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ABSTRACT E2F-2 is a retinoblastoma (Rb)-regulated transcription factor induced
during terminal erythroid maturation. Cyclin E-mediated Rb hyperphosphoryla-
tion induces E2F transcriptional activator functions. We previously reported that
deregulated cyclin E activity causes defective terminal maturation of nucleated
erythroblasts in vivo. Here, we found that these defects are normalized by E2F-2 de-
letion; however, anemia in mice with deregulated cyclin E is not improved by E2F-2-
loss, which itself causes reduced peripheral red blood cell (RBC) counts without al-
tering relative abundances of erythroblast subpopulations. To determine how E2F-2
regulates RBC production, we comprehensively studied erythropoiesis using knock-
out mice and hematopoietic progenitors. We found that efficient stress erythropoie-
sis in vivo requires E2F-2, and we also identified an unappreciated role for E2F-2 in
erythroblast enucleation. In particular, E2F-2 deletion impairs nuclear condensation,
a morphological feature of maturing erythroblasts. Transcriptome profiling of E2F-2-
null, mature erythroblasts demonstrated widespread changes in gene expression.
Notably, we identified citron Rho-interacting kinase (CRIK), which has known func-
tions in mitosis and cytokinesis, as induced in erythroblasts in an E2F-2-dependent
manner, and we found that CRIK activity promotes efficient erythroblast enucleation
and nuclear condensation. Together, our data reveal novel, lineage-specific functions
for E2F-2 and suggest that some mitotic kinases have specialized roles supporting
enucleation of maturing erythroblasts.

KEYWORDS E2F, cell cycle, cell differentiation, enucleation, erythropoiesis, gene
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In maturing erythroid progenitors, control of cell cycle progression is intrinsically
linked to their morphological and functional maturation programs. For one, during

the transition from CFU-erythroid (CFU-E) progenitors to proerythroblasts, S-phase
progression is required for chromatin changes that promote the induction of differen-
tiation stage-specific genes (1). Erythroblasts exit the mitotic cell cycle before under-
going enucleation; this exit occurs concomitantly with the induction of cyclin-
dependent kinase (Cdk) inhibitors, including p21Cip1 and p27Kip1 (2–4). Loss of
retinoblastoma (Rb), the master regulator of G1-to-S-phase progression, results in
ineffective erythropoiesis in vivo (5–8). Upstream mitogen-stimulated pathway signal-
ing converges upon the G1 cyclin-Cdks, leading to Rb hyperphosphorylation and E2F
transcription factor activation (9–11). Deregulation of cyclin E-Cdk2 activity, caused by
disruption of the major pathway that controls ubiquitin-mediated destruction of cat-
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alytically active cyclin E, induces dyserythropoiesis associated with cell-autonomous
effects on survival and gene expression (12–14).

A number of studies have focused on understanding physiologic functions of both
Rb-regulated and Rb-independent E2F transcription factors in erythroid cells, and these
studies have focused primarily on their roles in regulating progenitor proliferation. Two
Rb-regulated E2F transcriptional activators, E2F-1 and E2F-2, cooperate in the genera-
tion of erythroid cell precursors in vivo (15). In terminally differentiated erythroid cells,
E2F-2 is directly regulated by Krüppel-like factor 1 (EKLF), a lineage-specific transcrip-
tion factor. EKLF loss results in aberrant S-phase entry due to E2f2 gene misregulation
(16, 17). Both E2F-2 and one of its binding partners, Dp-2, are induced during erythroid
differentiation, and Dp-2 loss results in macrocytic erythrocytes and accumulation of
terminally differentiating erythroid cells in S phase (18). Germ line deletion of another
E2F transcription factor, E2F-4, results in fetal anemia due to impaired expansion (19,
20). One of the Rb-independent E2F family members, E2F-8, collaborates with Rb to
restrain E2F-2 transcriptional activity during erythroid maturation and prevent DNA
damage, permitting normal red blood cell (RBC) production (7). Moreover, E2F-2 loss
alleviates erythroid differentiation defects seen with Rb loss alone or in combination
with deletion of E2f8 (7, 8).

Complete loss of E2F-2, the dominantly expressed Rb-regulated E2F in terminally
differentiated erythroblasts, causes anemia in mice (15); however, the mechanisms by
which E2F-2 controls RBC production are incompletely defined. Here, we show that
E2F-2 has key functions in both stress and steady-state erythropoiesis. During stress,
E2F-2 is required for normal S-phase progression and expansion of the splenic erythroid
compartment. By studying steady-state erythropoiesis, we found that E2F-2 regulates
enucleation of mature erythroblasts, and we further identified a role for E2F-2 in
promoting nuclear condensation in late-stage erythroblasts. RNA sequencing reveals
widespread defects in gene expression in primary, E2f2-null erythroblasts, indicating an
extensive E2F-2-dependent gene expression program during terminal maturation. One
gene demonstrating E2F-2-dependent induction in differentiated erythroid cells is Cit,
encoding citron Rho-interacting kinase (CRIK), a mitotic kinase whose activity we found
promotes nuclear condensation and enucleation in terminally differentiated erythroid
cells. Our results demonstrate a multifaceted role for E2F-2 during erythropoiesis and
illuminate important functions for E2F-2 in the control of erythroblast enucleation.

RESULTS
Bone marrow erythroid cell maturation defects associated with deregulated

cyclin E-Cdk2 activity are E2F-2 dependent. Previously, gene expression studies have
demonstrated that, of all E2F transcription factor genes, E2f2 is most significantly
induced in terminally differentiating cells of the definitive erythroid lineage (in bone
marrow and fetal liver) (7, 21). In agreement with these gene expression data, we found
that E2F-2 protein is significantly upregulated in primary bone marrow erythroid cells,
sorted based on CD44/Ter119/forward scatter (FSC) (22) to distinguish basophilic
erythroblasts (RII), polychromatic erythroblasts (RIII), and orthochromatic erythroblasts
(RIV) (Fig. 1A and C). We further compared protein expression of Rb-regulated E2F-1, -2,
-3, and -4 during in vitro erythroid differentiation of primary hematopoietic progenitors
obtained from wild-type fetal livers, an experimental system that is well suited for
studying terminal erythroid cell maturation (23). We found that only E2F-2 is induced
upon erythroid differentiation and that it remains elevated throughout maturation (Fig.
1B). These data are consistent with results from a prior study of E2F protein expression
assayed directly from sorted fetal liver erythroid cell subpopulations (8).

