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Regulation of the cell cycle is intimately linked to erythroid differentiation, yet how these processes are
coupled is not well understood. To gain insight into this coordinate regulation, we examined the role that the
retinoblastoma protein (Rb), a central regulator of the cell cycle, plays in erythropoiesis. We found that Rb
serves a cell-intrinsic role and its absence causes ineffective erythropoiesis, with a differentiation block at the
transition from early to late erythroblasts. Unexpectedly, in addition to a failure to properly exit the cell cycle,
mitochondrial biogenesis fails to be up-regulated concomitantly, contributing to this differentiation block. The

link between erythropoiesis and mitochondrial function was validated by inhibition of mitochondrial
biogenesis. Erythropoiesis in the absence of Rb resembles the human myelodysplastic syndromes, where
defects in cell cycle regulation and mitochondrial function frequently occur. Our work demonstrates how
these seemingly disparate pathways play a role in coordinately regulating cellular differentiation.
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The process of erythroid differentiation is intimately
coupled with control of the cell cycle. The earliest com-
mitted progenitor of the erythroid lineage is the burst-
forming unit (BFU-E), which has a slow rate of prolifera-
tion (Gregory and Eaves 1977, 1978). BFU-Es then ma-
ture into the colony-forming unit erythroid (CFU-E)
cells, and in the process undergo a rapid rise in prolifera-
tion. A series of three to five cell divisions ensues and
further maturation occurs through the proerythroblast,
basophilic erythroblast, and polychromatophilic erythro-
blast stages. Subsequently, cell cycle exit and post-mi-
totic maturation through the orthochromatophilic
erythroblast stage occurs. Enucleation gives rise to re-
ticulocytes, which then loose remaining organelles to
become mature erythrocytes that enter the circulation.

While erythroid cell cycle regulation has been exten-
sively studied at a descriptive level, many aspects of the
molecular control of this process are not well under-
stood. Studies in cell lines have suggested a role for ery-
throid transcription factors, such as GATA-1, in modu-
lating the Gl-phase arrest that occurs during erythroid
maturation (Rylski et al. 2003). However, in vivo studies
on the role of cell cycle regulators in erythropoiesis have
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been limited and are difficult to interpret in light of both
cell-type-intrinsic and -extrinsic roles that these genes
may have in erythropoiesis (Fero et al. 1996; Ciemerych
et al. 2002). Insights into the molecular control of the
erythroid cell cycle will further an understanding of how
differentiation within this hematopoietic lineage pro-
ceeds. Furthermore, modulation of the erythroid cell
cycle with S-phase inhibitors is utilized clinically in at-
tempts to increase fetal hemoglobin levels in patients
with hemoglobinopathies (Letvin et al. 1985; Stamatoy-
annopoulos 2005). Knowledge pertaining to how the cell
cycle is coupled to erythroid cell maturation may lead to
more efficacious therapies for sickle cell anemia and B-
thalassemia.

The retinoblastoma protein (Rb) is a central regulator
of the G1-to-S-phase transition of the cell cycle (Classon
and Harlow 2002). Rb is one member of the pocket pro-
tein family of cell cycle regulators that also include p107
and p130. Rb is phosphorylated by activated cyclin-de-
pendent kinases (CDKs), and the resulting hyperphos-
phorylated form is incapable of binding to its interaction
partners, promoting cell cycle progression. The best
characterized among these interaction partners are the
E2F family of transcription factors that are bound by hy-
pophosphorylated Rb. This interaction represses E2F tar-
get genes that are necessary for cell cycle progression.

The role of Rb in erythropoiesis has been the subject of
controversy for >15 years. Rb-null mice die at approxi-
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mately E14.5 with several developmental defects, in-
cluding a failure of erythroid cell maturation, causing an
anemia proposed to be the likely cause of death (Clarke
et al. 1992; Jacks et al. 1992; Lee et al. 1992). Subsequent
work showed that in the context of chimeric mice, Rb-
null cells contribute to mature erythrocytes, suggesting
that the red cell defects in the original knockout mice
were non-cell-autonomous (Maandag et al. 1994; Wil-
liams et al. 1994). This conclusion received additional
support from the finding that many embryonic defects
could be explained by a placental defect that occurs in
the absence of Rb with an accompanying deficiency in
fetal-maternal nutrient exchange (Wu et al. 2003; Wen-
zel et al. 2007). Transplantation of fetal liver (FL) ery-
throid progenitors demonstrated, however, that erythro-
poiesis is not entirely normal in the absence of Rb (Hu et
al. 1997), but the interpretation of this finding is com-
plicated by possible defects in hematopoietic cells result-
ing from impaired placental nutrient exchange. In sum,
prior work has not clarified the intrinsic role, if any, of
Rb in erythropoiesis.

Additional efforts to resolve these issues have yielded
conflicting results. It was hypothesized that Rb might
have a cell-type-intrinsic, but non-cell-autonomous role
in erythropoiesis (Whyatt and Grosveld 2002), as appears
to be the case in mice that overexpress the GATA-1 pro-
tein (Whyatt et al. 2000). Studies using chimeric and
transplant models suggested that Rb plays a role in stress
erythropoiesis, but the gene appeared to be dispensable
for homeostatic erythropoiesis (Spike et al. 2004). Using
in vitro culture approaches, one group proposed that Rb
serves an intrinsic role in erythroid maturation (Clark et
al. 2004), while other investigators suggested that Rb is
dispensible in erythroid cells, but necessary in macro-
phages for the formation of an intact erythroid island in
vitro (lavarone et al. 2004). To date, no direct experi-
ments have been performed to assess an intrinsic role for
Rb in erythropoiesis in vivo.

