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Homeobox 9 (HOXBY), a nontransforming transcription factor over-
expressed in breast cancer, alters tumor cell fate and promotes
tumor progression and metastasis. Here we show that HOXB9
confers resistance to ionizing radiation by promoting DNA damage
response. In nonirradiated cells, HOXB9 induces spontaneous DNA
damage, phosphorylated histone 2AX and p53 binding protein 1
foci, and increases baseline ataxia telangiectasia mutated (ATM)
phosphorylation. Upon ionizing radiation, ATM is hyperactivated in
HOXB9-expressing cells during the early stages of the double-
stranded DNA break (DSB) response, accelerating accumulation of
phosphorylated histone 2AX, mediator of DNA-damage checkpoint
1, and p53 binding protein 1, at DSBs and enhances DSB repair. The
effect of HOXB9 on the response to ionizing radiation requires the
baseline ATM activity before irradiation and epithelial-to-mesen-
chymal transition induced by TGF-$, a HOXB9 transcriptional target.
Our results reveal the impact of a HOXB9-TGF-$—ATM axis on check-
point activation and DNA repair, suggesting that TGF-§ may be
a key factor that links tumor microenvironment, tumor cell fate,
DNA damage response, and radioresistance in a subset of HOXB9-
overexpressing breast tumors.

omeobox B9 (HOXBY), a member of the class I homeobox

(HOX) genes, is overexpressed in breast cancer, and elevated
levels correlate with high tumor grade. HOXB9 transactivates
several angiogenic factors and erythroblastic leukemia viral onco-
gene homolog (ErbB) and TGF-p ligands, leading to epithelial-to-
mesenchymal transition (EMT), increased angiogenesis, and distal
metastasis. Thus, although not a transforming oncogene, HOXB9
promotes breast cancer progression. HOXB9-induced ErbB
ligands and TGF-f activate human epidermal growth factor re-
ceptor 2/3 (HER2/HER3) phosphorylation and TGF-p receptor
pathways, respectively; although activation of the HER/AKT and
TGF-p axes promotes cell motility, induction of the TGF-p path-
way promotes EMT of these cells (1).

EMT, an embryonic process leading to loss of cell-cell contact
and invasion, is associated with resistance to chemotherapeutic
drugs and radiation (2, 3). Several embryonic transcription factors,
including HOX, that are deregulated in breast cancer induce EMT
(4). However, their mechanistic role in DNA damage response
(DDR) and radiation resistance is unclear. Exposure of tumor cells
to ionizing radiation causes double-stranded DNA breaks (DSBs),
triggering DDR through activation of the ataxia telangiectasia
mutated (ATM) kinase, which induces cell-cycle arrest and also
promotes DNA repair to maintain chromosome stability. When
activated, ATM autophosphorylates itself at Ser1989 and phos-
phorylates the histone variant H2AX at Ser139 around DSBs,
which recruits DNA repair proteins such as mediator of DNA-
damage checkpoint 1 (MDC1), p53 binding protein 1 (53BP1), and
breast cancer type 1 susceptibility protein to sites of DNA damage.
The phosphorylated histone H2AX (known as y-H2AX) and the
recruited DNA repair proteins form discrete nuclear foci at DSBs,
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providing surrogate markers to characterize the dynamic process of
DNA repair (5-8). In addition to DSBs, the oncogenic stress in-
duced by various oncogenes activates ATM (9). How exactly ATM
is activated by oncogenic stress and whether such ATM activation
affects the response of cancer cells to extrinsic DNA damage still
is unclear.

Tumoral secretion of growth factors and cytokines alters the tu-
mor microenvironment and modulates tumor cell fate, resulting in
increased tumor aggressiveness and resistance to chemotherapy and
radiation (10, 11). However, the consequence of this process on
DDR is not clearly defined. Activation or aberrant overexpression
of transcription factors such as HOXB9 in tumors may induce
tumoral expression of growth factors, resulting in their local increase
in the tumor microenvironment (1). TGF-p, a pleiotropic cytokine
and a potent inducer of EMT, promotes tumor progression through
autocrine and paracrine mechanisms (3, 12). Ionizing radiation has
been shown to induce EMT and invasion of cells through chronic
activation of the TGF-p pathway (13, 14), suggesting that TGF-p
may influence radiation responses by modulating tumor cell fate.

In this study we demonstrate that HOXB9Y, a transcription factor
overexpressed in breast cancer (1), induces the formation of
y-H2AX and 53BP1 nuclear foci in nonirradiated cells and confers
radioresistance by promoting ATM activation and DNA repair via
a TGF-B-dependent mechanism. Thus, we identify a mechanism
by which overexpression of a transcription factor through trans-
activation of TGF- alters tumor cell fate and contributes to DDR
in a subset of breast tumors.