Rb hyperphosphorylation, mediated by cyclin E-Cdk2 complexes, promotes E2F-
dependent transcriptional activity (24, 25). We have previously reported the generation
of a cyclin ET74A T393A knock-in mouse model, in which the major ubiquitylation
pathway (controlled by SCFFbw7) for catalytically active cyclin E is disabled by mutations
in its Cdc4 phosphodegron motifs (12). In this model, hyperstable cyclin E results in
defective terminal erythroid maturation, with abnormal accumulation of basophilic
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erythroblasts, reduced numbers of orthochromatic erythroblasts and reticulocytes, and
anemia (12, 13). Because cyclin E knock-in erythroid cells exhibit hyperphosphorylated
Rb (13) and E2F-2 is the major E2F transcriptional activator expressed in late-stage bone
marrow erythroid cells, we hypothesized that E2F-2 deletion would revert the defective
maturation phenotypes found in cyclin E knock-in bone marrows. To test this, we
crossed cyclin ET74A T393A mice with E2F-2 knockout mice and studied erythroid
maturation in resulting animals. Consistent with our hypothesis, deletion of E2F-2 in the

FIG 1 Bone marrow erythroid cell maturation defects associated with deregulated cyclin E-Cdk2 activity are E2F-2 dependent. (A)
Ter119-positive bone marrow cells were sorted by expression of CD44 versus FSC (gating as shown in panel C) and collected for
immunoblot analysis; relative abundance of E2F-2 compared to loading control is indicated. (B) Hematopoietic progenitors obtained from
wild-type fetal livers were differentiated to the erythroid lineage in culture as shown (right panels). Left, cells were harvested at the
indicated time points and immunoblotted for E2F transcription factors, with �-actin shown as a loading control. Right, representative
micrographs (magnification, �100) of fetal liver progenitors (top) and cells obtained after 2 days in erythroid differentiation culture
(bottom), in which the dominant morphologies are mature, nucleated erythroid cells (E, orthochromatic erythroblast form) and enucleated
erythroid cells. p, pyrenocyte; M, mature myeloid cell (neutrophil). (C) Erythroid maturation was studied using Ter119� bone marrow cells
collected from age- and sex-matched mice of the indicated genotypes, and representative CD44/FSC plots are shown with the percentage
of cells in each subpopulation labeled. The frequency of proerythroblasts, gated based on CD44high Ter119dim, is shown as mean values
with corresponding standard deviations derived from 4 to 8 mice of each genotype. (D) Percentages of cells in each erythroid
subpopulation region (RII to RV) shown in panel C, representing averages from 4 to 8 mice per genotype. P values for cyclin ET74A T393A

versus E2F-2�/�; cyclin ET74A T393A comparison: RII, 0.26; RIII, 0.001; RIV, �0.0001. Comparisons between relative abundances of erythroid
subpopulations revealed no statistically significant differences between wild-type and E2F-2 knockout mice or between wild-type and
E2F-2�/�; cyclin ET74A T393A mice (P values for the latter comparison: RII, 0.56; RIII, 0.95; RIV, 0.69). (E) The indicated bone marrow erythroid
subpopulations from the specified genotypes were sorted as shown in panel C, and lysates were prepared and immunoblotted. Samples
were electrophoresed and blotted together using two gels and membranes imaged simultaneously. A representative immunoblot
demonstrating cyclin E protein expression and HDAC2 as a nucleoprotein used for normalization is shown from three separate
experiments, with relative abundance measurements indicated.
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setting of cyclin ET74A T393A expression restored the normal relative abundances of bone
marrow erythroblast subpopulations (Fig. 1C and D). Because expression of cyclin E
itself is positively regulated by E2F transcriptional activity (26), we considered the
possibility that cyclin ET74A T393A synthesis in E2F-2-null erythroblasts could be reduced
to the extent that the phosphodegron mutations exert a negligible impact upon cyclin
E abundance. We found that E2F-2-loss partially mitigates accumulation of the Fbw7-
resistent cyclin E protein; however, immunoblot assays of sorted erythroblast subpopu-
lations revealed a marked increase of cyclin ET74A T393A protein in both E2f2 wild-type
and null settings compared to wild-type cyclin E in control erythroblasts (Fig. 1E). In
summary, while the positive feedback loop connecting E2F and cyclin E-Cdk2 activities
may contribute to our observation of epistasis in the erythroid lineage with the cyclin
E knock-in, E2F-2 knockout crosses, our data indicate that E2F-2 is a key mediator of
phenotypes associated with deregulated cyclin E activity in terminally differentiated
erythroid cells.

Anemia associated with deregulated cyclin E-Cdk2 in vivo is not rescued by
E2F-2 deletion. Though E2F-2 deletion reverts deregulated cyclin E-associated eryth-
roblast maturation defects in bone marrow resolvable by immunophenotyping, com-
pound mutant mice remain anemic (Fig. 2A). E2F-2 knockout mice themselves are
known to be anemic (15), despite demonstrating immunophenotypically normal bone

FIG 2 RBC abnormalities associated with E2F-2 deletion in vivo. (A) Red cell parameters from peripheral blood of age- and sex-matched mice in the indicated
genotypes. Each symbol represents an individual mouse. ****, P � 0.0001; ***, P � 0.001; **, P � 0.01. (B) Peripheral blood from wild-type and E2F-2-null age-
and sex-matched mice was collected, stained with thiazole orange, and analyzed by flow cytometry. Data are shown as the percentage of reticulocytes and
are derived from 5 mice per genotype. Error bars represent standard deviations; P � 0.85. (C) RBCs were isolated from the peripheral blood of wild-type and
E2F-2-null mice, stained with CFSE, and injected into wild-type recipient animals. Peripheral blood was collected from recipient animals at the indicated time
points, and the frequency of labeled cells remaining was determined by flow cytometry. Half-lives were calculated using the slope of the trend line. The graph
shows results of a representative experiment using four animals of each genotype; the composite P value was calculated from 3 separate experiments.
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marrow erythroblast subpopulations (Fig. 1C), with reduced red blood cell counts,
larger mean cell volumes, and increased red cell distribution width (Fig. 2A). E2F-2-
knockout, cyclin ET74A T393A mice exhibited similar red blood cell (RBC) parameters (Fig.
2A). These data indicate that E2F-2 activity is required to maintain normal RBC counts,
irrespective of cyclin E-Cdk2 activity regulation.

E2F-2 knockout mice do not exhibit elevated peripheral blood reticulocytes, as
measured by thiazole orange staining (Fig. 2B), consistent with a primary production
defect rather than accelerated destruction associated with loss of E2F-2. We tested this
supposition further by performing carboxyfluorescein succinimidyl ester (CFSE) labeling
assays to measure the life span of circulating E2F-2 knockout RBCs. We found that E2F-2
knockout cells do not have a significantly altered life span compared to that of
wild-type controls (Fig. 2C). Our findings suggest that the reduction in peripheral RBCs
of E2F-2-null mice is not caused by accelerated destruction.

E2F-2 is required for efficient stress erythropoiesis. Comparison of absolute bone
marrow erythroid cell (Ter119-positive) numbers in wild-type versus E2F-2-null animals
at steady state revealed a significant reduction in the latter group (Fig. 3A). Notably,
early erythroid progenitors (CFU-E and erythroid burst-forming units [BFU-E]) appear to
be relatively insensitive to Rb/E2F pathway perturbations, with only modest changes in
erythroid colony-forming cells apparent in both Rb knockout and cyclin E knock-in mice
(5, 12). Moreover, loss of EKLF, which leads to near complete ablation of E2F-2
expression in the erythroid lineage, is not associated with significant depletion of CFU-E
or BFU-E (16). Therefore, E2F-2 may regulate homeostasis of bone marrow erythroid cell
numbers within the pool of more mature progenitors. We did not see evidence of
significantly increased cell death in bone marrow erythroblasts in E2F-2 knockout mice
(Fig. 3A, inset); thus, we considered the possibility that altered cell proliferation
accounts for the absolute decrease in bone marrow erythroid cell numbers in these
animals.