Here, we utilize conditional gene inactivation to de-
lete RD specifically in the erythroid lineage, as well as in
other hematopoietic compartments. We demonstrate
that Rb has a cell-type-intrinsic and cell-autonomous
role in erythropoiesis. Rb loss in the erythroid compart-
ment leads to a stable anemia that is attributable to in-
effective erythropoiesis. Notably, the mild anemia of the
mice results from a large degree of in vivo compensation
for this ineffective erythropoiesis. Specifically, Rb is nec-
essary for terminal maturation of erythroblasts that oc-
curs concomitantly with cell cycle exit. We demonstrate
that the intrinsic role for Rb in erythropoiesis is medi-
ated by coupling the process of mitochondrial biogenesis
with cell cycle exit during erythropoiesis. Our findings
provide an in vivo demonstration of how cellular differ-
entiation may be efficiently controlled through the co-
ordinate regulation of mitochondrial biogenesis with cel-
lular proliferation. Additionally, this work gives new in-
sight into how ineffective erythropoiesis can occur in
human diseases like the myelodysplastic syndromes
(MDS) and suggests new therapeutic strategies for these
conditions.
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Results

Loss of Rb in the erythroid compartment results
in a moderate anemia

The Rb gene was deleted specifically in the erythroid
compartment by interbreeding pRbf/! mice (Sage et al.
2003) with erythropoietin receptor GFPcre knock-in
(EpoR-GFPcre) heterozygous mice (Heinrich et al. 2004).
The EpoR-GFPcre allele has been shown previously to
direct quantitative excision of floxed alleles in the ery-
throid lineage both during development of the embryo
and in the adult (Heinrich et al. 2004; Dumitriu et al.
2006; Maetens et al. 2007). Analysis of RNA and DNA
from sorted early erythroblasts (CD71%8%/Ter-119Mish
bone marrow [BM] cells) demonstrated efficient excision
of the floxed Rb allele (Fig. 1A; Supplemental Fig. S1).
The expression of the other pocket proteins, p107 and
p130, was not appreciably changed. Therefore, increased
expression of these proteins does not occur as a compen-
satory step in response to loss of Rb.

Animals lacking Rb in the erythroid compartment
were born with expected Mendelian ratios and did not
display visible developmental abnormalities. Peripheral
blood (PB) from control (EpoR-GFPcre/+; pRb/*, herein
pRbA/*) and pRb*/2 animals was examined at multiple
times. The pRb*/* animals had occasional Howell-Jolly
bodies (nuclear remnants) present in most high-power
fields, which were not found in the control animals (Fig.
1B, arrows). This indicates that there may have been ei-
ther impaired splenic function or a more rapid terminal
maturation of erythroid cells. Moderate and stable ane-
mia persisted in adult pRb*/2 animals (Fig. 1C). Of note,
the anemia was normocytic and normochromic, as as-
sessed by blood smears and red cell indices (e.g., MCV:
pRbA*53.8 = 1.13 fL, pRb*/2 55.6 + 0.64 fL; 8 wk of life).
Furthermore, peripheral counts of other lineages were
normal, indicating that the defect was restricted to the
erythroid lineage.

Since prior work posited that macrophages in ery-
throid islands may require Rb function to support nor-
mal erythropoiesis (Iavarone et al. 2004), we deleted Rb
in the myeloid lineage (macrophages and granulocytes)
using Lysozyme-M-Cre, as has been described previously
(Clausen et al. 1999; Walkley et al. 2007). In early adult-
hood, no anemia was noted, but with age, an exceedingly
mild anemia appeared (Fig. 1D). These findings suggest
that there either may be an additional age-dependent ex-
trinsic role for Rb in erythropoiesis, or stochastic exci-
sion eventually occurs in earlier hematopoietic progeni-
tors, resulting in Rb-null erythroid cells, as has been de-
scribed previously (Ye et al. 2003). In support of the latter
idea, we found excision of Rb in erythroid progenitors
from some aged Lys-M-Cre; RD fl/fl mice (Supplemental
Fig. S2). We then combined myeloid and erythroid exci-
sion of Rb (using both Lys-M-Cre and EpoR-GFPcre) and
found that there was a similar degree of anemia as was
found in the EpoR-GFPcre mutant alone (Fig. 1E). Fi-
nally, complete excision of Rb in all hematopoietic lin-
eages using the interferon-inducible Mx1-Cre (Kuhn et
al. 1995; Walkley et al. 2007) revealed that somatic ex-
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Figure 1. Deletion of Rb in the erythroid compartment causes a stable anemia. (A) gRT-PCR of RNA from sorted CD71%#"/Ter-
119Mgh BM cells from EpoR-GFPcre/+; pRbf/* (pRb*/*), and EpoR-GFPcre/+; pRb/f! (pRb*/4) 8- to 12-wk-old animals (n = 3). (**)
P < 0.01. (B) Representative PB smears viewed at 600x magnification. Howell-Jolly bodies are seen in adult pRb*/* mice (arrows). (C-E)
RBC counts in EpoR-GFPcre/+ animals (C), LysM-Cre animals (D), and EpoR-GFPcre and LysM-Cre animals (E) at multiple time points
during life. (*) P < 0.05; (**) P < 0.01. (F) RBC counts in Mx1-Cre adult animals following somatic deletion. (*) P < 0.05; (**) P < 0.01.
(G,H) Reticulocyte percentages (G) and serum erythropoietin levels (H) in EpoR-GFPcre/+ animals (n = 4).

cision in the adult resulted in a similar degree of anemia
(Fig. 1F) as with excision confined to the erythroid lin-
eage. Therefore, these data indicate that Rb has a cell-
intrinsic requirement in erythropoiesis.

