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E2F4 Modulates Differentiation and Gene Expression in
Hemopoietic Progenitor Cells during Commitment to the

Lymphoid Lineage'

Megan E. Enos,* Simona A. Bancos,” Timothy Bushnell,* and Ian N. Crispe”*

The E2F4 protein is involved in gene repression and cell cycle exit, and also has poorly understood effects in differentiation.
We analyzed the impact of E2F4 deficiency on early steps in mouse hemopoietic development, and found defects in early
hemopoietic progenitor cells that were propagated through common lymphoid precursors to the B and T lineages. In
contrast, the defects in erythromyeloid precursor cells were self-correcting over time. This suggests that E2F4 is important
in early stages of commitment to the lymphoid lineage. The E2F4-deficient progenitor cells showed reduced expression of
several key lymphoid-lineage genes, and overexpression of two erythromyeloid lineage genes. However, we did not detect
effects on cell proliferation. These findings emphasize the significance of E2F4 in controlling gene expression and cell

fate. The Journal of Immunology, 2008, 180: 3699-3707.

emopoietic stem cells (HSC)? must choose between self-
H renewal and differentiation; if they differentiate they can
become common myeloid progenitors (CMP) or com-
mon lymphoid progenitors (CLP). It is still unclear how environ-
mental signals (1) and lineage-specific transcription factors work
together to control the frequency with which dividing HSC either
undergo self-renewal or commit to one or the other lineage. Tran-
scription factors expressed in HSC can drive commitment to either
the lymphoid or the myeloid lineage (2). For example, factors of
the lkaros family specifically favor differentiation down the lym-
phoid pathway (3), whereas other factors, such as GATA-1 and
C/EBPq, favor differentiation down the myeloid pathway (4, 5).
We are particularly interested in mechanisms that influence
the choice between self-renewal and differentiation. Thus we
study the E2F family of transcription factors, which promotes
cell cycle progression and exit; the latter is associated with
terminal differentiation in many cell types (6, 7). The E2F fam-
ily includes eight genes, and several of their products are sus-
ceptible to differential splicing, generating distinct isoforms (8).
The activating E2Fs, namely E2F1, E2F2, and E2F3a, promote
the G,-to-S phase transition during cell cycle progression (9),
interacting with the basal transcriptional machinery to enhance
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expression of cyclin E, DNA polymerase «, thymidine kinase,
and other genes that advance the cell cycle (10). In contrast, the
repressing E2Fs, namely E2F3b, E2F4 and E2F5, have the abil-
ity to bind similar promoter regions to those bound by the ac-
tivating E2Fs (11), but are simultaneously bound by pocket pro-
teins (pRb, p107, or p130) that physically prevent interaction
with the transcriptional machinery (12). However, phosphory-
lation of the pocket proteins bound to E2F3b-5 can de-repress
the transcription of the promoter regions to which they bind.
The final subset of E2Fs, E2F6, E2F7, and E2F8 lack a trans-
activation domain and do not interact with pocket proteins,
and therefore have the potential to silence promoter regions
(13, 14).

The repressing E2Fs could favor differentiation simply by pro-
moting cell cycle exit (7). Among these, E2F4 is found at high
concentrations in hemopoietic cells (15). Overexpression of E2F4
promotes terminal differentiation of cells in vitro (16), whereas
E2F4-deficient animals show reduced neonatal viability, with very
few animals surviving to adulthood (15, 17). These animals died
due to opportunistic infections and anemia, but they were also
smaller than either heterozygous or wild-type (WT) littermates
(15, 17). Recently, E2F4 has been shown to play a role during fetal
erythropoiesis, explaining the anemia that is seen in the fetuses and
neonates (18). However, the impact of E2F4 deficiency on thymo-
cyte development has been controversial (15, 17). Both the ery-
throid and the lymphoid defects in E2F4-deficient mice could be
explained if the defect occurred at the level of the HSC, which
gives rise to both lineages.

