding, selection, and amplification, it has 
been possible to identify consensus binding sites for both the first and second sets 
of zinc fingers: fingers 1-7 bind to TGACAAGAT AA[36, 45], and the second set 
of fingers, numbers 8-10 bind to GAAGATGAG[46]. Studies on zinc finger 
structure and DNA binding indicate that each finger interacts with three nucleotides, 
and this interaction is mediated by key amino acids on the exposed face of an alpha 
helix that extends down the C-terminal half of each finger: the identities of these 
amino acids, to a certain extent, can determine the specificity of binding[47-49]. 
By such considerations, fingers 1-7 could interact with 21 base pairs, and fingers 
8-10 with 9 bps. The latter appears to be the case. However, it is unlikely that 
fingers 1-7 bind 21 consecutive bps, for several reasons: this would require the 
protein wrap around two complete turns of the helix, and would likely encounter 
steric hindrance. In addition, the presence of uncharged amino acids such as serine 
at key positions in fingers 1 and 2 makes it unlikely that they interact strongly with 
DNA. Fingers 1 and 4 are His-X4-His fingers instead of the more common His
X3-His spacing, which allows more flexibility to the finger [50, 51], and yield a 
structure that makes no contact with DNA. It is argued that in TFIIIA, which has 
nine zinc fingers and the theoretical capacity to bind a 27 base site, some of the 
fingers make no contact with the DNA [49]. Indeed, DNA binding and 
amplification selections for optimal binding sites, and gel shift experiments, 
performed with triplets of fingers reveal that fingers 1-3,2-4, and 3-5 do not bind 
DNA on their own, while triplets 4-6 and 5-7 are able to bind DNA, and can select 
the GAT AA motif. The inclusion of finger 4 onto 5-7 yields increased selection for 
GACAA; fingers 2 and 3 appear to augment the specificity for GACAA[36]. 

The binding site for EVIl that we identified - TGACAAGATAA - shows 
overlap with the binding site for the GAT A family of transcription factors, which 
bind to the consensus motif (AIT)GATA(NG) [52, 53]. This site was first 
identified as a common motif present in cis-acting elements of erythroid-specific 
genes, and through mutagenesis studies was found to be functionally important for 
erythroid gene transcription [54-57]. The overlap in binding sites for EVIl and the 
GATA factors suggested the possibility that EVIl may bind to GATA sites located 
in cis to erythroid-specific genes and influence their transcription. To investigate 
this possibility, we used competitive gel shift assay [58] to determined the affinity 
of binding of EVIl for GAT A sites located near various erythroid-specific genes. 
Remarkably, EVIl did not exhibit significant affinity for any of the GAT A 
sequences including those with very close similarity to the wildtype binding site. 
For instance, the chicken aD globin gene has a tandemly repeated GATA site: 
GGATAAGATAAG, which has 83% identity to the EVIl binding site, 
mismatching only at position four. This bound to EVil with 7% of the affinity 
with which the wildtype motif bound. None of the GATA sequences that have 
been functionally defined as playing a role in erythroid-specific gene expression that 
we tested showed any significant binding affinity for EVIl. 

In light of the poor affinity of EVIl for GAT A sites, we wished to better 
define the points of contact points between EVil and DNA, which we did by 
performing methylation interference studies, using TGACAAGATAA as a 
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substrate. These studies, summarized in Figure 2, 
reveal strong contacts between EVI I and the G 
residues on both strands, as well as contacts with 
nearly all the bases of the binding site, including the 
initial T, but not the final A. The strong interaction 
with the G at position 4 on the bottom strand argues 
for the importance of that base in the motif. To 
further test the determinants of high affinity binding, 
we performed quantitative gel shift experiments with 
various competitor DNAs that contained single base 
differences from the TGACAAGAT AA motif. These 
data show that changes at positions \,2,3,5,6 or 8 
preclude high affinity bindIng, whereas a change at 
position 10 is better tolerated, giving only 75% 
decrease in binding affinity (Figure 3). Interestingly, 
the longer binding motif identified by Delwel et al 
(GA(C/T)AAGA(T/C)AAGAT AA) [36] binds with 
identical affinity as the shorter motif that we 
identified (TGACAAGAT AA), which argues that the 
protein does not interact significantly with the final 
GATAA bases; these bases may have been selected 
by the binding of more than one protein molecule per 
DNA. 

Fig. 2. Summary of 
methylation interference studies. 
The points of contact between 
EVIl and the DNA are indicated 
by the arrows, with the size of 
the arrow indicating the 
importance of the interaction to 
binding. The initial T is 
included, because by these 
studies, modification of either T 
or its base pair A led to slight 
but detectable decrease in binding. 

Transcriptional 
Evil 

Regulation by Wf{l I RP) ....................................... ................... 

Studies by ourselves and others show 
that EVIl, as expected, having multiple zinc 
fingers, binds to DNA with high affinity in a 
sequence-dependent manner. Sequence analysis 
of EVIl also revealed the presence of an acidic 
domain [3], a feature found in numerous 
transcriptional activators [59]. To test if the 
effect of Evil on transcription, we cotransfected 
cells with Evil expression plasmids along with 
CAT reporters that contained concatemerized 
EVIl binding sites upstream of the HSV 
thymidine kInase promoter. We found that Evil 
dramatically repressed the activity of reporters 
that contained either the first or the second EVIl 
binding site, and that this effect was most 
marked in cells where the reporters had high 
activity without Evil, such as WEHI 3B cells. 
In other cel~s, such as L tk- or NIH 3T3 cells, 
where the reporter had low activity, Evil 
appeared to have no effect. 
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Fig. 3. Relative affinities of 
different oligonucleotides with 
variations to the GACAAGATAA 
EVIl binding motif, as indicated. 
"WT" contains no change. Data were 
obtained by competitive gel shift 
performed in triplicate, at three 
different dilutions, and calculations 
were done as described by Glass et ai, 
1988. The 15 bp binding site 
described by Delwel et ai, 1993, 
exhibited the same affinity as the 
GACAAGATAA oligo. 
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Thus, the ability of Evil to cause transcriptional repression via its binding 
site appears to be a cell-specific phenomenon, and may depend on the array of 
transcription factors other than EVI I that are present in the transfected cell. In no 
cotransfection experiment have we seen clear evidence of Evil-mediated 
transactivation. This was surprising, given the presence of an acidic-rich domain in 
the C-terminal portion of the protein. 

The ability of Evi 1 to repress transcription depended on the 
promoter/enhancer elements for the CAT reporter gene. The basal level of 
transcription observed with the TKCA T plasmid or with other reporter plasmids, 
such as those with the sequences of the albumin promoter to bp -35, was not 
repressed by Evil, suggesting that Evil does not interact with these sequences or 
with the basal transcriptional machinery. In addition, the transcription of more 
active reporters, such as ones having the SV40 early region promoter (which 
includes two API sites and six Spl sites), with or without additional SV40 
enhancer sequences, was not affected by Evil in cotransfection studies using a 
variety of cells. 

An 88 kd isoform of EVil is encoded by an alternatively spliced mRNA, 
which lacks zinc fingers 6, and 7 [35]. Since recent studies suggest these particular 
fingers are in large part responsible for the sequence-specific binding of EVI I to the 
TGACAAGATAA sequence [36], it seems unlikely that this isoform would bind to 
the motif. As expected, in cotransfection studies, we found that expression of the 
88 kd isoform of EVIl had little effect on the activity of promoters that have the 
TGACAAGAT AA motif. 

Given that the first EVIl binding site contains a perfect GAT A binding 
motif, we considered it highly likely that GAT A-I would be able to bind to and 
activate reporters that contained the site. We have shown this is the case by 
cotransfection studies: CAT activity was IOO-fold higher in transfections that 
contained GAT A-I expression plasmid and the first EVIl binding site in the 
reporter, relative to control transfections without GAT A-I or without EVIl binding 
sites on the CAT reporter. This indicated that GAT A-I can activate transcription via 
an EVIl binding site. We were interested in determining whether Evil could have 
any effect on the GATA-I-mediated transcriptional activation that we observed with 
reporters containing an EVIl binding site. When the Evil and GAT A-I expression 
plasmids were cotransfected with a CAT reporter containing EVIl binding sites, 
there was a dramatic decrease in activity relative to transfections without the Evil 
expression plasmid, indicating that in this context, Evil can repress GAT A-I
mediated transcriptional activation. These data are similar to those reported by 
Kreider et al[43r. 

The binding site for the second set of zinc fingers has been identified -
GAAGATGAG [46] - and in cotransfection studies in WEHI-3B cells, we have 
shown that Evil can repress transcription via this site: while the 88 kd isoform had 
a slight inhibitory effect on reporters bearing this motif, the 145 kd isoform 
inhibited signific;antly. This indicates that both via the first binding site and second 
binding site, Evil can act as a transcriptional repressor, at least in the cells tested, 
which include WEHI 3B and NIH 3T3 cells. Whether this is true in all cell types, 
or on real target genes, is not known. 
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Evil Target Genes 

The data on the binding specificity of EVI 1 indicate that it is unlikely that the 
protein binds appreciably to GATA sites present on known erythroid genes with 
GATA sites. The identity of true target genes for EVIl is not known. It is 
postulated that the protein acts on a defined number of target genes to alter 
transcription, most likely as a repressor, given the cotransfection data obtained to 
date. As a first step towards identifying EVIl target genes, we performed cycles of 
binding selection using a plasmid-based mouse genomic library as a substrate[60]. 
The size of the DNA inserts in this library ranged from 2-7 kb, and thus may 
include, in cis to the selected EVIl binding site, exon sequences for regulated 
genes. To isolate plasmids containing genomic fragments that bound to EVIl, we 
reacted purified DNA from the library with EVIl, and selected for DNA-protein 
complexes by filtration through nitrocellulose [61]. Selected fragments were 
amplified in E.coli, and subjected to another round of selection. With successive 
rounds of selection we were able to enrich for genomic fragments that bound to 
EVIl with high affinity, as assessed by competitive gel shift. Sequence analysis of 
subfragments of the selected clones that bound to EVIl revealed the presence of the 
TGACAAGATAA binding motif. The longer motif identified previously as an 
EVIl binding site[36] was not identified in our selected fragments, suggesting that 
the shorter motif is more representative of the site used in vivo. This binding 
selection technique resulted in the isolation of approximately 150 different genomic 
fragments that are now being analyzed for the presence of exons. 

Evil in Myelopoiesis and Leukemogenesis 

The pattern of Evil expression seen the heart, limb buds, and differentiating 
granulocytes suggest a possible role for the gene in preventing terminal 
differentiation, which is consistent with the immature phenotype in most AMLs 
bearing Evil activating mutations. Direct support for this theory comes from the 
observation that ectopic expression of Evil in primary bone marrow cells inhibits 
differentiation in response to erythropoietin [43]. Since differentiation along the 
erythroid lineage is dependent on GAT A-I activity[62], and since there is overlap 
between the GAT A-I and EVIl binding sites, it is possible that loss of EPO 
responsiveness results from EVIl-induced repression of as yet unidentified GATA
I-responsive gene(s) harboring an EVIl binding site. 

Transforming oncogenes have been shown to raise activity of the 
transcription factor AP-l. It appears that the second set of zinc fingers raises AP-l 
activity via the activation of c-fos [63]. While this finger region is necessary for c
fos activation, maximal activity requires the presence of fingers 5-7 of the first 
domain. Importantly, there are no binding motifs for the first or second domains of 
Evil in the clos promoter, indicating that it is unlikely that this effect is direct. The 
significance of these findings to leukemogenesis is not clear. 
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Summary 

Through chromosomal rearrangements and/or proviral insertions, a number 
of genes encoding nuclear transcription factors have been identified that play key 
roles in leukemogenesis. One of these is Evil, which plays a role in both murine 
and human myeloid leukemia. The exact mechanism by which Evil exerts its 
leukemogenic effect is not clear, but it may involve the inhibition of terminal 
differentiation, through the abnormal repression of genes necessary for cellular 
maturation. Our analysis of the DNA binding characteristics of EVIl indicate a 
high degree of specificity, which likely indicates that the protein acts on a tightly 
defined number of targets in the cell. We are beginning to characterize candidate 
target genes located in the mouse genome near EVIl binding sites with the 
expectation that these will yield insight into EVIl function both in normal cells and 
in leukemogenesis. 
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Introduction 

The proliferation and differentiation of normal erythroid cells is controlled by the 
hematopoietic growth factor erythropoietin (Epo), which interacts with its specific 
cell surface receptor (EpoR) to initiate a signal transduction pathway that is not fully 
understood (for reviews, see [1,2]). Erythroid cells infected with the Friend spleen 
focus-forming virus (SFFV), however, can proliferate and differentiate in the absence 
of Epo, and this results in uncontrolled growth of erythroid precursor cells and 
erythroleukemia (for review, see [3]). Although it is known that the unique envelope 
glycoprotein encoded by SFFV is responsible for its biological effects [4], the 
mechanism by which the viral protein activates erythroid cell growth in the absence 
ofEpo is not known. The virus does not appear to be stimulating the production of 
Epo by erythroid cells, resulting in proliferation due to an autocrine mechanism [5]. 
A more likely possibility is that SFFV is activating the Epo signal transduction 
pathway. Studies have shown that only cells expressing a functional Epo receptor 
capable of generating a signal in response to Epo can be rendered factor-independent 
by SFFV [6,7]. Also, the SFFV envelope glycoprotein appears to be associated with 
the Epo receptor complex at the cell surface [8-10], putting it in a position where it 
could modulate the Epo signal transduction pathway. 

The mechanism by which binding of Epo to the EpoR triggers the signal for 
erythroid cell growth and differentiation is unclear. Recent studies have shown that 
members of the cytokine receptor superfamily can signal through two major, 
functionally distinct pathways. One is the Ras signaling pathway, which involves a 
multistep cascade of intracellular events before gene regulation (for review, see 
[11,12]). There is some evidence that this pathway may be activated in erythroid cells 
since signal transducing molecules in the Ras pathway, such as Shc, Grb2 and Raf-l, 
have been shown to be tyrosine phosphorylated in response to Epo [13-15] and 
antisense oligonucleotides to Raf-l mRNA can inhibit the growth ofEpo-dependent 
erythroid cells [15]. The other pathway, called the Jak-Stat pathway, which was 
originally identified in interferon-stimulated cells, is a more rapid and direct signaling 
pathway that may have evolved for a quick response to changes in the extracellular 
environment (for reviews, see [16-18]). In this pathway, binding of a ligand to a 
receptor leads to activation of a member of the J ak tyrosine kinase family, which is 
then thought to phosphorylate latent transcription factors, called ~ignaltransducers 
and S!ctivators of transcription (Stat) proteins, in the cytoplasm. Tyrosine-
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phosphorylated Stat proteins fonn specific complexes which migrate into the nucleus 
and are thought to directly bind to the regulatory region of specific target genes. Four 
members of the Jak kinase family (Jakl, Jak2, Jak3, and Tyk2) and six different Stat 
proteins (Statl through 5 and IL-4 Stat) have been described to date, and various 
growth factors and cytokines have been shown to activate these proteins. It was 
recently shown by using a myeloid cell line expressing the transfected EpoR gene that 
Jak2 kinase is associated with a membrane proximal region of the EpoR and 
phosphorylated at its tyrosine residue in response to Epo stimulation [19,20]. Studies 
with a dominant-negative mutant ofJak2 kinase indicate that activation of Jak2 kinase 
is essential for growth stimulation induced by Epo [21]. However, it was not clear 
whether Epo stimulation resulted in activation of any Stat proteins in erythroid cells 
expressing the endogenous EpoR. 

HeD-57 is an Epo-dependent erythroleukemic cell line established from a mouse 
infected with Friend murine leukemia virus [22]. Epo stimulation ofHeD-57 cells 
induces tyrosine phosphorylation of various cellular substrates, including a very 
dominant protein with a molecular weight (97 kd) comparable to that of known Stat 
proteins (Fig. I). When HeD-57 cells are infected with SFFV and their Epo
dependence is abrogated, the 97 kd protein as well as other proteins are constitutively 
phosphorylated (Fig. 1). These observations led us to investigate whether Epo can 
induce the activation of Stat proteins and to determine whether these proteins are 
activated in SFFV-infected ceIIs in the absence ofEpo. 

Results 

Epo Induces SIE and GRR Binding Factors in the Epo-dependent Erythroid 
Cell Line, HCD-57. 
Electrophoretic mobility shift assays (EMSA) were carried out on nuclear extracts 

from HeD-57 cells before and after Epo stimulation using 32P-labeled oligonucleotide 
probes corresponding to two sequences known to bind Stat proteins, the high-affinity 
sis-inducible element, or SIE of the c-fos gene [23], and the gamma response region, 
or GRR, of the Fcy receptor factor 1 gene [24]. No DNA-binding activity was 
detected by these two probes before Epo stimulation of HeD-57 cells (Fig. 2A). 
However, when the ceIIs were stimulated with Epo, two mobility shift signals were 
detected by the SIE probe and a slower migrating signal was detected by the GRR 
probe. Both the SIE and the GRR binding factors could be competed for by a 100-
fold excess of the homologous probe, but not by an unrelated oligonucleotide. 

We have shown that induction of DNA-binding factors by Epo is rapid, although the 
SIE binding factors have different kinetics of induction by Epo compared with the 
GRR-binding factors [25]. In both cases the DNA-binding activities can be detected 
first in the cytoplasm and then after a brief delay in the nucleus, suggesting that the 
activated factors are transported from the cytoplasm to the nucleus. High levels of 
both the SIE and GRR binding factors can be detected in the cytoplasm and nucleus 
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Fig. 1. Stimulation of Tyrosine PhosphOlylation by Epo and SFFV. Total cell extracts were isolated from 
HCD-S7 and SFFVp-infected HCD-S7 cells before and after stimulation with Epo (100 V/ml). The 
extracts were then precipitated with the anti-phosphotyrosine antibody 4010 followed by immunoblotting 
with the same antibody. 

A 
HCO-S7 

B 
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Fig. 2. Induction of DNA·binding Factors by Epo and SFFV. Nuclear extracts were prepared from 
HCD-S7 cells and SFFVp-infected HCD-S7 cells before and after stimulation with Epo (100 V/ml). 
Extracts were then incubated with a 32P-Iabeled SIE or ORR probe. 
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for up to 30 minutes after Epo stimulation. The activities are transient, however, and 
the levels decrease after 60 minutes and eventually disappear. 

We've also shown that like activated Stat proteins, all three of the DNA-binding 
factors induced by Epo contain phospho tyrosine, because anti-phosphotyrosine 
antibodies affected complex formation by these factors, causing either a supershift or 
inhibition of complex formation [25]. Tyrosine phosphorylation appears to be crucial 
for the induction of DNA-binding factors by Epo since treatment of RCD-57 cells 
with the tyrosine kinase inhibitor genistein prior to Epo stimulation abolished the 
induction of the SIE and GRR binding factors. 

DNA-binding Proteins Induced by Epo in HCD-57 Cells Are Related to Stat 
Proteins. 