We further explored the nature of the anemia that was
present in erythroid pRb*/* animals, noting a 1.7-fold
increase in the percentage of circulating reticulocytes,
which is consistent with a partial physiologic attempt to
compensate for the anemia (Fig. 1G). Erythropoietin lev-
els were approximately twofold elevated in the pRb*/*
versus control animals (Fig. 1H), indicating that a sec-
ondary response to the anemia was present in these ani-
mals and that the compensation is adequate to maintain
a stable red cell count throughout life. To evaluate
whether the anemia may in part be due to increased red
cell destruction, we measured the life span of red blood
cells (RBCs) in the circulation by labeling these cells
with N-hydroxysuccinimide-biotin, and found that the
RBC life span was completely preserved in the pRb*/4
mice (Supplemental Fig. S3). Therefore, these data are
consistent with a cell-intrinsic failure in maturation in
the course of erythropoiesis.

Late-stage ineffective erythropoiesis occurs
upon deletion of Rb

Given the inability of the Rb-null mice to compensate
given their degree of anemia, we then examined hema-
topoiesis in the BM. We first noted that the cellularity of
the BM in pRb*/% and pRb*/* mice was similar (Supple-
mental Fig. S4A). Phenotypic assessment by FACS analy-
sis revealed a 1.7-fold increase in the absolute numbers
of early erythroblasts (CD71%®/Ter-119%8%) in the BM,
but near normal numbers of late erythroblasts (CD71°%/
Ter-119%8%) (Fig. 2A). The post-mitotic transition be-
tween polychromatophilic erythroblasts and orthochro-
matophilic erythroblasts takes place around the transi-
tion point between the CD71"8" and CD71!°¥ fractions
of Ter-119%&" cells (Socolovsky et al. 2001; Zhang et al.
2003). Thus, it appears that a relative block in effective
maturation of erythroblasts at this transition is imposed
by loss of Rb. Concomitant with the observed expansion
of early erythroblasts in the BM, a slight secondary de-
crease in BM progenitors of the other major lineages was
found (Fig. 2B). Histological sections of the marrow con-
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Figure 2. Erythroid-specific deletion of Rb causes ineffective erythropoiesis in the BM. (A) FACS profile and mean numbers of early
(CD71hieh /Ter-119M8h) and late (CD71'°%/Ter-119"8%) erythroblasts in the BM of EpoR-GFPcre/+ animals (1 = 5). (B) Percentages of
major lineages in the BM as assessed using phenotypic surface markers (n = 5). (*) P < 0.05; (**) P < 0.01. (C) Representative histo-
logical sections of the BM stained with hemotoxylin and eosin (H&E) viewed at 400x magnification.

firmed the increase in the number of visually identifiable
early erythroblasts present (Fig. 2C). Comparison of early
erythroid progenitors using methycellulose colony as-
says did not reveal differences in progenitor numbers.
The frequency of both BFU-E and megakaryocyte-ery-
throid (MegE) colonies were similar between the pRb*/4
and pRb** mice (Supplemental Fig. S4B). Furthermore,
CFU-E numbers were comparable in the presence or ab-
sence of Rb (Supplemental Fig. S4C). We also examined
the number of earlier progenitors (CFU-GEMM) and
failed to note differences in Rb-null mice compared with
controls (data not shown).

The spleens of the Rb-null mice were considerably en-
larged. Spleen weights, as well as total cellularity, were
both significantly increased (Fig. 3A,B). Single-cell sus-
pensions prepared from the spleens were markedly dif-
ferent from controls. A greater degree of hemoglobiniza-
tion was evident in the single-cell suspensions prepared
from the pRb*/2 mice (Fig. 3C). This observation indi-
cated that extensive extramedullary erythropoiesis oc-
curs in the spleens of Rb-null animals. Phenotypic analy-
sis revealed a 60-fold increase in the number of early
erythroblasts (CD71%8%/Ter-119"8") present in the
spleen (Fig. 3D). The numbers of more mature post-mi-
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totic erythroid precursors (CD71°%/Ter-119%%) was
also increased by threefold (Fig. 3D). It is important to
note that the relative increase in the early erythroblast
fraction in the spleens of the pRb*/* mice is not nearly
accounted for by the smaller increase in terminal eryth-
roblasts. The frequency of BFU-E colonies in the spleen
was slightly reduced (1.7-fold) in the pRb*/* mice com-
pared with littermate controls (Supplemental Fig. S4D);
however, when the 2.5-fold increase in cellularity is
taken into account, this indicates that the number of
BFU-E colonies per spleen is slightly increased. In the
case of the CFU-E colonies from the spleen, a threefold
expansion in the frequency of colonies was observed
(Supplemental Fig. S4E). When the increase in cellularity
is also accounted for, it appears that the expansion in
erythroblasts in the spleen of the Rb-null mice occurs by
increased proliferation at and subsequent to the CFU-E
stage. Examination of histological sections of the spleen
was consistent with this interpretation and revealed a
dramatic expansion of erythroblasts in the red pulp of
the spleens of pRb*2 mice, with preservation of the
white pulp architecture (Fig. 3E).

