
Akt Phosphorylates the Transcriptional Repressor Bmi1 to Block
Its Effects on the Tumor-Suppressing Ink4a-Arf Locus

Yan Liu1,2,*, Fan Liu1, Hao Yu2, Xinyang Zhao1, Goro Sashida1, Anthony Deblasio1, Michael
Harr1, Qing-Bai She1, Zhenbang Chen3, Hui-Kuan Lin3, Silvana Di Giandomenico1,
Shannon E. Elf1, Youyang Yang1, Yasuhiko Miyata1, Gang Huang1, Silvia Menendez1, Ingo
K. Mellinghoff4, Neal Rosen1, Pier Paolo Pandolfi3, Cyrus V. Hedvat5, and Stephen D.
Nimer1,6,*

Yan Liu: liu219@iupui.edu; Stephen D. Nimer: snimer@med.miami.edu
1Molecular Pharmacology and Chemistry Program, Sloan-Kettering Institute, Memorial Sloan-
Kettering Cancer Center, New York, NY 10065, USA
2Department of Pediatrics, Herman B Wells Center for Pediatric Research, Indiana University
School of Medicine, Indianapolis, IN 46202, USA
3Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, MA 02215, USA
4Human Oncology and Pathogenesis Program, Memorial Sloan-Kettering Cancer Center, New
York, NY 10065, USA
5Department of Pathology, Memorial Sloan-Kettering Cancer Center, New York, NY 10065, USA
6Sylvester Comprehensive Cancer Center, University of Miami Miller School of Medicine, Miami,
FL 33136, USA

Abstract
The Polycomb group protein Bmi1 is a transcriptional silencer of the Ink4a-Arf locus, which
encodes the cell cycle regulator p16Ink4a and the tumor suppressor p19Arf. Bmi1 plays a key role
in oncogenesis and stem cell self-renewal. We report that phosphorylation of human Bmi1 at
Ser316 by Akt impaired its function by triggering its dissociation from the Ink4a-Arf locus, which
resulted in decreased ubiquitylation of histone H2A and the inability of Bmi1 to promote cellular
proliferation and tumor growth. Moreover, Akt-mediated phosphorylation of Bmi1 also inhibited
its ability to promote self-renewal of hematopoietic stem and progenitor cells. Our study provides
a mechanism for the increased abundance of p16Ink4a and p19Arf seen in cancer cells with an
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activated phosphoinositide 3-kinase to Akt signaling pathway and identifies crosstalk between
phosphorylation events and chromatin structure.

Introduction
Polycomb group (PcG) proteins are epigenetic gene silencers that have been implicated in
cancer development and stem cell maintenance (1–3). Biological and genetic studies
indicate that PcG proteins exist in at least two separate protein complexes, Polycomb
repressive complex 2 (PRC2) and Polycomb repressive complex 1 (PRC1), that act in
concert to promote and maintain gene repression (2). EZH2, the catalytically active
component of PRC2, di- and trimethylates Lys27 of histone H3, a histone mark recognized
by the PRC1 complex through the chromodomain of Polycomb (4) that triggers
ubiquitination of histone H2A at Lys119 by the E3 ubiquitin ligase Ring1B in PRC1 (5–7).
Ubiquitinated H2A has been linked to gene silencing and tumor development (8).

The PcG protein Bmi1 was first identified as a proto-oncogene that cooperates with the
transcription factor Myc to promote the generation of B and T cell lymphomas (9, 10). It has
subsequently been implicated in oncogenesis because it shows increased abundance in
numerous human cancers, including mantle cell lymphoma, leukemia, medullablastoma,
colorectal carcinoma, liver carcinomas, and non–small cell lung cancer (11–16). Bmi1 is a
potent inhibitor of the Ink4a-Arf locus, which encodes the cell cycle regulator p16Ink4a and
tumor suppressor p19Arf proteins (17). Both p16Ink4a and p19Arf expression is induced by
oncogenic signals; these proteins function as a potent fail-safe mechanism to prevent cells
from proliferating uncontrollably (2, 18).

Targeted disruption of the PRC2 members Ezh2, Eed, or Suz12 or the PRC1 member Rnf2
results in early embryonic lethality, suggesting that PcG proteins play important roles in
embryogenesis and embryonic stem (ES) cell maintenance (19–22). PcG proteins directly
repress several developmental regulatory genes that would otherwise promote ES cell
differentiation (23, 24). Many of these genes have a bivalent chromatin structure, carrying
both repressive and activating histone marks (25). Similarly, Ring1B maintains the
undifferentiated state of mouse ES cells by repressing important differentiation-promoting
genes (26). Ring1B-mediated ubiquitination of histone H2A has been linked to Polycomb-
mediated gene silencing (5), and recent data implicate ubiquitination of H2A in restraining
RNA polymerase II that is poised at “bivalent” genes in mouse ES cells, allowing the ES
cells to self-renew and still retain the ability to generate multiple lineages (27). Therefore,
PcG proteins may promote ES cell maintenance by blocking (or postponing) cell fate
decisions (3).

In addition to ES cell maintenance, PcG proteins have been implicated in regulating adult
stem cell self-renewal (28–31). Bmi1-deficient mice exhibit both neurological disorders and
impaired hematopoiesis, demonstrating the essential role of Bmi1 in regulating the self-
renewal of both neural and hematopoietic stem cells (28, 29). Bmi1 is also required for the
self-renewal capacity of leukemic stem cells (30), suggesting that PcG proteins may
contribute to oncogenic transformation by regulating stem cell maintenance (2).