In these studies we focused extensively on two populations of
cells. The first is a subset that is enriched for HSC activity, which
we identified using the phenotype first proposed by Spangrude
et al. (19); they are cells lacking multiple lineage-specific (Lin™)
markers, but expressing stem cell Ag-1 (sca-1) and the stem cell
factor receptor c-kit. This cell population overlaps functionally
with HSC, but because in these experiments we are identifying
them by phenotype, we use the term LSK cells to denote the Lin ™,
sca-17", c-kit™ phenotype. This term is previously used to denote
this population. The second population of cells is one that has
been proposed to correspond to bone marrow B cell precursors
but that also has shown pro-T potential, rendering them CLP
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(20). These cells are also Lin ~ but express the IL-7R «-chain
and the marker AA4.1, together with an intermediate level of
sca-1. Because we are not assaying the differentiation popula-
tion of these cells, and because the exact in vivo potential of
cells with this phenotype is still under discussion, we will avoid
naming these cells CLP. However, there is no accepted opera-
tional acronym for this population, so we will use the opera-
tional term “CLP-like” cells.

In this paper, we report that E2F4-deficient fetal liver cells
showed a selective defect in lymphoid differentiation. This defect
was not due to obvious differences in the expression of the e2f4
gene in lymphoid vs myeloid cells. However, the e2f4 '~ LSK
cells were deficient in il7ra and pax5 gene expression, whereas the
e2f4~'~ CLP-like cells were deficient in the expression of the key
lymphoid lineage transcription factor, ikaros. Conversely, e2f4~'~

CMP-like cells overexpressed gatal and gata2. This argues that
E2F4 acts during hemopoiesis by controlling the expression of
lineage-specific factors.

Materials and Methods
Mice

C57BL/6 (CD45.2") mice and B6.SJL-Ptprca Pep3b/BoyJ (CD45.1")
mice were purchased from the The Jackson Laboratories. Rag2™’~
(B6.SJL(129S6)-Ptprca/BoCrTac-Rag2™ ™*N10) mice were purchased
from Taconic Farms. e2f4™~ mice were a gift from Dr. J. Nevins (Duke
University, Durham, NC). These mice were bred as heterozygotes. Mice
were kept under specific pathogen-free conditions in the University of
Rochester Animal Housing Facility, and all of these experiments were
approved by the Animal Care and Use Committee for the University of
Rochester.
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Percent of Total Fetal Liver Cells

FIGURE 2. Frequency and abundance of progenitor
cell subsets. A, Flow cytometric analysis of fetal livers
yielded an increase in the frequency of cells with the
HSC-like phenotype, with no effect on the frequency of
fetal CLP-like and CMP-like cells. Data shown are
mean percentage = SEM from the analysis of three lit-
ters of fetuses, e2f4*'" (n = 4 mice), e2f4™'~ (n = 12
mice), and e2f4~'~ (n = 6 mice). Statistical significance
was determined by the Mann-Whitney U test. B, Fetal
liver cells were counted based on trypan blue exclusion.
e2f4" (n = 26), e2f4*"" (n = 52), and e2f4'" (n =
19). Data shown represent mean cell number = SEM. A
normal Mendelian distribution of genotypes arose from
e2f4+” matings. C, Estimated absolute number of cells
in each progenitor subset, based on multiplying mean
fetal liver cell number by mean percentage.
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Repopulation

For competitive repopulation experiments, e2f4*~ (CD45.2%) and
e2f4*'" (CD45.1") females were mated with males of the same genotype
to generate fetuses distinct in e2f4 expression and CD45 allotype. On day
14.5 of gestation, fetal livers were mechanically disrupted to make single
cell suspensions, and a small amount of fetal tissue was taken for PCR
genotyping. DNA was isolated using the Qiagen DNeasy kit, following the
manufacturer’s instructions, and PCR was conducted using previously de-
scribed primers (15). Fetal liver cells were resuspended at a concentration
of 2.5 X 10° cells/ml in sterile PBS. They were pooled based on e2f4
genotype and then mixed at a 1:1 ratio with competitor CD45.17 fetal liver
cells. Recipient Rag2 ™'~ (CD45.1") mice were irradiated with 6.0 Gy and
injected i.v. with 5 X 10° fetal liver cells. There were three groups of
experimental mice, which received e2f4*'* (CD45.27) cells mixed with
e2f4*'" (CD45.17%) cells, e2f4"'~ (CD45.2") cells mixed with e2f4™/*
(CD45.17) cells, or e2f4~'~ (CD45.2") cells mixed with e2f4™'*
(CD45.17) cells. Recipients reconstituted for 4, 8, and 16 wk before tissue
harvest, and received 0.16 mg/ml sulfamethoxazole and 0.32 mg/ml tri-
methoprim in the drinking water for 4 wk.
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For noncompetitive repopulation experiments, recipient Rag2™’'~
(CD45.1™) mice were irradiated with 6.0 Gy and injected i.v. with 1 X 10°
CD45.2" fetal liver cells that were either e2f4"/~ or e2f4~'~. Recipients
reconstituted for 4, 8, or 16 wk before harvest. These recipients also re-
ceived antibiotics in the drinking water for 4 wk.