To more precisely understand the relationship of cell cycle dynamics to erythroid
cell production in wild-type versus E2F-2 knockout mice, we studied stress erythropoi-
esis. The spleen is the major source of RBCs during stress erythropoiesis (27, 28). To
compare stress erythropoiesis in wild-type and knockout mice, we exposed them to
phenylhydrazine (PHZ) to induce hemolysis. We harvested peripheral blood and
spleens at 7 and 11 days postinjection to study erythropoiesis during recovery from
hemolytic injury. During stress erythropoiesis, loss of E2F-2 does not result in any
obvious immunophenotypic differences in splenic terminal erythroid differentiation
relative to wild-type controls (Fig. 3B). Seven days following PHZ injection, both
wild-type and E2F-2 knockout mice demonstrate larger, more cellular spleens than
untreated animals; however, E2F-2-null spleens exhibit fewer total and erythroid cells
(Fig. 3C and D). After 11 days, E2F-2 knockout spleens still have lower total and Ter119�

cell counts than wild-type spleens.
After stress, as in steady state (Fig. 2A), E2F-2-null mice have lower peripheral RBC

counts than wild-type animals (Fig. 3E). In contrast to the case for steady-state eryth-
ropoiesis (Fig. 2B), E2F-2 knockout animals have significantly fewer reticulocytes in the
peripheral blood during stress erythropoiesis (Fig. 3F).

We next examined cell cycle distributions in wild-type and E2F-2-null, Ter119�

spleen cells. We found that E2F-2 knockout mice demonstrate increased numbers of
cells in S phase and decreased cells in G2/M phase following administration of PHZ (Fig.
3G to H). Moreover, with bromodeoxyuridine (BrdU) pulse-labeling of both PHZ-treated
and untreated mice and subsequent calculation of S-phase duration (15, 29), we found
significantly slower S-phase transit of E2F-2-null splenocytes both during stress eryth-
ropoiesis and at steady state. E2F transcription factors play well-defined roles in S-phase
entry and progression (24, 25). Our findings suggest that reduced S-phase transit rates
in erythroblasts due to E2F-2 loss impair homeostasis of erythroid cell populations.

E2F-2 regulates erythroid cell enucleation. Bone marrow immunophenotyping
alone cannot resolve the final stages of erythroid cell maturation, as the gating
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FIG 3 E2F-2 regulates cell cycle progression during stress erythropoiesis. (A) Bone marrow cells from wild-type and E2F-2-null mice were harvested,
manually counted, stained for Ter119� expression, and enumerated by flow cytometry. **, P � 0.01. Inset, Ter119� bone marrow cells were stained
with anti-annexin V and 7-AAD and analyzed by flow cytometry, and the average percentages of annexin V-positive, 7-AAD-negative cells are
displayed with corresponding standard deviations (n � 3 per genotype). (B) Age- and sex-matched wild-type and E2F-2 knockout animals were
administered PHZ and their spleens harvested at 7 or 11 days postinjection. Representative splenic erythroid cell maturation profiles are shown, with
the relative contributions of each cell subpopulation indicated. Total Ter119� splenocyte representations are listed with corresponding standard
deviations (n � 3 per genotype and time point). (C) Splenocytes from mice of the indicated genotypes and treatment time points were manually
counted. **, P � 0.01; *, P � 0.05; not significant (ns), P � 0.05. (D) Wild-type and E2F-2-null spleens were harvested as for panel B and stained for
Ter119 expression, and positive cells were enumerated by flow cytometry. **, P � 0.01; *, P � 0.05; ns, P � 0.05. (E) Peripheral blood from animals
treated as for panel A was collected and complete blood counts performed; RBC values are shown. ***, P � 0.001; **, P � 0.01. (F) Reticulocytes were
enumerated from peripheral blood collected as for panel D using thiazole orange staining. **, P � 0.01; *, P � 0.05 (using one-tailed t test). (G) Spleens
from animals treated as for panel B were harvested, and cells were stained for Ter119 expression then labeled with propidium iodide for DNA content
measurement to model cell cycle profiles. Shown are frequencies of cells in each cell cycle phase as an average from 3 animals. (H) Untreated animals
or those treated with PHZ as for panel B were administered BrdU and spleens harvested 2 h later. Cells were stained for Ter119 expression and 7-AAD
and BrdU incorporation and analyzed by flow cytometry. S-phase transit time was calculated as described previously (15, 29). Frequencies of BrdU�

cells and S-phase durations are indicated as an average from 3 mice per genotype, with corresponding P values indicated.
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strategies used to demarcate late-stage erythroblasts (population V) include a mix of
nucleated and enucleated forms (Fig. 4E). Thus, in the absence of abnormal erythroblast
maturation evidenced by immunophenotype or accelerated RBC destruction in E2f2-
null mice, we hypothesized that the reduced level of RBCs in these animals during
steady-state hematopoiesis is due to defective maturation beyond the orthochromatic
erythroblast stage. To test this, we isolated lineage-depleted bone marrow cells and
differentiated them to mature erythrocytes in culture to study enucleation. After 2 days,
E2F-2 knockout cells show severely impaired enucleation compared to that of wild-type
controls (Fig. 4A). Next, we used fetal liver-derived erythroid differentiation cultures (23)
and evaluated erythroid cell enucleation over a three-day time course. Similar to what
we observed in the bone marrow-derived cultures, after 2 days, E2F-2-null fetal
liver-derived cells displayed defective enucleation (Fig. 4B, D, and E), while cells of both
genotypes differentiated from Ter119 negative to Ter119 positive with similar kinetics
(Fig. 4C). After an additional 24 h in culture, E2F-2 knockout cell cultures accumulated
no further enucleated cells, consistent with the notion that enucleation in these cells is
not simply delayed (Fig. 4B). Together, our results indicate that E2F-2 is required for
normal erythroid cell enucleation.

FIG 4 E2F-2 regulates erythroblast enucleation. (A) Hematopoietic progenitors were harvested from wild-type and E2F-2 knockout bone marrow, differentiated
to the erythroid lineage in culture for 2 days, and stained with Hoechst 33342 and anti-Ter119 antibody. The plots shown are representative from an age- and
sex-matched pair, with gates outlining the enucleated cell population (Ter119� and Hoechst negative). (B) Hematopoietic progenitors were obtained from E14.5
wild-type and E2F-2 knockout fetal livers and differentiated in culture from 1 to 3 days, and enucleation was analyzed as for panel A. (C) Hematopoietic
progenitors (day 0) were directly stained for Ter119 expression following lineage depletion or following differentiation over the indicated time points. Shown
is the average frequency of Ter119� cells at each time point with corresponding standard deviations (n � 4 mice). (D) Percentage of enucleated cells in fetal
liver-derived erythroid cultures differentiated for 2 days, as described for panel B. Each symbol represents an individual experiment. ****, P � 0.0001. (E)
Micrographs (magnification, �40) of wild-type and E2F-2-null fetal liver erythroid cells, sorted based on CD44 versus FSC within the Ter119� population to
obtain RIV cells.
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Transcriptome profiling of E2F-2 knockout cells identifies widespread defects
in gene expression during terminal differentiation. To help define the mechanism
by which E2F-2 regulates erythroid cell enucleation, we first performed RNA sequencing
on both lineage-depleted fetal liver progenitors and late-stage (orthochromatic) eryth-
roblasts from wild-type and E2F-2 knockout cells. We verified that morphologically
comparable cells from both genotypes were used in this assay by direct visualization.
In undifferentiated progenitor cells, a limited number of genes change in expression
between the wild-type and knockout cells. In differentiated erythroblasts, expression of
relatively few genes is upregulated in knockout compared to wild-type cells, whereas
over 1,200 genes are downregulated, consistent with a role for E2F-2 acting as a
transcriptional activator during this stage of erythroid maturation (Fig. 5A). Taking the