The regulation of PcG gene expression has been linked to key developmental signal
transduction pathways (15, 32, 33). Sonic hedgehog signaling increases Bmi1 expression
during cerebellar development (15) and in mammary stem cells (34). c-Jun N-terminal
kinase signaling increases PcG expression in Drosophila, highlighting the role that external
signals can play in regulating PcG expression (35).
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The chromatin association of Bmi1 is controlled in a cell cycle– and phosphorylation-
dependent manner: During the G1-S phase of the cell cycle, hypophosphorylated Bmi1 is
specifically retained in the chromatin-associated nuclear protein fraction, whereas during
G2-M, phosphorylated Bmi1 is not chromatin-bound (36). In mammals, members of the
PRC1 complex not only localize to euchromatic regions but also accumulate at pericentric
heterochromatin as discrete nuclear foci called Polycomb bodies (37). The association of
Bmi1 within “Polycomb bodies” is also dynamic, requiring both the EZH2-containing PRC2
complex and the DNA methyltransferase DNMT1 (37). Bmi1 is targeted by mitogen-
activated protein kinase (MAPK) signaling (38); however, whether other signaling pathways
also inhibits its activity is not clear.

The phosphoinositide 3-kinase (PI3K)– Akt signaling pathway is involved in various
cellular processes, affecting cell survival, growth, metabolism, migration, and angiogenesis
(39–41). In response to Akt activation (for example, due to acute Pten loss), mouse
embryonic fibroblasts (MEFs) accumulate p16 and p19 and undergo senescence (42, 43).
Bmi1−/− MEFs similarly undergo premature senescence and accumulate p16 and p19 (17).
Pten deletion initially leads to a transient expansion of hematopoietic stem cells; however,
the hematopoietic stem cell pool becomes depleted more rapidly than normal over time (44–
46). Similarly, loss of Bmi1 leads to decreased hematopoietic stem cell self-renewal
capability and bone marrow failure (28, 30). The similarities between the phenotypes of
Bmi1−/− cells and Pten−/− cells led us to hypothesize that the PI3K-Akt pathway functions
upstream of Bmi1 and inhibits its function. Here, we show that Akt phosphorylates Bmi1 at
Ser316, which impairs its function, alters its chromatin association, and inhibits its growth-
promoting properties.

Results
Akt phosphorylates Bmi1 at Ser316

First, we found that the endogenous Bmi1 and Akt proteins interact in cells, using
coimmunoprecipitation studies (Fig. 1A) and a specific anti-Bmi1 antibody (fig. S1, A and
B). Ser316 is a putative Akt phosphorylation site in Bmi1 that is highly conserved across
species (Fig. 1B). Active recombinant Akt readily phosphorylated Bmi1, but not a Bmi1-
S316A mutant protein (Fig. 1C), and expression of a constitutively active form of Akt
(myristoylated Akt) in human embryonic kidney (HEK) 293T cells resulted in
phosphorylation of Bmi1 (fig. S1C) (44). To show that Akt phosphorylates Bmi1 at Ser316

in cells, we generated an antibody specific for the phosphorylated form of Bmi1 (fig. S1, D
and E) that revealed phosphorylation of wild-type Bmi1, but not the Bmi1-S316A mutant,
by myristoylated Akt (Fig. 1D). We then used this antibody to show significant
phosphorylation at Ser316 in endogenous Bmi1 by Akt in multiple cell lines with
constitutively activated PI3K-Akt signaling (fig. S1F), which was inhibited by the PI3K
inhibitor LY294002 (fig. S1G). Furthermore, phosphorylation of Bmi1 was inhibited by an
Akt1-Akt2 dual inhibitor (Akti-1/2) (45), which blocks Akt phosphorylation and activation
(Fig. 1E). Similarly, knockdown of Akt1 and Akt2 with small interfering RNAs (siRNAs)
decreased phosphorylation of Bmi1 at Ser316 without affecting the overall abundance of
Bmi1 (Fig. 1F). Because Akt2 depletion almost completely abrogated phosphorylation of
Bmi1 (Fig. 1F), it appears that Akt2 is the major kinase that phosphorylates Bmi1 at Ser316

in these cells. Together, these results indicate that Akt1 and Akt2 phosphorylate Bmi1 at
Ser316 both in vitro and in cells.
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Phosphorylation of Bmi1 by Akt suppresses its effects on cell proliferation and
senescence

To define the biological effects of Akt-mediated phosphorylation of Bmi1 at Ser316, we first
examined cell senescence and proliferation. A biochemical marker of senescence is the
appearance of an acidic, senescence-associated β-galactosidase (SA–β-Gal) activity (46). We
used a β-Gal assay to access the senescence of MEFs and 5-bromo-2′-deoxyuridine (BrdU)
incorporation to assess proliferation. Reexpression of wild-type Bmi1 (or the Bmi1-S316A
phosphorylation–defective mutant) in Bmi1−/− cells prevented their premature senescence
and restored their proliferative capacity (Fig. 2, A to C). In contrast, reexpression of the
Bmi1-S316D phosphorylation mimetic mutant only modestly reduced senescence, with no
effect on cell cycle or cell proliferation, demonstrating that phosphorylation at this residue
impaired the function of Bmi1.

Similar to acute Pten loss, expression of an activated form of Akt (myristoylated Akt) in
MEFs triggers growth arrest and cellular senescence (42). We reasoned that expressing the
Bmi1-S316A mutant, but not the wild-type Bmi1 or the Bmi1-S316D mutant, in MEFs
would antagonize this effect. Indeed, only the Bmi1-S316A mutant rescued the senescent
phenotype (Fig. 2D); furthermore, senescence in cells expressing myristoylated Akt was
enhanced by the knockdown of Bmi1 (Fig. 2E and fig. S2). Thus, our data suggest that Bmi1
is a critical downstream target of activated Akt in MEFs.

