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The Polycomb group gene Bmi1 is essential for the proliferation of neural and hematopoietic stem cells. Much
remains to be learned about the pathways involved in the severe hematopoietic phenotype observed in Bmi1
homozygous mutant mice except for the fact that loss of p53 or concomitant loss of p16Ink4a and p19Arf

functions achieves only a partial rescue. Here we report the identification of E4F1, an inhibitor of cellular
proliferation, as a novel BMI1-interacting partner in hematopoietic cells. We provide evidence that Bmi1 and
E4f1 genetically interact in the hematopoietic compartment to regulate cellular proliferation. Most
importantly, we demonstrate that reduction of E4f1 levels through RNA interference mediated knockdown is
sufficient to rescue the clonogenic and repopulating ability of Bmi1−/− hematopoietic cells up to 3 mo
post-transplantation. Using cell lines and MEF, we also demonstrate that INK4A/ARF and p53 are not
essential for functional interaction between Bmi1 and E4f1. Together, these findings identify E4F1 as a key
modulator of BMI1 activity in primitive hematopoietic cells.
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The Polycomb group (PcG) proteins were initially iden-
tified in Drosophila as repressors of homeotic genes
(Moehrle and Paro 1994). PcG proteins assemble into dis-
crete chromatin-associated complexes that ensure the
stable inheritance of gene expression state through cell
division. The Polycomb repressive complex 1 (PRC1) in-
cludes BMI1, RING1/2, MEL-18, RAE28/MPH1, and
M33/CBX2, while other complexes (PRC2/3/4) com-
prise, among other proteins, EED, EZH1/2, and SUZ12
(Valk-Lingbeek et al. 2004). Evidence that the molecular
activity of PRC results in covalent modifications of both
nucleosomal and nonnucleosomal histones is rapidly ac-
cumulating (Wang et al. 2004; Cao et al. 2005; Hernan-
dez-Munoz et al. 2005). The SET domain proteins
EZH1/2 are methyltransferases that specifically target
lysine 27 in histone H3 (H3K27) and lysine 26 in histone
H1 (H1K26). Trimethylation of H3K27 is required for
recruitment of the BMI1-containing PRC1 complex, in

which BMI1 represents an essential cofactor of the
RING1/2 monoubiquitin E3 ligase implicated in the
ubiquitination of histone H2A (Cao et al. 2005).

PcG genes regulate the activity of many different types
of blood cells. These include the T- and B-cells whose
maturation and/or proliferation is dependent on Mel-18,
Bmi1, Rae-28/Mph1, and M33/Cbx2 genes (Core et al.
1997; Tokimasa et al. 2001; Ohta et al. 2002; Lessard and
Sauvageau 2003; Miyazaki et al. 2005). Hematopoietic
stem cells (HSCs), which possess the unique property to
generate all blood cell types and to self-renew, are also
highly dependent on the activity of several PcG proteins.
The role for BMI1 in HSC proliferation and self-renewal
is best characterized. Bmi1 expression is mostly detected
in primitive human (CD34+ CD45− CD71−) and mouse
(Sca1+ Lin−) bone marrow (BM) cells (Lessard et al. 1998;
Lessard and Sauvageau 2003; Park et al. 2003). Nullizy-
gosity for the Bmi1 gene in mice leads to severe aplastic
anemia presumably due to a progressive impairment of
HSC self-renewal (van der Lugt et al. 1994; Lessard et al.
1999; Lessard and Sauvageau 2003; Park et al. 2003). Ret-
roviral expression of Bmi1 in Bmi1−/− fetal liver (FL) cells
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completely rescued the proliferative activity of myeloid
progenitors to wild-type levels, indicating that this gene
is dispensable for the generation of FL-derived myeloid
progenitors but essential for their full proliferative activ-
ity (Lessard and Sauvageau 2003). In line with these re-
sults, complementation studies suggest that HSC num-
bers are normal (A. Faubert and G. Sauvageau, in prep.) in
embryonic day 14.5 (E14.5) Bmi1-null FLs. Moreover,
studies by Park and colleagues (Park et al. 2003) docu-
mented the inability of BM and FL-derived Bmi1−/− cells
to sustain long-term production of blood cells in trans-
plantation chimers, demonstrating a cell-autonomous
impairment of their self-renewal potential.

The proliferative potential of Bmi1−/− hematopoietic
progenitors is gradually lost from fetal to adult develop-
mental stages, possibly indicating that these cells un-
dergo a premature senescence (van der Lugt et al. 1994;
Lessard et al. 1999; Lessard and Sauvageau 2003). Sup-
porting this possibility, Bmi1−/− hematopoietic progeni-
tors accumulate high levels of the senescence marker
SA-�-gal (see Results) upon short-term proliferation. The
senescent phenotype is also associated with increased
levels of the tumor suppressor proteins p16INK4A and
p19ARF, which are known to impair CDK4- and CDK6-
induced phosphorylation of Rb and prevent the func-
tional inactivation of p53 by binding to MDM2, respec-
tively (Serrano et al. 1993; Quelle et al. 1995; Kamijo et
al. 1998; Pomerantz et al. 1998; Weber et al. 1999). In the
absence of Bmi1, primary mouse embryonic fibroblasts
(MEFs) are impaired in progression into the S phase of
the cell cycle and undergo premature senescence (Jacobs
et al. 1999). In these fibroblasts and in Bmi1-deficient
lymphocytes, the expression of the tumor suppressors
p16Ink4a and p19Arf is raised markedly. Conversely, over-
expression of Bmi1 in MEFs clearly down-regulates the
expression of p16Ink4a and p19Arf, delays replicative se-
nescence, and facilitates immortalization (Jacobs et al.
1999). Similarly, overexpression of Bmi1 in primary hu-
man fibroblasts extended their replicative life span by
suppressing the p16INK4A-dependent senescence path-
way (Itahana et al. 2003).