The data from the spleen and BM of the pRb*/* mice is
consistent with a phenotype of extensive ineffective



The role of Rb in erythropoiesis

pRbA/A

pRbA/+

Cells (x106) P

3001 p =0.0008 600 p =0.003
5 250 & 500
E =
= 200 5‘400
B 1501 300
= =
% 1004 8 200
i =
2 50 $ 100
Q
0 wv
pRbA/+ pRbA/A pRbA/+ pRbA/A
i prAH
| ‘ prA/A
. pRbAM
] | pRbA/A
~
o]
O
Ter-119
E

erythropoiesis. An additional histological correlate of
this finding was seen as splenic siderosis found only in
sections of pRb*% mice, but not in pRb*/* littermate
controls (Supplemental Fig. S5). The pRb*/* mice also
had a reduced response to hemolytic anemia induced by
phenylhydrazine (Supplemental Fig. S6), supporting the
presence of ineffective erythropoiesis. The Rb-null ery-
throid cells have features of ineffective erythropoiesis
that closely resemble the refractory anemia seen in the
context of the MDS (Nathan et al. 2003).

Rb plays a cell-autonomous role in erythropoiesis

Our data demonstrate that Rb plays an intrinsic role in
the erythroid lineage. However, it has been proposed that
this intrinsic role may be mediated through cell-nonau-
tonomous functions, such as paracrine signaling (Whyatt
and Grosveld 2002). To examine this possibility, we per-
formed a series of transplantation experiments using BM
from pRb*/* mice and heterozygous littermate controls.
Lethally irradiated congenic recipients (CD45.1) were
transplanted with 2 x 10° BM cells from pRb*/* mice or
heterozygous littermate controls on a C57Bl/6 back-
ground. The recipients of pRb%* BM consistently
showed anemia throughout the course of the transplants
(Fig. 4A). The anemia occurred with ~88% reconstitu-
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Figure 3. Extensive extramedullary
erythropoiesis in the spleen along with in-
effective erythropoiesis from erythroid
loss of Rb. (A,B) Spleen weights (A) and
cellularities (B) from EpoR-GFPcre/+ ani-
mals (n = 5). (C) Representative single-cell
suspensions from the spleens. (D) FACS
profile and mean numbers of early
(CD71M8h/Ter-119M8) and late (CD71%v/
Ter-119%8") erythroblasts in the BM of
EpoR-GFPcre/+ animals (n = 5). (E) H&E-
stained sections of the spleen viewed at
200x magnification.

tion from donor cells at 4 mo post-transplantation (Fig.
4A). This observation indicates that wild-type host he-
matopoietic reconstitution is insufficient to rescue the
erythropoietic defect in the absence of Rb.

To investigate these findings further, transplantation
assays were performed in the presence of congenic com-
petitor BM (CD45.1/45.2+). We used 10° competitor BM
cells mixed with an equal number of pRb*/* or litter-
mate control BM cells. Wild-type erythroid cells would
rescue a putative cell-intrinsic nonautonomous defect if
present, in accord with prior hypotheses (Whyatt and
Grosveld 2002). The competitive transplants with
pRb*/2 cells achieved 62% chimerism of the experimen-
tal donor once long-term hematopoiesis was established
at 4 mo post-transplantation (Fig. 4B). Interestingly, the
anemia was found to be very similar to what is seen at
the same time point in the noncompetitive transplanta-
tions. This result demonstrates that the defect in the
absence of Rb is cell autonomous in nature. Further-
more, the observation that the degree of anemia in the
competitive transplantation setting was similar to the
noncompetitive setting suggests that the Rb-null ery-
throid progenitors are able to outcompete similar wild-
type progenitors in the context of the microenvironment
in which they develop. Alternatively, though less likely,
a negative paracrine regulator may be produced by the
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Figure 4. Transplantation experiments demonstrate the cell-type-intrinsic and cell-autonomous role of Rb in erythropoiesis. (A,B)
Noncompetitive transplants (A) and 1:1 competitive transplants (B) showing the percentage chimerism from the experimental donor
marrow, RBC counts, and hematocrit in the PB of recipients over time (n = 5 per group). (*) P <0.05; (**) P < 0.01.

mutant erythroid cells that blocks maturation of wild-
type erythroid progenitors.

Erythroid loss of Rb causes defects in cell cycle exit
and mitochondrial biogenesis

We next investigated whether the CD71"8"/Ter-119hish
progenitors that accumulate in the marrow and spleen of
the mice in the absence of Rb showed increased rates of
proliferation. Adult mice were injected with bromode-
oxyuridine (BrdU) for 1 h to assess the cell cycle kinetics
of these cells. Interestingly, we found that this popula-
tion did not demonstrate increased rates of proliferation
in the BM (Fig. 5A,B). We obtained similar results when
the same population of BM cells was stained with the
cell cycle dye Hoescht 33342 (data not shown). We did
observe an increased population of proliferating cells in
the spleens of the pRb*/* mice labeled with BrdU (Fig.
5C), but this is likely due to the onset of extramedullary
erythropoiesis. Indeed, the rates of proliferation in these
splenic erythroblasts are comparable with what is seen
in the erythropoietically active BM. Previously, it has
been observed that Rb-null erythroid cells appear to
show increased proliferation in vitro as a result of defec-
tive cell cycle exit (Clark et al. 2004). Our observations
of the in vivo behavior of these cells are distinct and are
addressed in more detail below.