Phosphorylation of Bmi1 by Akt suppresses its ability to transform adherent cells
Bmi1 overexpression promotes fibroblast immortalization and, in combination with Myc,
leads to neoplastic transformation (17, 47). To test the effect of phosphorylation of Bmi1 at
Ser316 on tumor growth, we generated p53−/− MEFs that stably expressed the wild-type
Bmi1 or the phosphorylation mimetic Bmi1-S316D protein together with Myc.
Unexpectedly, colony formation in soft agar was similar for the p53−/− MEFs expressing
Myc alone or Myc with wild-type Bmi1 or Bmi1-S316D; however, cells expressing Myc
and Bmi1-S316A formed significantly higher numbers of colonies (Fig. 3A). In a nude
mouse xenograft model to examine tumor growth in vivo, we did not observe tumor
formation in mice injected with p53−/− MEFs expressing Myc alone or Myc with Bmi1-
S316D. However, both wild-type Bmi1 and Bmi1-S316A cooperated with Myc to promote
tumor growth (Fig. 3B). Bmi1 also cooperates with oncogenic Ras to transform wild-type
MEFs (17), and we found that colony formation was increased for wild-type MEFs
expressing oncogenic Ras (H-RasG12D) with Bmi1 or Bmi1-S316A, but not Bmi1-S316D
(Fig. 3C).

We also examined whether expression of the Bmi1-S316A mutant alone could promote
tumor growth in vitro and in vivo. Overexpression of Bmi1-S316A, but not wild-type Bmi1
or Bmi1-S316D, enhanced the focus formation of p53−/− MEFs (Fig. 3D). In athymic nude
mice subcutaneously injected with p53−/− MEFs that expressed wild-type or mutant Bmi1,
tumor growth was potently increased by the Bmi1-S316A mutant but not by the wild-type
Bmi1 or Bmi1-S316D (Fig. 3E and fig. S3, A and B). Thus, phosphorylation of Ser316

significantly impaired the ability of Bmi1 to promote tumor formation and growth; the
Bmi1-S316A mutant not only was unaffected by Akt signaling but also acquired tumor-
promoting properties.

Having established the role of Akt-mediated Bmi1 phosphorylation in regulating cell
proliferation and tumor development in these model systems, we examined whether we
could detect phosphorylation of Ser316 in Bmi1 in vivo. Because Bmi1 cooperates with Myc
to promote B and T cell lymphomagenesis (9, 10, 47), we examined the phosphorylation of
Bmi1 in a series of human diffuse large B cell lymphoma tissues by immunostaining. We
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detected phosphorylated Bmi1 in normal lymph node tissue and in many of the human
lymphoma samples analyzed (fig. S4A). In this small data set, lower amounts of
phosphorylation of Bmi1 correlated with worse survival (fig. S4B), which suggests that
staining for phosphorylated Bmi1 should be further examined in larger cohorts as a potential
clinical prognostic marker for patients with diffuse large B cell lymphoma. To demonstrate
that the phosphorylation-specific Bmi1 antibody recognizes phosphorylated Bmi1 in cells,
we treated T47D cells with the Akt inhibitor Akti-1/2 and found decreased phosphorylation
of Bmi1 (fig. S4C).

Akt-mediated phosphorylation of Bmi1 inhibits self-renewal of hematopoietic progenitor
cells

The PI3K-PTEN-Akt signaling pathway has been implicated in regulating self-renewal of
hematopoietic stem cells (48–50). Pten-deficient hematopoietic stem cells engraft normally
in recipient mice but are unable to sustain long-term multilineage hematopoietic
reconstitution (48, 49). To define how Akt-mediated phosphorylation of Bmi1 affects
hematopoietic stem and progenitor cell function, we reintroduced both wild-type and
phosphorylation-deficient mutant forms of Bmi1 (Bmi1-S316A) into wild-type and Bmi1−/−

fetal liver cells using retroviruses and plated green fluorescent protein (GFP)–positive cells
weekly in methylcellulose-based colony-forming unit (CFU) assays. The serial replating
assay assesses the preservation of “stemness” in the stem and progenitor cell compartment
and correlates with in vivo self-renewal capability (51). Overexpressing either the wild-type
Bmi1 or the S316A mutant enhanced the serial replating potential of wild-type and
Bmi1−/minus; fetal liver cells (Fig. 4, A and B). At week 3, hematopoietic cells expressing
the Bmi1-S316A mutant formed more colonies than cells expressing wild-type Bmi1,
indicating that S316A mutation conferred gain of function in Bmi1 and that Akt-mediated
phosphorylation of Bmi1 inhibits the self-renewal potential of hematopoietic progenitor
cells (Fig. 4, A and B).

To examine whether Bmi1 is critical to the ability of Akt to limit hematopoietic cell self-
renewal, we reintroduced both the wild-type and the S316A mutant forms of Bmi1 into
Pten−/− spleen cells using retroviruses and plated GFP-positive cells in CFU assays.
Expression of Bmi1-S316A rescued the growth arrest defect of Pten−/− hematopoietic cells,
leading to increased colony formation compared to expression of wild-type Bmi1 (Fig. 4C).
In addition, overexpressing either the wild-type or the S316A mutant form of Bmi1 in
Pten−/− spleen cells significantly increased the size of the colonies generated (Fig. 4D).
Transduction of primitive (for example, Lin−Sca1+) Pten−/− bone marrow cells with
retroviruses expressing the S316A mutant rescued the growth arrest defect of Pten−/−

hematopoietic cells more efficiently than that of wild-type Bmi1 in serial replating assays
(Fig. 4E). Thus, Bmi1 is a critical downstream target of Akt phosphorylation in
hematopoietic stem cells.

The PI3K-Akt signaling pathway inhibits ubiquitination of H2A
The covalent modification of histones plays a key role in regulating chromatin dynamics
(52, 53). Ubiquitination occurs mainly on histones H2A and H2B (5, 6, 54), and Bmi1
promotes ubiquitination of H2A (6, 7). First, we confirmed that Bmi1−/− MEFs showed
reduced ubiquination of H2A (Fig. 5A). We next examined whether PI3K-Akt signaling
inhibits ubiquitination of H2A. Expression of the wild-type Bmi1 and the Bmi1-S316A
mutant, but not the Bmi1-S316D mutant, enhanced the ubiquitination of histone H2A in
U2OS cells (Fig. 5B). Consistent with this result, global histone H2A ubiquitination was
significantly increased by treatment of U2OS cells with Akti-1/2 to inhibit Akt1 and Akt2
(Fig. 5C) or by knockdown of Akt1 and Akt2 with siRNAs (Fig. 5D). We also observed
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increased H3K27 trimethylation (H3K27me3) (Fig. 5, C and D), consistent with the ability
of Akt signaling to inhibit H3K27 trimethylation (55).