Iwama and collaborators (Iwama et al. 2004) showed
that primitive (i.e., lineage-negative) Bmi1−/− E14.5 FL
cells express high levels of p16Ink4a and p19Arf compared
to wild-type controls, whereas only p16Ink4a levels were
high in total (unpurified) FL cells. Although not investi-
gated in primitive hematopoietic cells until recently, in-
activation of the INK4A/ARF pathway marginally re-
duced the hematopoietic cell proliferation defects of
Bmi1-null mutants (Bruggeman et al. 2005; Molofsky et
al. 2005), indicating that INK4A/ARF is not the only
critical in vivo downstream target for BMI1 in the regu-
lation of HSC activity. In support to this, we reported
that Bmi1−/− leukemia cell lines lacking expression of
p16Ink4a and p19Arf depended on ectopic expression of
Bmi1 for their ability to produce acute leukemia in vivo
(Lessard and Sauvageau 2003).

Thus, the identification of factors that mediate BMI1
function in HSCs is of significant interest. In this study,
we show that the inhibitor of cell proliferation E4F1 in-

teracts physically and genetically with Bmi1 to regulate
HSC activity.

Results

Identification of the BMI1-interacting protein E4F1

A yeast two-hybrid assay was employed using BMI1 as
“bait” to screen a human fetal liver-derived cDNA li-
brary (enriched for primitive hematopoietic cells). From
a total complexity of ∼1 million cotransformants, 14
nonauxotrophic clones representing eight different genes
were identified. One interesting clone corresponded to
the last four C-terminal zinc finger domains (amino ac-
ids 346–783) (Fig. 1A) of the E1A-regulated transcription
factor, E4F1 (Fig. 1B, sections 2 and 6). The interaction
between BMI1 and E4F1 was further suggested using
pull-down assays performed with in vitro translated pro-
teins (Fig. 1C, lane 1). The interaction surface between
BMI1 and E4F1 was mapped using the yeast two-hybrid
system and involved the central Helix–Turn–Helix
(HTH) domain of BMI1 and the last four C-terminal zinc
fingers domains of E4F1 (Fig. 1D,E).

To determine whether BMI1 and E4F1 associate in
vivo in mammalian cells, coimmunoprecipitations were
carried out first using 293T cells transfected with HA-
tagged E4F1. Western blot analysis of proteins coimmu-
noprecipitated with BMI1 confirmed the interaction be-
tween BMI1 and tagged E4F1 (Fig. 1F). We also analyzed
the subcellular distribution of the complex; interest-
ingly, we showed that the endogenous E4F1 (see asterisk
in Fig. 1F, lane 2) as well as the tagged protein (Fig. 1F,
lane 4) were complexed to BMI1 specifically in the cyto-
plasmic compartment (Fig. 1G). The subcellular localiza-
tion of endogenous BMI1 and E4F1 was confirmed using
confocal microscopy (data not shown).

Bmi1 interacts genetically with E4f1 in cell lines

To establish further the functional relationships be-
tween Bmi1 and E4f1, we first examined the impact of
overexpressing Bmi1 and E4f1 on the proliferation of
NIH 3T3 cells (Fig. 2A,B). While E4f1 and Bmi1 showed
opposite effects on the proliferation rate of these cells,
Bmi1 overexpression partially but consistently rescued
the proliferative defect induced by E4f1. Moreover, we
observed that the HTH domain of BMI1, through which
E4F1 binds, is required to abrogate the proliferation de-
fect associated with E4F1 (Fig. 2A), while the �PEST mu-
tant, which still associates with E4F1, provides a rescue
similar to that observed with wild-type BMI1 (data not
shown).

Changes in proliferation rates were accompanied by
modification of Rb phosphorylation status. Indeed, ecto-
pic expression of E4f1 resulted in accumulation of the
hypophosphorylated form of Rb (hypo-Rb), and reintro-
duction of Bmi1, but not the �HTH mutant, prevented
this accumulation (Fig. 2C).

To further analyze the genetic interaction between
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Bmi1 and E4f1, we generated shRNA vectors that effi-
ciently suppressed Bmi1 and E4f1 expression (Fig. 2D).
Knockdown of Bmi1 severely impaired proliferation of
NIH 3T3 cells, while the reduction of E4F1 protein levels
enhanced cellular proliferation. Importantly, the prolif-
erative defect induced by Bmi1 knockdown was largely
rescued by the reduction in E4F1 protein levels (Fig. 2E).

Bmi1/E4f1 genetic interaction in the absence of p19Arf

and p53

Several experiments were performed to determine
whether the p19Arf–p53 axis is essential for E4F1-medi-
ated effects. The proliferation-inhibitory effect of E4f1
overexpression was first examined in various cell lines
carrying defined genetic alterations in the p19Arf or/and
p53 genes. Results from these studies suggested that
INK4A/ARF is not required for E4F1-induced prolifera-
tion defect, but a correlation was observed between the
responses to E4f1 overexpression and the p53 status
(Supplemental Table 1). We next studied the effect of
E4F1 on proliferation of the p53-deficient K562 cells,
which appeared to be refractory to E4F1-mediated prolif-
eration arrest (Fig. 3A). Interestingly, reintroduction of
p53 inhibited expansion of these cells without restoring

the proliferation-inhibitory function of E4F1 (Fig. 3A),
indicating either that additional factors or p53-confound-
ing factors are involved.

To test this possibility further, the human papilloma
virus E6 gene was ectopically expressed in E4f1-overex-
pressing NIH 3T3 cells (INK4A/ARF locus deleted) to
acutely induce p53 degradation, thereby changing their
ability to proliferate (Fig. 3B). Interestingly, E6-trans-
duced NIH 3T3 cells remained sensitive to E4F1-induced
proliferation-inhibitory function (Fig. 3B). MEFs were
then isolated from p53−/− mice and from littermate con-
trols (e.g., p53+/+), and the presence of Bmi1–E4f1 genetic
interaction was evaluated. The results presented in Fig-
ure 3C indicate that p53−/− MEFs show a reduction in
BrdU incorporation in response to shRNA to Bmi1 and a
strong increase in response to shE4f1. Moreover, the ge-
netic interaction between E4f1 and Bmi1 is conserved in
these p53−/− cells. Importantly, MEFs from these experi-
ments were also assessed for apoptosis by Annexin V and
PI staining and, as observed in NIH 3T3 cells, no differ-
ence was detected between the various populations (data
not shown).