We performed gene expression profiling to gain a glob-
al perspective on transcriptional alterations in the ab-
sence of Rb. We focused our analysis on the CD71h8h/
Ter-119"8" fraction of early erythroblasts that accumu-
lates in the mutant animals. Cells were isolated using
flow cytometry and RNA was obtained for expression
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profiling. Since we suspected that there may be subtle,
yet important alterations in a variety of pathways that
contribute to ineffective erythropoiesis, we used Gene
Set Enrichment Analysis (GSEA) to examine >1500 a
priori defined gene sets for those that might be deregu-
lated (Mootha et al. 2003; Subramanian et al. 2005).
GSEA assesses whether a set of genes involved in a par-
ticular biological pathway, or that show common regu-
lation, are significantly enriched in one of two different
phenotypes. In our analysis, we compared whether these
gene sets were either up- or down-regulated in Rb-null
early erythroblasts compared with stage-matched con-
trol populations. We noted that a variety of gene sets
were up-regulated in the Rb-null cells, which contained
numerous S-phase genes that are normally repressed dur-
ing cell cycle exit (Fig. 6A-C). Indeed, one of the most
significantly up-regulated gene sets (Fig. 6A) was experi-
mentally derived by analyzing the subset of genes that
increases upon serum stimulation of fibroblasts to enter
S phase, which also vary in synchronously dividing cells
(Chang et al. 2004). Additionally, many of these up-regu-
lated genes are known or predicted targets of E2F tran-
scription factors (Fig. 6B,C; Vernell et al. 2003), suggest-
ing that the loss of Rb removes the normal repression of
these genes in erythroid precursors, and therefore leads
to an inability to properly undergo cell cycle exit.

We then examined other aberrantly regulated gene sets
with the intent of better understanding the mechanisms
that couple cell cycle exit to differentiation during eryth-
ropoiesis. Suprisingly, the most significantly down-regu-
lated gene sets all encompassed components of the mi-
tochondrial electron transport and oxidative phosphory-
lation (OXPHOS) pathways (Fig. 6D-F; Supplemental



= B 7
E 51.92+/-1.18% 2 60
. U
> U 50
A B 49
Al+ 9
pRb % 30
: =
S - I
8 &l 3 10
TTEE— 0
Ter-119 DNA-7AAD c Gl
= 70
52.07 +/-0.94 % = 60
E [7)
U 50
pRbA/A g 40
2 30
S 20
- i g
> 0
Ter-119 DNA-7AAD Gl

Fig. S7). The regulation of these mitochondrial gene sets
has been observed previously in other unrelated studies,
where modulation of these gene sets and the mitochon-
drial biogenic program are consistently correlated with
activity of the PPARYy coactivator (PGC) family of tran-
scriptional coactivators (Mootha et al. 2003; Cui et al.
2006; Lagouge et al. 2006). We validated the results from
our microarray studies using quantitative RT-PCR
(QRT-PCR|) of independent RNA samples from similar
sorted populations and found that the expression of rep-
resentative OXPHOS genes tested was reduced in Rb-
deficient erythroid cells (Supplemental Fig. S8).

Erythroid maturation requires coupling of cell cycle
exit and mitochondrial biogenesis

Since a global down-regulation of the mitochondrial bio-
genic program was seen in the early erythroblasts, we
asked whether mitochondrial respiratory function was
down-regulated in these cells. MitoTracker dye was used
to measure mitochondrial function at the cellular level
(Nisoli et al. 2003). We found a significant reduction of
25% in the cellular respiratory function of viable
CD71"&h/Ter-119%8" BM cells from pRb*/* mice com-
pared with controls (Fig. 6G). This result indicates that
respiratory function was compromised in the early
erythroblasts of these mice. Furthermore, we failed to
detect an increase in Annexin V staining over controls,
suggesting that the phenotype of the mice is not due to a
primary apoptotic mechanism (Fig. 6H). High levels of
Annexin V staining in the same cell population have
been seen in the absence of the survival transcription
factor Stat5 (Socolovsky et al. 2001). It should be noted
that while there might be an increase in the basal level of
apoptosis, it would be difficult to detect in the presence
of high reticuloendothelial function in the marrow.
Nonetheless, our findings suggest that the absence of Rb
is not directly leading to ineffective erythropoiesis via an
apoptotic pathway. Using erythroid progenitors from the
FLs of germline Rb-null mice, others have suggested that
the defects in these cells may be attributable to the pres-
ence of high levels of reactive oxygen species (ROS)
(Spike and Macleod 2005). Using the dye 5,6-carboxy-
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m pRbAH+
@ pRbA/A

G2 Figure 5. Rb-null erythroid progenitors do not

show increased rates of proliferation. (A) Repre-
o sentative FACS profiles and mean numbers of
@ pROAA CD71b%8h/Ter-119%8" BM erythroblasts in S

phase, labeled in vivo with BrdU and stained

with 7-AAD. (B,C) Cell cycle distribution sum-
[ . mary of CD71"8"/Ter-119"8" fraction of cells
G2/M from the BM (B) and the spleen (C) (n = 3).

methyl-2’,7'-dichlorofluorescein  diacetate (CM-H,-
DCFDA), we failed to detect increased amounts of ROS
in the viable fraction of CD71"8"/Ter-119"#" BM cells
(Fig. 6I). In addition, we isolated DNA from sorted
CD71%8%/Ter-119"8" BM cells and quantified mtDNA,
which serves as another indicator of mitochondrial bio-
genesis (Lagouge et al. 2006). We found that the mtDNA
levels were reduced by almost 60% in the pRb*/* mice
(Fig. 6]J). Taken together, this suggests that the ineffec-
tive erythropoiesis observed in the absence of Rb is due
in part to a primary defect in mitochondrial biogenesis
and not to a secondary defect in a pathway that may
affect mitochondrial function.