To substantiate the above observations in primary cells (wild-type MEFs), we inhibited the
enzymatic activities of Akt1 and Akt2 with Akti-1/2, which significantly increased global
histone H2A ubiquitination (Fig. 5E). MEFs lacking PTEN showed decreased ubiquitination
of H2A (Fig. 5F). Thus, Akt-mediated phosphorylation of Bmi1 inhibits H2A ubiquitination
in cells.

PI3K/Akt signaling inhibits the association of Bmi1 with the Ink4a-Arf locus
To investigate how Akt-mediated phosphorylation of Bmi1 affects its biological functions,
we examined whether PI3K-Akt signaling affects the formation of the PRC1 complex. We
found that Ring1B, Ring1A, and M33 associated normally with the wild-type and mutant
forms of Bmi1 in coimmunoprecipitation assays (fig. S5). Moreover, PI3K-Akt signaling
does not appear to disrupt the PRC1 complex itself or the nuclear localization of Bmi1 (fig.
S6A).

Bmi1 is a potent inhibitor of the Ink4a-Arf locus (17), so we tested the ability of the wild-
type and the mutant Bmi1 proteins to repress this locus and affect the abundance of p16 and
p19. Expression of either wild-type Bmi1 or Bmi1-S316A mutant, but not the Bmi1-S316D
mutant, markedly reduced p16Ink4a and p19Arf protein abundance in p53−/− MEFs (Fig. 6A).
Similarly, reexpression of wild-type Bmi1 or Bmi1-S316A phosphorylation–defective
mutant, but not the Bmi1-S316D phosphorylation mimetic mutant, returned the abundance
of p16Ink4a and p19Arf to normal in Bmi1−/− cells (Fig. 6B). In wild-type MEFs, insulin-like
growth factor (IGF) impaired the ability of wild-type Bmi1, but not Bmi1-S316A, to
decrease the abundance of p16 and p19 (fig. S6B), and overexpression of constitutively
active Akt increased the abundance of Ink4a and Arf (Fig. 6C). In Bmi1−/− MEFs,
reexpression of the wild-type Bmi1 or the Bmi1-S316A mutant, but not the Bmi1-S316D
mutant, markedly reduced the abundance of Ink4a and Arf (Fig. 6D).

We investigated whether Akt-mediated phosphorylation affects the ability of Bmi1 to bind
chromatin across the Ink4a-Arf locus in MEFs (56). Using chromatin immunoprecipitation
(ChIP) assays and reconstituted Bmi1−/− MEFs, we found that the wild-type Bmi1 and the
Bmi1-S316A mutant, but not the Bmi1-S316D mutant, bound to the Ink4a-Arf locus (Fig.
6E). Furthermore, overexpressing constitutively active Akt decreased the association of
Bmi1 with the Ink4a-Arf locus in wild-type MEFs (Fig. 6F). We also found increased
binding of Ring1B to the Ink4a-Arf locus in p53−/− MEFs expressing wild-type Bmi1 or the
Bmi1-S316A mutant (fig. S7A), as well as increased ubiquitination of H2A on the Ink4a and
Arf promoters, an effect not seen with the Bmi1-S316D mutant (Fig. 6G). Overexpressing
constitutively active Akt also decreased the ubiquitination of H2A on the Ink4a and Arf
promoters (Fig. 6H). In contrast, overexpressing constitutively active Akt in wild-type
MEFs, but not wild-type or mutant forms of Bmi1 in Bmi1−/− MEFs, affected the amount of
H3K27me3 (fig. S7, B and C). Thus, Akt-mediated phosphorylation of Bmi1 on Ser316 leads
to its dissociation from chromatin and to derepression of the Ink4a-Arf locus.

Discussion
The PI3K-Akt signaling pathway regulates cell survival, growth, metabolism, and migration
(39–41). Although the PI3K-Akt pathway is vital to the growth and survival of cancer cells,
acute activation of this pathway in normal stem cells can lead to senescence or depletion of
the stem cell pool, suggesting that this pathway is tightly regulated during the life of the cell
(42, 48–50). Here, we show that the PI3K-Akt signaling pathway can fine-tune cell growth
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by inhibiting the biological functions of the PcG protein Bmi1 through phosphorylation of
Ser316.

Oncogene-induced senescence is an important barrier to tumorigenesis (57, 58), and Bmi
suppresses the expression of Ink4a-Arf locus, which encodes two tumor suppressors that are
key regulators of senescence (p16Ink4a and p19Arf) (17). Oncogenic tyrosine kinases and
acute Pten loss trigger premature senescence and the accumulation of p16Ink4a and p19Arf in
MEFs (42, 43). This could involve the phosphorylation of Bmi1 by Akt because Bmi1
dissociates from the Ink4a-Arf locus in senescent cells (56) and in cells where it is
phosphorylated by Akt at Ser316 (Fig. 6). Our study provides a mechanism for this finding
and for the increased abundance of p16Ink4a and p19Arf in cancer cells that have activated
PI3K-Akt signaling (Fig. 7).

Phosphorylation of Bmi1 by Akt suppresses its ability to cooperate with Myc in cellular
transformation (Fig. 3, A and B). Neither the wild-type Bmi1 nor the Bmi1-S316D mutant
can transform p53−/− MEFs by themselves, so the ability of the Bmi1-S316A mutant to
transform these cells indicates a gain of function and suggests that certain types of Bmi1
mutations (or splice variant forms that eliminate the phosphorylation site) could facilitate the
transformation of human cells.