To determine whether the DNA-binding factors induced by Epo stimulation were 
related to Stat family proteins, we tested the reactivity of anti-Stat protein antibodies 
with these factors. Monoclonal antibodies to the amino terminal (StatlN) or the 
carboxyl terminal region (Stat I C) of Statl caused either a supershift or loss of the 
signals corresponding to both of the SIE binding factors (Fig. 3A). Anti-Stat3 
antibody inhibited the formation of only the SIE complex with a slower mobility, and 
caused a slight enhancement of the signal corresponding to the faster-migrating SIE 
complex. In contrast, anti-StatlN antibody had no significant effect on the formation 
of the GRR complex, while both anti-StatIC and anti-Stat3 antibodies showed 

A 
HCD-S7 

B 
HCD-S7/SFFV 

SIE GRR SIE GRR 

~-STAT - IN Ie 3 - IN Ie 3 - IN Ie 3 - IN Ie 3 

Fig. 3. The DNA-binding Proteins Induced by Epo and SFFV Are Related to Stat Proteins. Cytoplasmic 
ell:tracts were prepared from HCD-57 cells or HCD-57 cells infected with SFFVp after stimulation with 
Epa (l00 U/m!) for 15 minutes and then incubated without (-) or with various anti-Stat antibodies. The 
samples were theh incubated with a 32P-Iabeled SlE or GRR probe and subjected to 5% polyacrylamide 
gel electrophoresis. 

inhibitory effects. We failed to detect an effect of anti-Stat2 antibodies on the 
complex formation by any of the SIE or GRR binding factors, and unrelated 
antibodies also failed to show any effects on the SIE or GRR complex formation. 
Consistent with these results, Stat! and Stat3 mRNA can be detected in RCD-57 
cells, and a 92-Kd tyrosine phosphorylated protein recognized by anti-Statl antibodies 
is induced after Epo treatment [25]. We are currently trying to determine ifRCD-57 
cells express other Stat proteins, such as Stat5, and whether they are involved in the 
Epo-induced DNA-binding complex formation. 
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Stat-related proteins are also activated by Epo in non-erythroid cell lines expressing 
the transfected EpoR gene (Ohashi et a!., unpublished data). The mobilities of the 
SIE- and GRR-binding complexes in these cell lines as shown by EMSA, however, 
were often different from those induced in HCD-57 cells and did not always show the 
same reactivity with anti-Stat antibodies. This suggests that Epo induces similar but 
distinct Stat-related DNA-binding proteins in different Epo-responsive cell lines. 

Stat-related DNA-binding Factors That Are Transiently Induced by Epo Are 
Constitutively Activated by SFFV. 

After demonstrating that Epo induced SIE- and GRR-binding factors involving Stat
related proteins in HCD-57 cells, we examined whether SFFV, which abrogates Epo
dependence of HCD-57 cells, has any effects on the activation of DNA-binding 
factors. While HCD-57 cells express SIE- and GRR-binding factors only transiently 
after Epo stimulation, DNA-binding factors that recognize the same probes can be 
detected constitutively in SFFV-infected HCD-57 (HCD-57/SFFV) cells even in the 
absence of Epo (Fig. 2B). When HCD-57/SFFV cells were treated with Epo, an 
increase in all DNA-binding activities was observed. The DNA-protein complexes 
formed by the extracts from HCD-57/SFFV cells showed the same mobilities as those 
formed by extracts from Epo-stimulated HCD-57 cells (Fig. 2B) and showed similar 
reactivity to anti-Stat antibodies (Fig. 3B). 

In order to determine if the DNA-binding factors activated by Epo and SFFV in 
erythroid cell lines can be induced in primary erythroid cells, we prepared erythroid 
cells from the spleens ofuninfected or SFFV-infected NIH Swiss mice and examined 
the effects ofEpo stimulation and SFFV infection on factor induction in these cells. 
When splenocytes of phenylhydrazine-treated mice, which contain greater than 90% 
erythroid cells, were treated with Epo, induction of the same SIE- and GRR-binding 
factors as those induced in HCD-S7 cells was detected (Ohashi et a!., unpublished 
data). In contrast, these factors were constitutively activated in splenic erythroid cells 
obtained from SFFV-infected mice, even in the absence ofEpo. Therefore, the pattern 
of DNA-binding factor activation in primary erythroid cells was essentially the same 
as that shown by using HCD-57 cells. 

Discussion 

Our results indicate that Epo induces in erythroid cells the rapid and transient 
activation of several DNA-binding factors that contain components identical or related 
to known Stat proteins. We can detect similar DNA-binding factors in Epo
dependent erythroid cell lines and in primary erythroid cells from phenylhydrazine
treated mice. The similarity in the pattern of DNA-binding factor activation in 
primary erythroid cells and HCD-S7 cells may indicate that this cell line retains a 
physiological signal transduction pathway for Epo and responsiveness to SFFV 
analogous to the biological events occurring in vivo. Epo-responsive, non-erythroid 
cell lines expressing the transfected EpoR gene exhibit distinct patterns of DNA
binding proteins in response to Epo. Although the DNA-binding factors induced by 
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Epo in RCD-57 celIs react with antibodies to Stat 1 and Stat3, it is possible that novel 
Stat proteins are involved in Epo-induced signal transduction. In order to further 
characterize the Epo-induced DNA-binding factors from RCD-57 cells, we are 
attempting to affinity purify them using agarose-conjugated probes. We are also 
searching for novel Stat-related genes expressed in RCD-57 cells. 

SFFV infection of erythroid cells results in the constitutive activation of the same 
DNA-binding factors that are transiently induced by Epo in uninfected cells. 
Constitutively activated Stat-related proteins could be detected in SFFV -infected 
erythroid cell lines, as well as in erythroid cells from SFFV -infected mice. These 
virus-activated proteins might be triggering the signal that enables erythroid cells to 
proliferate autonomously without Epo. It is not known how SFFV activates Stat
related DNA-binding factors without Epo, but it is likely that it is activating these 
DNA-binding factors indirectly since neither the EpoR nor the SFFV envelope 
glycoprotein have an effector region, such as a tyrosine kinase domain. The tyrosine 
kinase Jak2 was recently shown to be associated with the cytoplasmic domain of the 
EpoR and activated after Epo stimulation [19,20]. It has now been proposed that 
Epo may bring together two molecules of the EpoR and the associated Jak2 kinases, 
allowing trans-phosphorylation and activation of the kinases [26-28] (Fig. 4). The 
Jak2 kinase would then phosphorylate on tyrosine both the EpoR and latent Stat 
proteins localized in the cytoplasm. In SFFV -infected cells, the viral protein is 
thought to interact with the EpoR complex at the cell surface [8,9]. The cell surface 
form of the SFFV envelope glycoprotein has been shown to oligomerize [31-33] and 
homodimers of the viral protein may bind to two molecules of the EpoR, bringing the 
two together in the absence of Epo. This may allow the constitutive activation of 
either Jak2 or another member of the Jak kinase family, leading to constitutive 
phosphorylation of Stat proteins. We are currently analyzing SFFV-infected RCD-57 
cells to determine if Jak2 kinase or perhaps another Jak-related kinase is constitutively 
phosphorylated. Alternatively, SFFV interaction with the EpoR complex may 
interfere with the negative regulatory mechanism of the Jak-Stat pathway. 
Phosphorylation of the EpoR was recently shown to provide a docking site for 
hematopoietic cell phosphatase [29,30], which may lead to dephosphorylation of the 
J ak2 kinase and down-modulation of the signal. The SFFV envelope glycoprotein 
may block phosphorylation of the EpoR, so there is no docking site for the 
phosphatase, or it may block the phosphatase from binding to the docking site on the 
phosphorylated EpoR. We are currently carrying out studies to determine whether 
either of these events are occurring. Further studies using mutants of SFFV and the 
EpoR, as well as studies using erythroid cells from mice that are resistant to the 
biological effects of SFFV, will allow us to determine the various viral and cellular 
factors required for constitutive activation of the Epo signal transduction pathway by 
SFFV. 
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Fig. 4. Putative Model for the Activation of Stat-related Proteins by Epo and SFFV. 
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Abstract 

Activating mutations of RAS genes are a common event in the genesis of a wide 
variety of human tumor types (for review see Barbacid 1990). It has also 
become increasingly clear that many tumors without RAS gene mutations have 
acquired genetic lesions that contribute to tumorigenesis by causing increased or 
prolonged activation of Ras. In this paper we review and describe studies using 
human and mouse cells on the association between NFl gene loss and the 
development of myeloid leukemia. The NFl gene product, neurofibromin, has 
GTPase activating protein (GAP) activity for Ras and thus, could negatively 
regulate Ras. Therefore, NFl gene loss in myeloid cells may contribute to 
leukemogenesis by activating Ras. 

Ras Deregulation and Myeloid Leukemia 

The RAS family genes encode 21 kilodalton (kd) proteins that bind to the guanine 
nucleotides, GDP and GTP (for review see Bourne et al. 1990). When Ras is 
bound to GTP it is biologically active and when bound to GDP it is biologically 
inactive. The interconversion of Ras between the GDP and the GTP bound state 
is tightly regulated by other proteins (for review see Boguski and McCormick 
1993). The p2Fas proteins have a weak intrinsic GTPase activity, but this 
activity is greatly accelerated by interaction with proteins that are called GTPase 
activating proteins or GAPs. Two well studied GAPs from mammals are 
p120GAP and the product of the NFl gene, neurofibromin. Proteins, called 
guanine nucleotide exchange factors (GNEFs), also regulate the rate of 
dissociation of GDP from Ras and the association of GTP to Ras. A large 
amount of data indicate that Ras proteins playa vital role in the transduction of 
signals received by cells. The targets of activated Ras, i.e. Ras-GTP, include 
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phosphotidylinositol-3-0H kinase (PI-3 kinase) and the Raf family of 
serine/threonine kinases. 

A recent review has pointed out that many of the consistent genetic 
lesions observed in human myeloid leukemias are predicted to affect the Ras 
signaling pathway (Sawyers and Denny 1994). Classic oncogenic point 
mutations in NRAS or KRAS, that cause constitutively high Ras-GTP levels, 
occur in roughly 10-50% of myelodysplastic syndromes, myeloproliferative 
syndromes, and acute myeloid leukemias (Janssen et al. 1987, Padua et al. 1988, 
Neubauer et al. 1991, Lubbert et aI. 1992, Jacobs 1992). Additionally, Ras can 
be deregulated by indirect mutations. The adult form of chronic myelogenous 
leukemia (CML) is almost always associated with the generation of the BCR
ABL fusion gene. The Bcr-abl oncoprotein is a tyrosine kinase that activates Ras 
by binding to and apparently activating the Grb-2 protein, an adaptor protein that 
transmits signals from receptor tyrosine kinases to the Sos proteins, which are 
guanine nucleotide exchange factors for Ras (Pendergast et al. 1993, Puil et al. 
1994). Some cases of chronic myelomonocytic leukemia (CMML) have a t(5; 12) 
translocation that fuses an Ets family transcription factor to the platelet derived 
growth factor receptor /3 (PDGFR/3) (Golub et al. 1994). Ets HLH domain 
dimerization may constitutively activate the tyrosine kinase domain from 
PDGFR/3 of this fusion protein, thus leading to high Ras-GTP levels. 

NFl Syndrome and Myeloid Leukemia 

NFl syndrome is a common autosomal dominant genetic disorder (1 in 3500) 
characterized by the development of abnormal areas of pigmentation on the skin 
called cafe-au-lait spots, benign subcutaneous neurofibromas composed primarily 
of fibroblasts and Schwann cells, and glial cell growths on the iris called Lisch 
nodules. NFl patients also have a predisposition to certain malignancies 
including neurofibrosarcomas, astrocytoma, pheochromocytoma, and many 
types of juvenile myeloid leukemia, especially juvenile chronic myelogenous 
leukemia (JCML) and a related disorder called Monosomy 7 syndrome, in which 
part or ail of one copy of chromosome 7 are missing (Bader and Miller, 1978, 
Hope and Mulvihill 1981, Bader 1986). The NFl gene was cloned in 1990 (for 
review see Gutmann and Collins, 1993) and encodes a large 2818 amino acid 
protein called neurofibromin with GTPase activating protein or GAP activity for 
N-, H-, K-, and R-ras. Many of the tumors that develop in NFl patients show 
loss of heter0zygosity (LOH) for markers within and near the NFl gene with 
retention of the mutant allele, suggesting that the NFl gene is a tumor suppressor 
gene. Because neurofibromin is a GAP, its loss in cells could lead to abnormally 
high levels of Ras-GTP in the cell, mimicking the effect of classic oncogenic 
point mutations in RAS. Indeed, neurofibrosarcoma cell lines that fail to express 
neurofibromin have very high Ras-GTP levels ten hours after serum stimulation 
compared to neurofibrosarcomas that do express neurofibromin. 

Patients with NFl syndrome have an increased risk of developing 
several juvenile forms of myeloid leukemia. Studies with affected NFl patients 
have directly implicated NFl gene loss in myeloid leukemia and suggested that 
the consequence of such loss may be Ras activation. Leukemic cells from NFl 
patients with JCML show LOR for markers within and near the NFl gene, but 
not the P53 gene, with retention of the allele inherited from the parent with NFl 
syndrome (Shannon et al. 1994). If NFl gene loss is functionally equivalent to 
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Ras activation, then JCML cases in patients without NFl should sometimes have 
RAS point mutations while JCML cases in patients without NFl syndrome 
should never have RAS point mutations. This hypothesis was verified in a recent 
study by Kalra et aI. (1994). The fact that mice with Nfl mutations are also 
predisposed to myeloid leukemia has opened up avenues for further study and for 
modeling the NFl syndrome-associated myeloid diseases. 

Studies Using Murine Models 

An early indication that Nfl mutation in mice could lead to myeloid leukemia was 
provided by study of the BXH-2 recombinant inbred strain of mouse, which is 
highly prone to spontaneous myeloid leukemia with a retroviral etiology 
(Bedigian et aI. 1984). BXH-2 mice develop lifelong viremia with a B-ecotropic 
retrovirus that is horizontally transmitted in these mice (Jenkins et a1. 1982). 
Retroviruses can contribute to leukemia development by inserting near and 
activating proto-oncogenes or inserting within and inactivating tumor suppressor 
genes (for review see von Lohuizen and Berns 1990). We and others have 
attempted to identify the involved genes by searching for chromosomal sites that 
commonly have proviral insertions in BXH-2 tumors. One such site, called 
Evi-2, was found to be in a large intron of the Nfl gene (Buchberg et a1. 1990, 
Cawthon et al. 1991). Proviral insertions at Evi-2 often occurred in both alleles 
of the same clone (Fig. 1). This pattern of biallelic integration is rare for 
common viral integration sites that harbor dominantly acting oncogenes, but 
would be expected for a common viral integration site harboring a tumor 
suppressor gene. 

~~r--------~'~---"'-
Evi-2A Evi-2B Omgp 

() (l Ii -Nfl 

/~--~ 
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Fig. 1 Biallelic proviral integration at Evi-2 in two BXH-2 myeloid leukemia cell lines. The 
top portion of the figure shows the relative size, orientation and location of exons from four 
genes (Evi-2A, Evi-2B, Omgp and Nfl) near the Evi-2 locus. The position of proviral 
integrations in each allele of cell lines B I 17 and BIll are shown below. 
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To detennine whether viral integration at Evi-2 predisposes mice to 
myeloid disease by disrupting expression of Nfl, we have established about a 
dozen BXH-2 tumor cell lines (Table 1). The cell lines represent different stages 
of myeloid differentiation and all have multiple somatically acquired proviral 
integrations. These include cell lines with and without proviral integrations at 
Evi-2. 

Table I. Characteristics of BXH-2leultemic cell lines. 

~tochemi~a Qme Rearransgnm~b No, frgvirusesC 

Uned Growth NSE CAE MPO IgH Igk TcRb Evi-2 Eco MRV 
8106E Slow + + 4 0 
8106L Fast + + + 2 0 
8112 Fast + + 1 0 
8113 Fast + 3 0 
8114 Slow + + + 2 0 
8117 Fast + + + 6 1 
8119 Fast + + 2 0 
8132 Fast + 7 
8139 Fast + 2 1 
8140 Fast 2 0 

a Cells were stained for a series of myeloid esterases including non-specific esterase (NSE). n-napthyl 
chloroacetate esterase (CAE). and myeloperoxidase (MPO). +. positive staining; -. negative staining. 

b A plus (+) indicates that one or more DNA rearrangements were detected at the locus. 
c Number of somatically acquired ecolropic (Eco) or MAIDS related (MRV) proviruses. 
d 8106E is an early passage and 8106L is a late passage of the 8106 cell line. 

We have used the BXH-2 cell lines to detennine whether proviral 
integration at Evi-2 disrupts Nfl expression (Largaespada et al. 1995). Our 
results are consistent with the hypothesis that proviral disruption of Nfl 
expression is causally-associated with myeloid tumor development. In three 
BXH-2 cells lines that harbor Evi-2 rearrangements only truncated Nfl 
transcripts are produced. These truncated transcripts appear to result from 
premature tennination of Nfl transcripts within proviral sequences located at 
Evi-2. In addition, two of the cell lines expressing truncated Nfl transcripts 
produced no detectable neurofibromin (Largaespada et al. 1995). 

It is likely that Nfl mutations alone are not sufficient to induce acute 
myeloid disease, such as that observed in BXH-2 mice. For example, deletions 
of one copy of chromosome 7, or 7q deletions, are frequently seen in myeloid 
leukemias that develop in patients with NFl syndrome (Shannon et al. 1994). 
Human chromosome 7q seems to carry a tumor suppressor gene that is involved 
in myeloid tumor progression. The BXH-2 cell lines, produced in these studies, 
should provide useful reagents for identifying genes that cooperate with NFl to 
induce acute disease. Each BXH-2 cell lines carries. on average, 3.8 somatically 
acquired proviruses. It seems likely that some of these proviruses are affecting 
the expression of genes that cooperate with Nfl to induce acute disease. These 
cooperating genes will be identified by cloning the other somatically acquired 
proviruses from these cell lines, determining if they are located in common viral 
integration sites, and identifying nearby affected genes. 

In addition to the studies described above, are results from Jacks et al. 
(1994) showing that a small percentage of very aged mice carrying one gennline 
mutation at the Nfl gene developed myeloid leukemia with loss of the wild type 
allele. Taken together, these studies show that it will be possible to address the 
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mechanisms by which NFl gene loss causes myeloid leukemia using mice as a 
model system. 

Conclusions and Future Work 

Studies reviewed here directly implicate NFl gene loss in the development of 
myeloid leukemia in both mouse and human. It seems likely, that the failure to 
express neurofibromin in myeloid cells disrupts regulation of Ras, leading to 
higher than normal levels of Ras-GTP in some circumstances. The Ras signal 
transduction pathway seems to be affected by many of the consistent genetic 
lesions found in several types of human myeloid leukemia. In particular, Ras 
activation seems to be associated with chronic myeloproliferative symptoms or 
myelodysplasia. Indeed, Bcr-abl, the Tel-PDGFRJ3 fusion protein, and NF 1 
gene loss are all associated with chronic leukemia, that can then progress to acute 
leukemia. RAS point mutations are found in both chronic disease and many de 
novo cases of acute leukemia. However, since RAS point mutations are found in 
cases of chronic leukemia they probably cause chronic symptoms and are not 
associated directly with blast crisis or progression to acute leukemia. 