A variety of observations in humans and experimental
model organisms have suggested that primary defects in
mitochondrial biogenesis result in ineffective erythro-
poiesis of a similar nature to what we observe in pRb/»
mice (Firkin 1972; Rotig et al. 1990; Inoue et al. 2000,
2007; Trifunovic et al. 2004; Craven et al. 2005). For
example, a specific deletion in mtDNA that causes a
reduction in mitochondrial biogenesis, thereby reducing
ATP levels in the marrow, results in ineffective erythro-
poiesis in transplant recipients (Inoue et al. 2000, 2007),
which closely resembles the partial differentiation block
that we describe here. To ascertain whether mitochon-
drial biogenesis is indeed necessary for terminal ery-
throid differentiation, we used chloramphenicol to spe-
cifically inhibit mitochondrial biogenesis using a cellu-
lar model of late-stage erythropoiesis, the G1E-ER cell
line (Welch et al. 2004). At low doses, chloramphenicol
is a potent inhibitor of translation by the mitochondrial
ribosome and therefore blocks mitochondrial biogenesis.
We found that a low dose of chloramphenicol blocks
GATA-1-mediated erythroid differentiation of this cell
line (Fig. 6K) and chloramphenicol reduced the respira-
tory function of these cells by 34% in an undifferentiated
state (Fig. 6L) with minimal effects on the growth rate of
the cells.

In order to gain a better understanding of the molecu-
lar basis for this down-regulation of mitochondrial bio-
genesis, expression profiling was performed for key regu-
lators of this pathway. We found that the mitochondrial
transcription factors, NRF1 and NRF2, were up-regu-

GENES & DEVELOPMENT 469



Sankaran et al.

lated (Fig. 7A). Prior work has demonstrated that both chondrial biogenesis (Uldry et al. 2006). It has recently

genes play a role in cell cycle progression (Cam et al. been shown that Cdk4 is capable of phosphorylating
2004; Yang et al. 2007) and this up-regulation is likely to NRF1 and inhibiting its mitochondrial biogenic activity
reflect this alternative role. Analysis of the PGC family (Wang et al. 2006). Additional post-translational modifi-
of coactivators revealed that while expression of PRC cations of this type are also likely to contribute to the
was unchanged, PGC-18 expression was significantly de- reduction in mitochondrial biogenesis that is seen con-
creased (Fig. 7B). This finding is likely to at least partially comitantly with defective cell cycle exit. In support of
explain the phenotype that we observe, as PGC-18 has this hypothesis, we found that levels of the ubiquitin
been shown to play a critical role in mediating mito- ligase Skp2 were elevated (Fig. 7C), consistent with the
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Figure 6. Rb-null erythroid progenitors display defective cell cycle exit and concomitantly fail to up-regulate the mitochondrial
biogenesic program. (A-C) GSEA profiles from microarray data demonstrating up-regulation of S-phase genes (Chang et al. 2004) in
early BM erythroblasts from pRb*/2 mice (A), as well as up-regulation of experimental (B) (Vernell et al. 2003) and predicted E2F(C)
targets. (D-F) Down-regulation of genes involved in the electron transport chain (D) and OXPHOS pathways (E,F). (G-I) Mean
MitoTracker fluorescence intensity (G), Annexin V positivity (H), and mean CM-H,-DCFDA fluorescence intensity (I) in the
CD71Meh/Ter-119M#"/7-AAD" fraction of BM cells (n = 5 per group). (/) Quantification of mtDNA levels in sorted CD71"8"/Ter-
119hish /7. AAD" BM erythroblasts. (K) Percentage of benzidine-positive cells after 48 h of B-estradiol induction of G1E-ER cells, in the
presence of 20 pg/mL chloramphenicol (CAM) or vehicle control. Picture of single-cell suspensions at 60 h of induction is shown at
the top of the panel. (L) Mean MitoTracker fluorescence in undifferentiated G1E-ER cells in the presence of 20 pg/mL CAM or vehicle
control (n = 3).
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Cdk-inhibitor p27 consequently undergoing proteosomal
degradation and thereby allowing Cdk4 to remain active
in the Rb-null early erythroblasts. In order to validate the
involvement of these pathways for induction of mito-
chondrial biogenesis during erythropoiesis, we reduced
expression of PGC-1B in G1E-ER cells by introduction of
a previously characterized siRNA (Uldry et al. 2006). We
found that these cells did not differentiate as effectively
as cells transfected with scrambled siRNA controls (Fig.
7D; Supplemental Fig. S9), consistent with our interpre-
tation that the global down-regulation in mitochondrial
biogenesis seen in pRb*/2 mice may be attributable to
decreased activity through the PGC transcriptional axis
(Kelly and Scarpulla 2004; Handschin and Spiegelman
2006).

Together, these findings suggest a model for how cell
cycle regulation mediated through the Rb/E2F pathway
may be linked to control of mitochondrial biogenesis
during erythropoiesis (Fig. 7E). All of the molecular
changes that are observed in the pRb*/* mice are entirely
consistent with and can be explained through this

Skp2 &
Other S-Phase
Genes

_Mitochondrial

/_I_BiogenegS

mitochondrial transcription factors (A) and compo-
nents of the PGC transcriptional axis (B) (n = 3). (C)
Relative expression (QRT-PCR|) of the ubiquitin li-
gase Skp2 (n = 3). (D) Percentage of benzidine-posi-
tive cells after 60 h of B-estradiol induction of G1E-
ER cells stably infected with retrovirus containing a
PGC-1B siRNA or a scrambled control. Picture of
single-cell suspensions at 60 h of induction is shown
at the top of the panel. (E) A model for integration of
the Rb-E2F pathway with control of mitochondrial
biogenesis through the PGC transcriptional axis.
This model is based on the data presented in this
study, as well as previously characterized pathways
(Classon and Harlow 2002; Kelly and Scarpulla 2004;
Bieda et al. 2006; Wang et al. 2006; Yang et al. 2007).