FIG 5 E2F-2 regulates cell cycle- and chromosome organization-related genes but does not alter cell cycle kinetics in terminally maturing erythroid
subpopulations. (A) Hematopoietic progenitors were isolated from wild-type and E2F-2 knockout fetal livers (E14.5) and either harvested for RNA or
differentiated in culture. Orthochromatic erythroblasts were collected and RNA harvested for RNA sequencing. Differentially expressed genes between E2F-2
knockout and wild-type samples were defined as those with a log2 fold change of �1. (B) Functional annotation analysis of differentially expressed genes in
E2F-2 knockout erythroblasts was performed (NIH DAVID tool [30]), and shown are nonsynonymous, Gene Ontology (GO) biological process terms with a
Benjamini-Hochberg (FDR) score of �1.0E�6. (C) Wild-type and E2F-2 knockout bone marrow cells were harvested, stained for Ter119 and CD44 expression,
fixed, and labeled with propidium iodide for DNA content measurement for cell cycle profiles. Representative cell cycle profiles are shown for RII and RIII
subpopulations. Cell cycle distributions are listed with standard deviations from three age- and sex-matched mice per genotype. (D) Left, wild-type fetal
liver-derived progenitors were differentiated in culture to erythroid cells and treated with Cdk inhibitors (purvalanol A or roscovitine) during the final 14 h of
the differentiation time course. Cells were collected and assayed for enucleation as for Fig. 4. Representative plots are shown. Right, fetal liver-derived
progenitors were differentiated in culture for 1 day, and Cdk inhibitors were added and left for 14 h overnight. Cells were lysed, and histone kinase assays were
performed.
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findings together, we surmise that loss of E2F-2 does not result in widespread gene
expression changes in undifferentiated cells, perhaps because other E2F family mem-
bers are expressed at sufficient levels to compensate; however, in late-stage erythro-
blasts, loss of the dominant activator E2F results in profound misregulation of gene
expression.

We performed functional annotation analysis using the NIH DAVID tool (30) on
differentially expressed genes in E2F-2 knockout erythroblasts to identify major E2F-2-
regulated pathways in these cells. As expected, many genes involved in cell cycle
control, including well-known E2F targets such as Ccne1, were identified (Fig. 5B).
Accordingly, we examined the cell cycle in discrete bone marrow erythroid cell sub-
populations. In basophilic erythroblasts (RII), E2F-2 knockout cells show cell cycle
distributions similar to those of wild-type controls, and with further maturation to
polychromatic erythroblasts (RIII), both wild-type and knockout cells show comparable
G1 arrest profiles (Fig. 5C).

To assess whether E2F-2-regulated cyclin-Cdk complex activities might play a direct
role in promoting erythroid cell enucleation, we treated fetal liver-derived erythroid
cells with cyclin-dependent kinase (Cdk) inhibitors during the final 14 h of culture, when
the largest amount of enucleation occurs (31). We utilized purvalanol A to inhibit Cdk1
(Cdc2) and roscovitine to inhibit Cdk2; these kinases complex with cyclins expressed
significantly less (at the transcript level) in E2F-2 knockout erythroid cells, including
cyclins E1, A2, and B1 (see Table S1 in the supplemental material). The addition of these
Cdk inhibitors to fetal liver-derived cultures does not alter enucleation (Fig. 5D).
Together, our data suggest that E2F-2-dependent control of cell cycle progression or
downstream cyclin/Cdk activities is not critical for maturation of late-stage (basophilic
erythroblasts and beyond) bone marrow erythroid cells during steady-state hemato-
poiesis.

E2F-2 loss results in impaired nuclear condensation during erythroblast enu-
cleation. Erythroid cell enucleation is comprised of a number of distinct processes,
including nuclear condensation, contractile actin ring (CAR) formation, and nuclear
polarization. Having identified differential expression of genes involved in chromosome
organization, including a number of genes involved in chromatin condensation (Fig. 5B;
see Table S1 in the supplemental material), we first wanted to understand the conse-
quences of E2F-2 loss for nuclear condensation during terminal erythroid maturation.
We measured the nuclear area of DAPI (4=,6=-diamidino-2-phenylindole)-stained, differ-
entiated E2F-2-null and wild-type cells using confocal microscopy. Loss of E2F-2 results
in significantly larger nuclei than in wild-type controls (Fig. 6A), indicating that
E2F-2 regulates erythroblast nuclear condensation. To examine this phenomenon
over a greater number of cells, we used imaging flow cytometry to measure the
nuclear area of DRAQ5-labeled cells. Excluding nonerythroid, enucleating, or enu-
cleated cells, samples were gated on Ter119 and DRAQ5 double-positive cells with
a spherical aspect ratio to ensure comparison of morphologically similar cells. In
agreement with the confocal data, E2F-2 knockout erythroid cells have larger nuclei,
both in aggregate and with comparison of individual erythroblast subpopulations
(Fig. 6B).

Another process critical for erythroblast enucleation is CAR formation, which re-
quires actin and myosin to interface at the location in which the nucleus will be
expelled from the cell. Using confocal microscopy, we directly visualized and enumer-
ated CARs in fetal liver erythroblast cultures and found that E2F-2-depleted erythro-
blasts form these structures at a frequency similar to that for wild-type cells (Fig. 6C).

As an additional step toward nuclear extrusion and reticulocyte formation, the
erythroid cell nucleus polarizes to the eventual site of exclusion. Nuclear polarity can be
quantified using imaging flow cytometry by calculating the delta centroid value, which
measures the separation between the centers of corresponding bright-field and DRAQ5
images, such that a larger delta centroid value indicates a more polarized nucleus. As
a control for variation in nuclear area, we divided the delta centroid value by the radius
of the DRAQ5 image. With this analysis, we observed an obvious polarization as cells
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differentiated between 1 and 2 days in both wild-type and E2F-2-null erythroid
cultures, with the E2F-2 knockout exhibiting no defects in polarization (Fig. 6D).
Taken together, these data suggest that E2F-2 regulates nuclear condensation
during erythropoiesis, with defective condensation in E2F-2 knockout cells resulting
in impaired enucleation.