The Bmi1-containing PRC1 complex recognizes the histone H3K27 trimethyl mark through
the chromodomain of the Polycomb protein, and this interaction helps guide PRC1 to its
appropriate genomic locations (5, 59). The PI3K-Akt signaling pathway inhibits the
association of Bmi1 with the Ink4a-Arf locus (Fig. 6) and trimethylation of H3K27 (55)
(Fig. 5D); thus, it is possible that the dissociation of phosphorylated Bmi1 from chromatin
may also relate to decreased trimethylation of H3K27. However, recent studies challenge the
hierarchical recruitment model (in which PRC2 modifies the chromatin and PRC1 later
binds to the histone mark laid down by PRC2), and PRC1 can bind nucleosome arrays even
if the N-terminal histone tails are removed by tryptic digestion (60). Although Bmi1
colocalizes with methylated H3K27 in early S phase, the transient activity of the PRC2
complex during early S phase cannot explain the stable association of Bmi1 with chromatin
throughout the cell cycle. This suggests that other mechanisms are involved in maintaining
the PRC1 complex on heterochromatin during the various phases of the cell cycle (37).
Although Akt signaling affects the localization of the PRC1 complex, we did not find
disruption of the PRC1 complex after phosphorylation of Bmi1. Thus, Akt can inhibit the
activities of the PRC2 and PRC1 complexes in the cell.

There is extensive communication between histone modifications and histone binding
proteins. H2A ubiquitination is important for PRC1-mediated gene repression (5) because it
limits full access of the basic transcriptional machinery or chromatin remodeling factors to
the chromatin (27, 61, 62). Akt-mediated phosphorylation of Bmi1 inhibits ubiquitination of
H2A, whereas phosphorylation of the Bmi1 homolog Mel18 by an unknown serine-
threonine–directed kinase at a non-Akt consensus site actually targets it to chromatin and
enhances ubiquitination of H2A (63). Kinases other than Akt, such as MAPKs, can also
inhibit the association of Bmi1 with chromatin, presumably in response to extracellular cues
(38). Furthermore, Bmi1 is also phosphorylated in a cell cycle–dependent manner: It is
hypophosphorylated and chromatin-bound during G1-S and hyperphosphorylated and
dissociated from chromatin during G2-M (36). The Bmi1 C terminus, which contains a
proline, glutamate, serine, and threonine (PEST) domain (serine-proline–rich), may be
subjected to multiple post-translational modifications (9, 10).

The PI3K-PTEN-Akt pathway and Bmi1 have been implicated in the self-renewal of
hematopoietic stem cells (48–50); however, the downstream targets of this pathway and the
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upstream signaling pathway that regulates Bmi1 function in hematopoietic stem cells have
not been identified. We demonstrated that Bmi1 is a critical downstream target of PI3K-Akt
signaling in hematopoietic stem cells and that Akt-mediated phosphorylation of Bmi1
inhibits its ability to promote the self-renewal of hematopoietic stem and progenitor cells
(Fig. 4). Our discoveries are consistent with a report from the Morrison lab that showed
increased abundance of both Ink4a and Arf after the deletion of PTEN in hematopoietic
stem cells (64). This could explain the limited self-renewal of the multipotent progenitor cell
compartment, where Akt is active, compared to the stem cell compartment, where it is not.

The van Lohuizen group has reported that Akt-mediated phosphorylation of Bmi1 enhances
its oncogenic potential in an Ink4a- and Arf-independent mouse model of human prostate
cancer (65). They identified three sites of serine phosphorylation [Ser251, Ser253, and Ser255

(SDSGS)], which are not consensus Akt phosphorylation site (RXRXXS or T) (40, 41), but
did not use a phosphorylation-specific antibody to demonstrate that Akt phosphorylates
these residues in cells (65). Nonetheless, their data do suggest that the inhibition of cell
proliferation and oncogenesis by Akt-mediated phosphorylation of Bmi1 occurs in a
context-dependent manner.

Akt is activated by oncogenic tyrosine kinases and by loss of the PTEN phosphatase. The
PTEN tumor suppressor gene is commonly mutated or deleted in human malignancies,
including acute leukemia and prostate cancer (66, 67), whereas PI3K-Akt signaling is not
active in hematopoietic stem cells (48–50, 68). This suggests that the inhibitory effects of
Akt on Bmi1 function could have therapeutic implications. Phosphorylation (and
inactivation) of Bmi1 by Akt could limit hematopoietic stem cell self-renewal, and
superactivation of Akt signaling could potentially extinguish the cancer stem cell pool.

Materials and Methods
Plasmids, antibodies, and chemicals

Mutant constructs of Bmi1 were generated with a QuikChange site-directed mutagenesis kit
(Stratagene). Wild-type or mutant forms of the Bmi1 complementary DNA (cDNA) were
subcloned into the pBabe puromycin retroviral vector, whereas the Myc cDNA was
subcloned into the pBabe hygromycin vector. The antibodies used in this study were anti-
FLAG (Sigma); anti-hemagglutinin (Covance); anti-Bmi1 (Millipore); and anti– phospho-
Akt, anti-Akt, and anti-H2Aub (Cell Signaling Technology). The Ring1B monoclonal
antibody was provided by H. Koseki. LY294002 was from Calbiochem. IGF, Polybrene, and
puromycin were purchased from Sigma. The Akti-1/2 inhibitor (45) was obtained from
Merck.

Mice, cell culture, and transfections
Bmi1-deficient mice were provided by M. van Lohuizen (The Netherlands Cancer Institute,
the Netherlands). MEF cells from wild-type and Bmi1−/− mice were prepared as described
(42). HEK293T and HeLa cell lines were from the American Type Culture Collection. All
other cells were maintained in Dulbecco's modified Eagle's medium (DMEM). Transfections
were performed with the Lipofectamine 2000 Reagent (Invitrogen) according to the
manufacturer's instructions. Cells were incubated with IGF (20 ng/ml) before treatment with
LY294002 (20 μM).