Staining

Single cell suspensions were obtained by mechanical dissociation of the
thymus. To obtain bone marrow, the ends of femurs and tibias were cut off
and the bones were flushed with RPMI 1640 medium using a 26-gauge
needle. Cells were added to 96-well plates at a concentration of 5-10 X 10°
cells/well. Ab mixes were added at 1/100 dilutions in staining buffer (PBS
with 1% BSA), and cells were stained for 30 min at 4°C in 50 pl/well. Abs
used for this staining include TCRB-FITC, TCRS-PE, CD44-PE Cys5,
CD25-allophycocyanin, CD127-FITC, CD45.2-biotin, CD117-allophyco-
cyanin, CD2-FITC, CD16/32-FITC, CD34-PE (all from BD Biosciences).
Abs from eBioscience include CDI27-biotin, CD45.2-PE Cy5.5,
CD45.1-PE Cy7, CD4-allophycocyanin Cy7, AA4.1-PE, sca-1-PE Cy5.5,
CD45.1-PE Cy7, CDI19-allophycocyanin Cy5.5, CD3-allophycocyanin

2202 ‘8 Ya£e |\ uo 1senb Aqg /6.0 jounwiwi i - mammy/:dny wioly papeojumoq


http://www.jimmunol.org/

3702

FIGURE 3. Differentiation of E2F4-deficient fetal liver cells.
Competitive repopulation experiments revealed a defect in the
e2f4~'~ progenitor cells to reconstitute irradiated hosts. A, Mul-
ticolor flow cytometry and a sequential gating strategy to iden-
tify LSK cells and CLP-like cells, as well as donor identifica-
tion, based on expression of the CD45 allotypic marker. B, The
gating strategy is the basis for determining the percentage of any
cell type that is derived from one of the fetal liver donor cell
populations. CD45.1% ((J) competitors were e2f4*'* and B
CD45.2" (M) cells were derived from fetuses from e2f4"/~ mat-
ings. Hosts were CD45.17 rag2 ™'~ mice that were given 6.0 Gy
before i.v. injection with a 1:1 mixture of fetal liver cells; a total
of 5 X 10° cells were injected. Hosts were allowed to reconsti-
tute for 4, 8, or 16 wk, at which time thymuses, femurs, and
tibias were harvested. Reconstitution analysis for LSK cells,
CLP-like cells, CMP-like cells, DN1 thymocytes, pre-B and
pro-B cells, GMP-like cells, and MEP-like cells is shown. Data
shown represent mean percentage = SEM for each genotype.
#, p < 0.05 and #*, p < 0.005 as determined by the Mann-
Whitney U test. Data were pooled from two to three indepen-
dent experiments for e2f4™'" (n = 4), e24™'~ (n > 9), and
e2f4~'" (n > 10) mice.

0f

Percent of Donor Origin
o

Cy7, Ter119-allophycocyanin Cy7, GR1-allophycocyanin Cy7, B220-al-
lophycocyanin Cy7, CD19-allophycocyanin Cy7, IgD-PE, IgM-biotin,
CD117-PE Cy5, B220-allophycocyanin, CD45.2-allophycocyanin Cy5.5,
CD127-allophycocyanin. Cells were washed and resupended in a 1/100 di-
lution of streptavidin-PE Texas Red for 20 min. Cells were then washed in
staining buffer and resuspended in a 1/5000 dilution of 5 uM DAPI (4',6'-
diamidino-2-phenylindole) for 20 min. Cells were then washed twice and re-
suspended in fixative. Flow cytometric data were acquired on an LSR-II using
FACSDiva software (both from BD Biosciences), and analyzed using FlowJo
(Tree Star).

RNA extraction and PCR

LSK cells and CLP-like cells from reconstituted mice were sorted using a
FACSAria cell sorter (BD Biosciences). Cells were lysed and RNA was
isolated using TRIzol, following the manufacturer’s instructions. Total
RNA was used for real-time quantitative RT-PCR. All quantitative RT-
PCR was performed at the University of Rochester Functional Genomics
Core Facility. Real-time quantitative RT-PCR to measure e2f4 RNA ex-
pression levels was performed using cells sorted from C57BL/6 mice (The
Jackson Laboratory).