We have begun to utilize mice, created using embryonic stem (ES) cell 
technology, that carry a germline null mutation in the Nfl gene to study the role 
of neurofibromin in myeloid cell development and disease. This null mutation, in 
the homozygous state, is lethal around mid-gestation (EI1.5-E14.5), and causes 
a variety of phenotypes including generalized developmental delay, severe cardiac 
deformities, and overgrowth of certain sympathetic and parasympathetic ganglia 
(Brannan et al. 1994). In order to study Nfl-!- hematopoietic precursors we 
isolated fetal liver cells from Nfl-!- embryos prior to their death in utero, and 
studied them in vitro and in vivo by reconstituting lethally irradiated mice. We 
hope that such studies will shed light on the direct biological consequences of 
Nfl gene loss on myeloid cell development, response to growth factors, and 
neoplastic transformation. We also hope to test directly, whether Nfl gene loss 
leads to abnormal Ras activation in response to growth factors. As Nfl gene loss 
alone is likely to be insufficient for full transformation of myeloid cells, we hope 
to identify the oncogenes or tumor suppressor genes that collaborate to induce 
leukemia using proviral tagging. These goals will be most easily met using 
model murine systems that mimic, on a molecular level, the types of myeloid 
leukemia that occur in people. 
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Abstract 

Several recurring chromosomal translocations involve the AMLI gene at 
2lq22 in myeloid leukemias resulting in fusion mRNAs and chimeric proteins 
between AMLI and a gene on the partner chromosome. AMLI corresponds to 
CBFA2, one of the DNA-binding subunits of the enhancer core binding factor CBF. 
Other CBF DNA-binding subunits are CBFAI and CBFA3, also known as AML3 
and AML2. AMLl, AML2 and AML3 are each characterized by a conserved domain 
at the amino end, the runt domain, that is necessary for DNA-binding and protein 
dimerization, and by a transactivation domain at the carboxyl end. AMLI was first 
identified as the gene located at the breakpoint junction of the 8;21 translocation 
associated with acute myeloid leukemia. The t(8;21)(q22;q22) interrupts AMLi after 
the runt homology domain, and fuses the 5' part of AMLI to almost all of ETO, the 
partner gene on chromosome 8. AMLI is an activator of several myeloid promoters; 
however, the chimeric AMLl/ETO is a strong repressor of some AML I-dependent 
promoters. 

AMLl is also involved in the t(3;21 )(q26;q22), that occurs in myeloid 
leukemias primarily following treatment with topoisomerase II inhibitors. We have 
studied five patients with a 3;21 translocation. In all cases, AMLI is interrupted 
after the runt domain, and is translocated to chromosome band 3q26. As a result of 
the t(3;21), AMLI is consistently fused to two separate genes located at 3q26. The 
two genes are EAP, which codes for the abundant ribosomal protein L22, and 
MDSI, which encodes a small polypeptide of unknown function. In one of our 
patients, a third gene EVIl is also involved. EAP is the closest to the breakpoint 
junction with AMLl, and EVIl is the furthest away. The fusion of EAP to AMLI is 
not in frame, and'leads to a protein that is terminated shortly after the fusion junction 
by introduction of a stop codon. The fusion of AMLI to MDSI is in frame, and 
adds 127 codons to the interrupted AMLI. Thus, in the five cases that we studied, 
the 3;21 translocation results in expression of two coexisting chimeric mRNAs 
which contain the identical runt domain at the 5' region, but differ in the 3' region. 
In addition, the chimeric transcript AMLI IMDSI IEVII has also been detected in 
cells from one patient with the 3;21 translocation as well as in one of our patients. 
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Several genes necessary for myeloid lineage differentiation contain the target 
sequence for AML 1 in their regulatory regions. One of them is the CSF ] R gene. We 
have compared the normal AMLl to AML liMOS l, AMLl/EAP and 
AML I/MDS l/EVI 1 as transcriptional regulators of the CSF ] R promoter. Our results 
indicate that AMLl can activate the promoter, and that the chimeric proteins compete 
with the normal AMLI and repress expression from the CSF] R promoter. 
AML l/MDS land AML I/EAP affect cell growth and phenotype when expressed in 
rat fibroblasts. However, the pattern of tumor growth of cells expressing the 
different chimeric genes in nude mice is different. We show that when either fusion 
gene is expressed, the cells lose contact inhibition and form foci over the monolayer. 
In addition, cells expressing AMLl/MDS 1 grow larger tumors in nude mice, 
whereas cells expressing only AMLl/EAP do not form tumors, and cells expressing 
both chimeric genes induce tumors of intermediate size. Thus, although both 
chimeric genes have similar effects in transactivation assays of the CSF] R promoter, 
they affect cell growth differently in culture and have opposite effects as tumor 
promoters in vivo. Because of the results obtained with cells expressing one or both 
genes, we conclude that MDS] seems to have tumorigenic properties, but that 
AMLlIEAP seems to repress the oncogenic property of AMLlIMDS]. 

Introduction 

AML] is involved in a number of chromosomal translocations associated 
with leukemia, such as the t(8;21), identified in about 20% of AML-M2 patients [I], 
and the rarer t(3;21)(q26;q22), t(5;21)(q13;q22) and t(17;21)(qII;q22), all 
associated with myeloid leukemia [2,3]. AMLl also called CBFA2, is the DNA
binding subunit of the heterodimeric transcription factor CBF, and encodes a protein 
with a novel DNA-binding domain at the amino end, and a transactivation domain at 
the carboxyl end. The DNA-binding region of CBFA2 has homology to the DNA
binding domain of the D. melanogaster segmentation gene runt, and is often 
indicated as the runt homology domain [4]. AML] is a member of a growing family 
of related CBF subunits, and recently AML2 or CBF A3, located at chromosome 
band 6p21, and AML3 or CBFA], located at chromosome band Ip34-pter, have 
been cloned and described [5,6]. Four isoforms of AML] have been reported all of 
which have different amino and carboxyl ends: two of them, of 250 and 259 amino 
acids (AMLlA), terminate shortly after the runt homology domain, and do not have 
any transactivation region [1,7]. The remaining two, of 472 and 479 amino acids 
(AMLlB), contain an extension at the carboxyl end consisting of the transactivation 
domain of the protein [5,8]. The runt homology domain is necessary not only to 
bind to DNA, but also to bind to CBFB. CBFB is the second subunit of CBF, and 
binding of the two subunits increases the affinity of the transcription factor for the 
DNA target [9]. CBFB, located at chromosome band l6q22, is involved in the 
t(16;I6) and the inv(l6), associated with almost all cases of AML-M4Eo [10]. In 
this translocation, CBFB, except for the last 17 codons, fuses to the 3' end of the 
myosin heavy chain gene MYHIl, encoding the coiled coil motif of the myosin 
protein, to produce the chimeric gene CBFBIMYHII [10]. Thus, the two subunits of 
CBF are involved in the two most frequent translocations detected in AML. In all of 
the chromosomal translocations associated with myeloid leukemia involving 2lq22 
that have been studied at a molecular level, AML] is interrupted by the translocation 
breakpoint after the runt homology domain, and the 5' part of AML] is then fused to 
a gene on the other chromosome [IIJ. Recently, the translocation breakpoint of the 
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t(12;21) has been cloned, and the genes involved at the breakpoint junction are TEL 
and AMLl [12]. It is worth noting that in the t(12;21), associated with acute B-cell 
lymphoblastic leukemia, AMLI is not truncated by the breakpoint, but it is fused in 
its entirety to the 5' end of TEL to produce the chimeric gene TELIAMLl [12]. 
Thus, truncation of AMLI and substitution of the transactivation domain with part of 
a gene from another chromosome have only been observed so far in myeloid 
leukemia. The DNA target site of AMLl, TGTGGT, is very common in eukaryotic 
promoter regions, and it has been identified in regulatory regions of several genes of 
the myeloid-specific lineage such as those of the myeloperoxidase, neutrophil
elastase, GMCSF [13] and CFSI receptor (CSF IR) genes [14], and in the enhancer 
of the T-cell receptors (TCR) ~, y and 8 [15,16]. In addition, the target site of 
AML I is also found in retrovirallong terminal repeats and in viral promoter regions 
and it is also necessary for replication of the murine polyoma virus [17,18]. 
Recently, it was shown that AMLlB can transactivate the TCR ~ [8,19] and 

GMCSF rI31 promoters, whereas AMLlA is a weak repressor of TCR ~ (8). In 
addition, it was shown that AMLl/ETO and AMLljEVIl are repressors of the 
AMLlB-dependent TCR ~ (8,19). 

The t(3;21), associated with therapy-related myeloid leukemia and with 
chronic myeloid leukemia in blast crisis [20,21] is a unique translocation in that at 
least two chimeric genes are produced with AMLI in all of the patients whom we 
analyzed [2]. The two genes located at chromosome band 3q26 are EAP, which 
encodes the ribosomal protein L22 [22], and MDSI, whose product has unknown 
function. The fusion of EAP to AMLI is not in frame, and translation is terminated 
shortly 17 codons after the fusion junction by a stop codon. Thus, AMLI lEAP is 
similar to the normal short isoforms of AMLI that have been described in all but the 
17 distal codons. The fusion junction of MDSI to AMLI occurs exactly at the same 
position as for AMLl lEAP [2,22], however the part of MDSI that is added after the 
runt homology domain is in frame, and the predicted chimeric protein contains 127 
codons fused to the runt homology domain of AMLl [2]. We studied five patients 
with myeloid leukemia and a t(3;21), and the two fusion genes AMLI lEAP and 
AMLl IMDS 1 have been detected at the same time in our patients, indicating that they 
co-exist in the cells with the translocation. Fusion genes between AMLI and EVIl 
have also been described in cells with the t(3;21) [2,23]. However, only one of five 
t(3;21) patients whom we analyzed expressed the fusions with EVIl [2], indicating 
that they are not consistently expressed in the t(3;21). Fig. 1 shows a diagram of the 
fusions between AMLI and the genes on 3q26 that we detected in our leukemia 
patients with a t(3;21). 
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Fig. I Comparisons of the various normal and fusion AMLI products and chromosomal 
location of the normal and fusion genes. Boxes indicate open reading frames, and thin lines indicate 
5' or 3' untranslated regions. The breakpoint junction of the t(3;21) is indicated by a vertical arrow 
3' of the runt homology domain (shaded box) and is located 9 codons before the end of AMLIA. 
AMLlA does not contain the transactivation domain. The fusion with EAP is not in frame, and a 
stop is introduced 17 codons after the AMLl / EAP junction. The predicted translation of these 17 
co dons (indicated by a small black box) has no homology to either the AMLI or the EAP amino 
acid sequence. The fusion of AMLI with MDSl is in frame, and adds 127 codons to AMLI. The 
open reading frame of the normal EVIl starts in the third exon, where the first methionine (M) is 
located. Thus, the second exon of EVIl, indicated by a single line, is not normally translated 
although it is in frame. The fusion of AMLl to EVil includes MDSl as well, and joins AMLI to 
the second exon of EVIl which is now translated, and is shown as a box with vertical stripes in the 
diagram. ZF indicates two groups of seven and three zinc fmgers in EVIL The cDNA of EVIl is 
not drawn to scale and is shown interrupted by vertical bars. 

The three genes that are involved with AMLI in the t(3;21) were mapped by 
fluorescence in situ hybridization (FISH) and pulsed field gel electrophoresis 
(PFGE). The combined results indicated that EAP was the closest gene to the 
breakpoint junction with AMLl, and EVIl was the furthest away [2]. Fig. 2 shows 
a diagram of the germline configuration of the three genes. 

EAP MDSI EVIl 
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Fig. 2 Illustration of the gennline configuration of the genes on chromosome 3 obtained 
by PFGE mapping and FISH analysis. The horizontal arrows indicate the direction of transcription 
of the genes. The short vertical bars indicate the restriction site for BSSHII (B) and SfiI (S), [md the 
numbers below the horizontal lines indicate the size of the restriction fragments in kb. In five 
patients with the t(3;21) whom we analyzed, the breakpoint and fusion with chromosome band 
21q22 is telomeric of EAP, as determined by FISH analysis [2]. 

We have investigated the roles of the three fusion genes AMLl! EAP, 
AMLI IMDSI and AMLI IMDSI IE VII by comparing their effects in the activation of 
the luciferase gene cloned under the control of the AMLIB-dependent CSF I R 
promoter. We have also evaluated the effects of AMLI lEAP and AMLI IMDSI on 
the growth characteristics and tumorigenicity of Rat lA cells. Our results indicate 
that all three fusion products repress activation of the CSF I R promoter. However, 
whereas cells expressing either AMLI lEAP or AMLI IMDS 1 form foci in culture, 
only cells expressing AMLIIMDSI form larger tumors in nude mice, whereas cells 
expressing AMLI lEAP repress tumor growth. 

Results 

1. AMLIIEAP, AMLIIMDSI and AMLIIMDSIIEVIl repress the 
AMLl-dependent promoter of the CSFIR gene. 

AMLIB binding sites have been identified in the regulatory regions of 
several genes involved in myeloid cell growth and differentiation. One of them 
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regulates the CSFIR gene [14]. To determine whether the chimeric genes 
AMLlIEAP, AMLlIMDSI and AMLlIMDSIIEVIl affect the CSFIR promoter, and 
to compare their role as transcriptional activators to that of the normal AML1B, we 
measured the level of luciferase activity induced by the normal and chimeric genes in 
a system in which luciferase was cloned under the CSF 1 R promoter. Plasmids 
expressing the normal and chimeric AMLI genes were transiently transfected into 
murine P19 cells with plasmid M-CSF-Luc as reporter. This plasmid has been 
described [14], and contains the luciferase gene under the control of the CSF 1 R 
promoter. To normalize the results, the transfecting DNA contained constant 
amounts of plasmid pCH11O, that constitutively expresses ~-galactosidase. 
Normalized representative results of the transactivation studies are shown in Fig. 
3A. These results show that addition of AMLI B consistently increased the level of 
the luciferase gene 3-5 fold over the background (Fig. 3A, bars 1 and 2), whereas 
addition of the chimeric genes did not affect the luciferase levels (Fig. 3A, bars 3, 4 
and 5). Thus, similarly to what happens in the AMLl/ETO fusion [8], the 
transactivation domain of AML 1 B cannot be substituted by the region of one of the 
t(3;21) partner genes, and each one of the three chimeric proteins that result from the 
t(3;21) is functionally inactive as transcriptional transactivator. In addition, when 
plasmids expressing fusion genes were added with AMLI B at a 1: 1 molar ratio, the 
activation of the reporter gene was reduced to the background value (Fig. 3A, bars 
6, 7 and 8), indicating that although the chimeric proteins have lost the ability to 
transactivate the CSF 1 R promoter, they still maintain the capability to bind a factor 
(or DNA site) that is necessary for the transactivation. Titration of luciferase 
activation by the normal AMLIB with increasing amount of a plasmid expressing 
one of the fusion genes confirmed these results, and showed that when any of the 
chimeric genes is in molar excess compared to the normal AMLIB, the luciferase 
activity due to endogenous AMLIB was also repressed. Representative titration 
results are shown in Fig. 3B. 
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Fig. 3 A. The three fusion protein products of the t(3;21) fail to activate the CSF J R 
promoter but compete with the normal AML IB protein to repress the CSF J R promoter. 10 Ilg of 
each plasmid with 5 Ilg of pCHIlO, expressing ~-ga1actosidase, was used to transfect lx106 murine 
Pl9 cells. Identical volumes of cell extracts were used to measure the luciferase activity. Luciferase 
activity readings were normalized to relative expression of ~-galactosidase and plotted as shown. 
Addition of AMLIB increased the luciferase activity 3-5 fold over the background (bars I and 2), 
whereas addition of fusion proteins failed to activate luciferase (bars 3, 4 and 5) or they repressed 
activation by AMLlB (6, 7 and 8). B. Titration of luciferase activity by AMLI/EAP. Increasing 
amounts of plasmid expressing AMLI lEAP were added as indicated to a constant amount of plasmid 
expressing AMLI B. Total repression of luciferase was observed at a molar ratio of I: 1. At higher 
molar ratio of AMLI/EAP:AMLlB, endogenous AMLlB activity was also repressed. 

2. AMLlIEAP and AMLlIMDSl transform RatlA cells in culture. 
AMLJ lEAP and AMLJ IMDSI are consistently detected in our patients with 

myeloid leukemia and the t(3;21) [2], and by analogy with other proto-oncogenes 
that are activated by chromosomal translocations and that have been shown to be 
directly involved in transformation, it is possible that AMLJ lEAP and AMLJ IMDSI 
contribute to the development or the progress of the disease. To address the question 
of their role in cell transformation, we stably transfected RatlA cells with plasmids 
expressing one or both chimeric cDNAs, and analyzed the transfected cells to detect 
any change in morphology or in growth pattern compared to the parental cells or to 
cells expressing the vector plasmid only. Although the cells expressing the chimeric 
genes did not show any variation in the size of colonies grown in soft agar, they 
clearly lost contact inhibition, and acquired the ability to form foci expanding over 
the monolayer. This is illustrated in Fig. 4, in which cells transfected with the vector 
plasmid only (Fig. 4, panel 1) or cells transfected with AMLJ lEAP (Fig. 4, panel 2) 
or AMLJ IMDSI (Fig. 4, panel 3) are shown. In this assay, cells were transfected 
with 10 !lg of plasmid and were allowed to grow without selection. After two 
weeks, foci extending over the monolayer were clearly observed in cells transfected 
with one of the fusion genes (Fig. 4, panels 2 and 3), but were not detected in cells 
transfected with the vector only (Fig. 4, panel 1). 

1 2 3 

Fig. 4. AMLlIEAP and AMLJIMDSJ transform RatlA cells in culture. RatlA 
fibroblasts were transfected separately with 10 Ilg of each plasmid DNA by the calcium phosphate 
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precipitate method. The cells were allowed to grow undisturbed without antibiotic selection for 
several days after reaching confluency. Cells transfected with the vector plasmid DNA stopped 
growing at confluency (panel 1). However, cells that had integrated either AMLlIEAP (panel 2) or 
AMLlIMDSJ (panel 3) did not stop growing after confluency, and formed large foci expanding over 
the cell monolayer. 

Several clumps of cells detached from the foci and remained in suspension. 
By using the trypan blue exclusion assay, we determined that 90 to 95% of the cells 
in suspension were viable. These cells were transferred to flasks to allow growth in 
suspension, and their growth pattern was observed for about three weeks. After this 
time, the cells were discarded. Cells expressing AMLIIMDSI grew in suspension 
with a doubling time of approximately 4-5 days (data not shown). Suspension cells 
expressing AMLI lEAP remained viable for all the time they were observed, 
although they did not increase in number significantly (data not shown). 
Interestingly, once the cells had detached from the plate, they continued to grow in 
suspension and did not adhere to the plate surface any longer. 

3. In vivo tumorigenicity of transfected RatlA cells. 
RatlA cells produce slow-growing tumors in nude mice. To determine 

whether AMLJIEAP or AMLIIMDSI chimeric genes had any effect on the growth 
of tumors in nude mice, we compared the size of tumors produced in nude mice by 
RatlA cells either untransfected or stably transfected with one or both chimeric 
genes. To avoid effects due to the integration site of the transfected DNA in the 
RatlA genome, we used a cell population obtained by combining equal numbers of 
cells grown from 6-8 different transfected clones for each type of plasmid DNA. The 
single clones as well as the mixtures of clones obtained from them were analyzed 
and were found to have similar growth characteristics (data not shown). In this 
assay, we used 8 week old female nude mice as recipients. The mice were divided 
into five groups of four animals each, and injected with 0.4 and 0.8 x 106 cells on 
either side as follows: three groups of four mice each received cells transfected either 
with one of the chimeric genes or with both chimeric genes. Another group of four 
mice received cells transfected with the vector plasmid only, and the last group of 
four mice received untransfected RatlA cells as controls. One of the four mice 
injected with cells expressing both chimeric genes died unexpectedly and without a 
known cause within a week of injection. Palpable swellings at the site of the 
injection were first detected in mice which had received the AMLJ IMDSI cells 26 
days after the injections, and in the other animals by day 30. However, the swellings 
in animals with AMLJ lEAP cells did not grow with time. On day 40, the animals 
were sacrificed, and the tumors were dissected from the skin and subcutaneous 
tissue and weighed. RatlA untransfected cells and cells containing the cloning vector 
only produced small tumors of similar size, whereas the tumors from the 
AMLJ IMDSI cells were overall significantly larger. Surprisingly, the cells that 
contained the AMLJ lEAP chimeric gene did not produce any tumor at all, but the 
swellings consisted of enlarged subcutaneous lymph nodes with features of acute 
and chronic inflammatory changes, suggesting a sustained immune response. 
Tumors derived from cells expressing both chimeric genes were significantly smaller 
than the background. Microscopic examination of the tumors revealed the presence 
of undifferentiated fibrosarcomas in all resected tissue except that derived from the 
AMLJ lEAP cells. All tumors had a high mitotic index (> 10 mitoses per high power 
field), were locally invasive and were histologically indistinguishable on light 
microscope. Comparison of the tumors is shown in Fig. 5. To demonstrate that the 
tumors derived from the injected cells which were hygromycin resistant, part of all 
types of tumors, except those derived from untransfected cells, were minced and 
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grown in vitro in medium containing hygromycin. Cell growth was obtained for all 
tumors, except for the cells harvested from the AMLI lEAP growth. There was no 
difference in phenotype between the original clones injected into the mice and the 
cells grown from the tumors, thus confirming that the tumors derived from the 
injected cells. 