Infection of MEFs by retroviruses
The Phoenix E packaging cells were transfected with the empty pBabe vector or the same
vector containing the Bmi1 or the Myc cDNA with Lipofectamine 2000. Seventy-two hours
after transfection, the retroviral supernatants were collected and filtered through a 0.45-μm
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filter and used for infections: 3 ml of freshly made retroviral supernatants containing
Polybrene (4 μg/ml) was added to exponentially growing cells for each 10-cm-diameter
plate culture. After 3 hours, 7 ml of fresh medium was added. Normally, three rounds of
infections were performed at 6-hour intervals. Cells were selected with the appropriate
antibiotics 72 hours after infection.

Senescence analysis
To determine senescence, we plated MEFs at 104 cells per well of a six-well plate in
triplicate, and after 4 days, we quantified SA–β-Gal activity (more than 200 cells per
sample) using the senescence detection kit (Cell Signaling Technology).

RNA interference
SMARTpool Akt1 and Akt2 (Dharmacon) represent pooled SMART-selected siRNA
duplexes that target Akt1 and Akt2, respectively. T47D cells were transfected with
SMARTpool Akt1 alone, Akt2 alone, both Akt1 and Akt2, or nonspecific control pool with
the Oligofectamine reagent (Invitrogen) according to the manufacturer's instructions. In
brief, siRNA (at a final concentration of 200 nM) was used to transfect cells at 40 to 50%
confluency. Cells were harvested 48 hours after siRNA transfection.

Generation of a phospho(Ser316)-specific anti-Bmi1 antibody
A Bmi1 phospho(Ser316) peptide (SFANRPRKSSPVNGS) was synthesized and injected
into rabbits. Antiserum was obtained and affinity-purified according to the manufacturer's
procedures (Genemed Synthesis Inc.). For Western blot analysis, the Bmi1 phospho(Ser316)
antibody was preincubated with the Bmi1 nonphosphorylated peptide
(SFANRPRKSSVNGS) [5:1 (peptide/antibody), w/w] overnight at 4°C before it was added
to the polyvinylidene difluoride membrane.

Immunoblotting and immunoprecipitation
Cells were harvested in radioimmunoprecipitation assay (RIPA) lysis buffer [150 mM NaCl,
10 mM tris (pH 7.5), 1% NP-40, 1% deoxycholate, 0.1% SDS, protease inhibitor cocktail
(Roche), and phosphatase inhibitor cocktail (Sigma)] or, in case of coimmunoprecipitation,
in E1A lysis buffer [250 mM NaCl, 50 mM Hepes (pH 7.5), 0.1% NP-40, 5 mM EDTA,
protease inhibitor cocktail (Roche), and phosphatase inhibitor cocktail (Sigma)]. For
immunoprecipitations, lysates were precleared with immunoglobulin G (IgG) and then
incubated with the precipitating antibody overnight, followed by 1 hour of incubation with
protein A/G beads (Santa Cruz). Immune complexes were then washed three times in lysis
buffer and boiled in gel loading buffer. Proteins from total cell lysates or
immunoprecipitates were resolved by SDS–polyacrylamide gel electrophoresis (SDS-
PAGE), transferred to nitrocellulose membrane, blocked in 5% non-fat milk or bovine
serum albumin, and blotted with the appropriate antibody.

In vitro and cellular phosphorylation assays
In vitro phosphorylation assays were performed as described previously (69). In brief,
purified glutathione S-transferase (GST)–Bmi1 or GST–Bmi1-S316A protein was incubated
with 1 μl of purified active Akt1 kinase (Cell Signaling Technology) and 2 μCi of
[γ-32P]ATP (adenosine 5′-triphosphate) in 50 μl of kinase buffer [25 mM Hepes, 10 mM
magnesium acetate, and 50 μM ATP (pH 7.5)] for 30 min at 30°C. Reactions were stopped
by boiling in gel loading buffer. Proteins were resolved by 10% SDS-PAGE and transferred
to nitrocellulose membranes; 32P incorporation was detected by autoradiography. For the
cellular labeling experiments, 293T cells cultured in DMEM containing 10% fetal bovine
serum (FBS) were transfected with the indicated plasmids for 24 hours, and the medium was
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changed to phospho-free DMEM with 0.25% dialyzed FBS containing ortho-32P (200 μCi/
ml) for 4 hours. Cells were lysed by RIPA buffer for immunoprecipitation, and the Bmi1
immunocomplex was subjected to 10% SDS-PAGE, followed by autoradiography.

Proliferation and soft agar assays
Retrovirally infected cells were selected in puromycin [2 μg/ml; plus hygromycin (75 μg/
ml) in the case of double infection] for 3 days. Cell growth rates were determined, as
previously published (42). For the soft agar transformation assay, 5 × 104 cells were placed
in 1.5 ml of DMEM with 10% FBS and 0.3% agarose and overlaid onto 3 ml of DMEM
with 10% FBS and 0.6% agarose in each well of a six-well plate. After 2 to 3 weeks,
colonies larger than 3 mm in diameter were counted.

In vivo tumorigenesis
Retrovirally infected p53−/− MEFs were selected in puromycin (2 μg/ml) for 3 days. Cells (1
× 106) were resuspended in DMEM and injected subcutaneously into the right flank of 6-
week-old athymic nude mice (NCRNU-M, Taconic Farms Inc.). Tumor size was measured
weekly with a caliper, and tumor volume was determined with the following standard
formula: L × W2 × 0.52, where L is the longest diameter and W is the shortest diameter.