Results

Mice lacking the E2F4 transcription factor fail to thrive; few of
these mice survive to adulthood. Therefore, to study the influ-
ence of E2F4 on hemopoiesis, we were constrained to study
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fetal liver progenitor cells rather than adult bone marrow-de-
rived cells.

Fig. 1 shows the flow cytometric identification of different he-
mopoietic progenitor cell populations in the liver of WT and E2F4-
deficient fetuses. We first identified these cells in WT fetal liver
using multicolor flow cytometry and a sequential gating strategy to
identify first Lin~ viable cells, then cells coexpressing c-kit and
sca-1 (Fig. 1A). This subset we term LSK cells. The cell population
with this phenotype contains self-renewing HSC, thus we also call
these cells “HSC-like”. To identify the precursors of the lym-
phoid and the myeloid lineages, we identified Lin~ cells with
expression of CD127 (the a-chain of the IL-7R) and the AA4.1
marker. These cells correspond to the CLP identified in adult
bone marrow. In this experiment, we use the term “CLP-like” to
define these cells phenotypically. We also identified a subset of
early myeloid cells that were Lin~, sca-1~, and c-kit™; these
cells were further subdivided based on CD16 and CD34 expres-
sion into subsets corresponding to CMP, granulocyte-macroph-
age progenitors (GMP), and megakaryocyte-erythroid progeni-
tors (MEP) (21). Because our experiments use the surface
phenotype to define these subsets of cells, we use the operation
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terms GMP-like, CMP-like, and MEP-like. Fig. 1B shows that
all of these populations were present, and readily identified, in
fetal liver cells from e2f4 '~ fetuses.

Within the E2F4-deficient fetal liver, LSK cells were signifi-
cantly more abundant (p = 0.019) than in WT fetal liver (Fig. 2A).
There was a trend toward a decreased frequency of CLP-like cells
and an increased frequency of CMP-like cells, but neither of these
was statistically significant. At first sight, these data are consistent
with a partial block in HSC differentiation in the E2F4-deficient
cells. The total cellularity of E2F4-deficient fetal livers was sub-
stantially reduced (Fig. 2B). Furthermore, the E2F4 heterozygous
mice were significantly hypocellular, compared with cells from
WT fetal livers (p = 0.035). These measurements of the frequency
of each cell subset, together with the total fetal liver cell count,
allowed us to estimate the absolute number of HSC-like, CLP-like
and CMP-like cells in the fetal livers of each genotype (Fig. 2C).
This calculation shows no clear effect of E2F4 deficiency on the
number of HSC-like cells, a small effect in attenuating the number
of CMP-like cells, and the greatest defect in the number of the
CLP-like cells.

To test the hypothesis that the lack of E2F4 was causing im-
pairment of the first differentiation steps undertaken by HSC, we
performed competitive repopulation studies in sublethally irradi-
ated Rag2-deficient mice. Thus, we crossed E2F4 heterozygous
mice to generate fetuses of all three genotypes: e2f4 /", e2f4™/'~
and e2f4~'~ . Fetuses were harvested at 14.5 days of gestation, and
typed by PCR; fetal liver cells were mixed with an equal number
of normal fetal liver cells differing in CD45 allotype, and the cell
mixture was adoptively transferred into the recipient mice. Subsets
of hemopoietic precursor cells were identified by flow cytometry at
4, 8, and 16 wk after reconstitution.

Fig. 3A illustrates the gating scheme used to generate these data.
Thus, Lin~ cells were further analyzed to identify the sca-17, c-

* subset (i.e., LSK cells), and then this population was further
classified based on their expression of either CD45.1 or CD45.2.
Similarly, the IL-7Ra* subset of Lin~ bone marrow cells was
further dissected to identify the AA4.1™ sca-1 intermediate cells,
which we term CLP-like. These cells were also analyzed for CD45
allotype expression to establish the ratio of E2F4-genotyped fetal
liver cells to normal competitor.