RAT1A VECTOR AMLVEAP 

AMLVMDS BOTH 

Fig. 5. Tumor growth in nude mice. RatlA cells untransfected (top left), stably transfected 
with the vector plasmid (top middle) or with constructs expressing AMLl lEAP (top right), 
AM LJ 1M DS J (bottom left) or both chimeric genes (bottom right), were injected into 8 weeks old 
female nude mice. The animals were sacrificed 40 days later, and the sites of the injections were 
analyzed. No tumors were detected at the site of injection with cells expressing AMLl lEAP, but 
enlarged lymph nodes were observed. 

Discussion 

In this' report we have shown that the normal AMLI B gene, corresponding 
to the DNA-binding subunit of the transcription factor CBF, is a transactivator of the 
promoter of the CSF 1 R gene in murine P 19 cells. We also show that the chimeric 
genes AMLlIEAP, AMLl IMDSI and AMLl IMDSlIEVIl, isolated from a myeloid 
leukemia patient with a t(3;21), fail to activate the CSFIR promoter in P19 cells, and 
that they compete with the normal AMLl B to repress transactivation of the CSF 1 R 
promoter when co-expressed in P 19 cells with AMLI B . The molecular basis for the 
repression is not known, but it probably involves competition and higher binding 
affinity of the chimeric proteins for one or more factors, perhaps CBFB, which are 
rate limiting. We also show that Rat1A cells expressing either AMLI lEAP or 
AMLl IMDSI acquire a partially transformed phenotype in that they loose contact 
growth inhibition and form foci when grown in culture, although they are unable to 
form large colonies in soft agar. Although Rat1A cells expressing either AMLl lEAP 
or AMLIIMDSI acquire similar characteristics in in vitro assays, our preliminary in 
vivo results indicate that they have opposite tumor promoting effects in nude mice. 
Whereas AMLIIMDSI is a strong tumor promoter, and cells expressing this 
chimeric gene will form significantly larger tumors in mice than those produced by 
the untransfected Ratl A cells, cells that express AMLl lEAP consistently failed to 
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grow as tumors in nude mice, and the site of injection of these cells showed 
sustained immune response, suggesting that expression of AMLI lEAP could in fact 
repress in vivo growth of RatlA cells. Because RatlA cells expressing both 
chimeric genes formed tumors of much smaller size than the AMLIIMDSI cells, our 
results suggest that the effect of AMLI lEAP as tumor repressor is dominant over 
that of AMLI IMDSI as tumor promoter. The mechanisms by which the two 
chimeric genes regulate tumor growth in nude mice are not known, but they clearly 
depend on the fusion partner with AMLI. EAP was first isolated for binding to the 
small nuclear RNAs associated with the Epstein-Barr virus (EBV) [24] and was later 
identified as the component L22 of the large ribosomal subunit [25]. EAP has been 
detected in the nucleus and in the cytoplasm as well. However, because the fusion 
between AMLi and EAP is not in frame [22,26], presumably only the short stretch 
of amino acids corresponding to the 17 codons 3' of the fusion junction are added to 
the truncated AMLI. These amino acids are not related to EAP and their 
physiological function is not known. To determine their role, we are currently 
comparing the short AMLlA lacking the transactivation domain to AMLl/EAP in in 
vitro and in vivo assays. With regards to MDS 1, this is a gene with a complex 
pattern of expression that can either be selectively expressed in normal human 
pancreas and kidney as a small protein of 169 amino acids, or that can be spliced to 
EVll to yield a protein much larger than MOS1 or EVIl by themselves (G.N., 
unpublished results). The analysis of the normal genes and of the two chimeric 
genes will be necessary to ultimately understand their role in leukemia. 
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Introduction 

Certain chromosomal translocations are characteristically associated with acute 
myeloid leukemia (AML), suggesting that alteration of specific genes at the translocation 
breakpoints contribute to the genesis or maintenance of leukemia. The t(8;21) is the 
second most frequent chromosomal abnormality associated with AML, occurring in 12-
15% of cases (Downing et al. 1993). The t(8;21) breakpoint was cloned and the disrupted 
gene on chromosome 21 was termed AMLl (Miyoshi et al. 1991). Cytogenetic evidence 
from t(8;21)-containing leukemia cells with complex translocations indicates that the 
der(8) chromosome is conserved in each case; tightly linking this chromosomal aberration 
to the pathogenesis of AML (Rowley 1982). In addition, AMLl is interrupted in the less 
commonly observed (3;21) and (12;21) translocations found in chronic myeloid leukemia 
and acute lymphocytic leukemia, respectively (Nucifora et al. 1993; Golub et al. 1995), 
suggesting that AML-1 may be a principal regulatory protein. 

The AMLl cDNA encodes a 250 amino acid protein (Miyoshi et al. 1991), whose 
predicted sequence suggests little about its normal cellular role. The sequence does 
contain a region of 118 amino acids that is 69% identical to the Drosophila runt protein 
sequence. Runt is a pair-rule gene that regulates pattern development and segmentation 
in the fly (Ingham and Gergen, 1988). 
We have found that AML-l regulates transcription through the "enhancer core" motif and 
that the AML-lIETO fusion protein interferes with this regulatory function, suggesting 
a mechanism for leukemogenesis. 

Studies of AML-lIETO Function 

Identification of the AML-l DNA-Binding Site 
To examine whether AML-l could be a site specific DNA binding protein, we 

created a glutathione S-transferase-AML-l fusion protein for use in DNA site selection 
experiments (Fig. 1). After seven successive rounds of DNA bindinglPCR amplification, 
we cloned the DNA that bound to our fusion protein. Sequence analysis of these selected 
oligomers led us to identify the AML-l consensus binding site as TGT/cGGT (Meyers et 
al. 1993). This site, which is known as the enhancer core, has been implicated in the 
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tissue specific regulation of a large number of genes including myeloperoxidase, IL-3, 
GM-CSF, Ick, and the T-cell receptor (TCR) enhancer (Meyers et al. 1993). AML-l sites 
are also required for expression of the viral enhancers of polyoma virus and the Moloney 
murine leukemia virus (MoML V) long terminal repeat (Redondo et al. 1991; Speck et al. 
1990). 

GST-AML-l + 

1 

A 

B 
30 bp random 
oligonucleotides 

In vitro binding and 
high stringency wash 

1 
Release oligomer and 

PCR amplify 

1 
Raselect amplified 

randomer 

1 
Clone selected oligomers 

and sequence 

1 
AML-1B Consensus 

Binding Site TGT/cGGT 

Fig. 1. Schematic diagram of procedures used to identify the AML-l DNA binding site. 

When we probed whole cell extracts with oligonucleotides containing the AML-l 
binding site in electrophoretic mobility shift assays (EMSA), we identified two major 
AML-l-containing DNA-protein complexes, which we termed A and B (Meyers et al. 
1993). By synthesizing AML-l in vitro and adding it to celllysates, we determined that 
AML-l binds DNA in association with another protein, which was subsequently shown 
to be core binding factor P (CBFP) (Meyers et al. 1993; Meyers et al. 1995; Wang et al. 
1993). CBFP is not a DNA binding protein, but is thought to modulate AML-l activity 
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Fig. 2. chemalic diagram of lhe AML gene family and lhe 1(8;2 1) fusion prolein. 

(Ogawa et al. 1993a). In gel mobility shift assays using whole cell extracts, DNA-protein 
complexes with slower mobilities than in vitro produced AML-l interacted with anti
AML-l serum, suggesting the presence of larger forms of AML-l (Meyers et al. 1993). 
For this reason, we screened a human B-cell cDNA library and isolated AML-IB (Meyers 
et al. 1995) (Fig. 2), which contains both N- and C-terminal extensions to the original 
AML-l cDNA. When AML-l or AML- lB was synthesized in vitro and added to cell 
extracts or to in vitro-produced CBF~ for use in gel mobility shift assays, the A and B 
complexes were reconstituted, suggesting that these proteins constitute the endogenous 
DNA binding activities. 

Having defined AML-l and AML-IB as sequence-specific DNA binding proteins, 
we have begun to analyze their ability to activate transcription through consensus binding 
sites, and to examine the effect of the t(8;21) fusion protein on AML-l-dependent 
transcription. We co-transfected AML-l or AML-l B with a reporter gene under the 
control of the TCR~ enhancer (Gottschalk and Leiden, 1990). This test gene contains two 
potential AML-l binding sites which are required for tissue specific expression of the 
TCR~ enhancer (Gottschalk and Leiden, 1990; Prosser et al. 1992). The human cervical 
carcinoma cell line C33A was used for these experiments because it expresses relatively 
low amounts of endogenous AML-l DNA binding activities and excess CBF~ (as judged 
by reconstitution assays (Meyers et al. 1995)). As an internal control for transfection 
efficiency, a plasmid expressing a secreted form of alkaline phosphatase was also included 
in each sample. AML-l failed to activate the TCR~ enhancer when compared to the 
vector control. However, AML-IB could activate the enhancer, indicating that the 
additional C-terminal sequences of AML-l B are required for transcriptional activation 
(Meyers et al. 1995). By contrast, AML-IIETO, like AML-l, failed to activate the test 
gene. Thus, one consequence of the t(8;21) is the loss of the C-terminal sequences 
present in AML-IB that are both unique to AML-IB and are required for transcriptional 
activation. 

Because the t(8;21) affects only one AML- l allele, the AML-IIETO fusion protein 
must act dominantly to promote leukemogenesis. Accordingly, we performed mixing 
experiments to determine if the fusion protein could affect AML-lB-dependent 
transcription. Transient co-transfection of AML-l and AML-l B with the TCR~-CAT 
reporter plasmid indicated that, at high plasmid concentrations, the transcriptionally 
inactive AML-l could compete with AML-l B and thus partially inhibit transactivation 
(Meyers et al. 1995). By contrast, AML-I/ETO could prevent AML-IB-dependent 
transactivation even at sub-stoichiometric DNA concentrations, suggesting that ETO 
possesses a repressive function (Meyers et al. 1995). 
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AMl- l/ETO(l-302) 

Fig. 3. Requ irement of ETO sequences for Tmnscriptional Interference 

Analysis of the AML-lIETO Sequences Required to Suppress AML-IB 
Transactivation 

Every t(8;21) case analyzed to date retains the same AML-l and ETO sequences, 
suggesting that both the runt homology domain and ETO are required for leukemogenesis. 
To confirm that ETO sequences are indeed required for AML-IIETO to interfere with 
AML-IB-dependent transcription, and to begin to define the sequences required, we 
constructed a series of progressive C-terminal AML-IIETO deletion mutants (Fig. 3). 
Using these mutants, we showed that the predicted metal binding "zinc finger" motifs of 
AML-IIETO are not required for repression, and that residues 1-540 of the 752 amino 
acid fusion protein comprise the minimal sequence necessary for transcriptional 
interference (Lermy et al. 1995). These results confirm that ETO sequences are required 
for interference with AML-l-mediated transactivation. 
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Conclusions 

The (8;21) translocation causes the transcriptional activation domain of AML-IB 
to be replaced by ETO, creating a dominant interfering protein that is specific for AML
lB-dependent transcription. However, if simply blocking AML-lB activity potentiates 
leukemogenesis, then both AML-IB alleles should be inactivated in these tumors. Since 
this is not the case, at least two possibilities remain. First, the DNA binding domains of 
AML-lB, AML-2 and AML-3 are virtually identical, and AML-l and murine AML-3 
bind the same site (Meyers et al. 1993; Ogawa et al. 1993b; Levanon et al. 1994). Given 
that more than one family member can be expressed in hematopoietic cells, the t(8;21) 
fusion protein might also affect transactivation mediated by these other family members. 
Indeed, AML-l!ETO can interfere with transcription mediated by the murine homologue 
of AML-3 (S.W.H., unpublished data). Second, the ETO gene product might also 
regulate gene expression. In fact, our data suggest that ETO does harbor a transcriptional 
repressor function. Given that the majority of ETO is retained in the translocation, it is 
possible that ETO is also a DNA binding protein. Support for this belief comes from at 
least one case of AML with the t(3;21), in which AML-l was linked to Evi-I, a DNA 
binding protein that represses GAT A-I transcriptional activation (Kreider et al. 1993). 

CBFP is a component of the murine PEBP2aB transcription factor complex, and 
we have demonstration that human CBFP binds AML-lB (Meyers et al. 1995). CBFP 
is involved in the inv(l6) chromosomal rearrangement, the most common abnormality 
associated with acute myeloid leukemias, accounting for 15-18% of cases. The inversion 
forms a fusion gene that contains the majority of CBFP coding sequences fused in frame 
with a portion of the smooth muscle myosin heavy chain coding region (Liu et al. 1993). 
Thus with CBFWs involvement in the inv(16) and AML-l 's involvement in the t(8;21) 
(Downing et al. 1993), some 30-35% of the de novo cases of AML with chromosomal 
abnormalities (approximately 3,000 cases per year in the U.S. alone) involve the AML-l 
transcription factor complex (AML-l or CBFP). Because CBFP does not bind DNA on 
its own, the inv(l6) fusion protein likely targets AML-l to exert its transforming effects 
suggesting that AML-l B is a key regulator of transcription. Extrapolating from our 
results with AML-liETO, we would hypothesize that the inv(l6) fusion protein also 
inhibits AML-l B-dependent transcription. 

The cumulative evidence suggests that AML-l is an important regulator of 
transcription during hematopoiesis. The involvement of the AMLl locus in both the 
(8;21) and (3;21) translocations, the role of the CBFP subunit in inv(16), the conservation 
of the DNA binding domain of AML-l from humans to Drosophila, and the importance 
of the AML-l binding site for tissue specific transcriptional regulation, all point toward 
AML] as an important regulatory gene. Future studies promise to yield valuable 
information concerning the role of AML-IB in development and myelopoiesis. 
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Abstract 

Translocations involving chromosome band Ilq23, found in acute lymphoid and 
myeloid leukemias, disrupt the MLL gene. This gene encodes a putative 
transcription factor with regions of homology to several other proteins including the 
zinc fingers and other domains of the Drosophila trithorax gene product, and the 
"AT-hook" DNA-binding motif of high mobility group proteins. We have 
previously demonstrated that MLL contains transcriptional activation and repression 
domains using a GAL4 fusion protein system (21). The repression domain, which 
is capable of repressing transcription 3-5-fold, is located centromeric to the 
breakpoint region of MLL. The activation domain, located telomeric to the 
breakpoint region, activated transcription from a variety of promoters including 
ones containing only basal promoter elements. The level of activation was very 
high, ranging from IO-fold to more than 300-fold, depending on the promoter and 
cell line used for transient transfection. 

In translocations involving MLL, the protein produced from the der(ll) 
chromosome which contains the critical junction for leukemogenesis includes the 
AT-hook domain and the repression domain. We assessed the DNA binding 
capability of the MLL AT-hook domain using bacterially expressed and purified 
AT-hook protein. In a gel mobility shift assay, the MLL AT-hook domain could 
bind cruciform DNA, recognizing structure rather than sequence of the target DNA. 
This binding could be specifically competed with Hoechst 33258 dye and with 
distamycin. In a nitrocellulose protein-DNA binding assay, the MLL AT-hook 
domain could bind to AT-rich SARs, but not to non-SAR DNA fragments. The 
role that the AT-hook binding to DNA may play in vivo is unclear, but it is likely 
that DNA binding could affect downstream gene regulation. The AT-hook domain 
retained on the der(ll) would potentially recognize a different DNA target than the 
one normally recognized by the intact MLL protein. Furthermore, loss of an 
activation domain while retaining a repression domain on the der( 11) chromosome 
could alter the expression of various downstream target genes, suggesting potential 
mechanisms of action for MLL in leukemia. 



260 

Introduction 

Chromosomal translocations involving chromosomal band IIq23 with as 
many as 30 different chromosomal regions have been observed in 5-10% of 
patients with acute lymphoblastic leukemia (ALL), and acute myeloid leukemia 
(AML) [17]. The most frequent translocations observed are the t(4;11) and t(ll; 19) 
in ALL, and the t(9;11), and t(6;11) in AML [23,33]. We and others have 
previously cloned the MIL gene (for mixed-lineage leukemia or myeloid-lymphoid 
leukemia; also called ALL-I, HRX, and Htrx) at IIq23 [38]. We have 
demonstrated that almost all of the chromosomal breaks occur in an 8.3 kb BamHI 
fragment of MIL, designated the breakpoint cluster region (BCR) [40]. In addition 
5-15% of patients treated for a prior neoplasm with DNA topoisomerase II (topo II) 
inhibitors, especially the epipodophyllotoxins, develop therapy related acute 
myeloid leukemia (t-AML) [15,21]. We showed that all t-AML patients who had a 
rearranged MIL gene had balanced II q23 translocations and a history of treatment 
with topo II inhibitors [15]. 

At present, 10 different chromosomal partners which rearrange with MIL 
have been cloned [1,8,16,32,38,39,42,44]. The fusion gene on the der (11) 
chromosome, which has been proposed to contain the critical junction for 
leukemogenic transformation because it is conserved in complex translocations, 
consists of 5' MLL sequences and 3' sequences from the partner chromosome 
[37]. Moreover, in about 25% of patients studied, the translocated telomeric region 
of MIL is deleted [41]. Thus, the der(ll) fusion protein is most likely responsible 
for leukemogenesis in patients with MIL rearrangements. The different partners 
provide quite variable protein domains, but all fusion proteins appear in frame. 

The MIL gene spans approximately 100 kb and contains at least 21 small 
exons which code for a protein of predicted molecular mass of 430 kd [43]. The 
cellular function of the MLL protein is unknown, but homologies to other proteins 
may provide some clues. MLL shares some regions of homology with the 
Drosophila trithorax (trx) protein including a zinc-finger domain, and the COOH
terminal region of the protein [16,27,43]. Trithorax is also >400 kd and is 
involved in maintaining the proper spatial pattern of expression of homeotic genes 
of the Bithorax and Antennapedia complexes by interacting with cis regulatory 
elements in their promoters [7,25,27]. Other MLL motifs defined by homology are 
three AT hooks, which are homologous to HMGI(Y) chromatin binding proteins 
[43], and a motif shared with mammalian DNA methyltransferase [26]. Therefore, 
by homology to domains of other proteins, it seems likely that MLL is a DNA 
binding protein. We have previously reported that MLL contains an extended 
activation domain in the C-terminal part of the protein, and a repression domain in 
the N-terminal part of the protein [46]. Furthermore, the AT-hook region of MLL 
is capable of binding cruciform DNA, recognizing the structure rather than the 
sequence ofthe target DNA [46]. 