We next tested the p53-mediated induction of p21 in
irradiated NIH 3T3 cells engineered to express high lev-
els of E4F1 (Fig. 3D) and found that p21 induction in

Figure 1. Identification of the BMI1 in-
teracting protein E4F1. (A) Schematic rep-
resentation of E4f1 and the isolated clone
C-E4f1. (B) BMI1 specifically associates
with E4F1 in yeast. AH109 yeast were co-
transfected with GAL4-DNA binding
(pGBKT7) and GAL4-transactivation do-
main (pGADT7 or pACT2) expression vec-
tors encoding Bmi1, E4f1, Ring1b (positive
control), and Large T antigen or Lamin C
(both negative controls). Interactions were
monitored between (1) BMI1 and Large T,
(2,6) BMI1 and C-E4F1, (3) BMI1 and GAL4
AD, (4) GAL4 alone (5) C-E4F1 and Lamin
C, (7) C-E4F1 and GAL4 DB, and (8) BMI1
and RING1B (positive control). (C) Direct
physical association between BMI1 and
E4F1. In vitro transcribed–translated 35S-
labeled proteins were immunoprecipitated
(IP) with an antibody specific to Bmi1 and
separated by SDS-PAGE. (D,E) Interaction
domain between BMI1 and E4F1 assessed
in yeast. The correct folding of the Bmi1
deletion mutants was ensured by demon-
strating their potential to interact with
RING1B and HPH1, proteins known to in-
teract with the RING and HTH domains
of BMI1, respectively. (F) BMI1 and E4F1
specifically coimmunoprecipitate in mam-
malian cells. 293T cells were transfected
with HA-HOXB4 (negative control), HA-RING1B (positive control), or an HA-tagged version of the C-terminal E4F1 fragment
clone isolated in the screen. Immunoprecipitations were performed overnight on total cellular extracts using an antibody specific
to BMI1. Western blots were revealed using anti-HA antibody. (G) BMI1 and E4F1 associate in the cytoplasm. Nuclear (Nuc)
and cytoplasmic (Cyto) extracts were generated from HA-E4F1 and control K562 cells. Extracts were immunoprecipitated with an
antibody to BMI1, and associated proteins were revealed by Western blotting with antibodies to HA, E4F1, and BMI1. (*, lane 2)
Endogenous E4F1.
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response to �-rays was not altered by E4f1 overexpres-
sion.

Together, these results strongly suggest that p16INK4A/
p19ARF and p53 are not required, at least separately, for
the E4f1/Bmi1 genetic interaction.

E4f1 knockdown rescues Bmi1−/− hematopoietic cells
without affecting p16Inka and p19Arf expression

We next tested whether Bmi1 and E4f1 also interact ge-
netically in primitive hematopoietic cells. Real-time
Quantitative-PCR analysis demonstrated the coexpres-
sion of these two genes in the stem-cell-enriched sub-
populations (KLS CD34− and KLS CD34+) and confirmed
the preferential expression of Bmi1 mRNA in cells with
long-term repopulating activity (KLS CD34−) (Fig. 4A).

Flow cytometry analysis of E4F1 protein levels in fetal
liver cells isolated from Bmi1−/− or wild-type embryos
revealed that a subpopulation of Bmi1−/− cells expresses
higher levels of E4F1 than populations of wild-type cells
(Fig. 4B). Consistent with the high levels of Bmi1 expres-
sion in Sca1-positive cells, we found that the accumula-
tion of E4F1 occurs within the Sca1+ population of
Bmi1

−/−
cells (Fig. 4C).

Based on these observations and to further address the
role of E4F1 in BMI1-mediated HSCs proliferation, we
examined whether E4f1 silencing could rescue the he-
matopoietic defect induced by loss of Bmi1.

To test this possibility, fetal liver cells were isolated
from Bmi1−/− or wild-type embryos and infected with
shE4f1, Bmi1, or GFP (control) retroviruses as described
in Figure 5A. Cultures initiated with wild-type (Bmi1+/+)
cells infected with the control GFP vector generated nu-

merous small and round cells with birefringent proper-
ties (Fig. 5B). In sharp contrast, Bmi1−/− cells infected
with the control vector rapidly (by day 4) gave rise to
poorly proliferating cultures that contained a majority of
flat, granulous, and nonbirefringent cells (Fig. 5B). Quali-
tatively, the proliferation and morphological properties
typical of Bmi1−/− cells were completely rescued by re-
ducing the levels of E4f1 by RNA interference (Fig. 5B).

In agreement with these results, BrdU incorporation
experiments indicated that while absence of Bmi1 re-
sulted in a dramatic decrease in DNA synthesis (only
2.1% BrdU+ cells after 6 d of culture) and G1-phase ac-
cumulation (data not shown), reduction in E4F1 levels
provided a rescue in DNA synthesis to levels comparable
to those observed in wild-type cells (Fig. 5C). In agree-
ment with findings in NIH 3T3 cells, increasing levels of
BMI1 resulted in enhanced BrdU incorporation (Fig. 5C).
In addition, as shown by annexin V and propidium iodide
staining, there was no significant difference in the pro-
portion of cells undergoing apoptosis between wild-type
or Bmi1−/−-derived cells (Fig. 5D), precluding a possible
apoptotic effect of Bmi1 loss.