Cit, encoding citron Rho-interacting kinase, is a direct E2F-2 target that is
induced during erythroid differentiation. To determine the mechanism by which
E2F-2 regulates nuclear condensation and subsequent erythroid enucleation, we fo-
cused on genes deregulated in E2F-2 knockout differentiated erythroid cells that were
associated with chromosome organization (see Table S1 in the supplemental material).
We found that citron Rho-interacting kinase (CRIK), which plays an established role in
late mitosis and cytokinesis (32–36), is induced over the course of differentiation from
wild-type progenitors to orthochromatic erythroblasts. Notably, Cit gene expression
decreases in E2F-2 knockout erythroid cells (Fig. 7A). Moreover, using the fetal liver
culture system, we compared CRIK protein levels between progenitor and Ter119�

cells. In agreement with our RNA sequencing data, CRIK protein is induced during

FIG 6 E2F-2 regulates nuclear condensation during erythroid enucleation. (A) Fetal liver-derived progenitor cells from wild-type and
E2F-2-null mice were differentiated for 2 days in culture. Cells were placed on polylysine-coated coverslips by cytospins and stained with
DAPI. Confocal z-stack images were acquired, and the nuclear area was calculated from maximally projected images; each symbol
represents an individual nucleus. Approximately 400 nuclei per genotype were analyzed from at least two biological replicates (P � 0.0001
using the Mann-Whitney test). (B) Wild-type and E2F-2-null fetal liver-derived erythroid cells were fixed, stained with anti-Ter119 antibody
and DRAQ5, and analyzed using imaging flow cytometry. Left, representative histograms of DRAQ5 area measurements for each genotype;
at least 10,000 events were collected per experimental condition. Right, representative bright-field and DRAQ5 (red)/Ter119 (yellow)
images of wild-type and E2F-2-null erythroid cells within indicated erythroid subpopulations, gated using Ter119 and cell size as described
previously (37). Mean nuclear area measurements for each genotype are displayed on the right with corresponding P values. (C) Wild-type
and E2F-2 knockout fetal liver-derived erythroid cells were cultured, differentiated, fixed, and stained with Alexa Fluor-488-conjugated
phalloidin and DAPI. Cells were imaged, and actin ring formation was counted. Left, frequencies of cells with an actin ring are shown for
both genotypes; over 500 cells were counted per genotype from 4 separate experiments (P � 0.142). Right, representative images of actin
rings (arrowheads) in wild-type and E2F-2 knockout cells. (D) Wild-type and E2F-2-null fetal liver-derived erythroid cells were differentiated
for 1 or 2 days, fixed, and stained as for panel B. A minimum of 10,000 events per experimental condition were collected using imaging
flow cytometry. Delta centroid values were calculated and corrected for variations in nuclear size by dividing by the DRAQ5 radius. ****,
P � 0.0001.
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FIG 7 Cit expression is directly regulated by E2F-2 during erythroblast differentiation and controls nuclear condensation. (A) Calculated reads per kilobase per
transcript per million mapped reads (RPKM) from RNA sequencing (described for Fig. 5A) for Cit are shown; values represent averages from two biological
replicates, and error bars represent standard deviations. (B) Fetal liver-derived hematopoietic progenitors and differentiated, purified Ter119� cells of the
indicated genotypes were harvested and immunoblotted for CRIK. A representative Western blot is shown; HSC70 was used as a loading control. (C) E2F-2
chromatin immunoprecipitation was performed on wild-type fetal liver-derived erythroid cells. Real-time quantitative PCR was performed with primers 10 kb
upstream of Cit (negative control) and at Cit and Ccne1 promoters. Ccne1 is shown as a canonical E2F target for comparison (26). Values shown are averages
from 4 experiments with corresponding standard deviations. **, P � 0.01; *, P � 0.05. (D) �-Estradiol was added to G1-ER cells to induce differentiation over
24 h. Cells were removed during the course of differentiation, lysed, and immunoblotted for CRIK; HSC70 is shown as a loading control. Undifferentiated G1-ER
cells were retrovirally transduced with MigR1-Cit and immunoblotted in parallel for expression comparison. The splice mark indicates irrelevant samples from
the same gel. (E) G1-ER cells were retrovirally transduced with a control shRNA (shCtrl) or one of two hairpins designed to target E2f2. Cells were immunoblotted
for E2F-2 and CRIK expression, with �-actin shown as a loading control. Samples were run on a single gel. (F) G1-ER cells were transduced as described for panel
E, fixed, stained with anti-Ter119 antibody and DRAQ5, and analyzed using imaging flow cytometry (�10,000 events per sample). Cells were gated based on
GFP and DRAQ5 staining and spherical aspect ratio. Left, nuclear area was measured as the area of the Draq5 image as for Fig. 6 (****, P � 0.0001). Middle,
nuclear polarity was measured by imaging flow cytometry as for Fig. 6. One hairpin, shE2f2-B, showed a significant reduction in polarity (P � 0.0001). Right,
transduced G1-ER cells were imaged for actin ring formation as for Fig. 6. Actin rings were enumerated in at least 150 cells per sample; no significant differences
were found between shCtrl and shE2f2 samples. (G) G1-ER cells were retrovirally transduced with shCtrl or one of two hairpins targeting Cit. Cells were harvested
for RNA, and quantitative reverse transcription-PCR was performed. Left, inset, Cit mRNA expression values relative to Rn18s. Left, nuclear area (P � 0.0001).
Middle, nuclear polarity; no-shCit samples showed a significant reduction in polarization. Right, actin rings were enumerated; no significant differences were
observed.
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wild-type erythroid differentiation, while differentiated E2F-2-null cells exhibit reduced
CRIK expression (Fig. 7B). To determine if Cit is a direct transcriptional target of E2F-2,
we performed E2F-2 chromatin immunoprecipitation and quantitative PCR (ChIP -qPCR)
in primary differentiated fetal liver-derived erythroid cells. Increased enrichment of
E2F-2 at the Cit promoter, compared to IgG, indicates that E2F-2 directly regulates Cit
gene expression in differentiated erythroid cells (Fig. 7C). CRIK interacts with Rac
GTPases, which are known to regulate erythroid cell enucleation (31, 37). A different
Rho/Rac-regulated kinase, mDia2, is also described as being required for efficient
enucleation (31). Thus, we hypothesized that E2F-2-dependent induction of Cit expres-
sion promotes erythroid enucleation.

Cit expression and CRIK activity regulate erythroblast nuclear condensation
and enucleation. In G1E-ER4 (G1-ER) cells, an embryonic stem cell-derived Gata1-null

hematopoietic progenitor line that expresses the GATA-1–ER fusion protein, we were
able to attain stable partial knockdown of Cit using short hairpin RNA (shRNA) (Fig. 7G).
Although differentiating G1-ER cells demonstrate significant overlap in gene expression
with primary erythroblasts (38–40), these cells do not undergo efficient enucleation.
However, G1-ER cells undergo nuclear condensation and polarization and form CARs
during differentiation. We first determined that CRIK expression is induced during
G1-ER cell differentiation (Fig. 7D) and that CRIK expression is partially sensitive to E2F-2
levels, using shRNA targeting E2f2 (Fig. 7E). We then quantified the nuclear area in
G1-ER cells expressing Cit or E2f2 shRNA and found that upon knockdown of either, the
nuclear area increased compared to that of control hairpin-expressing cells (Fig. 7F and
G). In contrast, neither Cit nor E2f2 knockdown consistently affected nuclear polariza-
tion or CAR formation (Fig. 7F and G).