In this paper, we demonstrate that the MLL AT-hooks are capable of 
binding to scaffold attachment region (SAR) DNA, but not to non-SAR DNA from 
the same gene region. We also demonstrate that distamycin and Hoechst 33258 can 
compete for_ MLL AT-hook binding to cruciform DNA. Therefore, in 
translocations involving MIL, the SAR DNA binding and cruciform DNA binding 
domain and a repression domain would remain on the der(ll) chromosome, and a 
very strong activation domain would either be lost [24,41] or translocated to the 
der(other) chromosome. The splitting of these functional domains is likely to 
contribute to leukemogenesis in cells containing MIL translocations. 
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Materials and Methods 

DNA clones and proteins. 
DNA encoding MLL amino acids 142-400 (AT-hook), or as controls, MLL amino 
acids 1101-1400, MLL amino acids 2772-3114, or Egr-l amino acids 281-304 
(Egr-l repression domain) [12], were subcloned into pGEX-KT [18]. MLL 
glutathione S transferase (GST) fusion proteins were expressed in bacterial cells, 
purified, and quantitated by polyacrylamide gel electrophoresis as previously 
described [46]. The histone HI protein was obtained from Sigma (St. Louis, MO). 
DNA fragments from the the interleukin-2 3' untranslated region (UTR) [10] 
(kindly provided by Raymond Reeves, U Wash.), and the IFNA2 gene flanking 
regions ([4], Broeker et aI., manuscript in preparation) were previously 
characterized as SARs or non-SARs using functional SAR mapping assays 
[9,30,45]. The SAR and non-SAR DNA inserts were purified on agarose gels, 
radiolabeled by filling in with Klenow fragment of DNA polymerase, and used as a 
probe for the SAR-protein binding assay. 
SAR-protein binding assay. 
One ug of each GST-fusion protein was transferred onto nitrocellulose membrane 
using a Dot blot apparatus. Dot blots were first pre-incubated at room temperature 
in a buffer containing 10 mM Tris (ph 7.5), 50 mM NaCl, 2 mM EDTA, and 5% 
non-fat dry milk [13]. Blots were then incubated with 32p labelled SAR and non
SAR DNAs in this same buffer and temperature but with 0.5% non-fat dry milk and 
competitor DNA (E. coli). Blots were then washed in the binding buffer several 
times [13]. DNA/protein hybridization signals were analyzed by autoradiography. 
Cruciform DNA binding assays. 
Artificial cruciform DNAs were prepared as described [2,3,46]. Cruciform DNA 
consists of oligonucleotides 1-4 [3]. Gel mobility shift assays were performed as 
described [2,46]. Hoechst 33258 and distamycin were purchased from Sigma (St. 
Louis, MO). Amounts of distamycin and Hoechst 33258 ranging from 50ng to 1 ug 
were added as competitors at the beginning of the reactions. For the repression 
domain binding reactions, 1 ug of the competitors were added. 

Results 

The AT-hook domain was first described in the HMGI(Y) group of proteins 
[35]. The AT-h90ks were demonstrated to bind to the AT-rich DNA present in the 
3' untranslated region (UTR) of the IL2 gene [34]. This same region of the IL2 3' 
UTR has also been shown to be a SAR [10]. MLL contains three AT-hooks 
clustered in a single domain near the amino terminus of the protein (Fig. 1). 
Although these AT hooks contain the same core amino acid sequence as the 
HMGI(Y) AT hooks, flanking amino acids are very different but tend to be lysine, 
arginine or proline (Fig. 2). 

The MLL AT hook domain contains three AT hooks of similar but not 
identical sequence to the HMGI(Y) AT hooks, and thus we wished to test whether 
it could also bind to the AT-rich DNA present in the IL2 3' UTR. We found that the 
MLL AT hook domain bound strongly to the IL2 3' UTR SAR using a 
nitrocellulose binding assay (Fig. 3A). Histone HI protein was used as a positive 
control because it has previously been shown that histone H I protein binds 
cooperatively to SAR DNA [22]. We also tested binding of the MLL repression 
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Fig.1. Schematic representation of the normal MLL eDNA on chromosome 1 L The figure is 
drawn to scale and the position of pertinent MLL amino acids are indicated by numbers_ The AT 
hook amino acids subcloned and expressed as protein for binding studies are indicated and the AT 
hooks underlined_ The locations of the O.8kb breakpoint cluster region (BCR), the zinc finger 
region, and the transcriptional activation and repression domains are also shown_ 
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Fig. 2. Comparison of HMGI(Y) and MLL AT hook amino acid sequence. Each protein 
contains three AT hooks separated by a variable number of amino acids. The sequences of the AT 
hooks are denoted by the single-letter amino acid code, and their positions in the protein denoted by 
the amino acid numbers_ Amino acid identity is indicated by a vertical line_ 

domain (amino acids 1101-1400) to the IL2 3' UTR SAR. This domain has 
previously been shown to bind to cruciform DNA as well as to duplex DNA [46]. 
We found that the MLL repression domain also bound to the IL2 3' UTR SAR 
(Fig_ 3A). In contrast, the repression domain of another protein, the early growth 
response gene Egr-l, did not bind to the IL-2 3' UTR SAR (Fig. 3A). We then 
wished to test whether this was a general observation; could the MLL AT hooks 
bind all SARs or just a subset of SARs_ Furthermore, we wished to determine 
whether the hlLL AT hook binding was specific for SAR DNA or whether the AT 
hooks were also capable of binding to non-SAR DNA. Therefore, we tested the 
known SAR and non-SAR DNA fragments from the IFNA2 gene region [4] for 
binding to the MLL AT hook domain. Both SAR (SAR2) DNA fragments from the 
IFNA2 gene showed strong binding to the MLL AT hook domain (Fig_ 3B) 
whereas non-SAR fragments (lFNA2 coding region, IFNA2 flanking region 1_0 kb 
BglII/BamHI), did not bind (Fig_ 3B)_ None of the SAR and non-SAR DNA 
fragments bound to the MLL activation domain or to the Egr-l repression domain 
(Fig. 3B, and data not shown)_ Neither of these proteins was expected to bind to 
DNA, and thus they represented negative controls_ All SAR and non-SAR DNA 
fragments bound to histone HI protein and to the MLL repression domain (Fig. 
3B). These protein species showed a non-specific pattern of binding. 
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Fig. 3. The MLL AT hook domain binds to SAR DNA but not to non-SAR DNA. Proteins 
were expressed in bacteria. purified, spot blotted onto nitrocullulose membrane, and hybridized 
with radiolabeled SAR or non-SAR DNA fragments . Proteins assayed were MLL AT hook 
domain (amino acids 142-400), MLL repression domain (amino acids 1101-1400), MLL activation 
domain (amino acids 2772-3114), Egr-l repression domain (amino acids 281-304), and histone HI 
protein. (A) Binding to the IL2 3' UTR SAR. (B) Binding to interferon alpha 2 SAR and non-SAR 
DNA fragments. Left panel shows the binding results of the IFNA2 non-SAR DNA regions 
(lFNA2 coding region=.4 kb BglII, and 1.0 kb BgllI/BamHI S' upstream region). Right panel 
shows the binding results of the lFNA2 S' upstream SARs (1.8 kb BamHI/EcoRI, and .7 kb 
EcoRI). The map at the bottom of the figure (top black line) shows the IFNA2 gene (left and 
thicker black line), and the two 5' upstream SARs (SARI , and SAR2 = thick black bars below 
the map). Note that only SAR2 was tested for protein binding. 

We have previously demonstrated that the MLL AT hook region, as well as 
the repression domain, could bind cruciform DNA using a gel mobility shift assay 
and synthetic cruciform DNA structures [46]. The AT hook domain binding was 
specific, because retarded bands were competed with an excess of nonradiolabeled 
competitor cruciform DNA [46]. Surprisingly, the binding of the MLL repression 
domain to cruciform DNA probes was also partially competed with a 100-fold 
molar excess of nonradiolabeled cruciform DNA [46]. The MLL AT-hook domain 
was recognizing structure rather than sequence of the DNA, because duplex DNAs 
that together contained all of the same DNA sequence did not bind the MLL AT 
hooks [46]. In contrast, the MLL repression domain was able to bind to duplex 
DNA, however, this binding was not competed with a lOO-fold molar excess of 
nonradiolabeled duplex DNA [46]. Therefore, the AT-hook domain of MLL can 
specifically recognize and bind to a cruciform DNA structure. It has previously 
been demonstrated that the dye Hoechst 33258 and the drug distamycin, which both 
have a similar three-dimensional structure as the HMGI(Y) AT hooks, compete for 
binding of the HMGI(Y) AT hooks to AT-rich DNA [14,35]. We wished to 
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Fig. 4. Crucifonn DNA binding activity of the MLL AT hook domain is specifically competed 
with Hoechst 33258 or distamycin. Proteins were expressed in bacteria, purified, and tested by gel 
mobility shift analysis for their ability to bind radiolabeled crucifonn DNA probes. Protein-DNA 
complexes were fonned in the presence of increasing amounts of Hoechst 33258 (lanes 2-5, 12) or 
distamycin (lanes 6-9, 13), or a 100-fold molar excess of cold competitor DNA (lanes 10, 14), or 
without competitor (lanes 1, 11). Free probe is indicated by an arrow. Proteins assayed were 
MLL AT hook domain (amino acids 142-400) (lanes 1-10) and MLL repression domain (amino 
acids 1101-1400) (lanes 11-14). Proteins were incubated with radiolabeled crucifonn probe. 

determine whether the MLL AT hook binding to cruciform DNA was similarly 
competed with Hoechst 33258 or distamycin. For competition, amounts of 
distamycin or Hoechst 33258 ranging from 50ng to I ug were added at the 
beginning of the incubation period. Both distamycin and Hoechst 33258 were able 
to compete the binding of the MLL AT hook domain to cruciform DNA in a manner 
similar to the nonradiolabeled competitor cruciform DNA (Fig. 4, lanes I -10) . In 
contrast, even I ug of distamycin or Hoechst 33258 were unable to compete for 
MLL repression domain binding to cruciform DNA (Fig. 4, lanes 12,13). 

Discussion 

We are studying the potential cellular functions of MLL which is involved in 
chromosomal ' translocations that result in acute lymphoid and acute myeloid 
leukemias [38]. One particularly intriguing aspect of the MLL protein that we have 
been studying is the ability of its AT-hook domain to bind cruciform DNA in a 
structure-dependent, sequence-independent manner. It had been proposed that the 
AT-hook region of MLL would bind DNA because of its homology to the AT
hooks of the HMO-I(Y) proteins [35]. We found that this region of MLL could 
bind to cruciform DNA [46] as has been shown for the HMO box of the HMO 1/2 
proteins [2,3]. This binding is specific for DNA structure rather than DNA 
sequence because binding was not observed to duplex DNAs oithe same sequence 
[46]. Two types of natural cruciform structures occur: Holliday junctions formed 
during recombination [19], and the structures formed when inverted repeats are 
extruded from superhelical DNAs. These structures may be associated with 
initiation of mammalian DNA replication [II] and are also commonly found in the 
vicinity of structural genes, so that they might playa role in gene expression [2]. 
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As has been suggested for HMOI protein binding to DNA [31], the AT-hook 
region of MLL may also recognize sharp bends in DNA that are not necessarily part 
of a cruciform structure. It is unclear what role the AT-hook binding to DNA may 
play in vivo, but it is conceivable that it may recognize cruciform and/or bent DNA 
and thereby affect gene regulation. 

In this investigation we have concentrated on several aspects of MLL AT 
hook binding to DNA fragments including cruciform DNA and SAR DNA 
interactions. Our data demonstrate specific binding of the MLL AT hook domain to 
cruciform DNA. Furthermore, this binding is specifically competed with 
compounds that form a similar three dimensional structure as the HMOI(Y) AT 
hook domain (Hoechst 33~58 and distamycin). In contrast to the specific binding 
of the MLL AT hooks, the MLL repression domain seems to bind DNA fairly 
nonspecifically, and this binding is not competed by distamycin or Hoechst 33258. 

Scaffold attachment regions (SARs) are defined as regions of binding 
between the DNA axis and non-histone "scaffold" proteins. SARs are AT-rich 
regions, whose DNA is bent, and they may be protein-protected regions in the 
genome [13]. They map to specific non-random positions, i.e. near gene regulatory 
elements, and appear to organize interphase and mitotic chromatin into a series of 
loop domains [13]. Reeves et al. demonstrated that the HMGI(Y) AT hooks bind 
the IL2 3' UTR SAR [10,34]. We have similarly studied binding of the MLL AT 
hook domain to SARs. Although the MLL AT hooks have the same core amino 
acid sequence as the HMGI(Y) AT hooks, they differ significantly in sequence 
outside of the core region. We have demonstrated that the MLL AT hook domain is 
capable of binding to the IL2 3' UTR SAR. Furthermore, the MLL AT hook 
domain binds other SARs, but not non-SAR regions from the same gene. 

It may be that the MLL AT-hooks recognize bent DNA in general, or a 
particular subset of bent DNA structures, rather than only those present in 
cruciform DNA structures. Bent DNA would be found at sequences containing 
tracts of oligo(dA)-oligo(dT) spaced periodically along the DNA [17], and it has 
been found at origins of replication [5,17], scaffold associated regions (SARs) 
[45], and promoters [17]. It has also been demonstrated that retroviral integration 
into chromosomal DNA occurs preferentially at intrinsically bent DNA [29] and that 
bent DNA is present at chromosomal sites of illegitimate recombination events [28]. 
Furthermore, bent DNA is a preferential substrate for DNA topoisomerase II 
enzymes [20] and DNA nicking enzymes including topoisomerase I [6]. Because 
of the ability of the MLL AT-hook region to bind to cruciform DNA and SAR 
DNA, it will be important to determine the extent of MLL AT-hook binding to 
various bent DNAs, as well as the ability of the MLL protein itself to cause DNA to 
bend. It is possible that MLL could play an important role in illegitimate 
recombination which is the dominant mechanism of recombination in mammalian 
somatic cells.' Illegitimate recombination is responsible for most genome 
rearrangements such as translocations, deletions and nonhomologous integrations 
[36]. The mechanism of illegitimate recombination and the enzymes or regulatory 
proteins involved are poorly understood. It is interesting that MIL is involved in a 
variety of translocations that result in acute leukemia. Furthermore, we have shown 
that patients with therapy-related AML with balanced translocations of Ilq23 had 
received prior. treatment with DNA topoisomerase II inhibitors and had 
rearrangements involving MIL [15]. Perhaps the DNA binding of MLL may give a 
clue to the mechanism of these translocations and to the normal function of the MLL 
protein in cells. 
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Introduction 

Acute promyelocytic leukemia (APL) is characterized by a differentiation block at the 
promyelocytic stage ofmye1oid differentiation [1]. The differentiation block is the most 
distinctive biological feature of this leukemia since APL blasts have a modest 
proliferative rate [2] and the release of the block and terminal differentiation obtained 
with retinoic acid (RA) correlates in vivo with complete hematological remission in the 
great majority of APL patients [3-5]. 

Clinical response to RA is accompanied, in APL blasts, by rearrangements of 
the retinoic acid receptor a gene (RARa) as a result of a translocation of chromosomes 
15 and 17 [t(15;17)] [6], that involves thePML (for Promyelocyte [7]) and RARa genes 
[8-12]. The resulting PMLlRARa fusion gene encodes a PMLlRARa fusion protein [13-
16] (fig. 1). Since RARa is involved in the regulation of myeloid differentiation [17,18], 
the alteration in the RA signalling pathway caused by PMLlRARa could contribute to 
the differentiation block. Paradoxically, the activation of the same signalling pathway 
by RA induces terminal differentiation, indicating APL as the first example of a 
leukemia that can be treated by specifically targeting therapy to the transforming 
protein. 

Expression of the t(15; 17) has never been reported in any other neoplasia. 
Interestingly, gene transfer experiments have shown that the expression of the 
PMLlRARa fusion protein induces cell death in most lymphoid and non-hematopoietic 
cell lines (our unpublished results). This suggests that, in vivo, a negative selection may 
take place against non myeloid cells developing a 15; 17 translocation. 

Rare variant translocations in APL involve 17 with chromosomes other than 
15 [6]. In the 11; 17 chromosome translocation the chromosome 17 breakpoint on RARa 
is the same as in t(15;17), whereas in chromosome 11 it is located in a zinc finger gene 
named PLZF [19]. In the t(5;17) the RARa gene is fused to the NPM gene, which 
encodes a nucleolar phosphoprotein involved in RNA processing [20]. In both cases, the 
recombination leads to the formation of fusion proteins (PLZFlRARa and NMPlRARa). 
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The PMLIRARa protein and its role in the pathogenesis of APL 

The PMLlRARa protein retains functional domains of the RARa and PML 
proteins (Fig. 1 ). Since the chromosome 17 break of the 15; 17 translocation always 
occurs in RARa intron 2, the RARa component of the PMLlRARa protein is the same 
in all cases of APL and corresponds to regions B to F [21,22], which include the DNA 
binding, ligand binding, dimerization and nuclear localization properties ofRARa [23). 

The chromosome 15 breakpoint of the t(15;17) has been mapped in three 
regions of the PML locus: intron 6 (breakpoint cluster region 1; bcrl, 45%), intron 3 
(bcr3 45%) (fig. 1), exon 6 (bcr2 10%) [21,24]. However, there is a PML region retained 
in all PMLlRARa fusion genes. This region includes the putative DNA binding domain 
and the dimerization interface (Fig. 1). The DNA binding region includes three cysteine
histidine rich regions, referred to as RING finger, Bl and B2 box [25-27). The 
dimerization interface is the coiled-coil portion of the a-helix, and contains four clusters 
of heptad repeats with hydrophobic amino acids at first , fourth and eighth positions [28-
29]. The region ofPML encoding variable portions of the C-terminal region of the a
helix, the serine/proline rich region, including the CKII phosphorylation site, and the 
variable C-termini are contained in the reciprocal RARalPML gene [30). 

Putative Dimerization 
DNA binding interface NLS 

RA-target genes Retinoids 

DNA b~ding Ligand ~binding 
'" ~-dependent 
~is-activation 

Dimerization 

" RXRs 

Fig.l . Normal PML and RARa functions retained in PMLlRARa. 

PML 

RAR 

NLS, nuclear localization signal; R: Ring [mger, BI , B2: B-boxes; 1,2,3,4: cluster of heptad repeals of 
hydrophobic aminoacids: V:variable COOH termini. A,B,C,D,E,F: RARa modular domains (23). 
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L Biological Effects of PMLJRARa. on Differentiation and Growth of 
Hemopoietic Precursors. 

The expression of the PMLIRARa. protein and the outburst of APL coincide, 
suggesting that PMLIRARa. is responsible for the transformed phenotype in APL. 
Experimental evidence of a pathogenetic role of PMLIRARa. has been obtained in an in 
vitro model system. Hematopoietic precursor cell lines can be used as a model for 
hematopoietic differentiation because they can be induced to mature upon exposure to 
various physiological and synthetic molecules. The phenotypic changes induced by the 
expression of PMLIRARa. in these cells recapitulate critical features of the 
promyelocytic leukemia phenotype [31]. 
Effects of PMLJRARa. on differentiation. Vitamin D3 (VD) or VD and TGF~ 1 
(TGF) treatment induces terminal monocytic differentiation of the U937 promonocytic 
cell line [32]. U937 cells that express the PMLIRARa. protein fail to terminally 
differentiate, as shown by both surface marker analysis and functional tests 
(proliferation and phagocytosis). Differentiation is blocked when PMLIRARa. 
expression levels are higher than those of the normal RARa. protein as occurs in APL 
blasts [31], suggesting a dominant negative mechanism. The block of differentiation is 
not restricted to the effects of VD in myelomonocytic differentiation. Expression of 
PMLIRARa. inhibits erythroid differentiation induced by hemin in K562 cells [33]. 