Since Bmi1 deletion in MEF induced a premature se-
nescence phenotype associated with INK4A/ARF dere-
pression, we asked whether Bmi1−/−-derived hematopoi-
etic cells also undergo cellular senescence as a conse-
quence of p16Ink4a and p19Arf up-regulation. Therefore,
cultures initiated with Bmi1−/− cells were stained for se-
nescence-associated �-galactosidase (SA-�-gal) activity, a
well-established biomarker for senescent cells. While
SA-�-gal activity is nearly undetectable in Bmi1+/+-de-
rived cultures (<5% positive cells) (data not shown), the
percentage of SA-�-gal+ cells reached 70%–80% in cul-

Figure 2. Genetic interaction between
Bmi1 and E4f1 in NIH 3T3. (A) NIH 3T3
cells that express E4f1 or Bmi1, or coex-
press E4f1 and Bmi1 were plated in tripli-
cate, and counted at the indicated time
points. Cells were collected at day 9 and
analyzed by Western blot for the expres-
sion of (B) BMI1 and E4F1 or (C) Rb pro-
tein (hypo-Rb:hypophosphorylated Rb).
(D) NIH 3T3 cells infected with retrovi-
ruses encoding shBmi1, shE4f1, or an
empty vector were fixed, permeabilized,
and stained sequentially with primary an-
tibodies (mouse anti-BMI1 and rabbit anti-
E4F1) and the matched conjugated second-
ary antibodies (anti-mouse PE and anti-
rabbit FITC) and then analyzed by flow
cytometry. (E) Proliferation of NIH 3T3
cells infected with retrovirus encoding
shBmi1, shE4f1, or both. For A and E, pro-
liferation was measured in three indepen-
dent experiments each resulting from
newly infected and selected cellular popu-
lations assessed in duplicates within 6 d of
infection. Data are given as means ± SD.
Populations assessed in these experiments
are polyclonal.
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tures initiated with GFP-transduced Bmi1−/− cells by day
7 (Fig. 5E, upper right panel). As described in previous
work, we found that p16INK4A and p19ARF protein levels
were significantly greater in GFP-transduced Bmi1−/−

cells than in GFP-transduced wild-type cells (Fig. 5E, his-
togram overlay showing 16INK4A and p19ARF levels, up-
per panels). The expression of mRNA levels for p16Ink4a

and p19Arf in Bmi1−/− cells was also determined by quan-
titative RT-PCR (Q-PCR) and confirmed that p16Ink4a

and, to a lesser extent, p19Arf mRNA levels were up-

regulated on average 50-fold and 20-fold compared to
control wild-type cells after 7 d of culture, respectively
(data not shown).

As expected, the reintroduction of Bmi1 in Bmi1−/−

cells led to a nearly complete bypass of the senescence as
determined by the decrease in the proportion of cells
exhibiting SA-�-gal activity (10%–20% SA-�-gal+ cells)
and down-regulation of p16INK4A and p19ARF proteins
(Fig. 5E, middle panels) and mRNA (15-fold and 10-fold
reduction) levels (data not shown).

Interestingly, Bmi1−/− cells engineered to express low
E4F1 levels also escape (partially) senescence (30%–40%
SA-�-gal+ cells) but without affecting p16INK4A or p19ARF

protein (Fig. 5E, lower panels) and mRNA levels (data not
shown).

Reduction in E4F1 levels rescues proliferative defects
of Bmi1−/− stem and progenitor cells

The in vitro and in vivo maintenance of progenitor and
stem cell activity depends on the presence of Bmi1 (Les-
sard and Sauvageau 2003; Park et al. 2003). To determine
whether Bmi1−/− hematopoietic progenitor cells engi-
neered to express low E4F1 levels could be recovered
following in vitro cultures, we monitored colony-form-
ing cell (CFC) activity at different time in cultures as
indicated in Figure 5A. While at initiation of cultures
(i.e., day 0) CFC activity was similar in all groups, their
numbers increased steadily for 6 d in cultures initiated
with either wild-type cells or with mutant cells engi-
neered to express high levels of BMI1 (Fig. 5F). As ex-
pected, no progenitor activity could be recovered from
cultures initiated with Bmi1−/− cells transduced with
GFP, but normal CFC activity was detected for Bmi1−/−

cells in which levels of E4F1 were reduced (e.g., Fig. 5F,
cf. bars and asterisk). These data indicate that E4f1
knockdown in Bmi1-deficient cells resulted in a com-
plete rescue of their clonogenic activity. Importantly,
E4f1 knockdown in wild-type cells had no effect on their
capacity to generate CFCs, demonstrating the specificity
of the reported effect (Fig. 5F).

In selected experiments, a competitive proliferation
assay was set up by adjusting the proportion of trans-
duced cells (GFP+) to 50% at initiation of the cultures.
The evaluation of transduced CFCs along the culture
showed that while wild-type cells transduced with GFP
or shE4f1-GFP had no proliferative advantage over non-
transduced cells, Bmi1-GFP-overexpressing cells ex-
panded much better and became rapidly the predomi-
nant population of the culture (data not shown). Further-
more, after 4 d of culture, >95% of CFCs generated from
shE4f1- or Bmi1-transduced Bmi1−/− cells were derived
from transduced cells (i.e., GFP+), indicating a cell-au-
tonomous nature for the rescue induced by E4f1 knock-
down or Bmi1 complementation (data not shown).

In addition to severe proliferation defects, Bmi1−/− pro-
genitors maintained ex vivo for a short period of time
became restricted in their differentiation potential to the
monocyte/macrophage lineage. Reduction in E4F1 levels
in these cells rescued their capacity for differentiation