model. For example, as a result of Rb deletion, the model
predicts that S-phase genes, including Skp2, are up-regu-
lated, and that leads to increased Cdk4/6 activity. Con-
comitantly, it is predicted that mitochondrial gene tran-
scription will be down-regulated, resulting from inhibi-
tion of the PGC transcriptional axis. As the components
involved in this model are found in a variety of other cell
types, our findings may apply more generally and also
prove relevant to prior observations in other cell types,
such as fibroblasts and mammary epithelium (Sakamaki
et al. 2006; Wang et al. 2006). Future studies to extend
this model will help to elucidate further molecular links
by which cell cycle regulators can have global effects on
cellular differentiation.

Discussion

We sought to understand the role that Rb plays in eryth-
ropoiesis using lineage-specific deletion in the erythroid
and other hematopoietic compartments. Prior studies
addressing the role of Rb in erythropoiesis have led to
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conflicting observations and interpretations. The in vivo
studies we describe using conditional inactivation of Rb
in the erythroid lineage avoid confounding experimental
problems and provide novel insights into how Rb loss
adversely affects this lineage. We found that Rb plays an
intrinsic and cell-autonomous role in erythropoiesis.
Unexpectedly, we found that this intrinsic role of Rb in
promoting cell cycle exit during late-stage erythropoiesis
is coupled to differentiation through mitochondrial bio-
genesis.

The role of Rb in erythropoiesis

Germline Rb knockout mice are embryonic lethal at
around E14.5 and display marked defects in erythropoi-
esis, as well as in neurogenesis (Clarke et al. 1992; Jacks
et al. 1992; Lee et al. 1992). Subsequent work showed
that these early defects could be largely rescued by the
presence of a wild-type placenta (Wu et al. 2003; Wenzel
et al. 2007). A major question posed by this work was
how a defect in fetal-maternal nutrient exchange might
adversely affect particular organ systems, while allowing
for relatively normal development of various other cell
types. Our findings begin to explain these results. We
found that the absence of Rb causes ineffective erythro-
poiesis, which appears to be due in part to a defect in
mitochondrial biogenesis. A cell type, such as the eryth-
roblast, that is already metabolically challenged (from
defective mitochondrial biogenesis) is likely to be more
adversely affected in the face of compromised nutrient
exchange that would result from the Rb-null placenta.
It was hypothesized that the defect in erythropoiesis of
Rb-null cells might also be explained by a cell-type-in-
trinsic but non-cell-autonomous defect, such as through
a paracrine effector of erythropoiesis (Whyatt and Gros-
veld 2002). The results of our competitive transplants
demonstrate that is not likely to be the case, as even in
the presence of high levels of hematopoietic chimerism
by wild-type BM, the anemia resulting from pRb*/* cells
occurs to a similar extent as is seen in the noncompeti-
tive setting. Other work has suggested that Rb may play
a role in promoting erythropoiesis in the context of
stress erythropoiesis and that Rb promotes erythroid dif-
ferentiation by promoting enucleation and limiting the
production of ROS (Spike et al. 2004; Spike and Macleod
2005). Our findings are distinct from these results, since
we show that Rb does indeed play a role in normal eryth-
ropoiesis and enucleation defects are not observed in the
pRb*/2 mice. Furthermore, we did not detect increased
levels of ROS in Rb-null erythroid progenitors. It should
be noted that the increased levels of ROS have only been
seen in the erythroid cells from the FL of germline Rb-
null animals (Spike and Macleod 2005) and may repre-
sent the consequence of multiple extrinsic defects.
Studies using ex vivo cell cultures have suggested that
Rb may be necessary or dispensible for normal erythro-
poiesis. One group found that Rb-null FL cells continued
to proliferate in a liquid culture system and failed to
undergo proper differentiation, as compared with wild-
type FL cells (Clark et al. 2004). Work using respiratory
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chain-deficient cells has demonstrated that metaboli-
cally compromised cells can survive in in vitro condi-
tions due to a high level of nutrients, including pyruvate
and uridine, that allow the requirement for OXPHOS to
be bypassed (King and Attardi 1989). It is likely that in
the nutrient-permissive conditions used in the FL cell
culture experiments, Rb-null erythroid progenitors that
failed to differentiate were able to survive, in contrast to
what occurs in vivo (Clark et al. 2004). Other workers
used a coculture system that is meant to recapitulate the
formation of an erythroid island, involving a supporting
macrophage nursing differentiating erythroid progeni-
tors (lavarone et al. 2004). Under these conditions, Rb
activity appeared to be necessary in macrophages, but
dispensible in erythroid progenitors, for proper forma-
tion of an in vitro erythroid island. Our results contrast
with this finding, since animals lacking Rb in macro-
phages appear to have normal erythropoiesis, with only a
slight anemia occurring with age in the animals. It is
likely that Rb-null macrophages may behave differently
than their wild-type counterparts in the context of the
culture conditions used to create ex vivo erythroid is-
lands (Iavarone et al. 2004), but this does not appear to be
physiologically relevant. Furthermore, intrinsic defects
that can cause ineffective erythropoiesis in vivo may not
be detectable in this coculture system.