The effect that PMLIRARa. exerts on differentiation is reversed when the cells 
expressing the fusion protein are exposed to high RA concentrations, comparable to the 
peak plasma levels achieved during RA therapy of APL patients [34]. The percentage 
of cells that enter the differentiation program is higher in the cell population where 
PMLIRARa. is expressed [31]. This effect is not due simply to a loss of PMLIRARa.
mediated maturation block, but also to a direct positive effect since cells that without 
PMLIRARa. do not differentiate, now enter the maturation cascade. Thus, a high 
concentration of RA converts the activity exerted by the fusion protein from a RA
independent inhibition to a ligand dependent stimulation of differentiation [31]. 
Exposure to RA of the APL derived NB4 cell line or of U937 cells expressing 
PMLIRARa. releases the block of VD-induced differentiation. Therefore, the RA
dependent differentiation activity dominates over the block of vitamin D3 induced 
differentiation. The maturation level achieved by these cells is more advanced than that 
obtained with VD or RA alone, indicating that, once the activity of PMLIRARa. is 
reversed, the two inducers have a synergistic effect [35]. 

The PMLIRARa. protein, in summary, could alone be responsible for two 
major features of the APL phenotype: block of differentiation and sensitivity to RA. 
Effects of PMLJRARa. on cell growth. The effects of PMLIRARa. are not restricted 
to cell differentiation. U937 cells expressing the PMLIRARa. protein do not undergo 
programmed cell death in conditions of serum deprivation that induce apoptosis in 
control cells [31]. In addition, in the GM -C SF dependent cell line TF -1 survival in the 
absence ofGM-CSF growth factor is prolonged by the expression ofPMLIRARa. [36]. 
Whereas control cells become irreversibly committed to apoptosis after a short GM
CSF deprivation, PMLIRARa. expressing cells can gain competence to GM-CSF driven 
proliferation after as long as 20 days of growth factor deprivation. Thus, PMLIRARa. 
promotes cell survival by inhibiting the commitment of cells to enter the genetic 
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program of cell death. By prolonging cell survival, PMLlRARa could support the 
expansion of a population of leukemic cells with a low proliferative index [2]. This 
effect, combined with the differentiation block, provides a cellular mechanism to 
account for the oncogenic potential ofPMLlRARa. 

II. Mechanisms of PMURARa activity 

PMLlRARa is a multifunctional protein retaining activities of the normal PML and 
RARa proteins, including dimerization functions, DNA binding, retinoid binding 
transactivating functions. Experimental evidence (Fig.2) showed that the fusion of the 
PML and RARa components is required for the biological activity of PMLlRARa. 
Overexpression of RARa or PML does not to block U937 cells differentiation or 
increase RA response (manuscript in preparation). In addition, the biological activity of 
the fusion protein is not mimicked by the overexpression of either one of the PML or 
RARa truncated components of PMLlRARa (Fig.2). Even independent coexpression 
of the PML and RARa moieties of the fusion protein, outside the context of the fusion, 
does not produce a clear phenotypic change (manuscript in preparation). 

Protein overexpressed 
in U937 cells 

Differentiation 
block 

PMURAR +++ 

RAR + 

PML-2 

RARA· + 

PML·PR 

L...>'" ......... w::= ._..L1. _ ____ lILL.._...JlII P-IRES-R + 

Fig.2: Differentiation potential with vitamin D3 of U937 cells overexpressing the indicated protein. 
IRES: internal ribosomal entry site. See figure I for the other symbols. 

These observations indicate that the fusion confers to the PMLlRARa protein novel 
features and modifies the normal PML and RARa activities. These new characteristics 
are responsible for the oncogenic effects ofPMLlRARa (see below and fig. 3). 
Homo and heterodimerization of the PMURARa protein. Macromolecular 
nuclear complexes. The ability of the PMLlRARa protein to dimerize with various 
cellular proteins is currently considered one important mechanism by which the fusion 
protein exerts its leukemogenetic effect. PMLlRARa can form homodimers, 
heterodimers with PML and heterodimers with RXR [16,29,37-40]. PMLlRARa 
homodimers bind DNA in the absence ofRXR and with a different affinity or specificity 
than RARIRXR heterodimers [29]. Since PMLlRARa expression is high in APL [24] 
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dimerization of PMLlRARa with RXR could interfere directly with the nonnal RARa 
molecular pathway and also influence indirectly the activity of other nuclear receptors 
like, TR and DR, which physiologically dimerize with RXR [41 ,42]. Accordingly, an 
excess ofPMLlRARa prevents both VDR binding to VDRE ill vitro, and activation of 
a reporter gene by VDR [29]. PMLlRARa homodimerizes and heterodimerizes with 
PML through the common heptad cluster dimerization domain of the coiled-coil region 
[29]. These interaction can conceivably alter PML function by competing with the 
nonnal protein for the same molecular targets and generating PMLlRARa- PML 
heterodimers with a different biochemical functions than PML homodimers. In addition, 
the nuclear localization of PMLlRARa homodimers and PMLlRARa-PML 
heterodimer in APL cells is different from that ofPML homodimers (see below). 

HPLC analysis of RA binding proteins in APL blasts and in the APL cell line 
NB4 have demonstrated the presence of APL-specific high molecular weight nuclear 
protein complexes of 600 and 1200 kd (the apparent molecular weight of PMLlRARa 
is 110 kd) [43]. These complexes are probably generated through the multiple 
dimerization properties of PMLlRARa and contain RARa, PML, PMLlRARa, RXR 
(our unpublished results), and may contain other nuclear proteins. 
DNA binding, retinoid binding, transactivating activity. PMLlRARa bind retinoids 
and function as RA-inducible transcription factors [13-16,43]. PMLlRARa and RARa 
have different transactivating properties. These effects can be either stimulatory and 
inhibitory, depending on the promoter and cell type used, either in presence or absence 
of RA. However, PMLlRARa is consistently more active than RARa. The high 
variability of the results depending on the experimental setting makes it difficult to 
correlate these data to the mechanisms of leukemogenesis. 

PMLlRARa binds DNA through the RARa DNA binding domain. 
PMLlRARa homodimers bind responsive elements with different efficiency and 
specificity than the physiological heterodimers RARa-RXR, whereas PMLlRARa
RXR complexes partially overlap to the RAR-RXR dimers in tenns of binding activity 
to RAREs [29]. These observation suggest that i) the fusion protein could regulate a 
different set of genes than wild type RARa protein, and ii) that the two proteins have a 
different activity on the genes regulated by RARa. It remains to be established how this 
may alter differentiation, since the genetic program regulated by RARa is unknown. 

Modification of DNA binding 
and transactivation activities 

Cis-repression (activation?) 
of PML function 

Altered nuclear localization 

Altered dimerization potential 

Fig. 3. Altered PML or RARa funtions in PMlJRARa. See figure I for symbols. 
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Alteration of subcellular localization. PMLlRARa may act as a dominant negative on 
both the PML or RARa molecular pathways. PML has been regarded as a growth 
regulator and may playa role in maturation and activation of specific cell types. PML 
protein shows preferential expression in differentiated post mitotic cells. Endothelial 
and epithelial cells and activated tissue macrophages, are the cell types with the highest 
amounts of PML protein. PML protein expression is also increased during 
differentiation of the monoblastic cell line U937 or after its activation by interferon-y 
treatment [40,44]. When overexpressed in rat embryo fibroblasts transformed by Ha-ras 
and p53 or Ha-ras and c-myc, PML reduces the malignant behaviour of the cells. In 
addition, overexpression of PML in the APL cell line NB4 suppress its clonogenicity 
and tumorigenicity in nude mice, suggesting that overexpression of PML may 
antagonize the activity of PMLlRARa. The fusion with RARa may disrupt the growth 
controlling activity of the normal PML protein, since PMLlRARa has no effect on 
transformation of REF by activated oncogenes [45). 

A dominant negative action ofPML/RARa on PML may have a morphological 
counterpart in the altered intracellular distribution of the PML protein in APL blasts. 
Normal PML protein has both a cytoplasmic and nuclear distribution, with isoforms 
exclusively or predominantly localized in the cytoplasm [16,29,37-40,44). The nuclear 
component of PML appears to be prevalent and has a typical distribution in discrete 
nuclear subdomains, referred to as POD (PML Oncogenic Domain) or PML nuclear 
bodies, giving the characteristic speckled pattern in immunohystochemical and 
immunofluorescence [37-40). 

PML colocalizes in the nuclear bodies with other proteins defined by their 
speckled intranuclear distribution and reactivity with monoclonal antibodies raised 
against nuclear antigens or with sera from patients affected by autoimmune diseases. 
These proteins include the autoantigen SPlOO, identified in patients with biliary 
cirrhosis, and two undefined proteins of 55 and 65 kd [37-40). The interaction among 
the components of the POD domain appears to be very stringent since overexpression 
of one of the proteins causes enlargement of the subnuclear domain and increased 
immunological labelling of the other antigens. However, coimmunoprecipitation studies 
have failed to show a physical interaction between PML and SPI00 [40). 

The intracellular localization of PMLlRARa differs from that of PML and 
RARa. PMLlRARa has a cytoplasmic fraction variably described as diffuse or 
perinuclear [16,29,37-40,44). This fraction is difficult to detect because of its fine 
distribution as opposed to the nuclear fraction which is localized in defined domains. 
The nuclear component has micropunctated nuclear pattern, with hundreds of small 
dots, distingujshed from the speckled nuclear pattern of PML and from the finely 
dispersed pattern of RARa [45). Anti-PML antibodies reveal that APL cells, which 
express all three proteins, display the PMLlRARa-like micropunctated nuclear pattern, 
indicating that the fusion protein localization dominates over the two wild type proteins 
and PML colocalize with PMLlRARa; the PML protein is, accordingly, displaced from 
the nuclear body structure. Immunoelectromicroscopic studies have shown that the 
nuclear body structure is disrupted in APL cells and that the PMLlRARa and the PML 
proteins are localized in small particles with poor structural organization, tightly bound 
to chromatin. In addition, at least part of the SP 1 00 protein and of the RXR cellular 
pool are redistributed to the small PMLlRARa containing particles. This observation 
suggests that one of PMLlRARa mechanisms of action could be the displacement and 
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sequestration of PML and RXR outside their normal intranuclear location. 
Interestingly, the treatment of APL blasts with RA converts the micropunctated nuclear 
pattern to the speckled, PML-like, pattern [16,29,37-40]. Alternatively, PML 
displacement could be the detectable component of a more complex alteration of 
protein-protein interactions among multiple partners. 

In addition to its effects on the PML pathway PMLlRARa could also affect 
the activity of RARa and other steroid receptors. In the presence of low near
physiological concentration of RA [34] in vitro, PMLlRARa acts as a transcription 
repressor of certain RA-target genes [13-16]. Furthermore, PMLlRARa may also 
function as a VD signalling antagonist by acting directly on VD-target genes or, 
indirectly, by sequestering RXR a cofactor essential for D3 receptor activity. As both 
RA and VD are implicated in myeloid differentiation [46], these effects may contribute 
to the inhibition of differentiation by PMLlRARa. This view has received support from 
the ultrastructural observations on the PMLIRARa-dependent RXR displacement in 
APL cells [39]. However, PML/RARa seems to be able to inhibit myeloid 
differentiation induced by TPA (our unpublished results), and erythroid differentiation 
induced by heme K562 cells [33]. These facts suggest that the activity ofPML/RARa 
is not limited to RXR sequestration and may be directed to the regulation of 
fundamental differentiation master genes. In summary, it is likely that PML/RARa act 
as a multifunctional protein on several different pathways leading to cell maturation. 

IlL Mechanism of RA sensitivity of APL blasts. 

APL undergoes disease remission upon RA treatment. This correlates with the 
induction of terminal differentiation of APL blasts [47,48]. APL blasts differentiate in 
the presence of T -RA in vitro and the clinical response can be predicted by in vitro 
differentiation tests [3,49]. 

The presence of the PMLlRARa protein seems to be strictly necessary for RA 
sensitivity of leukemic blasts. First, there is a strict correlation between the expression 
of the PMLiRARa fusion transcript and response to treatment [50]. Second, 
PMLiRARa expression increases the sensitivity to RA in myeloid precursors ill vitro 
[31]. Third, clones of the APL NB4 cell line become T -RA-resistant when they lose 
PMLlRARa expression [51]. Taken together these evidences indicate an active role for 
PMLlRARa in causing the RA sensitivity of APL. The fusion protein retains the RARa 
DNA and retinoid binding domains and, consequently, it could directly influence the 
RARa-dependent. pathway that controls terminal myeloid differentiation. In addition, 
PMLlRARa possesses the ability to act on DNA as an homodimer, independently from 
the availability ofR..XR [29 and our unpublished results]. In transactivation experiments 
PMLlRARa can overstimulates the expression of RARa target genes when RA is 
present. It should be also kept in mind that the interaction between RA and the RA 
binding domain of PMLiRARa could cis-activate the PML portion of the fusion protein 
[52]. RA may also reconstruct molecular interactions with diverse protein partners 
within nuclear bodies. RA causes a redistribution of PMLlRARa, PML, RXR and 
probably other proteins within the nucleus. The PMLlRARa containing microgranules 
of APL blasts are reconverted into the physiological nuclear body structure [37-40]. 
The pathogenesis of APL could depend on the disruption of multiple molecular 
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partnership within nuclear bodies, due to PMLlRARa. RA. would release the 
differentiation block by modifying the PMLlRARa molecule, restoring a physiological 
distribution ofimportant functional proteins and reconstituting the nuclear bodies. 
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I. Multistep Pathogenesis of Acute Myeloid Leukemia 

Cloning of chromosome translocation breakpoints have identified abnormal gene 
products which contribute to the pathogenesis of hematologic malignancy. 
Examples include the PML-RARa fusion associated with t(15; 17) acute 
promyelocytic leukemia (APML)(l-3), the AMLl-ETO fusion associated with 
t(8;21) acute myeloid leukemia (4), the CBFB-MYHII fusion associated with 
inv(l6) acute myelomonocytic leukemia and eosinophilia (5), and MLL fusions 
at 11q23 breakpoints with various fusion proteins associated with acute myeloid 
leukemias (6). 

Evidence which strongly supports a role for these fusion proteins in 
pathogenesis of acute myeloid leukemia includes the invariant association of 
chromosomal translocations with specific disease phenotypes and the striking 
conservation of translocation breakpoint5. For example, all patients with APML 
have t(15;17), and t(15;17) is invariably associated with the phenotype of APML 
but not with any other SUbtypes of AML. The consequence of t(15; 17) is fusion 
of the PML and RARa genes; the breakpoint occurs within the same intron of 
RARa in all patients, and occurs in one of two introns within the PML gene. All 
of the resultant fusions preserve functional domains of PML-RARa. Similar 
conservation of functional domains and association with specific phenotypes is 
seen in chromosomal translocations associated with the other SUbtypes of AML 
noted above. 

Although these data provide convincing evidence that chromosomal 
translocations are necessary for manifestation of the leukemic phenotype, there is 
equally convincing evidence that leukemia, like other human cancers, requires 
more than one molecular genetic ahnormality. Multistep pathogenesis of 
leukemia is supported first by rare but informative families with inherited 
propensity to develop leukemia (7) As for pedigrees with inherited forms of 
breast cancer and colon cancer, it is likely that affected members of pedigrees 
with inherited leukemia carry a germ line mutation which predisposes to the 
acquisition of a second mutation in somatic tissue, which in turn gives rise to the 
malignant phenotype. One example is the inheritance of a mutant DNA repair 
gene, MSH2, which predisposes affected members of hereditary non-polyposis 
coli pedigrees to the development of colon cancer (8). A second observation 
which supports multistep pathogenesis of AML is the phenomenon of clonal 
remission (9). Clonal remission occurs infrequently after induction of remission 
from AML using chemotherapeutic agents. Patients with clonal remission meet 
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all diagnostic criteria for remission including normal blood counts and 
differential, normal morphology and normal cytogenetics, but can still be 
documented to have clonal hematopoiesis by X-chromosome inactivation based 
assays. These findings are consistent with persistent somatic mutation which 
gives rise to a clonal proliferative advantage, but is not sufficient to give rise to 
the clinical phenotype of AML. 

A third argument in support of multistep pathogenesis of AML are the 
myelodysplastic syndromes (MDS). MDS are a heterogeneous group of 
hematologic disorders characterized by pancytopenia and dysplastic growth of 
hematopoietic progenitors, and can be considered a transition state between 
normal hematopoiesis and leukemia. Patients with MDS have clonal 
hematopoiesis as evidenced by X-chromosome inactivation based assays, and by 
clonal karyotype abnormalities including del 5q, del 7q, del 12p, and del 20q 
among others. MDS may be indolent for months to years, but frequently 
progresses to AML associated with acquisition of additional cytogenetic 
abnormalities. Thus, at least two molecular genetic abnormalities appear to be 
necessary for the development of the malignant phenotype in these cases. 

Cloning and characterizing the genes responsible for familial leukemia and 
myelodysplastic syndromes should provide insight into the early molecular 
genetic events that govern the transition from normal hematopoiesis to acute 
leukemia. However, there are few pedigrees large enough for generalized 
linkage analysis of familial leukemia, and myelodysplastic syndromes have 
proven difficult to analyze due to the large size of the deletions commonly 
associated with MDS. 

II. Chronic myelomonocytic leukemia (CMML) associated with 
t(5;12) 

CMML, one of the FAB subtypes of MDS, is characterized by dysplastic 
proliferation of monocytes, and progression to AML. A recurring translocation 
in CMML occurs between chromosome bands 5q33 and 12p13. 
t(5;12)(q33;pI3) is of particular interest because it occurs in regions of 
chromosome 5q and 12p13 which are abnormal in a significant number of 
patients with hematologic malignancy. For example, approximately 10% of 
cases of acute lymphoblastic leukemia (ALL) of childhood are associated with 
12p13 deletions (10, 11). Since ALL is the most common cancer of children 
(del) (12p) is perhaps the most frequent cytogenetic abnormality in pediatric 
malignancy. The t(5;12)(q33;12pI3) may therefore serve to localize genes 
involved in CMML, as well as in other hematologic malignancies. 

A. Cloninl: the t(5;12) breakpoint associated with CMML 
We identified a patient with t(5;12)(q33;p13) and CMML, who subsequently 
developed AML associated with acquisition oft(8;21)(q22:q22) in addition to 
t(5;12). The t(8;21) is identical at the cytogenetic level to t(8;21) seen in de 
novo AML. t(5;12) thus appears to satisfy criteria for an early molecular 
genetic abnormality which gives rise to AML by virtue of its recurring 
association with CMML. In this specific example, t(5;12) appears to be an 
early mutation antedating development oft(8;21) associated AML. 



The t(5;12) breakpoint was cloned without benefit of a cell line or patient 
cDNA library (12). Limitations in available clinical material led us to consider 
strategies which would maximize the blood and bone marrow specimens 
available. Fluorescence-in-situ-hybridization (FISH) was performed with 
ordered chromosome 5q cosmid probes to localize the breakpoint between the 
genes encoding c-fms and ribosomal protein S14. PCR primers specific for 
c-fms and RPS14 were used simultaneously to screen the CEPH megaYAC 
Library, and identified a 600Kb YAC 745dlO containing both c-fms and 
RPS14. 745dl0 spanned the translocation by FISH, confirming the 
localization of the breakpoint and delineating a 600Kb genomic region within 
which the breakpoint must lie. Long range genomic maps were prepared by 
pulsed-field gel electrophoresis, and localized the breakpoint within the 
platelet-derived growth factor B (PDGFRB) gene. Ribonuclease protection 
assays (RP A) were then used to localize the breakpoint with PDGFRB RNA 
using PDGFRB specific probes on patient bone marrow RNA. RNA analysis 
localized a partial transcript for the 3' end of the PDGFRB gene, beginning 
near the transmembrane domain of PDGFRB and extending through the 
tyrosine kinase domains. Northern blot analysis of patient bone marrow 
using PDGFRB probes showed a single 5 Kb transcript, which was larger 
than would be predicted by a partial PDGFRB transcript, consistent with a 
PDGFRB fusion partner derived from chromosome 12p13. 