Figure 3. p19Arf/p53 is not required in Bmi1–E4f1 interaction.
(A) K562 cells (INK4A/ARF−/−/p53−/−) were sequentially trans-
duced with MSCV-p53-GFP (or appropriate empty vector) and
MSCV-Neo-E4f1 (or corresponding empty vector). Cells were
kept in G418-containing medium during 7 d and then plated in
triplicate and counted 4 d later. Relative cell expansions were
measured in two independent experiments each resulting from
newly infected and selected cellular populations assessed in
triplicates within 6 d of infection. Data are given as means ± SD.
(B) NIH 3T3 cells (INK4A/ARF−/−/p53+) were sequentially trans-
duced with MSCV-E6- GFP (or appropriate empty vector) and
MSCV-Neo-E4f1 (or corresponding empty vector). Cells were
kept in selective medium (containing G418 to prevent loss of
E4f1 expressing retrovirus) during 7 d and then plated in tripli-
cate and counted 4 d later. Relative proliferation rates were
determined from two triplicate experiments (two independent
infections). (C) BrdU incorporation assay in primary mouse em-
bryonic fibroblasts (MEF) derived from p53+/+ or p53−/− E14.5
embryos and infected with combinations of control, shBmi1,
and shE4f1 retroviruses. Cells were infected on day 3, and the
BrdU pulse was 10 h. BrdU incorporation on day 6 after infec-
tion was measured in two independent experiments each result-
ing from newly infected and selected cellular populations as-
sessed in triplicates within 6 d of infection. Data are given as
means ± SD. (D) Whole cell protein extracts were prepared from
control or E4f1-transduced NIH 3T3 cells at different time in-
tervals (in hours) after exposure to a 5-Gy dose of ionizing
radiation prior to Western blot analysis for E4F1, p21, and �-
TUBULIN (loading control).
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since no significant change in the proportion (or size) of
multipotent (i.e., CFU-GEMM) or bipotent and unipo-
tent (i.e., CFU-GM, CFU-G, or CFU-M) colonies was de-
tected in 4-d cultures initiated with wild-type versus
shE4f1-transduced Bmi1−/− cells (Fig. 5G, left panel). Fur-
thermore, the phenotypic characterization performed by
flow cytometry confirmed the presence of primitive cells
(Lin− Sca1+) and mature cells (Gr1+ or Mac1+) in the cul-
tures derived from shE4f1-transduced cells (data not
shown). In addition, examination of the Wright-stained
cytospin preparations of cells recovered from these cul-
tures (Fig. 5G, right panel) showed that only macro-
phages persisted in cultures derived from the control
GFP-transduced Bmi1−/− cells, and that reduction of
E4F1 protein levels in these cells enabled production of a
variety of progenitors and differentiated cells.

Based on these observations, we presumed that the
proliferative impairment of Bmi1−/− repopulating cells
might be rescued by reducing E4F1 levels. To test this
possibility, a series of recipients that received Bmi1−/−

fetal liver cells transduced with shE4f1-GFP or with con-
trol GFP was generated. At multiple time points after
transplantation, the recipients were analyzed for the
presence of transduced donor cells (GFP+ cells) (Fig. 6A).
In agreement with previous data, no donor-derived cells
were detected in eight of eight recipients transplanted
with GFP-transduced Bmi1−/− cells.

Interestingly, while E4f1 knockdown in wild-type
cells does not lead to any detectable perturbation of he-
matopoietic repopulating ability, shE4f1-transduced

Bmi1−/− cells showed an increased contribution to pe-
ripheral blood in the recipients tested, providing evi-
dence for a strong genetic interaction between Bmi1 and
E4f1 in vivo for cells with repopulation potential lasting
up to 12 wk (Fig. 6A).

To determine whether engrafted shE4f1-GFP-trans-
duced Bmi1−/− cells also retained their full differentia-
tion ability, peripheral blood cells were stained at 12 wk
post-transplantation for surface markers B220 (B-cell lin-
eage), CD3 (T-cell lineage), Mac1 and Gr1 (myeloid lin-
eage), in combination with the GFP marker. The pres-
ence of double-positive cells for GFP and each of these
markers demonstrated the full potential of Bmi1−/− cells
engineered to express low E4F1 levels to differentiate
into B lymphoid (B220+), T lymphoid (CD3+), and my-
eloid cells (Mac1+ or Gr1+) (see Fig. 6B).

Although shE4f1 provides a good rescue of Bmi1−/−

cells with repopulation activity lasting at least 12 wk, it
is important to analyze recipient mice at longer time
points (e.g., >12–16 wk) because there is now clear evi-
dence that at least two distinct and prospectively “iso-
lable” populations of HSCs—termed short-term repopu-
lating (STR) and long-term repopulating (LTR) HSCs—
are present in the mouse bone marrow (Zhao et al. 2000;
Benveniste et al. 2003). When analyzed at 22 wk post-
transplantation, the persistence of shE4f1-transduced
Bmi1−/− cells was observed at low level (i.e., 3% ± 1%) in
the peripheral blood of three recipients out of four (Fig.
6C), indicating that STR-HSCs are rescued by shE4f1 but
LTR-HSCs are not.

Figure 4. Expression of E4f1 and Bmi1 in
primitive hematopoietic cells. (A) Quanti-
tative RT-PCR of Bmi1 and E4f1 in bone
marrow (BM) hematopoietic cells: For
each sorted cell population, mRNA lev-
els were determined by calculating the
�Ct values where the levels of mRNA for
Bmi1 and E4f1 are normalized according
to the endogenous control gene Gapdh
(�Ct = Cttarget − Ctendogenous control). The graph
shows ratios of 1/�Ct. �Ct values are
shown in the table below. Experiments
were repeated twice with bone marrow
cells extracted from two series of >150 ani-
mals. Each Q-PCR reaction was performed
in duplicate using automated pipette de-
livery systems (Biomek FX; Beckman). (B)
Bmi1+/+ and Bmi1−/− fetal liver cells were
cultured for 2 d, fixed, permeabilized, and
analyzed by flow cytometry for BMI1 or
E4F1 expression levels. (C) Bmi1+/+ and
Bmi1−/− fetal liver cells were simulta-
neously stained with anti-Sca1, anti-BMI1,
and anti-E4F1 antibodies. The histogram
overlay showed E4F1 expression levels in
the Sca1-negative population (hatched
line) and the Sca1-positive population (red
line). For B and C, FACS profiles are rep-
resentatives from more than three inde-
pendent experiments.
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Interestingly the �HTH mutant of BMI1 (lacking in-
teraction with E4F1) failed to restore both the short-term
and long-term repopulating capacity of Bmi1−/− cells,
while excellent rescue was observed with wild-type
BMI1 and the PEST deletion mutant, which preserves
E4F1 interaction (Fig. 6C).