It would be logical to expect that, when the typed fetal liver cells
were e2f4"'", the ratio of test to competitor cells would be 1:1.
Fig. 3B shows the ratio of test to competitor cells for E2F4-intact,
E2F4-heterozygous, and E2F4-deficient cells. At the 4 wk time
point, the normal competitor cells (Fig. 3B, open histogram) were
generally in excess; this finding was probably due to a contribution
from radio-resistant precursor cells in the irradiated host. How-
ever, at 8 and 16 wk, the ratio of e2f4"'* to normal competitor
cells approximated to 50:50 in the earlier hemopoietic precursor
populations, namely LSK, CLP-like, and CMP-like cells. Against
this background, we were able to see effects of the E2F4 genotype
of the donor fetal liver cells.

In Fig. 3B, each grouping of data show the ratio of typed to
competitor cells at the 4, 8, and 16 wk time point. Differences that
are statistically significant at the level of p < 0.05 and differences
that are significant at the level of p < 0.005 are indicated. Exam-
ining the LSK cells, it was clear that E2F4 influenced the abun-
dance of these cells in the repopulation model. Thus at 4, 8, and 16
wk there was a significant difference in the effectiveness of com-
petitive repopulation between E2F4-intact and E2F4-deficient
cells.

The immediate differentiation products of LSK cells are CLP
and CMP. When we examined the abundance of the phenotypic
counterparts of these precursors in competitive repopulation, a
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FIGURE 4. Repopulation of bone marrow B cells and thymocytes. Us-
ing the competitive repopulation strategy outlined in Results for Fig. 2, we
determined the contribution of e2f4"/*, e2f4*'~, and e2f4~'~ fetal liver
cells, vs normal competitor cells, to the repopulation of bone marrow B
cells and thymocytes. Data show that the defective repopulation charac-
teristic of pre-B and pro-B cells and DN1 thymocytes (shown in Fig. 2) was
propagated down both the B and T lineages.

clear difference emerged. In the case of CLP-like cells, there was
no clear difference at 4 wk but at 8 and 16 wk, the E2F4-deficient
cells showed a highly significant (p < 0.005) disadvantage com-
pared with normal competitor cells. In contrast among the CMP-
like cells, a significant (p < 0.05) effect of E2F4 at weeks 4 and
8 was lost by week 16.

To further evaluate the significance of this apparent difference,
we evaluated the effect of e2f4 genotype on the effectiveness of
repopulation of the next compartments in the differentiation cas-
cade: bone marrow pre-B and pro-B cells and double negative
(DN)1 thymocytes as the differentiation products of CLP, and
GMP-like and MEP-like cells as the products of CMP differenti-
ation. In the case of both pre-B and pro-B cells and DN1 cells, the
genotype of the typed fetal liver cells had a highly significant (p <
0.005) effect on the efficiency with which these cells competed
with normal cells, and this effect was sustained at 8 and 16 wk of
repopulation. We followed the effects of ¢2f4 genotype on more
differentiated B and T cells in the bone marrow and thymus; the
effect of e2f4 was sustained in all of these populations out to 16 wk
(Fig. 3B). In contrast to the sustained effect on lymphocytes, the
effect of fetal liver cell genotype on competition for the GMP-like
cell compartment was significant (p < 0.05) at 8 and 16 wk, but

2202 ‘8 Ya£e |\ uo 1senb Aqg /6.0 jounwiwi i - mammy/:dny wioly papeojumoq


http://www.jimmunol.org/

3704

Lymph Nodes Spleen

CD4+ CD4+

= —% * *

—x
ke

—_—k

o

o
-
o
o

Percent of Donor Origin
o
o

Percent of Donor Origin
a
o

0
+/++/- /-
Week 4

+/+ +/- -/-
Week 8

+/++/- -/~

Week 16 ko

Week 4

+/+ +/- -/-
Week 8

+[++/[- /-
Week 16

cD8+ CD8+
* .1 =% .
" i x e x
—kk — — ik

o
o
-
o
o

Percent of Donor Origin
o
o

Percent of Donor Origin
(o))
o

0
+/++/- -/-
Week 4

0
A+ -
Week 4

+/+ +/- -/~
Week 8

H+ - -
Week 16

+/+ +/- -/-
Week 8

+[++/[- |-
Week 16

CD19+
ek

ik % & ke %
% &

o

o
—
o
o

Percent of Donor Origin
(o))
o
Percent of Donor Origin
a
o

+++/- -/-
Week 4

+/+ +/- -/-
Week 8

+/++/[- /-
Week 16

+/++]- |-
Week 4

+/+ 4/ -[-
Week 8

+[++]- /-
Week 16
FIGURE 5. Repopulation of spleen and lymph node lymphocytes. The
competitive repopulation of peripheral CD4" T cells, CD8" T cells, and
CD19" B cells by e2f4™'", e2f4™'~, and e2f4~'~ fetal liver cells. This
experiment extends data shown in Fig. 4 by revealing that no peripheral
mechanisms compensate for the deficiency of T and B lineage cells in the
primary lymphoid organs.

the significance of the fetal liver cell e2f4 genotype in the MEP-
like cell compartment was lost at 16 wk.