We next assayed phosphorylation of myosin regulatory light chain 2 (pMLC2), a
known CRIK kinase substrate (41), in primary E2F-2-null erythroblasts and found that
this is significantly reduced compared to that in wild-type cells, providing evidence of
reduced CRIK enzymatic activity in the absence of E2F-2 (Fig. 8A). We then used
pharmacologic inhibitors to assess the consequences of inhibiting CRIK activity for
erythroid cell enucleation in wild-type fetal liver-derived erythroblasts. Because there
are no known CRIK-specific inhibitors, we used two kinase inhibitors, A-674563 and
RAF265, which inhibit AKT and RAF, respectively, and share CRIK alone as a common
target, both at micromolar concentrations (42). We treated fetal liver cultures with each
inhibitor during the final 14 h of maturation to study their effect at a time when
erythroid cells had stopped proliferating. Treatment of wild-type fetal liver cells with
both A-674563 and RAF265 resulted in impaired enucleation (Fig. 8B). We confirmed
that A-674563 and RAF265 both inhibited MLC2 phosphorylation (Fig. 8C). To
further demonstrate specificity of the prior kinase inhibitor experiments for CRIK
inhibition, we also treated cells with MK-2206, an AKT-specific inhibitor (43, 44).
Treatment with this inhibitor elicits an effect on neither nuclear area nor MLC2
phosphorylation (Fig. 8C and D).

Consistent with our hypothesis that CRIK is a downstream mediator of E2F-2-
dependent control of erythroid cell enucleation, we also found that addition of either
kinase inhibitor to wild-type erythroblasts resulted in a significant nuclear condensation
defect, with accumulation of cells with larger nuclei as measured by imaging flow
cytometry. In contrast, only A-674563 treatment partially impaired erythroblast
nuclear polarization (Fig. 8D). Finally, to demonstrate functional significance of
E2F-2-dependent CRIK regulation during erythroblast enucleation, we studied enucle-
ation of wild-type and E2F-2-null erythroblasts following enforced expression of full-
length Cit cDNA (Fig. 7D). In these assays, we observed partial but significant improve-
ment of enucleation with Cit overexpression in knockout cells, while wild-type cells
were unaffected (Fig. 8E). In toto, our experiments support the conclusion that CRIK
activity is a critical downstream mediator of E2F-2-dependent control of erythroblast
enucleation.
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DISCUSSION

E2F-2 is a ubiquitously expressed transcription factor with canonical functions in the
promotion of cell cycle progression following its release from Rb-imposed negative
regulation (24, 25). Consistent with a role for E2F-2 as a critical mediator of Rb pathway
control during terminal erythroid maturation, we found that E2F-2 deletion rescues

FIG 8 CRIK activity regulates erythroblast condensation and enucleation. (A) Wild-type and E2F-2�/� fetal liver-derived Ter119� erythroid cells were
immunoblotted for total myosin regulatory light chain 2 (MLC2) and phospho-T18/S19 MLC2 (pMLC2). Shown is a representative blot; pMLC2 abundance was
quantified in ImageJ relative to total MLC2 levels, with normalized values indicated. (B) Wild-type fetal liver-derived cells were differentiated for 2 days in culture.
Kinase inhibitors (A-674563 and RAF265; concentrations are listed in Materials and Methods) were added during the final 14 h of culture. Enucleation was
assayed as for Fig. 4. (C) Wild-type fetal liver-derived erythroid cells were treated with kinase inhibitors and an AKT-specific inhibitor (MK-2206) for panel B. Cells
were immunoblotted for total and phospho-MLC2 expression. Representative blots are shown, with the splice mark indicating removal of lanes containing cell
lysates treated with lower concentrations of MK-2206. Bottom, immunoblots were quantified as for panel A; error bars represent standard deviations. ***, P �
0.001; *, P � 0.05; there was a nonsignificant difference in pMLC2 abundance with MK-2206. (D) Wild-type fetal liver-derived erythroid cells were treated as
described for panel B. Cells were fixed, stained with anti-Ter119 antibody and DRAQ5, and analyzed using imaging flow cytometry. Nuclear area was measured
by the area of the DRAQ5 stain. ****, P � 0.0001; ns, P � 0.05. Nuclear polarity was measured as for Fig. 6. ****, P � 0.0001; ns, P � 0.05. (E) Wild-type and
E2F-2�/� fetal liver-derived hematopoietic progenitors were transduced with empty vector (MigR1) or MigR1-Cit. Cells expressing MigR1-Cit exhibited
approximately 2-fold overexpression of Cit, measured by quantitative reverse transcription-PCR. Transduced cells were differentiated for 2 days, and enucleation
was measured within the GFP� population. E2F-2�/� cells showed a significant increase in enucleation compared to MigR1 controls (*, P � 0.03 [three separate
experiments]); a significant difference was not observed for Cit-expressing wild-type cells compared to MigR1.
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deregulated cyclin E-Cdk2-associated erythroid maturation defects in vivo as evidenced
by relative frequencies of bone marrow basophilic to orthochromatic erythroblasts (Fig.
1D). However, E2F-2 knockout, cyclin ET74A T393A mice remain anemic, underscoring the
requirement for basal E2F-2 activity during late-stage erythropoiesis. Based on our
analysis of stress erythropoiesis in wild-type and E2F-2 knockout mice, we find that
E2F-2 regulates cell cycle progression in splenic erythroid cells and thus is required for
efficient red cell production (Fig. 3). Our detailed study of steady-state erythropoiesis
demonstrates that loss of E2F-2 impairs enucleation (Fig. 4A). Although a prior study of
fetal erythropoiesis that examined embryonic day 13.5 (E13.5) peripheral erythroid cells
did not describe an enucleation phenotype in E2F-2 knockout embryos (8), we note
that the circulating erythroid cells were not distinguished on the basis of their ultimate
cell of origin. Indeed, circulating RBCs at this developmental stage are a mixture of
primitive yolk sac-derived and definitive aorta-gonad-mesonephros (AGM)-derived cells
(45). In contrast, the assays of erythroid cell enucleation we employ, similar to those
used by many other groups (31, 46–48), utilize bone marrow- and fetal liver-derived
hematopoietic progenitors, both of which are definitive AGM-derived cells. Importantly,
in both sets of assays (Fig. 4A and B), we found that E2F-2 loss significantly impairs
enucleation.

By dissecting enucleation into discrete components, we identified a previously
unrecognized function for E2F-2 in the promotion of nuclear condensation (Fig. 6).
Using RNA sequencing to compare the transcriptomes of E2F-2 knockout and wild-type
progenitors and differentiated erythroblasts, we found E2F-2-dependent erythroid
induction of CRIK, a mitotic kinase known to interact with Rho family GTPases, which
are linked to the control of enucleation (31, 37). In mitotic cells, CRIK regulates astral
microtubule length and spindle orientation (36), and during cytokinesis, CRIK colocal-
izes with RhoA and mediates contractile function at the cleavage furrow (32, 33, 35).
Previous studies of erythroid enucleation describe a critical role for Rac GTPases in
organizing CAR formation and lipid raft clusters between the pyrenocyte and incipient
reticulocyte (37). One known target of CRIK activity is MLC2, and interestingly, myosin
colocalizes to the CAR during erythroid enucleation (37). However, we did not observe
a difference in CAR formation in E2F-2 knockout erythroid cells (Fig. 6C) or with Cit or
E2f2 knockdown (Fig. 7F and G). As CRIK is partially inhibited in all of these experimental
contexts, these data are consistent with the concept that CAR function during erythroid
enucleation may be more sensitive to modulation of CRIK activity levels than CAR
formation per se. Alternatively, we speculate that during erythroid cell enucleation, CRIK
may utilize a distinct set of interacting proteins (49) to properly maintain nuclear
condensation, enabling efficient enucleation. In future studies, in vivo imaging of
endogenous CRIK localization and identification of its binding partners in enucleating
erythroid cells will aid our understanding of mechanisms by which CRIK regulates
nuclear condensation.