Discussion

In this study, we have identified E4F1 as a new binding
partner of BMI1 and provide comprehensive evidence
that this protein functionally interacts with BMI1 to
regulate cell proliferation. This conclusion is supported
by several lines of evidence: Firstly, we show that BMI1
and E4F1 interact physically and genetically both in cell
lines (e.g., NIH 3T3) and in primary cells (MEF and he-
matopoietic cells) to control cell proliferation. Secondly,
our data suggest that the physical interaction between

these two proteins is important for this genetic interac-
tion since the removal of the E4F1-interacting domain of
Bmi1 eliminates its ability to rescue the proliferative
defect induced by E4F1. Moreover, we provide evidence
that INK4A/ARF and p53 are independently not required
for the genetic interaction between E4f1 and Bmi1 in
selected cell lines and in MEFs. Finally and most impor-
tantly, the loss of E4F1 function in Bmi1−/− hematopoi-
etic cells leads to the rescue of their clonogenic and re-
populating ability without affecting levels of p19Arf or
p16Ink4a, thus indicating that the effects of E4f1 knock-
down are not mediated through down-regulation of these
CDK inhibitors.

Interestingly, the interaction between BMI1 and E4F1
appears to be restricted to the cytoplasm of dividing cells
(J. Chagraoui, unpubl.), possibly revealing an unsus-
pected cytoplasmic and cell-cycle-dependent function
for Bmi1. This observation is consistent with previous

Figure 5. Loss of E4f1 rescues the prolif-
erative defect of Bmi1 −/− hematopoietic
progenitors. (A) Overview of the experi-
mental strategy: Bmi1+/+ and Bmi1−/− fetal
liver cells (the equivalent of one fetal liver)
were infected for 2 d with GFP, Bmi1-GFP,
or shE4f1-GFP retroviruses (at an effi-
ciency of 80%–92%). The equivalent of
one-half fetal liver was kept in culture for
10 d and assayed at different time points
for their content in colony-forming cells
(CFC). The equivalent of one-half fetal
liver was transplanted in irradiated mice
for in vivo study (see Fig. 6). (B) Bmi1+/+

and Bmi1−/− fetal liver cells engineered to
express GFP or shE4f1-GFP retroviruses
were visualized at day 4 of the culture un-
der phase contrast microscopy (original
magnification 20×). Representative of
three independent experiments each with
different fetal livers and retroviral prepa-
rations. (C) BrdU incorporation assay in
primary FL cells. Cells were pulsed with
BrdU for 24 h on day 4 after infection, and
incorporation was measured in three inde-
pendent experiments each resulting from
newly infected cellular populations as-
sessed in duplicates. Data are given as
means ± SD. (D) The proportion of apopto-
tic cells was monitored by annexin V/PI
staining. Representative of four indepen-
dent experiments. (E) Bmi1−/− fetal liver
cells engineered to express GFP, Bmi1-
GFP, and shE4f1-GFP were assayed for se-
nescence phenotype at day 6 of culture:
The left panel showed representative flow
cytometry analysis of p16Ink4a and p19Arf

expression in transduced Bmi1−/− cells (gray-filled histograms) compared to GFP-transduced wild-type cells (dotted line histogram), and
the right panel shows a representative SA-�-gal staining of transduced Bmi1−/− cells. Representative of two independent experiments
each performed in triplicate. (F) Bmi1+/+ and Bmi1−/− fetal liver cells engineered to express GFP (ct, control), Bmi1-GFP, and shE4f1-
GFP were assayed for their content in colony-forming cells (CFC) at different time of the culture. Results show means ± SD of four
independent experiments performed in duplicate. (G) Frequency of colony type was evaluated after 4 d of culture by morphological (in
toto) analysis and Wright staining of representative colonies. Representative of four independent experiments performed in duplicate.

Chagraoui et al.

2116 GENES & DEVELOPMENT



data showing a dissociation of BMI1 from the chromatin
during mitosis (Voncken et al. 1999; Voncken et al.
2005). Other emerging evidence also supports a role for
PcG proteins in various cellular processes apart from
chromatin modification. For example, EZH2 associates
with VAV1 specifically in the cytoplasm and thus con-
tributes in the control of actin polymerization and cel-
lular proliferation (Nolz et al. 2005; Su et al. 2005). These
findings raise the interesting prospect of two dynamic
processes (an epigenetic and a nonepigenetic) involving
BMI1 and will require further investigations. In regard to
these observations, one possibility is that BMI1 might
sequester E4F1 or induce its degradation, thus counter-
acting its activity. This hypothesis, corroborated with
the elevated E4F1 protein levels observed in the stem-
cell-enriched subpopulation (i.e., Sca1+) of Bmi1−/−-defi-
cient fetal liver cells, is further enforced by the new key
role attributed to BMI1 and its PcG partner RING1A in
H2A ubiquitination as well as in their own ubiquitina-
tion (Cao et al. 2005; Buchwald et al. 2006).

Surprisingly, and although the literature points out
p19ARF/p53 and p16INK4A/Rb as being the major effector
pathways for E4F1 function, we found that p16Ink4a−/−

and p19Arf−/− cell lines (NIH 3T3, U2OS) still undergo a
cell cycle arrest on E4f1 overexpression. In addition, the
proliferative rescue obtained in Bmi1−/− hematopoietic
cells engineered to express a low level of E4F1 protein
occurs without affecting p16Ink4a and p19Arf expression.

We also showed that the ability of p53 to induce p21 in
response to irradiation is not affected by E4f1 overexpres-
sion. Intriguingly, we did not observe a dramatic induc-
tion of p21 under E4f1 overexpression as it has been
shown by Fernandes et al. (1998), although E4F1 protein
levels appear higher in our E4f1-transduced NIH 3T3
cells than in the 3T3/E4f1 clone 7 (sent to us by Dr. R.J.
Rooney and used as control) (data not shown). Moreover,
in this clone 7, we did not observe further induction of
p21 after irradiation, suggesting a selective rather than a
direct impact of E4F1 on p21 expression. Moreover, we
show that p53 deletion does not prevent the genetic inter-
action between E4f1 and Bmi1 in primary fibroblasts, al-
though less pronounced than in wild type, indicating that
p53 is not essential for the reported Bmi1/E4f1 genetic in-
teraction. These data are further substantiated by the ob-
servation that p21−/− and p53−/− fibroblasts overexpress-
ing E4f1 are still blocked in G1 phase (Fajas et al. 2000).