Immunohistochemical staining
For immunohistochemistry, each tumor sample was stained with specific antibodies as
indicated and scored by an H-score method that combines the values of immunoreaction
intensity and the percentage of tumor cell staining. Briefly, tissue sections were incubated
with anti–Akt-phospho(Ser473), anti–phospho-Bmi1, and anti-Ki67 antibodies. Sections
were treated with biotin-conjugated secondary antibody followed by avidin-biotin-
peroxidase complex and aminoethyl carbazole chromogen. Two-sided log-rank analysis was
used to assess statistical significance. Standard avidin-biotin-peroxidase complex techniques
were used for immunohistochemistry performed on 5-μm paraffin sections of formalin-
fixed, paraffin-embedded tissue. Antigen retrieval and staining were performed with the
Ventana Discovery XT automated immunostainer (Ventana Medical Systems) according to
the manufacturer's protocol. Sections were stained with a 1:1000 dilution of the phospho-
BMI1 antibody and visualized with the diaminobenzidine chromogen. The resulting slides
were scanned with the ScanScope CS (Aperio) with brightfield imaging at ×200
magnification. Slide images were analyzed with the positive pixel algorithm (Aperio).
Briefly, brown (3,3-diaminiobenzidine) and blue (hematoxylin) colors were separated
spectrally. The intensity of the brown staining is then quantified. The median intensity value
was determined for all cases. “Low” intensity is defined as less than median, with “high”
being greater than the median intensity value. The association between discrete variables
was tested with the χ2 test.

Hematopoietic stem and progenitor cell assays
To perform serial replating assays, myeloid progenitors were quantified with
methycellulose-based cultures (MethoCult GF M3434, StemCell Technologies) and spleen
cells, bone marrow cells, or fetal liver cells were transduced with retroviruses expressing
either the wild-type or the S316 A mutant form of Bmi1 (51). Clonogenic progenitors were
enumerated after 7 days. The methycellulose cultures were also serially replated, weekly, for
3 to 4 weeks.

Statistical analysis
All data shown from representative experiments were repeated at least three times. The
precise statistical test used is specified in the relevant figure legends.
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Fig. 1.
Akt phosphorylates Bmi1 at Ser316. (A) Bmi1 associates with endogenous Akt in HeLa
cells, as detected by immunoprecipitation and Western blotting (n = 3 sets of cells). (B) A
consensus Akt phosphorylation site in Bmi1 (Ser316, indicated in red) is conserved across
species. (C) Wild-type (WT) Bmi1, but not Bmi1-S316A, is phosphorylated by recombinant
active Akt in vitro. The graph shows the amount of phosphorylated Bmi1 normalized to total
Bmi1 and relative to control (no Akt). **P < 0.001 compared with control (no Akt) by one-
way analysis of variance (ANOVA) and Bonferroni post hoc test. (D) Bmi1, but not Bmi1-
S316A, is phosphorylated by Akt (Mri-Akt) in cells. The graph shows the amount of
phosphorylated Bmi1 normalized to total Bmi1 and relative to control (no Mri-Akt). **P <
0.001 compared with control (no Mri-Akt) by one-way ANOVA and Bonferroni post hoc
test. (E) Endogenous Bmi1 is phosphorylated by Akt at Ser316 in cells. The graph shows the
amount of phosphorylated Bmi1 (normalized to total Bmi1) relative to time 0. **P < 0.001
compared with time 0 by one-way ANOVA and Dunnett's post hoc test. (F) Knockdown of
Akt1 and Akt2 decreases the phosphorylation of Bmi1 on Ser316. The graph shows the
amount of phosphorylated Bmi1 normalized to total Bmi1 and relative to control siRNA
sample. **P < 0.001 compared with control siRNA sample by one-way ANOVA and
Bonferroni post hoc test. Data represent at least three independent experiments.
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Fig. 2.
Phosphorylation of Bmi1 by Akt suppresses its effects on cell proliferation and senescence.
(A) Premature senescence of Bmi1−/− MEFs is rescued by the WT Bmi1 and the Bmi1-
S316A mutant but not by the Bmi1-S316D mutant. **P < 0.001 compared with pBabe-
transduced MEFs by one-way ANOVA and Bonferroni post hoc test. (B) BrdU
incorporation into passage 3 Bmi1−/− MEFs, infected at passage 1 with the indicated
retroviruses. **P < 0.001compared with pBabe-transduced MEFs by one-way ANOVA and
Bonferroni post hoc test. (C) The impaired proliferation of Bmi1−/− MEFs is rescued by WT
Bmi1 and Bmi1-S316A but not byBmi1-S316D. **P < 0.001 compared with pBabe-
transduced MEFs by two-way ANOVA. (D) Premature senescence of WT MEFs expressing
activated Akt is rescued by the Bmi1-S316A mutant but not by the WT Bmi1 or the Bmi1-
S316D mutant. **P < 0.001 compared to all other samples by one-way ANOVA and
Bonferroni post hoc test. (E) Premature senescence of WT MEFs expressing activated Akt is
enhanced by silencing Bmi1. P < 0.01 compared with control short hairpin RNA (shRNA)
sample by t test. Data represent at least three independent experiments.
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Fig. 3.
Phosphorylation of Bmi1 by Akt suppresses its effects on cellular transformation. (A) Soft
agar transformation assay of p53−/− MEFs infected with WT Bmi1 or Bmi1 mutants in
combination with Myc. A representative experiment performed as biological triplicates is
shown along with SDs. **P < 0.001 compared to all other samples by one-way ANOVA and
Bonferroni post hoc test. (B) WT Bmi1 and Bmi1-S316A mutant, but not Bmi1-S316D
mutant, cooperate with Myc in the neoplastic transformation of p53−/− MEFs. **P < 0.001
compared to all other samples by one-way ANOVA and Bonferroni post hoc test. (C) Soft
agar transformation assay of WT MEFs infected with the WT Bmi1 or the Bmi1-S316A
mutant in combination with activated Ras (H-RasG12D). A representative experiment,
performed as biological triplicates, is shown along with SDs. **P < 0.001 compared to all
other samples by one-way ANOVA and Bonferroni post hoc test. (D) Bmi1-S316A mutant
enhances focus formation by p53−/− MEFs. (E) Bmi1-S316A mutant promotes the growth of
tumors formed from p53−/− MEFs in nude mice. **P < 0.001 compared to all other samples
by one-way ANOVA and Bonferroni post hoc test. Data represent at least three independent
experiments.