This experiment revealed a sustained effect of e2f4 genotype on
the capacity of HSC to repopulate the lymphoid lineages. In con-
trast, the effects on myeloid development were most evident at
early time points, and tended to disappear as the reconstituted he-
mopoietic systems approached equilibrium. To test whether the
effects on early progenitors of the B and T lineage could explain
the immune deficiency of e2f4~'~ mice, we analyzed the repopu-
lation of more differentiated subsets of bone marrow B cells (Fig.
4) and thymocytes (Fig. 4). In both of these lineages, the capacity
of e2f4~'~ cells to compete with WT cells was severely impaired.

These defects were also observed in the secondary lymphoid
organs. Thus, we analyzed the competitive efficiency of e2f4™'™,
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E2F4 AND LYMPHOID DEVELOPMENT

e2f4™~, and e2f4~'~ fetal liver cells to repopulate the CD4™",
CD8™, and CD19™ cells in the lymph nodes and spleen (Fig. 5).
There was a statistically significant deficit in the repopulation of all
three lymphocyte subsets by E2f4-deficient cells at 8 and 16 wk.
We conclude that the early differentiation defect in e2f4~'~ cells
cannot be corrected at any later stage of T or B cell development.

These data stand in contrast to some published work in E2F4-
deficient mice. Thus, the abundance of thymocytes and T cells has
been reported to be normal in surviving adult e2f4 '~ mice (17),
but deficient in neonatal mice (15). We would now interpret the
lack of thymocytes, described in e2f4~'~ neonatal mice, to be an
effect of a cell-intrinsic differentiation defect. The apparent recov-
ery of the T cell lineage in older mice could be explained by the
remarkable capacity of the T cell system to “fill space” through
homeostatic expansion (22). Our data are not immediately consis-
tent with the well-authenticated observation that e2f4~’~ precursor
cells are defective in erythroid differentiation, leading to anemia in
surviving E2F4-deficient mice (15, 17). To reconcile these obser-
vations with our own, we need to consider that possibility that
E2F4 acts in HSC self-renewal, in the HSC-to-CLP differentiation
process, but also at a later stage in the erythroid lineage.

Because E2F4 appeared to be promoting the HSC-CLP-to-lym-
phoid lineage to a greater extent than the CMP-to-erythromyeloid
lineage, we considered the possibility that e2f4 gene expression
was lineage-restricted. To test this consideration, we FACS-sorted
LSK cells, CLP-like cells, and multiple other cell populations
down the erythromyeloid and lymphoid lineages. The expression
of e2f4 message was compared with gapdh as an internal control,
using quantitative real-time RT-PCR (Fig. 6). Rather to our sur-
prise, the expression of e2f4 gene was strongest in the erythromy-
eloid cells. Among the lymphoid cells, there was no difference
between LSK cells and CLP-like cells, but a relative reduction in
e2f4 gene expression in pre-B and pro-B cells, followed by an
increase of ~10-fold in later B cell subsets. Among the early T
lineage cells, the expression e2f4 message was similar in CLP-like
cells and DN1, but the expression then increased 10-fold among
later thymocyte stages. We conclude that the greater importance of
E2F4 in lymphoid lineage cells does not simply reflect its selective
expression in these cells.