Our findings implicate E2F-2 in regulating the expression of mitotic kinases that are
adapted to perform specialized functions in nuclear condensation and enucleation. This
particular role for E2F-2 may explain why it is expressed at high levels during late-stage
erythroid maturation (Fig. 1). Moreover, our results provide context for interpreting
recent studies demonstrating that EKLF-dependent expression of cyclin/Cdk-inhibitory
proteins (CDKIs) is required for efficient erythroblast enucleation (4), as CDKIs are likely
to be critical inhibitors of cell cycle reentry in terminally differentiated cells that retain
E2F transcriptional activity. A systems-based view of the molecular processes underly-
ing enucleation will enable further understanding of the extent to which mitotic
regulatory mechanisms are repurposed to promote this key component of terminal
erythroid maturation.

MATERIALS AND METHODS
Mice. Generation of the Ccne1T74A T393A (cyclin ET74A T393A or cyclin E knock-in) and E2f2 knockout mice

was previously described (9, 12). E2F-2 knockout, cyclin ET74A T393A mice were generated by crossing
homozygous mice in C57BL/6 backgrounds. Phenylhydrazine (PHZ) (Sigma-Aldrich) was administered by
intraperitoneal (i.p.) injection at a dose of 90 mg/kg. Bromodeoxyuridine (BrdU) (BD Biosciences) was
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administered i.p. (150 �l of a 10-mg/ml sterile stock solution). The Northwestern University and Medical
College of Wisconsin IACUCs approved all mouse studies. All mice were genotyped by PCR as described
in published protocols.

Cell culture. E14.5 fetal livers were harvested from wild-type and E2F-2 knockout dams and
differentiated into erythroid cells as previously described with minor modifications (23). Briefly, fetal liver
cells were lineage depleted using a customized EasySep mouse hematopoietic progenitor enrichment kit
with a custom antibody cocktail (CD5, CD19, CD45R, Gr1, Ter119, 7-4, and CD8; StemCell Technologies).
Next, cells were cultured overnight in Iscove modified Dulbecco medium (IMDM) (Life Technologies)
supplemented with 15% fetal bovine serum (FBS), 10�4 M �-mercaptoethanol, 100 U/ml penicillin-
streptomycin, 2 mM L-glutamine, CHO-KL conditioned medium (1:200), and 10 ng/ml murine recombi-
nant interleukin-3 (IL-3) (Peprotech). Following expansion, cells were split into fibronectin (BD
Biosciences)-coated plates and differentiated for 48 h in IMDM supplemented with 15% FBS, 1% bovine
serum albumin (BSA), 10 �g/ml insulin, 200 �g/ml holotransferrin, 10�4 M �-mercaptoethanol, 100 U/ml
penicillin-streptomycin, 2 mM glutamine, and 2 U/ml erythropoietin (Amgen). Pharmacologic inhibitors
were added to culture media for the final 14 h of differentiation at the following concentrations:
roscovitine (Sigma-Aldrich), 20 ��; purvalanol A (Sigma-Aldrich), 15 ��; A-674563 (Selleck Chemical), 20
��; RAF265 (Selleck Chemical), 50 ��; and MK-2206 (Selleck Chemical), 10 ��. Bone marrow cells were
harvested from adult mouse bilateral femurs and tibiae and cultured as described above.

G1E-ER4 (G1-ER) cells were cultured in IMDM supplemented with 15% FBS, 2% penicillin-streptomycin,
1:100,000 monothioglycerol (Sigma-Aldrich), 2 U/ml erythropoietin, and CHO-KL conditioned medium (1:200).
To differentiate, 10�7 M �-estradiol was added to culture media for 48 h. Retroviral supernatants were
prepared by transfecting Phoenix cells (G. Nolan, Stanford) using calcium phosphate precipitation. G1-ER cells
were spinoculated with retroviral supernatants for 90 min at room temperature (RT).

Plasmids and antibodies. Antibodies used for flow cytometry were allophycocyanin (APC)- or APC
Cy7-conjugated CD44 (IM7) and phycoerythrin (PE)-, fluorescein isothiocyanate (FITC)-, or APC-
conjugated Ter119, all purchased from BD Biosciences. Antibodies used in immunoblots and chromatin
immunoprecipitations were purchased as follows: anti-E2F-1 (KH95), E2F-2 (C-20), E2F-3 (C-18), E2F-4
(C-20), HSC70 (B-6), Cdk1 (Cdc2) (p34), and Cdk2 (M2), all purchased from Santa Cruz Biotechnology;
Thr18/Ser19-phosphorylated myosin regulatory light chain 2 (pMLC2) and total MLC2 (D18E2), purchased
from Cell Signaling Technology; beta-actin (AC-15; Sigma-Aldrich); CRIK (Proteintech); affinity-purified
polyclonal anti-cyclin E (provided by Bruce Clurman, Fred Hutchinson Cancer Research Center, Seattle,
WA); and anti-HDAC2 (3F3; Upstate). Whole-cell lysates were prepared in Nonidet P-40 buffer (0.5%
Nonidet P-40 substitute, 10 mM Tris [pH 7.4], 0.15 M NaCl), with 10 mg/ml each of aprotinin, leupeptin,
and pepstatin A, 50 mM sodium fluoride, and 1 mM sodium vanadate. Protein concentrations were
quantified using the Bradford protein assay (Bio-Rad), and normalized lysates were electrophoresed and
transferred to nitrocellulose membranes. Lysates were immunoprecipitated for Cdk1 and Cdk2, and
kinase assays were performed as previously described (14). Short hairpin RNAs were designed to target
Cit or E2f2 using the GenScript siRNA design tool and subcloned into the Banshee-green fluorescent
protein (GFP) vector for expression under the control of the H1 promoter. Cit full-length cDNA was
cloned from caudal mouse embryo tissues (E14.5) using LongAmp Taq DNA polymerase (New England
BioLabs) and stably expressed in hematopoietic progenitors using the MigR1 retroviral vector.

Hematopoietic cell analyses. Bone marrow and spleens were harvested from age- and sex-matched
mice and resuspended in phosphate-buffered saline (PBS) with 2% FBS prior to immunophenotyping. For
Western blot analysis of highly defined erythroid subpopulations, bone marrow cells were stained for
surface marker expression and sorted using a FACS Aria cell sorter (BD Bioscience). Complete blood
counts were obtained using peripheral blood collected from tail veins on a Scil Vet ABC hematology
analyzer (Scil Animal Care Company). Peripheral blood was stained with thiazole orange (0.1 �g/ml) to
enumerate reticulocytes.

Erythrocyte life span determination was performed as previously described (13). RBCs from wild-type
or E2F-2-null mice were collected from peripheral blood obtained by cardiac puncture immediately after
euthanization. RBCs were labeled with 10 �M carboxyfluorescein succinimidyl ester (CFSE) (Life Tech-
nologies) for 30 min at 37°C, washed, and resuspended in sterile PBS. Wild-type recipient mice received
1 � 109 labeled cells via retro-orbital injection. Peripheral blood was collected from tail veins at various
time points and analyzed by flow cytometry.