Liu et al. Page 18

Sci Signal. Author manuscript; available in PMC 2013 September 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Akt-mediated phosphorylation of Bmi1 inhibits hematopoietic progenitor cell self-renewal.
(A) Myeloid progenitors were quantified by methycellulose culture using WT fetal liver
cells transduced with retroviruses expressing the WT or the Bmi1-S316A mutant. **P <
0.001 compared with murine stem cell virus (MSCV)–GFP–transduced fetal liver cells by
two-way ANOVA. (B) Myeloid progenitors were quantified by methycellulose culture using
Bmi1−/− fetal liver cells transduced with retroviruses expressing the WT or the Bmi1-S316A
mutant.Mean values (±SD) are shown (n = 3 independent experiments). **P < 0.001
compared with MSCVGFP– transduced fetal liver cells by two-way ANOVA. (C)Pten−/−

spleen cells were transduced with retroviruses expressing the WT or the S316A mutant form
of Bmi1. Data are means ± SD (n = 3 independent experiments). *P < 0.01 compared with
MIGR1- transduced spleen cells by one-way ANOVA and Bonferroni post hoc test. (D) The
size of themyeloid colonies formed in (C) was measured. Data are means ± SD (n = 3
independent experiments). *P < 0.01 compared with MIGR1-transduced spleen cells by one-
way ANOVA and Bonferroni post hoc test. (E) Myeloid progenitors were quantified by
methycellulose culture using Pten−/− fetal liver cells transduced with retroviruses expressing
the WT or the S316A mutant form of Bmi1.Mean values (±SD) are shown (n=3 independent
experiments). **P < 0.001 compared with MIGR1-transduced bone marrow cells by two-
way ANOVA. Data represent at least three independent experiments.
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Fig. 5.
PI3K-Akt signaling pathway inhibits H2A ubiquitination. (A) Western blot analysis of H2A
ubiquitination in WT and Bmi1−/−MEFs. (B) Western blot analysis of the ubiquitination of
histone H2A in U2OS cells transfected with Ring1B and either an empty vector or a vector
expressing the WT Bmi1 or the Bmi1 mutant proteins (n = 3 independent experiments). (C)
Akt inhibits H2A ubiquitination. The top graph shows the amount of ubiquitinated H2A
normalized to total H2A and relative to time 0. The bottom graph shows the amount of
H3K27me3 normalized to total H3K27 and relative to time 0. **P < 0.001 compared with
time 0 by one-way ANOVA and Dunnett's post hoc test. (D)Western blot analysis of histone
H2A ubiquitination and H3K27me3 amounts in T47D cells transfected with control siRNA
or Akt1 and Akt2 siRNAs shows increased H2A ubiquitination. The top graph shows the
amount of ubiquitinated H2A normalized to total H2A and relative to control siRNA
sample. The bottom graph shows the amount of H3K27me3 normalized to total H3K27 and
relative to control siRNA sample. Unpaired t test, *P < 0.01. n = 3 independent experiments.
(E) Western blot analysis of ubiquitination of histone H2A in WT MEF cells treated with
Akti-1/2 shows increased H2A ubiquitination at 12 hours. The graph shows the amount of
ubiquitinated H2A normalized to total H2A and relative to control sample (no Akti-1/2).
Unpaired t test, **P < 0.001. n = 3 independent experiments. (F) Western blot analysis of
H2A ubiquitination in WT and Pten−/− MEFs. Data represent at least three independent
experiments.
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Fig. 6.
PI3K-Akt signaling inhibits the association of Bmi1 with the Ink4a-Arf locus. (A) WT Bmi1
and Bmi1-S316A mutant, but not Bmi1-S316D mutant, decrease the abundance of p16Ink4a

and p19Arf in p53−/− MEFs. The graph shows the amount of p16 or p19 normalized to
tubulin and relative to pBabe-transduced MEFs. **P < 0.001 compared with pBabe-
transduced MEFs by one-way ANOVA and Bonferroni post hoc test. n = 3 independent
experiments. (B) The increased abundance of p16Ink4a and p19Arf proteins in Bmi1−/− MEFs
is rescued by expression of the WT Bmi1 and the Bmi1-S316A mutant but not by the Bmi1-
S316D mutant. The graph shows the amount of p16 or p19 normalized to tubulin and
relative to pBabe-transduced MEFs. **P < 0.001 compared with pBabe-transduced MEFs by
one-way ANOVA and Bonferroni post hoc test. n = 3 independent experiments. (C)
Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis of Ink4a
and Arf mRNA abundance in WT MEFs expressing constitutively active Akt. **P < 0.001
compared with pBabe-transduced MEFs by one-way ANOVA and Bonferroni post hoc test.
n = 3 independent experiments. (D) qRT-PCR analysis of Ink4a and Arf mRNA abundance
in cells from (B). **P < 0.001 compared with pBabe-transduced MEFs by one-way ANOVA
and Bonferroni post hoc test. n = 3 independent experiments. (E) ChIP analysis of the Ink4a-
Arf locus using an anti-Bmi1 antibody and cells from (B). **P < 0.001 compared with
pBabe-transduced MEFs by one-way ANOVA and Bonferroni post hoc test. n = 3
independent experiments. (F) ChIP analysis of the Ink4a-Arf locus using an anti-Bmi1
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antibody and cells from (C). **P < 0.001 compared with pBabe-transduced MEFs by two-
way ANOVA. n = 3 independent experiments. (G) ChIP analysis of the Ink4a-Arf locus
using an anti-H2Aub antibody and cells from (B). **P < 0.001 compared with pBabe-
transduced MEFs by two-way ANOVA. n = 3 independent experiments. (H) ChIP analysis
of the Ink4a-Arf locus using an anti-H2Aub antibody and cells from (C). **P < 0.001
compared with pBabe-transduced MEFs by two-way ANOVA. n = 3 independent
experiments.
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Fig. 7.
Bmi1 basally associates with chromatin and maintains the Ink4a-Arf locus in a silenced
state. In response to PI3K-Akt signaling, Akt phosphorylates Bmi1 on Ser316, leading to its
dissociation from chromatin and to derepression of the Ink4a-Arf locus. RTK, receptor
tyrosine kinase.
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