During cell cycle control, E2F4 acts as a transcriptional repressor,
binding to E2F-responsive promoter sequences in association with the
pocket proteins p130 and p107. These pocket proteins are subject to
phosphorylation by cyclin-dependent kinases, resulting in dissociation
of the E2F4 from the promoter, and its export from the cell nucleus.
Such de-repressed promoters are then available for transcription, un-
der the control of the structurally related transcription factors, E2F1,
E2F2, and E2F3a. It was important to determine whether the effects
we observed on hemopoietic differentiation were linked to eftects on
the cell cycle. Therefore, we stained different subsets of bone marrow
cells in fetal liver-reconstituted mice to determine their DNA content,
and thus to calculate the percentage of cells in cycle (Fig. 7). At this

Thymic Subsets

CMP GMP MEP DN2 DN3 DN4 DP CD4 CD8

e2f4 gene expression in hemopoietic cells. The e2f4 message was present throughout lymphoid and myeloid development. Cell subsets were

sorted and lysed to isolate mMRNA. Quantitative real-time RT-PCR was used to determine the message level of e2f4 transcripts. The e2f4 message level was
normalized to gapdh levels. Results are pooled from three independent experiments using n > 5 mice. Data shown represent mean = SEM.
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FIGURE 7. Cell cycle analysis. A, B
In noncompetitive repopulation ex-
periments, subsets of early progenitor
cells were identified by gating within
the Lin~ population of bone marrow
cells, as shown for LSK cells (leff).
Within these cells, donor-derived
cells were identified based on CD45.2
expression (center). In these cells,
DAPI staining was used to determine
DNA content (right). Cells with a
greater than 2n DNA content were de-
fined to be in S, G,, or M phase. B,

The frequency of cells in S-G,-M LSK
among seven subsets of early hemo- gg
poietic cells of either e2f4™'~ or 525
o]
e2f4~'~ genotype are shown. At @20
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there was no effect of e2f4 genotype #12
on the frequency of cycling cells. 0
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level of analysis, there was no obvious effect of E2F4 on hemopoietic
precursor cell proliferation.

The influence of E2F4 over early hemopoietic lineage commit-
ment could have been mediated through gene repression, similar to
the effects on the cell cycle in other cell types. To test this obser-
vation, we isolated LSK, CLP-like, and CMP-like cells by flow
cytometric cell sorting from fetal liver-reconstituted mice that had
received e2f4™" or e2f4~'~ cells. In each of these six cell pop-
ulations, the expression of a panel of key genes associated with
either lymphoid or erythromyeloid differentiation was measured by
quantitative real-time RT-PCR, using the expression of gapdh in
each sample as an internal standard. The results of this analysis are
shown in Fig. 8.

Among genes that are strongly associated with the lymphoid
differentiation pathway, we measured aiolos, ikaros, il7ra, pax5,
and rag2 (23-25). In the case of aiolos, there was a trend toward
lower expression in e2f4 '~ cells, but this difference was only
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significant (p < 0.05) in CMP-like cells. The expression of ikaros
was significantly lower in both CLP-like cells and CMP-like cells
of e2f4~'~ genotype, whereas in the case of il7ra the significant
difference was in the LSK cells. The early B cell differentiation
factor pax5 was undetectable in e2f4 '~ LSK cells, but not influ-
enced by e2f4 genotype in more differentiated cells. Finally, the
expression of the rag2 gene was not significantly altered in the
absence of E2F4. In the case of these lymphoid-associated genes,
the timing and magnitude of the e2f4 effect was different in each
case, but the shared feature was the reduced expression of the gene
of interest, relative to gapdh.

We also examined genes with effects predominantly on eryth-
romyeloid cells, or with effects on both pathways. Among these
effects, the expression of pu./ was significantly reduced in LSK
and CMP-like cells of e2f4~’~ genotype. The role of the PU.I
factor is complex because it promotes either the myeloid or the
lymphoid lineage based partly on its expression levels, and partly
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FIGURE 8. E2F4 influences the expression of lineage factors. Expres-
sion levels of several lymphoid or erythromyeloid differentiation-promot-
ing genes were modified in e2f4 /" progenitor cells. Host mice were re-
constituted for 16 wk with either e2f4™'" or e2f4~'~ fetal liver cells. LSK
cells, CLP-like cells, and CMP-like cells were sorted and lysed for mRNA
analysis. Transcript levels for specific differentiation factors were deter-
mined by quantitative real-time RT-PCR and mRNA levels were normal-
ized to gapdh expression levels. For the results, e2f4*'" samples (n = 6)
for LSK, (n = 8) for CLP, and (n = 4) for CMP are used. Among 24/~
samples, n = 6 for LSK, n = 6 for CLP, and n = 7 for CMP are used. Data
are mean * SEM. statistical significance was determined by the Mann-
Whitney U test.