B. The PDGFR8 fusion partner in t(5;12) CMML is a novel 
ETS-like gene TEL. 
Anchored PCR on patient marrow RNA was performed using nested 
PDGFRB primers to obtain a partial cDNA for the chromosome 12 fusion 
partner. Involvement of the partial cDNA in the t(5;12) translocation was 
confirmed by RPA of patient bone marrow, and the partial cDNA was used to 
screen a human K562 cDNA library to obtain a full length cDNA. 

The PDGFRB fusion partner is a novel ETS-like gene, TEL. TEL is aa 452 a 
protein which contains two functional domains: (i) a 3' DNA binding domain 
which defines ETS family members, and (ii) a 5' predicted helix-loop-helix 
(HLH) domain which is shared by approximately one third of ETS family 
members (Fig 1). 

KDNAII 

Figure 1. TEL is a member of the ets family of transcription factors, and 
contains a 3' helix-loop-helix (HLH) domain and a 5' DNA binding domain 

The TEL HLH domain is conserved among other ETS family members, 
including ets-l and fli-l, and the Drosophila gene yan/pok, a transcriptional 
repressor. ' 

The consequence of the t(5;12) translocation is a fusion transcript whose 
expression is driven by the TEL promoter, and results in fusion of the TEL 
HLH domain in frame to the PDGFRB transmembrane and tyrosine kinase 
domains (Fig. 2). 
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Figure 2. The consequence of the t(5; 12) associated with CMML is fusion of the 
TEL HLH domain to the transmembrane and tyrosine kinase domains of the PDGFRB 

C. Mechanisms of transformation of TEL·PDGFR8 
The structure of the TEL-PDGFRB fusion suggests several possible 
mechanisms of transformation. Wild-type PDGFRB is known to signal a 
variety of cellular responses, including mitogenesis, on binding to its dimeric 
ligand, PDGF. PDGF mediates dimerization of PDGFRB, which activates 
the tyrosine kinase leading to autophosphorylation of the receptor on tyrosine 
residues. Phosphorylated tyrosines on the PDGFRB serve as docking sites 
for a number of proteins which initiate signal transduction cascades, including 
SRC, SYP/Grb2, PI3 kinase, and PLOy. It is plausible based on the known 
function of wildtype PDGFRB that the HLH domain of TEL-PDGFRB 
mediates dimerization and constitutive activation of the PDGFRB tyrosine 
kinase domain. 

The TEL-PDGFRB fusion was flrst tested for transforming activity in cultured 
mammalian cell lines. TEL-PDGFRB confers factor independent growth to 
the IL-3 dependent hematopoietic cell line, Ba/F3. Consistent with a model of 
PDGFRB tyrosine kinase activation, TEL-PDGFRB is constitutively 
phosphOrylated in factor independent Ba/F3 cells transfected with TEL
PDGFRB. 

Another possible model for TEL-PDGFRB transforming activity is that TEL 
has tumor suppressor activity, and that TEL-PDGFRB interferes with 
wildtype function. In this model, the TEL HLH domain would mediate 
heterodimerization between TEL-PDGFRB and wild type TEL, leading to 
TEL loss of function. Indirect evidence which supports TEL loss of function 
in pathogenesis of malignancy is provided below, and includes translocations 
involving TEL in which the other TEL allele is deleted, such as the TEL
AMLI fusion. In these cases, there is no functional TEL in the leukemic 
cells: one TEL allele is deleted and the other is disrupted by translocation (13). 
Other data supporting a role for TEL loss of function in hematologic 
malignancy is frequent loss of heterozygosity at the TEL gene locus in ALL 
(14). 



III. TEL is frequently involved in translocations at the 
12p13 locus 
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One rationale for cloning the t(5;12) translocation breakpoint was to determine 
whether the translocation would identify genes in other translocations 
involving chromosome 12p13. To test this possibility, additional patients 
with cytogenetic evidence of 12p13 rearrangements were analyzed for 
evidence of involvement of the TEL gene locus. 

Yeast artificial chromosomes (YACs) containing the TEL gene were used to 
analyze patients with cytogenetic evidence of 12p13 abnormalities (15). The 
majority of patients (26/34) were shown to have abnormalities at the TEL 
gene locus. RP A was used to map to translocation breakpoints within TEL, 
and disclosed an unusual distribution of breakpoints within the TEL gene (Fig 
3). As noted earlier, translocation breakpoints within a given gene are usually 
highly conserved, even when different fusion partners have been identified. 
For example, the MIL gene at chromosome band 11q23 is associated with 
AML and has numerous fusion partners. However, the breakpoint with MLL 
is highly conserved, regardless of the fusion partner. In contrast, there are at 
least three different breakpoints within the TEL gene which give rise to fusion 
products which express different functional domains of TEL. 

t(12;22) t(5;12) 

+ + 

t(9;12) 
t(12;21) 
t(I;12) 

+ 
IIDNA

" 
Figure 3. Diverse translocation breakpoints in TEL mapped by ribonuclease protection assays. 

For example, in contrast with the structure of the TEL-PDGFRB which 
involves the TEL HLH domain, patients evaluated in our laboratory with the 
t(12;22) showed evidence of abnormal expression ofthe TEL DNA binding 
domain driven by the promoter of a chromosome 22 gene. The t(12;22) 
breakpoint has been cloned by Grosveld et al and gives rise to a fusion 
transcript containing the MNI gene fused in frame to the TEL DNA binding 
domain (16). The MNl-TEL fusion is analogous in structure to the EWS-flil 
fusion associated with t(11;22) Ewings sarcoma (17), and the TLS-ERG 
fusion associated with t(16;21) leukemia (18), in which an ETS-farnily DNA 
binding d<?main is abnormally expressed. 
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IV. TEL is fused to the protooncogene ABL in t(9;12;14) 
acute undifferentiated leukemia 

RP A was used as described above to delineate a breakpoint within the TEL 
gene in a patient with a complex t(9;12;14) translocation and acute 
undifferentiated leukemia with myeloid markers (AMoL). Anchored PCR 
with nested TEL primers was used to clone the TEL fusion partner, the ABL 
protooncogene on chromosome 9q34. The consequence of the translocation 
is fusion of the TEL HLH domain inframe to exon 2 of ABL (Fig 4). 

TEL-ABL 

BCR-ABL BeR ~BL~ 

Figure 4. TEL-ABLand BCR-ABI fusions associated with t(9;12) and t(9;22) 
translocations, respectively In each case, fusion occurs in frame at exon 2 of ABL 

The TEL-ABL fusion has several interesting features. TEL-ABL is similar in 
structure to the well characterized BCR-ABL fusion associated with chronic 
myelogenous leukemia (CML) and t(9;22). TEL is the only other fusion 
partner that has been identified for ABL, and has important similarities and 
differences from BCR. For example, BCR contains a 5' predicted coiled
coil interaction motif which is necessary for tyrosine kinase and transforming 
activity of BCR-ABL. The coiled-coil motif BCR and the putative HLH 
domain of TEL may both therefore serve dimerization or multimerization 
functions as a mechanism for constitutive activation of tyrosine kinase 
activity. The theme of dimerization leading to constitutive tyrosine kinase 
activity and transformation might then be shared by TEL-PDGFRB, TEL
ABL and BCR-ABL. Consistent with this hypothesis, TEL-ABL transforms 
Ratl fibroblasts and is constitutively phosphorylated when stably expressed 
in these cells. In addition, like TEL-PDGFRI3, TEL-ABL is capable of 
conferring IL-3 independent growth to Ba!F3 cells. 

As another example of the usefulness of new fusion genes to elucidate 
functional domains which are relevant to transforming activity, TEL-ABL 
lacks a Grb2 binding site on the TEL moiety. BCR-ABL contains a YI77 
Grb2 binding site on the BCR portion of the fusion, whose role in 
transformation has been debated (19). Since TEL-ABL lacks a Grb2 binding 
site, at a minimum it can be stated that transformation of cultured mammalian 
cells mediated by ABL fusions does not require a functional Grb2 binding 
site. 



V. TEL is fused to the transcription factor AMLl in 
t(12;21) acute lymphoblastic leukemia (ALL) 
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As noted above, another TEL breakpoint involving the TEL HLH domain 
was identified in patients with ALL and t(12;21). The translocation 
breakpoint was cloned using anchored peR with TEL specific primers. 
Based on our previous experience with cloning of TEL-PDGFRB and TEL
ABL, one might have predicted a tyrosine kinase fusion partner for TEL. 
However, in the case oft(12;21), TEL is fused inframe to the transcription 
factor AMLI (13), (Fig 5). The AMLI gene on chromosome 21q22 was 
fIrst cloned by virtue of its involvement with t(8;21) and t(3;21) associated 
with de novo AML and therapy-related AML, respectively (20). AMLI 
contains two functional domains; (i) a DNA binding domain with homology 
to the Drosophila pair-rule gene runt, and (ii) a 3' transcriptional activation 
domain. The TEL-AMLI fusion consists of the TEL HLH domain fused in 
frame to AMLI at intron 2, with expression of both the AMLI DNA binding 
domain and the AMLI transcriptional activation domain. 

AMIA C runt l t;;1ransactivatio~ 

C runt l g::ansactivatio;::gJ 

TEL-AMLI fusion in 1(12;21) ALL 

AMLl-ETO 
t(8;21) 

AMLl-EVIl 
t(~;21) 

C runt l ~VI-Cl§$I 

Figure 5. The TEL-AMLI fusion associated with t(12;21) differs from other 
AMLl fusions: TEL-AMLI is associated with ALL rather thanAML, and 
involves expression of both the runt and transactivation domains ofAMLI 

TEL-AMLI is fascinating from several perspectives. First, it suggests that 
the TEL HLH domain can contribute to pathogenesis of leukemia when fused 
either to a tyrosine kinase or to a transcription factor. Second, the structure 
of the TEL-AMLl fusion differs significantly from the AMLl fusions 
involved in t(8;21) and t(3;21) translocations. In these translocations, the 5' 
end of theAMLI gene including the DNA binding domain, is fused to one of 
several partners just 3' of the runt domain (Fig 5). Fusion partners include 
ETO in t(8;21), and various partners in t(3;21) including EVI-l, EAP and 
MDS 1. In each of these fusions, the AMLl trans activation domain is lost. 
In contrast, in the TEL-AMLl fusion, the full length AMLl gene is 
expressed, including the runt and transactivation domains. AMLI had 
previously only been associated with myeloid leukemias (hence the name of 
the gene). In two cases of TEL-AMLI reported from our laboratory, and 
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two cases subsequently reported by Romana et ai, have been associated with 
lymphoid leukemias (21). In part, the difference in lineage specificity of 
TEL-AMLl versus other AMLl fusions can be explained by the t(8;21) and 
t(3:21) AMLl fusions being driven by the AMLl promoter, whereas the 
TEL-AMLI fusion is driven by the TEL promoter. However, at a minimum 
it is clear that AMLl can conuibute to the pathogenesis of both myeloid and 
lymphoid malignancies. Fourth, in each case of TEL-AMLI fusions 
characterized thus far (13), the other TEL allele is deleted. Thus, in these 
leukemic cells, there is no functional TEL: one TEL allele is deleted and the 
other is disrupted by translocation. Based in part on this observation, the 
possibility that TEL loss of function might contribute to pathogenesis of 
leukemia was evaluated in ALL patients, as desclibed in the next section. 

VI. Loss of heterozygosity at the TEL gene locus in 
pediatric ALL 

To evaluate the possibility that TEL loss of function might contribute to 
pathogenesis, a patient population that has frequent deletions in the 12p13 
region was chosen for analysis. Approximately !O% of pediatric ALL cases 
have 12p13 deletions. Since the most common childhood malignancy is 
ALL, del(l2p13) is among the most common molecular genetic abnonnality 
of childhood cancer. 

To determine whether the loss of TEL function could be implicated in 
pathogenesis or ALL, we first determined the frequency of loss of 
heterozygosity (LOH) at the TEL gene locus. Genomic DNA was prepared 
from 81 pediatric patients at the time of diagnosis of ALL. Polymorphic 
microsatellite markers, D12S89 and D12S98 which i1anked the TEL gene, 
were then tested for LOH. LOH of two microsatellite markers which t1ank 
the TEL gene would provide convincing evidence for LOH at the TEL locus. 
As controls to confirm that ALL patients with a single microsatellite band had 
loss of heterozygosity, rather than simply being homozygous for that 
marker, paired leukemia and remission samples were analyzed. Patients 
were considered informative only when remission samples documented that 
the patient was heterozygous at that locus. 

As seen in Table I, approximately 15% of ALL patients had LOH at the TEL 
gene locus (14). 

Table 1 Loss of hete\"(lzvgositv (LOH) at the TEL locus in pediatl'ic ALL 
Marker No. Patients No Informative Patients with LOH 

o DI2S8lJ 
D12S9~ 

~I 
1;[ 

63/81 (78%) 
53/81 (65%) 

lJ/63 (l4ffo) 

9/53 (17%) 

Of note, only one of the 9 patients with TEL LOH had cytogenetic evidence of 
12p 13 loss. This is in consonance with most studies of LOH in malignancy 
in which cytogenetic analysis underestimates LOH at most loci. Taken 
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together, these findings suggest that TEL LOH may occur in as many as 20-
25% of ALL patients. 

To further delineate the region of LOH on 12p 13, additional microsatellite 
markers telomeric and centromeric to TEL were evaluated. The region of 
LOH includes TEL, but extends to the centromere and also invmiably includes 
the gene KIP 1, encoding for the protein p27. p27 is a cyclin-dependent 
kinase (CDK) inhibitor which regulates the G 1/s transition in the cell cycle. 
Other CDK inhibitors, such as pIS and p16, have been strongly implicated in 
pathogenesis of cancer through loss of function. p27 is thus a superb 
candidate for loss of function in ALL. Sequence analysis of the residual 
alleles for TEL and KIP 1 are underway in these patients, as well as efforts to 
identify other transcliption units in this region. 

VII. TEL contributes to pathogenesis of leukemia by 
diverse molecular genetic mechanisms 

In summary, we have presented evidence that the TEL gene, which we first 
cloned in association with t(5;12) CMML (12), can contribute to pathogenesis 
of leukemia by remarbbly diverse mechanisms. The TEL HLH domain may 
be fused to the tyrosine kinase domains of PDGFRJ3 and ABL in myeloid 
leukemias, or may be fused to the transcription factor AMLl in lymphoid 
malignancies. 

In contrast, the TEL DNA binding domain may be abnormally expressed in 
t(12;22) leukemias in a manner analogous to other ETS DNA binding domain 
fusions, such as EWS-flil and TLS-ERG. Finally, indirect evidence has 
been presented that TEL loss of function may contribute to pathogenesis of 
leukemia, including complete loss of functional TEL in t(12;21) ALL, and 
LOH at the TEL locus on l2p13 in pediattic ALL. 

The diversity of molecular genetic mechanisms by which TEL can be 
transforming suggests an important role for TEL in cell growth and 
differentiation. Further analysis of TEL, and its related oncogenic fusion 
genes, may provide further insight into the role of TEL in normal physiology 
of mammalian cells. 
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Introduction 

Inv(16) and Acute Myeloid Leukemia 
A characteristic pericentric inversion of chromosome 16 [inv(l6)(p13q22)] is 

consistently associated with acute myelomonocytic leukemia with eosinophilia (AML 
M4Eo). This type of leukemia comprises 8% of AML cases and affects approximately 
2,000 people each year in the United States. In addition to inv(l6), a number of other 
unique features are associated with AML M4Eo, including the presence of 
morphologically and histochemically abnormal eosinophils, a relatively good prognosis, 
and possibly frequent involvement of the central nervous system (for review see Liu et 
al. 1995) 

The consistent association of inv(l6) with M4Eo AML strongly suggests that it 
is important in the pathogenesis of M4Eo AML. By analogy with studies of other 
chromosome translocations, cloning of the genes disrupted by the inv(16) 
rearrangement would be predicted to identify oncogenes important in the development 
of M4Eo AML. Functional analysis of such oncogenes might yield new insights into 
the pathogenesis of M4Eo AML, explain the molecular basis for the unique 
characteristics of this malignancy, or suggest new therapeutic methods for this disease. 

Inv(16) generates a chimeric CBF~-SMMHC Protein 
Using positional cloning techniques, we have shown (Liu et al. 1993) that 

inv(16) fuses the MYHll gene (16p13) encoding smooth muscle myosin heavy chain 
(SMMHC) (Matsuoka et al. 1993) to the 3' end of theCBFB gene (16q22) encoding the 
~ subunit of core binding factor (CBF~) (Ogawa et al. 1993a; Wang et al. 1993). This 
rearrangement results in the production of a 5'-CBFB-MYHll-3' fusion mRNA 
transcript encQding a CBF~-SMMHC chimeric protein (referred to hereafter as the 
inv16 protein). CBFB-MYHll transcripts are consistently associated with inv(16) 
leukemia, suggesting that they playa critical role in inv(16) leukemia (for review see 
Liu et al. 1995). 

CBF (also known as PEBP2) was first identified as a murine viral enhancer 
binding protein and subsequently shown to regulate the transcription of T -cell- and 
myeloid-specific genes. This transcription factor binds DNA at the consensus sequence 
YGYGGT (where Y indicates pyrimidine). CBF has recently been shown to cooperate 
with the transcription factors Ets-l and c-Myb in DNA binding and transcriptional 
activation (Hernandez-Munain and Krangel 1995; Sun et al. in press; Wotton et al. 
1994) 

Cloning of CBF cDNAs (Ogawa et al 1993a, b; Wang et al1993) has revealed 
that this transcription factor consists of an a and a ~ subunit. Three different CBFa 
subunits have been identified to date. Although encoded by separate genes with distinct 
patterns of expression (Levanon et al 1994), they all share a region mediating DNA 
binding and association with the CBF~ subunit that is homologous to the Drosophila 
segmentation protein Runt (Kagoshima et al 1993). One of the CBFa genes, CBFA2 
(previously known as AMLl), is disrupted by the leukemia-associated t(8;21) and 
t(3;21) translocations (Mitani et al 1994; Nucifora et al 1994; Nucifora and Rowley 
1994). The involvement of both CBF subunits in myeloid leukemia suggests that this 
transcription factor is critical for normal myelopoiesis. 
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CBFP increases the DNA binding affinity of CBFex without contacting DNA 
directly (Ogawa et al. 1993a; Wang et al. 1993). CBFp is encoded by a single, 
ubiquitously expressed gene (Bae et al. 1994; Hajra and Collins 1995; Ogawa et al. 
1993a) that is conserved through evolution (Hajra and Collins 1995; J. P. Gergen, 
personal communication), although it does not contain sequences found in other known 
genes. The longest known CBFB transcript encodes a protein of 187 amino acids, and 
all but the last 22 amino acids are fused to the SMMHC tail region by the inv(16) 
rearrangement (Liu et al. 1993). 

SMMHC (Matsuoka et al. 1993) is a member of the myosin IT class of proteins. 
It forms two of the subunits of the hexameric smooth muscle myosin. SMMHC 
consists of an amino-terminal globular domain which binds actin and has ATPase 
activity, and a tail region which dimerizes to form a long rod of ex-helical coiled-coil 
structure and drives the assembly of myosin into bipolar filaments (Morano 1992). The 
tail region becomes fused to CBFP as a result of inv(16). Several different breakpoints 
have been reported in the tail-encoding region of MYHII, but all resulting transcripts 
maintain the correct reading frame of the SMMHC tail region (Liu et al. 1995), strongly 
suggesting that the coiled-coil motif of this domain has a critical function in the fusion 
protein. 

Since the inv16 protein is a chimera between a transcription factor subunit that 
does not bind DNA and a structural domain of myosin, it is not immediately obvious 
how it might cause leukemia. Therefore, we were interested in studying the function of 
this chimeric protein. We report here the results of these studies, which suggest that the 
inv16 protein transforms cells by interfering with the normal function of CBF, thereby 
disrupting the expression pattern of CBF-regulated genes. 