Cell cycle regulation, mitochondrial biogenesis,
and differentiation

The role of cell cycle regulation in erythropoiesis has
been carefully studied at a descriptive level. However,
the molecular control of this process in vivo and the
mechanisms by which this is coupled to differentiation
are largely unknown. Our results point to a previously
undescribed mechanism that links cell cycle exit to late-
stage erythropoiesis. We found that mitochondrial bio-
genic function is necessary at this transition in erythroid
cell maturation, just as commitment to cell cycle exit is
initiated. This observation is consistent with the differ-
entiation block seen from primary defects in mitochon-
drial biogenesis (Firkin 1972; Inoue et al. 2000, 2007;
Trifunovic et al. 2004; Craven et al. 2005). In the context
of the pRb*/2 erythroid cells, down-regulation of genes
involved in cell cycle progression does not occur prop-
erly, and concomitantly there is a failure to up-regulate
the mitochondrial biogenic program. Late-stage erythro-
poiesis is critically dependent on mitochondrial function
for high-level heme biosynthesis, as well as elevated
ATP production for globin gene transcription and trans-
lation. In addition to general mitochondrial biogenesis,
prior studies have demonstrated that changes in mito-
chondrial composition occur during these stages of
erythropoiesis, including increased transcription of
UCP2, ABC-me, and mitoferrin (Shirihai et al. 2000;
Shaw et al. 2006). It is interesting to note that cell cycle
exit has been decoupled from erythroid differentiation in
vitro (Rylski et al. 2003), suggesting that these processes
may be separable under some conditions. Mitochondrial



biogenesis is an attractive candidate as a mediator of
such a process.

The similarity of the ineffective erythropoiesis seen in
the pRb*/2 mice to that of human MDS is striking. Not
only is the block in erythropoiesis similar to what is seen
in MDS, but the finding that this anemia cannot be over-
come even in a chimeric situation resembles the refrac-
tory anemia of MDS that arises in a clonal manner (Co-
rey et al. 2007). The molecular basis of MDS is not well
understood, although the most common known abnor-
mality involves epigenetic silencing of CDKN2B (Boult-
wood and Wainscoat 2007), a key negative regulator of
the cell cycle. It is possible that further studies may find
that deregulation of other cell cycle components of the
Rb pathway contribute to MDS. At the same time, it is
known that deregulated mitochondrial function and
structure is frequently seen in MDS, particularly in the
erythroid lineage (Greenberg et al. 2002). Our findings
show that these seemingly disparate pathways may play
key roles in synergistically promoting differentiation. It
is likely that the coordination of cell cycle regulation
and mitochondrial biogenesis will be important not only
in erythropoiesis, but will also play a role in other cases
of cellular differentiation. Indeed, a variety of observa-
tions in cancer cells have shown that uncontrolled pro-
liferation, which is nearly always driven in part by mu-
tations in the Rb pathway (Classon and Harlow 2002),
leads to reduced production of ATP by aerobic respira-
tion and increased dependence upon anaerobic glycolysis
(Warburg 1930; Fantin et al. 2006).

Importantly, our findings provide insight into the
pathophysiology underlying ineffective erythropoiesis
and suggest novel therapeutic modalities. Of note, we
implicated PGC-1B in the mitochondrial dysfunction
seen in erythroid precursors lacking Rb. Of particular
interest, PGC-1 is haploinsufficient in the 5q~ subtype
of MDS (Boultwood et al. 2002). Modulation of mito-
chondrial function is already being attempted in neuro-
degenerative diseases. Similar approaches may benefit
hematologic diseases like MDS. Indeed, initial research
in this area has shown some promise (Greenberg et al.
2002; Galili et al. 2007). While modulation of the cell
cycle is a common therapeutic target in MDS (Corey et
al. 2007), addition of agents that strike at the dysfunc-
tional mitochondria of cells arising from surviving dys-
plastic clones might be beneficial. This may explain in
part the demonstrated clinical efficacy of arsenic triox-
ide, a potent inhibitor of the OXPHOS component suc-
cinate dehydrogenase, in MDS (Schiller et al. 2006; Vey
et al. 2006). Our findings on the molecular control of
erythroid differentiation, through the coordination of
cell cycle exit and mitochondrial biogenesis, may have
important implications in attempting to develop thera-
pies for a set of largely incurable diseases involving in-
effective erythropoiesis.

Materials and methods

A detailed version of the Materials and Methods can be found
in the Supplemental Material.
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Experimental animals

EpoR-GFPcre mice (Heinrich et al. 2004) were kindly provided
by Drs. Ursula Klingmiiller and Ben Neel. pRb"/! mutant mice
(Sage et al. 2003), Mx1-Cre transgenic mice (Kuhn et al. 1995;
Walkley and Orkin 2006), and Lys-M-Cre animals (Clausen et
al. 1999) have been described previously (Walkley et al. 2007).
All experiments were performed with the approval of the CHB
Institute Animal Ethics Committee.

Flow cytometry analysis

All antibodies and clone numbers are listed in the Supplemental
Material. Flow cytometry was performed on a FACSCalibur,
and sorting was performed on a FACS Aria; all data were ana-
lyzed using Cell Quest Pro software (Becton Dickinson).

Cell culture

GI1E-ER cells were cultured and synchronously differentiated as
described previously (Rylski et al. 2003). Details of these proce-
dures can be found in the Supplemental Material.

Gene expression analysis

A detailed description of the methods used for gene expression
analysis using qRT-PCR and microarray can be found in the
Supplemental Material. The microarray data were deposited in
the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/
geo) under accession number GSE9717.

Statistical analyses

Statistical analyses were performed using the paired and un-
paired Student’s t-test, with a P value =0.05 being considered
significant. Results are depicted as mean =+ standard error of the
mean (SEM) for n given samples.
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