on the concentrations of the other transcription factors with which
PU.1 interacts (26-28). The GATA-1 factor is strongly associated
with erythroid differentiation (29). Message for gatal was unde-
tectable in LSK and CLP-like cells of e2f4~'~ genotype, but sig-
nificantly increased in the e2f4~'~ CMP-like cells. The GATA-2
factor is important in stem cell self-renewal, and also has effects
later in the megakaryocyte pathway (30-32). The expression of
gata2 was not modified by e2f4 genotype in the LSK cells and the
CLP-like cells, but similar to gatal, the expression was signifi-
cantly increased in CMP-like cells. Not all of the lineage-associ-
ated genes we analyzed showed such straightforward effects. Thus,
expression of c-myc was not significantly modified by the e2f4
genotype in LSK, CLP-like, or CMP-like cells, and c/ebpa gene
expression was reduced in e2f4~'~ cells (data not shown), consis-
tent its association with erythromyeloid differentiation but out of
step with the effects on gatal and gata2.

E2F4 AND LYMPHOID DEVELOPMENT

Discussion

The findings suggest that the cell cycle control protein, E2F4, is
involved in HSC differentiation through an action on the level of
expression of genes associated with either the lymphoid or the
erythromyeloid fate. Thus, competitive repopulation experiments
revealed a selective defect in the capacity of e2f4~'~ fetal liver
cells to differentiation from cells corresponding to multilineage
stem cells (the LSK cells) to cells corresponding to lymphoid pre-
cursors (CLP-like cells). In parallel, we observed effects on tran-
scription factor expression in early hemopoietic progenitor cells
that could explain the effects on differentiation. However, this ef-
fect could not be due to direct transcriptional repression because
the lack of E2F4 was associated not with gene overexpression, but
with gene underexpression. Therefore, we must conclude that the
mechanism of action was indirect.

Among these effects, the impact of e2f4 genotype on ikaros,
il7ra, and pax5 gene expression was consistent with its effect on
the impaired repopulation of the lymphoid compartment by
e2f4~'~ cells. However, these effects are not simply explained by
the E2F4 protein acting as a repressor of gene expression because
in many cases the expression of the gene was decreased in e2f4 '~
cells, and not increased as would be expected if a repressive factor
were lost. The expression and modulation of pax5 calls for special
mention. This gene is regarded as B cell-specific, but we have
detected its expression by adequately controlled, gapdh-standard-
ized real-time quantitative RT-PCR in multiple FACS-sorted iso-
lates of CMP-like cells. We are not aware of a prior study of pax5
expression in nonlymphoid cells that has been conducted with this
level of precision. Therefore, we believe the expression of pax5 in
CMP-like cells is a valid, novel observation.

Among transcription factors associated with erythromyeloid dif-
ferentiation, the increased expression of gatal and gata2 genes in
e2f4~'~ CMP-like cells is consistent with E2F4 protein acting as
a repressor in these cells, and with respect to these genes. Thus,
during the process of myeloid lineage commitment, E2F4 could
promote the lymphoid cell fate by repressing these genes. How-
ever, there is no reason to believe that either the GATAL1 or the
GATA2 proteins act as repressors of lymphoid genes such as
ikaros, il7ra, or pax5. Our observations are best accommodated by
a model in which the process of lineage specification within the
LSK compartment involves the direct repression by E2F4 of key
genes associated with the erythromyeloid lineage, most strikingly
gatal, and also the indirect de-repression of lymphoid genes. The
E2F4 protein could then act as a repressor of a repressor, rendering
accessible such genes as ikaros, il7ra, and pax5.

Cycling mammalian cells enter proliferative quiescence though
the cessation of the action of cyclin-dependent kinases, often
through their inhibition by specific inhibitors of the cip/kip or the
INK families. In the absence of cyclin-dependent kinase action,
pocket proteins (pRb, p107, and p130) become dephosphorylated.
This leads to the binding of E2F factors, including E2F4. The
active E2F transcription factors E2F1, E2F2, and E2F3a are im-
mobilized in the cytoplasm, whereas E2F4 is translocated to the
nucleus, where it binds to promoters and causes gene repression.
As a result of this study, we found that a deficiency of E2F4
strongly influences the expression of both lymphoid-associated
and erythromyeloid lineage-associated genes in early hemopoietic
progenitor cell subsets, with corresponding effects on the differ-
entiation fate of the cells in vivo. Thus, a molecular mechanism
that is elsewhere linked to cell cycle exit does not have this func-
tion, but instead is associated with differentiation, in early hemo-
poietic cells.
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