Characteristics of the Inv16 Protein 

cDNAs encoding full-length inv16 or normal CBFP proteins were constructed 
and used as templates to generate the corresponding proteins by in vitro transcription 
and translation (Liu et al. 1994). The proteins are illustrated schematically in Fig. 1. 
The availability of antibodies recognizing normal CBFp and SMMHC allowed us to use 
immunoblots to confIrm that the in vitro generated inv16 and CBFp proteins were of the 
correct size (67 and 22 kD, respectively). Electrophoretic mobility shifts assays 
(EMSAs) provided a convenient and useful method to examine the properties of the 
CBFp domain of the inv16 protein. Like CBFp, the inv16 protein cannot bind CBF 
binding sites alone, but can associate with CBFex to increase its DNA-binding affInity in 
a manner indistinguishable from that of CBFp (Liu et al. 1994). The DNA-binding 
ability of invl6:CBFex heterodimers to bind CBF sites is identical to that of normal 
CBF. However, inv16:CBFalDNA complexes are larger in size than normal CBFIDNA 
complexes. In fact, the majority of invI6:CBFcxlDNA complexes are apparently so 
large that they fail to migrate out of the gel wells (Liu et al. 1994). This may be due in 
part to the larger size of the inv16 protein compared to CBFP, but this is insufficient to 
account for the dramatic difference in gel migration between the two proteinIDNA 
complexes. 

The apparent very high molecular mass of invI6:CBFalDNA complexes led us 
to speculate that they may represent inv16 protein multimers formed through the 
SMMHC domain. Glutaraldehyde cross-linking studies demonstrated that the inv16 
protein could i.ndeed self-associate into higher order oligomers, while CBFp was 
exclusively monomeric (Hajra et al. manuscript in preparation). The low solubility of 
the inv16 protein is also consistent with it being able to form multimers (Hajra et al. 
1995), and raises the possibility that the proteinIDNA complexes in the gel wells may 
arise from protein precipitation during the EMSA binding reactions (Hajra et al. in 
press). The results from these in vitro studies suggest that the inv16 protein is a truly 
chimeric protein, retaining the ability of CBFp to associate with CBFex , as well as the 
ability of SMMHC to form multimers. 
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Fig. 1: Full-length and mutant cDNA constructs described in this article. White boxes indicate CBF~ 
sequences, black boxes indicate SMMHC sequences, grey boxes indicate Cbfa2 sequences (with the 
hatched region indicating the Runt domain), and the speckled boxes indicate NMMHCB sequence. 
Numbers above the boxes list the amino acid location of the indicated boundary. Lines below the boxes 
indicates regions }'Vhich become fused together in the constructs. When two constructs are shown on the 
same line, the one shown first is the one that was first transfected into the cells. On the right is indicated 
whether the constructs can transform NIH 3T3 cells: +, cells expressing the construct acquire a 
transformed phenotype; -, cells expressing the construct retain a nontransformed phenotype; (+), cells 
expressing the construct form smaller foci and soft agarose colonies than other transformed cells; (-), cells 
expressing the construct are able to form small numbers of foci but cannot grow in soft agarose nor form 
tumors in nude mice. (A) constructs encoding full-length Cbfa2, CBF~, and the invl6 protein. (B) 
Invl6 protein deletion mutants. (C) Coexpression of the invl6 protein and full-length or truncated Cbfa2. 
(D) Inv16 mutant.s with deletions of the SMMHC domain and a CBF~-NMMHCB fusion construct. 
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Transformation Properties of the Inv16 Protein 

We next investigated how the invl6 protein might functionally interact with 
endogenous CBF in cells. We stably expressed the invl6 protein, and overexpressed 
CBFa (murine Cbf(2) and CBFI3 in NIH 3T3 cells. NIH 3T3 cells express normal 
CBF, including CBFI3 and low levels of all three different CBFa subunits (Bae et aI. 
1994; Ogawa et al. 1993a, b). Immunoblots using the appropriate anti-CBFa, -CBFI3, or 
-SMMHC antibodies were used to confirm stable overexpression of the transfected 
constructs (Hajra et aI. 1995; Hajra et aI. in press). NIH 3T3 cells stably expressing the 
inv16 protein acquired a transformed phenotype, as indicated by their ability to form 
foci, grow in 0.6% soft agarose, and form tumors when injected into immunodeficient 
nude mice (Hajra et al. 1995). Cells stably overexpressing CBFa, CBFI3 or the 
SMMHC rod region alone retained a normal, nontransformed phenotype (Hajra et aI. 
1995; Hajra et aI. in press). 

In EMS As, extracts from cells expressing empty vector formed a normal 
CBFIDNA complex. This complex was unaltered in cells overexpressing CBFI3 (Hajra 
et al. 1995), and was much more intense in cells overexpressing CBFa (Hajra et aI. in 
press). In cells expressing the invl6 protein, however, this complex was almost 
completely replaced by a very large proteinlDNA complex that remained in the gel 
wells, as described in the previous section (Hajra et aI. 1995). 

To investigate the transactivation properties of CBF in the cell lines, we 
cotransfected reporter constructs with the chloramphenicol acetyl transferase gene 
driven by viral enhancers containing CBF binding sites. Two different reporter 
constructs were studied: the Moloney murine leukemia virus (MoML V) enhancer and 
the Rous sarcoma virus (RSV) enhancer. Relative to the levels in cells expressing 
empty vector, trans activation of both these reporter constructs was unaltered in cells 
overexpressing CBFI3, but increased by varying degrees in cells overexpressing CBFa 
(Liu et aI. 1994; Hajra et al. in press; Hajra et aI. manuscript in preparation). 
Expression of the invl6 protein had varying effects: trans activation of the MoMLV 
enhancer was decreased ten-fold (Liu et al. 1994; Hajra et al. in press), but 
transactivation of the RSV enhancer was increased five-fold (Hajra et al. manuscript in 
preparation). We confirmed that the observed transactivation effects were indeed 
mediated through CBF sites in the MoML V reporter construct by using a construct 
containing mutated CBF sites as control (Liu et al. 1994; Hajra et al. in press). 

Regions of Inv16 Protein Necessary for Cellular Transformation 

To. define fun~tionally im~ortant regi~ns of the invl6 protein, we analyzed the 
transformmg propertIes of a senes of deletIOn mutants (Fig. IB). Some of these 
deletiot;! ml!ta~ts h~d deletions wit~in the CBFI3 domain predicted to affect 
heterodImenzatIOn WIth CBFa to varymg degrees. Others had truncations of the 
carboxJI-terminus ?f t~e SMMHC domain, which is known to be important for the 
formatIOn of myosm bIpolar filaments. The predicted functional properties of these 
mutants were confirmed by EMSAs (to assess ability to associate with CBFa) and 
solubility assays (to assess multimerizing ability) (Hajra et aI. 1995). Cell extracts 
expressing nonmultimerizing mutants did not form the characteristic EMSA complex in 
the gel wells. These extracts instead formed complexes that were larger than the normal 
CBFIDNA coml?lex, but which were able to migrate into the gel matrix (Hajra et al. 
1995). 

Phenotypic .analysis. of cells exp~~ssing the deletion .mutants indicated that only 
those mutants WhICh retamed the abIlIty to both aSSOCIate with CBFa and form 
multimers could transform NIH 3T3 cells; loss of either function abolished all 
transforming prop~rties (Hajra.et aI. ~995). Cells expressing a mutant (CAC321M) with 
a very weak abIlIty to a~soclate WIth CBFa formed smaller foci and soft agarose 
colomes than cells expressmg other transfonning mutants. This mutant is identical to a 
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variant inv( 16) CBFB-MYH 11 fusion recently identified in three patients by Shurtleff et 
al. (in press). Transforming mutants had the same effect on CBF transactivation as the 
full-length inv16 protein, while nontransforming mutants had no effect on 
trans activation of the reporter constructs (Hajra et al. in press). These results indicate 
that the SMMHC domain plays an active role in the function of the inv16 protein, and 
emphasize the chimeric nature of the protein'S functional properties. 

Effect of CBFcx Overexpression on the Transforming Properties of the 
Inv16 Protein 

We further studied the role of CBFa in cellular transformation by inv16 protein. 
We investigated the effect overexpression of CBFa (Cbfa2) would have on subsequent 
expression of the inv16 protein. We hypothesized that if the inv16 protein transforms 
cells by a dominant positive effect on the CBF function overexpression of Cbfa2 would 
be expected to result in an increased number of transformed cells. However, if the 
inv16 protein transforms cells through a dominant negative mechanism overexpression 
of Cbfa2 would be expected to reduce or prevent cellular transformation. Finally, if the 
inv16 protein interacts with another protein besides CBFa during cellular 
transformation, transformation efficiency should be unaffected by the presence of 
overexpressed Cbfa2, or may be decreased if the other protein competes with Cbfa2 for 
binding to the inv16 protein. 

The Cbfa2-overexpressing cells described in the previous section were stably 
transfected with an expression vector encoding the inv16 protein (Hajra et al. in press). 
Since Cbfa2 was encoded by a plasmid containing the hygr marker, while the inv16 
protein expression vector had a neor marker, we were able to select for stable 
expression of both constructs by growing the cells in hygromycin B and 0418. Cells 
expressing both Cbfa2 and the inv16 protein retained a normal, nontransformed 
phenotype, and were unable to form foci, grow in soft agarose, or form tumors in nude 
mice (Figure lC; Hajra et al. in press). Control cells, expressing the inv16 protein and 
an empty hygr vector, did acquire a transformed phenotype. In addition, Cbfa2 
overexpression in cells already transformed by the inv 16 protein could revert the cells 
to a less transformed phenotype. These protective effects were specific to 
transformation by the inv16 protein, since cells overexpressing Cbfa2 could still be 
transformed by an activated Ha-ras gene (Hajra et al. in press). 

Extracts from cells protected from transformation formed both the normal 
CBFIDNA complex and the large invl6:CBFa complex in EMSAs. Transactivation of 
the previously described reporter constructs returned to normal levels in these cells. It 
therefore appeared that Cbfa2 overexpression suppressed the transforming properties of 
inv16 protein by restoring normal CBF gene regulation. To confirm this, we examined 
the protective effects of a nonfunctional Cbfa2 mutant (Cbfa2~C205, see Figure lC). 
This mutant lacked the last 205 amino acids of Cbfa2, deleting the transactivation 
domain while leaving DNA-binding domain intact. Similar mutants have been shown 
to lack transactivation properties and act as a dominant negative repressor of CBF gene 
activation (Bae et al. 1994; Meyers et al. 1995). The Cbfa2~C205 construct was stably 
expressed in clonal cell lines, at comparable levels as full-length Cbfa2 (Hajra et al. in 
press). Cbfa2~C205 could associate with CBFJ3 and completely abolish CBF 
trans activation of the MoML V and RSV enhancers (Hajra et al. in press, A. L., P. L., 
and F. c., unpublished data). Cells expressing Cbfo:2~C205 had the same morphology 
as cells expressing full-length Cbfo:2, and did not acquire a transformed phenotype. 
However, stable expression of the invl6 protein in Cbfa2~C205-expressing cells caused 
the cells to acquire a transformed phenotype (Hajra et al. in press). 

These results suggest that suppression of inv16 transformation by CBFo: is 
dependent on the transactivation properties of the latter protein. A dominant negative 
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inhibition of CBFa. transactivation by itself is not sufficient for cellular transfonnation. 
This may be due to the inv16 protein and Cbfa.2ilC205 having different mechanisms of 
interfering with CBFa., or may be due to cellular effects of inv16 protein that is 
unrelated to CBF function, perhaps involving the SMMHC domain. 

Properties of the Myosin Heavy Chain Domain Necessary for Inv16 
Protein Transformation 

We next investigated how much of the SMMHC domain is required for the 
transfonnation properties of the inv16 protein. We constructed a series of mutants 
which had deletions of varying size within the SMMHC domain (Figure m; Hajra et al. 
manuscript in preparation). We confinned stable expression of the mutants by 
immunoblots, and examined the phenotype of NIH 3T3 cells expressing these mutants 
as described above. The CIMLlN202 mutant, containing 210 amino acids of the 
SMMHC domain, was able to transfonn NIH 3T3 cells as efficiently as the full-length 
inv16 protein. On the other hand, a mutant (CIMLlN253) containing 159 amino acids of 
the SMMHC domain lost all transforming properties. The nontransforming CIMLlN253 
mutant was poorly soluble in cells, indicating that it was still capable of forming 
multimers. However, glutaraldehyde cross-linking studies indicated that the CIMLlN253 
mutant did not fonn large oligomers in vitro as efficiently as the CIMLlN202 mutant, 
which had the same oligomerization ability as the full-length inv16 protein (Hajra et al. 
manuscript in preparation). Interestingly, these cross-linking assays also showed that 
another deletion mutant (CIMLlN306), incapable of forming multimers, could still fonn 
homodimers. This most likely occurs because the remaining SMMHC domain in the 
mutant (106 amino acids) is sufficient to mediate coiled-coil interactions. 

Despite their similar multimerizing abilities, the transforming CIMLlN202 and 
the nontransforming CIMLlN253 mutants had very different effects on cellular CBF 
function. In EMSAs, extracts from cells expressing CIMLlN202 formed only the 
characteristic large proteinIDNA complex in the gel wells, as described above. Cell 
extracts expressing CIMilN253 fonned this same complex, but these extracts also 
fonned small amounts of the nonnal CBFIDNA complex. CIMLlN202 had the same 
effects on transactivation of CBF-responsive reporter constructs as the full-length inv16 
protein, while CIMilN253 had no effect on CBF trans activation at all (Hajra et al. 
manuscript in preparation). 

Since the SMMHC domain appeared to be critical to the transforming properties 
of the invl6 protein, we investigated whether other myosin heavy chains could 
functionally substitute for this domain. We therefore replaced the SMMHC domain of 
the inv16 protein with the analogous rod region from the nonmuscle myosin heavy 
chain 1 (NMMHCB) protein. Cells stably expressing CBFf3-NMMHCB acquired a 
transfonned phenotype, including the ability to fonn foci, grow in soft agarose, and 
fonn tumors in nude mice. Cells expressing CBFf3-NMMHCB had the same CBF DNA 
binding and transactivation properties as cells expressing the inv16 protein, including 
the fonnation of large characteristic EMSA complexes in the gel well, and inhibition of 
MoML V enhancer transactivation (Hajra et al. manuscript in preparation). 

These results indicate that multimerization of the inv16 protein is necessary but 
not sufficient for cellular transfonnation. Alteration of nonnal CBF function is the best 
predictor of the transforming potential of inv16 protein deletion mutants, emphasizing 
that interference. with CBF is the critical component of cellular transfonnation by the 
inv16 protein. The function of the SMMHC domain reflects general properties shared 
by all myosin heavy chains. 
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Conclusions 

The results described here support the interference model we have previously 
proposed to explain the action of the inv16 protein (Liu et al. 1995). This model is 
summarized in Fig. 2. According to this model, the inv16 protein homodimerizes and 
self-assembles into multimeric complexes through a process mediated by the SMMHC 
domain. The inv16 protein multimers then associate with CBFa subunits, competing 
with endogenous CBF~. The a subunit is present in limiting amounts in NIH 3T3 cells, 
since CBF function is correlated with CBFa expression levels but not with that of CBF~ 
(see above). The cellular overexpression of the inv16 protein ensures its association 
with the majority of endogenous CBFa. The different subcellular localizations of the 
inv16 protein (nuclear) and CBF~ (cytoplasmic) may also facilitate the preferential 
interaction of the oncoprotein with CBFa (Lu et al. 1995; C. Wijmenga, P. L. and F. C., 
unpublished data). The invl6:CBFa multimers bind to CBF sites in the transfected 
cells, and these large, DNA-bound multimers may be able to interfere with other 
transcription factors that bind to sites near the CBF site, by either disrupting protein
DNA or protein-protein interactions. If these adjacent proteins are transcriptional 
coactivators , the result is decreased expression of the CBF-responsive promoter (as 
seen with the MoML Venhancer). However, if the adjacent proteins are transcriptional 
repressors, the result may actually be an increase in gene expression (as seen with the 
RSV enhancer). CBF-responsive promoters may be particularly susceptible to this type 
of interference, since CBF appears to frequently require cooperation with other 
transcription factors for full gene activation (Hemandez-Munain and Krange11995; Sun 
et al in press; Wotton et al. 1994). 

The effect of the inv16 protein on CBF function is apparently promoter-specific, 
and is dependent on the specific arrangement of binding sites for CBF and other 
proteins within each CBF-regulated promoter. Cellular transformation is probably the 
consequence of a unique combination of over- and under-expression of certain CBF
regulated genes. Identification of genes regulated differently by CBF and the inv16 
protein will provide insights into which cellular pathways are altered in transformed 
cells. 

The model described here explains all the present data on the functional 
properties of the inv16 protein. The nontransforming CIMaN253 mutant may form 
multimers that are too small or have the wrong conformation to interfere with adjacent 
transcription factors. In cells overexpressing Cbfa2, the amount of CBFa is no longer 
limiting, and instead is actually in great excess. The inv16 protein becomes saturated 
with CBFa, and the remainder associates with CBF~. This results in increased amounts 
of normal CBF sufficient to counteract the disruptive effects of the inv 16 protein. The 
effects of the inv16 protein appear to be partially due to a mass action effect arising 
from its high expression levels. Further studies, therefore, are needed to determine how 
this oncoprotein exerts a dominant effect in leukemic AML M4Eo cells in which both 
inv16 and CBFP proteins are produced from genes with the same promoter and should 

be present at similar levels unless other mechanisms reduce the level of CBFP (e.g., 
RNA and/or protein stability; subcellular localization). 

The model described here provides a theoretical basis for further investigations 
of the function of the inv16 protein. Future studies on the inv16 protein will follow at 
least two directions. The first direction will lead to more detailed investigations of 
some of the opservations described here. This will include the identification of target 
genes, determination of how DNA-binding differs between invl6:CBFa and normal 
CBF using EMSAs and DNase footprinting, and studies to elucidate how DNA-bound 
inv16 interacts with adjacently binding transcription factors. The other direction of 
future studies on the inv16 protein will explore the function of this protein specifically 
in myeloid cells. Information about the inv16 protein function gained from studies on 
NIH 3T3 cells suggest a number of specific hypotheses which can be tested in myeloid 
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c .. -inv16 

ex. MoMLV enhancer ex. RSV enhancer 

Fig. 2: Model of how the inv 16 protein alters normal CBF function. White circles indicate 
CBFP, tilted white rectangles indicate CBFa, and horizontal black rectangles indicate the 
SMMHC rod region. The invl6 protein can self-associate into large multimers. It is not 
known whether multimerization occurs in the cytoplasm or nucleus, pr in both locations. 
In the nucleus, the invl6 protein associates with CBFu. InvI6:CBPu multimers can bind 
DNA (grey boxes) at CBP sites, preventing DNA binding by normal CBP and interfering 
with the binding of other transcription factors to adjacent DNA sites. If these adjacent 
transcription factors are gene activators (hatched shapes), this disruption inhibits 
expression of the target gene. This is seen with the MoMLV cnhancer. If, on the other 
hand, the adjacent transcription factor is a gene repressor (speckled shapes), the result is a 
superactivation of the target gene. This is apparently occurring with the RSV enhancer. 
Cellular transformation is the cumulative effect of increased and decreased expression of 
specific CBP-regulated genes. 

cells. These studies could involve the overexpression of the inv16 protein in myeloid 
cell lines and the creation of animal models, such as CBFB-MYHll transgenic mice. 
These studies could also investigate the relationship of the inv16 protein to the 
abnormal eosinophils present in AML M4Eo. 
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