The conclusion that BMI1/E4F1 interplay occurs inde-
pendently of INK4A/ARF and possibly p53 in selected
cell lines does not exclude an important role for these
genes in complementing the hematopoietic defects of
Bmi1-deficient mice. Indeed, previous studies indicated
that complete deletion of the INK4A/ARF locus and the
disruption of the p53 gene in Bmi1 mutant mice lead to
a partial rescue of the hematopoietic defects (Bruggeman
et al. 2005). It will thus be critical to investigate the
genetic interaction between E4f1, INK4A/ARF, and p53

Figure 6. Loss of E4f1 rescues the re-
populating ability of Bmi1-deficient cells.
(A) Two days after infection, Bmi1+/+ and
Bmi1−/− fetal liver (the equivalent of one-
half fetal liver) cells (Ly5.2) engineered to
express GFP, Bmi1-GFP, or shE4f1-GFP
were injected into lethally irradiated con-
genic (i.e., Ly5.1) recipient mice along
with Ly5.1 competitor cells. Repopula-
tion activity of the transduced cells was
evaluated by monitoring donor cell chi-
merism (Ly5.2+ GFP+) in peripheral blood
4, 8, and 12 wk after transplantation. The
figure shows representative FACS profiles
from four recipients per group and n = 2
independent experiments (mean values
for repopulation ±SD are indicated). (B)
Proportions of shE4f1-GFP transduced
Bmi1−/− cells in myeloid (Mac-1 and Gr1)
and lymphoid (B220 and CD3) popula-
tions were determined at 12 wk post-
transplantation. The data shown are rep-
resentative FACS profiles from one re-
cipient. Note that lympho-myeloid
reconstitution was confirmed in all four
mice analyzed (see A). (C) Representative
FACS profile showing donor contribution
(GFP+ Ly5.2+) at 22 wk post-transplanta-
tion in the peripheral blood of recipients

of Bmi1−/− fetal liver cells engineered to express Bmi1-GFP, shE4f1-GFP, or Bmi1 mutants (�HTH-GFP and �PEST-GFP). Note that
recipients for shE4f1 transduced cells are the same as used in A and B. Values are means ± SD of six recipients per group (for Bmi1 and
the indicated mutants).
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in primitive hematopoietic cells. Such experiments will
require the generation of E4f1 conditional alleles. The
inability of our E4f1 shRNA vector to confer a major
rescue at 22 wk post-transplantation suggests that this
gene is critical for the STR-HSCs and that LTR-HSCs
may be rescued by inactivation of INK4A/ARF or p53.
Therefore, the molecular events downstream from BMI1
appear to be more complex than expected, and several
plausible mechanisms might be involved: First, BMI1 re-
presses INK4A/ARF transcription through a mechanism
that remains to be fully characterized. Second, BMI1
may inhibit E4F1 activity (ubiquitination?) on several
cell-cycle-regulating proteins, including the CDK inhibi-
tor p27KIP1, CYCLIN E, and CYCLIN B1, with reduced
CDK2, CDK4/6, and CDC2 kinase activities and with the
down-regulation of Cyclin A2 gene expression (Fernandes
et al. 1998; Fajas et al. 2001; Rooney 2001). Moreover,
HMGA2 protein, which plays an important role in chro-
matin organization, interacts with E4F1 and prevents its
binding to the Cyclin A promoter (Tessari et al. 2003). Fi-
nally, E4F1 may participate in the mitotic spindle check-
point by interacting with the tumor suppressor RASSF1A,
known to control microtubule stability and cell cycle pro-
gression (Fenton et al. 2004; Ahmed-Choudhury et al.
2005). Consistent with these data, E4f1 is essential for em-
bryonic development and cell division, as E4f1-deficient
mouse embryos die at preimplantation stages and E4f1−/−

blastocysts display several mitotic abnormalities and chro-
mosomal missegregation (Le Cam et al. 2004). These ob-
servations are most interesting since one of the eight BMI1-
interacting proteins identified in our yeast two-hybrid
screen physically localizes to the centrosome and interacts
with RASSF1A. It is thus conceivable that BMI1 may alter
the interaction between E4F1 and microtubule-associated
proteins to ensure normal chromosome segregation and
cell cycle progression.

Together these observations suggest that BMI1 creates
a complex but effective network for the control of cell
proliferation and senescence and might orchestrate mul-
tiple pathways that cooperatively mediate E4F1 and
INK4A/ARF function on the proliferation of stem and
progenitor cells. Most interestingly, the analysis of the
genes involved may clarify the molecular bases that un-
derlie STR-HSCs versus LTR-HSCs.

Materials and methods

Yeast two-hybrid screen

A yeast two-hybrid screen was performed according to Clontech
protocol using Bmi1 as bait to screen a human fetal liver cDNA
library. Two rounds of screening yielded 14 positive clones cor-
responding to eight different cDNA sequences, all of which in-
teracted specifically with BMI1 but not with control baits (Large
T antigen, LaminC). One of these cDNAs contained a 1.6-kb
partial cDNA corresponding to E4f1.

Western blotting and immunoprecipitations

Preparation of total, nuclear, and cytoplasmic extracts was done
as described (Borden et al. 1998). Immunoprecipitations and im-
munoblots were done according to published methods.