Flow cytometry. For cell cycle studies, bone marrow or spleen cells were antibody stained, fixed in
2% formaldehyde in PBS for 10 min at RT, and stained with propidium iodide solution containing 10
�g/ml propidium iodide and 10 U/ml RNase A (Sigma-Aldrich). For BrdU labeling studies, spleens were
harvested from PHZ-treated or untreated mice 2 h after BrdU injection, and incorporation was detected
using the BrdU Flow kit (BD Biosciences). S-phase transit time was calculated based upon relative
movement of BrdU-positive cells and mean fluorescence intensities of G1 and G2 populations, deter-
mined by 7-aminoactinomycin D (7-AAD) signal (15, 29). To measure enucleation, fetal liver or bone
marrow cultures were stained with anti-Ter119 antibody and Hoechst 33342 (Life Technologies) for 15
min at RT in the dark. Annexin V staining utilized anti-annexin V antibody and associated detection
reagents (BD Bioscience). All flow cytometry was performed on an LSRII flow cytometer (BD Bioscience)
and analyzed using FlowJo (Tree Star). Cell cycle profiles were modeled using ModFit LT (Verity).

For imaging flow cytometry, 2 � 106 cells were stained with Ter119-PE (1:100; fetal liver cells only)
for 30 min at 4°C. Next, cells were fixed with 4% formaldehyde in PBS for 20 min at RT and washed with
PBS plus 2% FBS. Cells were resuspended in 100 �l of PBS with 2% FBS containing 5 �� DRAQ5
(eBioscience) and analyzed on an ImageStream X Mark II (Amnis). Analysis was performed using IDEAS
(Amnis/Millipore). Samples were gated on Ter119 and DRAQ5 double positives. Cells were also gated on
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bright-field gradient root mean squared (to select images that were in focus) and spherical erythroblasts
as measured by an aspect ratio close to 1. Nuclear size was measured by area of the DRAQ5 image.
Nuclear polarity was quantified by measuring the delta centroid between bright-field and DRAQ5 images
and dividing by the radius of the corresponding DRAQ5 image.

Immunofluorescence. Differentiated fetal liver cells (105) were resuspended in PBS plus 2% FBS and
cytospun to poly-L-lysine (Sigma)-coated coverslips at 350 rpm for 5 min (Shandon CytoSpin III). Adherent
erythrocytes were fixed in 4% formaldehyde in PBS for 20 min and washed in PBS containing 0.1 M
glycine (rinsing buffer). Cells were permeabilized in PBS containing 0.25% Triton X-100 (Sigma) for 5 min
and rinsed twice before blocking in 1% BSA in PBS overnight at 4°C. Coverslips were stained in blocking
solution for F-actin with Alexa Fluor 488-conjugated phalloidin (0.25 U/slide; Life Technologies) for 1 h.
After being washed thrice with PBS, cells were incubated for 5 min at RT in PBS with 1 mg/ml DAPI
(Sigma) and washed. Coverslips were mounted using Vectashield antifade (Vector Laboratories) or
ProLong Gold antifade (Life Technologies) mounting medium. Imaging was performed with an Olympus
Fv1000 MPE multiphoton laser scanning microscope with a 60� water immersion objective lens (1.20
numerical aperture) and Olympus FluoView acquisition software. For actin ring counting, phalloidin and
DAPI images were acquired with 2� digital zoom at a rate of 20 �s/pixel. Images were later adjusted for
brightness and contrast with Fiji image analysis software (50), and actin ring formation was quantified.

To quantify nuclear area for condensation analysis, z-stack DAPI images of greater than 20 slices (0.51
�m/slice) were acquired at a rate of 12.5 �s/pixel. Using Fiji, each stack was maximally projected and
converted to an 8-bit image for further processing. We applied a threshold using the Huang dark
algorithm (51). Following a conversion to binary, we performed watershed segmentation (52) to identify
individual nuclei, which were measured for area using the Analyze Particles function. We queried each
identified particle to the original DAPI-stained maximal projection to exclude any region of nonsingular
nuclear identity from our analysis.

RNA sequencing. Fetal liver-derived progenitors (undifferentiated) were collected in TRIzol (Thermo
Fisher Scientific) after lineage depletion as described above. Differentiated fetal liver cells were antibody
stained, sorted on a FACS Aria cell sorter (BD Biosciences) to collect orthochromatic erythroblasts
(Ter119- and CD41-positive, FSC-middle population), and collected in TRIzol. Total RNA was extracted
from TRIzol and quantified using a Qubit fluorometer (Thermo Fisher Scientific). RNA was sent to BGI
(Hong Kong) for library preparation, RNA sequencing on an Ion Torrent (Thermo Fischer Scientific) with
at least 20 million reads per sample, and standard bioinformatics analysis. Differentially expressed genes
were identified based on filtering those with a log2 fold change of �1.0 and a read per kilobase per
transcript per million mapped reads (RPKM) cutoff value of 1 in at least one sample between E2F-2-null
and wild-type samples.

ChIP. Following differentiation, 2 � 107 cells were fixed for 10 min at room temperature with 1%
formaldehyde, and cross-linking was quenched with 125 mM glycine for 5 min. Cell pellets were
resuspended in shearing buffer (50 mM Tris [pH 8.0], 0.5% SDS, 10 mM EDTA) and lysed for 10 min on
ice. Lysates were sonicated in a Bioruptor sonicator (Diagenode) for 6 cycles of 30 s on/off for optimal
shearing. Debris was pelleted, and chromatin-containing supernatants were diluted with 9 volumes of
dilution buffer (0.005% SDS, 0.1% Triton X-100, 1.2 mM EDTA, 1.67 mM Tris [pH 8.0], 167 mM NaCl) and
immunoprecipitated with E2F-2 antibody or rabbit IgG (Santa Cruz) overnight. Sheep anti-rabbit Dyna-
beads (Life Technologies) were washed and precleared overnight with PBS containing 0.5% BSA.
Precleared beads were added to the immunoprecipitated lysates and left for 4 h. Beads were washed
with shearing buffer, low-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris [pH 8.0],
150 mM NaCl), LiCl wash buffer (250 mM LiCl, 0.5% NP-40, 0.5% sodium deoxycholate, 1 mM EDTA, 10
mM Tris [pH 8.0]), and TE (10 mM Tris [pH 8.0], 1 mM EDTA) and magnetically isolated. Beads were
resuspended in SDS elution buffer (1% SDS, 10 mM EDTA, 50 mM Tris [pH 8.0]) and incubated at 65°C
overnight to reverse cross-links and elute proteins. Next, samples were treated with RNase A and 20 mg/ml
proteinase K, and DNA was isolated. Quantitative real-time PCR was performed on a QuantStudio 6 instru-
ment (Life Technologies) using SYBR green (Life Technologies). Oligonucleotide sequences are available upon
request. Data are expressed as fold enrichment of E2F-2 pulldown over IgG relative to input controls.

Statistical analysis. All statistical analysis was performed using Prism (GraphPad). P values were
calculated using Student’s unpaired t test, except in the cases of nuclear area and nuclear polarity. For
these calculations, data did not follow a normal distribution; thus, the Mann-Whitney test was used to
calculate significance.

Accession number. RNA sequencing data are accessible at NCBI Gene Expression Omnibus under
accession number GSE87127.
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