Quantitative RT-PCR

The quantification of Bmi1 and E4f1 gene expression was per-
formed in two independent experiments by real-time PCR on an
ABI Prism 7900HT Sequence Detection System according to the
manufacturer’s recommendation. Briefly, KLS (Kit+ Lin− Sca1+)
CD34−, KLS CD34+, and LIN+ (B220+; TER119+; GR1+) subpopu-
lations were sorted from two separate pools of mice bone mar-
row cells, and total RNA was harvested. For the total bone
marrow (BM) sample, RNA was directly harvested from an ali-
quot of those pools. cDNA was generated using random primers
and MMLV RT (Invitrogen) according to the manufacturer’s pro-
tocol. Q-PCR reactions were carried out in a total volume of 10
µL on 25–50 ng of cDNA using TaqMan Universal Master Mix
(Applied Biosystems) and Universal ProbeLibrary assays de-
signed with the ProbeFinder software (Roche Applied Science).
The primer sequences and Universal Probe numbers used are
available upon request. ABI Prism 7900HT SDS was pro-
grammed to an initial step of 2 min at 50°C and 10 min at 95°C,
followed by 40 cycles of 15 sec at 95°C and 1 min at 60°C. All
reactions were run in duplicate, and the average values were
used for quantification. The mouse Gapdh predeveloped Taq-
Man assay was used as the endogenous control to normalize
expression values of Bmi1 and E4f1 (�CT = Cttarget − CtGapdh).

For p19Ink4a and p16Arf gene expression, total RNA was iso-
lated by Trizol and DNase-I-treated, and cDNA was prepared
according to the manufacturer’s instructions (Invitrogen).
Q-PCR reactions were carried out using TaqMan probe-based
chemistry (Applera). The primer and probe sequences are as
follows: p16Ink4a, forward, 5�-CCCAACGCCCCGAACT-3�, re-
verse, 5�-CGTGAACGTTGCCCATCA-3� and 5�-FAM-TCG
GTCGTACCCCGATTCAGGTGAT-TAMRA-3�; p19Arf, for-
ward, 5�-GGGCCGCACCGGAAT-3�, reverse, 5�-AGCAGAA
GAGCTGCTACGTGAA-3� and 5�-FAM-CTGGACCAGGT
GATGATGATGGGCAAC-TAMRA-3�. The 18S rRNA Taq-
man assay (ABI) was used as the endogenous control gene. Rela-
tive fold differences were determine by the ��Ct method using
the wild-type fetal liver cells transduced with control GFP vec-
tor as the calibrator sample.

Generation of shRNA

Five short hairpin RNA (shRNA) sequences specific to E4f1
were designed and cloned in a retrovirus containing the RNA
polymerase III promoter. Only one shRNA (5�-AAGATTCA
GAAGACCTGCCAT-3�) represses E4f1 efficiently. The shBmi1
encoding retrovirus was a gift from Martin Von Lohuizen (The
Netherlands Cancer Institute).

Mice genotyping

Bmi1 mutant mice were genotyped by Southern blot analyses as
described (van der Lugt et al. 1994). p53 mutant mice (Jackson
Laboratory, Maine) were genotyped by PCR according to the
manufacturer’s instructions (Jax Mice Web site, http://jaxmice.
jax.org).

In vitro clonogenic progenitor assays

For myeloid clonogenic progenitor assays, cells were plated in
35-mm dishes in semisolid medium, containing 1% methylcel-
lulose in � medium supplemented with 10% fetal calf serum
(FCS), 5.7% bovine serum albumin, 10−5 �-mercaptoethanol (�-
ME), 1 U/mL erythropoietin (Epo), IL-3, IL-6, Steel, 2 mM glu-
tamine, and 200 mg/mL transferrin. Colonies were scored on
day 7 of incubation as derived from CFU-GM, BFU-E, or CFU-
GEMM according to standard criteria. For some of the experi-
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ments, identification of the colony types was confirmed by
Wright staining of cytospins preparations of colonies.

Retroviral generation, infection, and transplantation of E14.5
fetal liver and bone marrow cells

Details of the different retroviral vectors used in this study are
available on request. Production of vesicular stomatitis virus-
pseudotyped (VSV) retroviruses, infection of hematopoietic
cells, and transplantation into mice were done as described
(Thorsteinsdottir et al. 2002).

Flow cytometry

Flow cytometry analyses were performed using a LSRII cytom-
eter (Becton Dickinson). For intracellular antigens, cells were
first fixed with 3.7% paraformaldehyde and permeabilized with
0.25% Triton X-100. BMI1 and E4F1 were revealed using pri-
mary antibodies (monoclonal anti-Bmi1 antibody [Clone F6,
Upstate] and polyclonal rabbit anti-E4F1 antibody [provided by
R.J. Rooney], respectively) and secondary antibodies (goat anti-
mouse PE, goat anti-rabbit FITC).

Cell cycle and apoptosis analyses

Analysis of BrdU incorporation was performed using the BrdU
Flow Kit (PharMingen) in accordance with the manufacturer’s
instructions. Cell cycle analysis was performed after ethanol
fixation, RNase digestion, and propidium iodide staining using
BD ModFit LT software. Cultured cells from Bmi1−/− or Bmi1+/+

fetal livers were stained with FITC-annexin V (Becton Dickin-
son) and propidium iodide (50 µg/ mL) in accordance with the
manufacturer’s instructions, and analyzed by flow cytometry.

Senescence analyses

SA-�-galactosidase activity was determined using a SA-�-gal
staining kit from Cell Signaling Technology according to the
manufacturer’s instructions. Briefly, hematopoietic cells har-
vested from 7-d fetal liver cultures were seeded onto polylysine-
coated slides. Cells were fixed in 2% (v/v) formaldehyde and
0.2% glutaraldehyde, and then incubated in SA-�-gal staining
solution (1 mg/mL 5-bromo-4-chloro-3-indolyl �-D-galactosi-
dase; 40 mM citric acid at pH 6.0, 40 mM sodium phosphate at
pH 6.0, 5 mM potassium ferrocyanide, 5 mM potassium ferri-
cyanide, 150 mM sodium chloride, and 2 mM magnesium chlo-
ride) at 37°C for 10 h. Senescent cells were identified as blue-
stained cells by standard light microscopy, and a total of 500
cells were counted in five random fields on a slide to determine
the percentage of SA-�-gal-positive cells.
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