Results

HOXB9 Induces Radiation Resistance and Spontaneous Nuclear
y-H2AX and 53BP1 Foci. We previously demonstrated that HOXB9
expression in mammary epithelial cells leads to mesenchymal
transition (1). To determine whether HOXB9-induced EMT
is associated with radioresistance, we analyzed the survival of
HOXB9-expressing MCF10A cells and human mammary epithe-
lial cells (HMEC) exposed to ionizing radiation. Compared with
cells expressing B-galactosidase (LacZ), cells expressing HOXB9
displayed a significant increase in survival after ionizing radiation
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in both survival and colony-formation assays (Fig. 14 and Fig.
S1A). Knockdown of HOXBY expression in a breast cancer cell
line, MDA-MB-231, which exhibits mesenchymal features and
expresses high levels of HOXB9 (1), increased the sensitivity of
these cells to ionizing radiation (Fig. 14). These results suggest
that HOXB9 expression is associated with radiation resistance.

To investigate whether HOXBY alters DDR, we monitored the
focus formation of y-H2AX and 53BP1, two markers of DNA
damage sites, in HOXB9-expressing cells. Even before ionizing
radiation treatment, HOXB9-expressing MCF10A cells (Fig. 1B)
and HMECG: (Fig. S1B) displayed a significant increase in y-H2AX
and 53BP1 foci compared with the respective LacZ-expressing
control cells. Furthermore, the levels of phosphorylated ATM
(pPATM) were increased by HOXB9 expression (Fig. 1B). Con-
sistent with these observations, HOXB9 knockdown in MDA-MB-
231 cells led to a reduction in baseline y-H2AX and 53BP1 foci
(Fig. S1C). These results suggest that HOXB9 increases the level
of intrinsic genomic stress or the response to such stress. Consis-
tent with the increased y-H2AX and 53BP1 foci, we detected
increased amounts of single- and double-stranded DNA breaks in
HOXB9-expressing cells using the comet assay (Fig. S1D). We
noted that the number of DNA breaks detected in HOXB9-
expressing cells was much lower than that induced by 20 Gy of
ionizing radiation (Fig. S1D), suggesting that HOXB9 induces
only a low level of genomic instability.

To characterize further the baseline DDR in nonirradiated
HOXB9Y-expressing cells, we asked whether the y-H2AX and
53BP1 foci in these cells are dependent upon ATM, ataxia tel-
angiectasia and Rad3 related (ATR), or DNA-dependent pro-
tein kinase catalytic subunit (DNA-PKcs). Inhibition of ATM
and DNA-PKcs using kinase-specific inhibitors, either in-
dividually or in combination, did not eliminate the y-H2AX and
53BP1 foci, suggesting that these kinases are not essential for the
maintenance of the foci (see 0-min time points in Fig. 2 A-C).
Because ATR is essential for cell survival, the effect of ATR on
y-H2AX and 53BP1 foci cannot be assessed directly. To in-
vestigate whether the y-H2AX and 53BP1 foci are associated
with DNA replication problems, we analyzed the cell-cycle dis-
tribution of HOXB9-expressing cells. Consistent with mesen-
chymal differentiation, HOXB9 expression increased the G1
fraction in MCF10A cells and HMECs compared with cells
expressing LacZ but caused no significant change in the fraction
of S-phase cells (Fig. S2). Conversely, HOXB9 knockdown in
MDA-MB-231 cells led to a reduction of G1 cells but not S-
phase cells (Fig. S2). These results suggest that DNA replication
is not perturbed significantly by HOXB9 expression. Thus, the
DNA damage induced by HOXBY leads to ATM activation and
increases baseline DDR in nonirradiated cells. The exact cause
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of the genomic instability in nonirradiated HOXB9-expressing
cells remains to be elucidated (Discussion).

HOXB9 Expression Accelerates DDR by Priming ATM Activation. In
response to treatment with 10 Gy of ionizing radiation, the per-
centage of nuclei exhibiting y-H2AX and 53BP1 foci increased to
~80% within 10 min in cells expressing HOXBY, whereas focus
formation in LacZ-expressing MCF10A (Fig. 3) and HMEC:s (Fig.
S34) did not reach the same levels until 30 min after ionizing
radiation. These results suggest that the formation of y-H2AX and
53BP1 foci induced by DNA damage is accelerated in cells
expressing HOXB9. The levels of histone H4, lysine 20 dimethy-
lation, a histone mark that associates directly with 53BP1 (15),
were not altered substantially after ionizing radiation treatment in
cells expressing HOXB9 (Fig. S3B). These results raise the pos-
sibility that HOXB9 expression specifically promotes an early step
of DSB response and accelerates H2AX phosphorylation on
chromatin, thereby indirectly enhancing the recruitment of 53BP1.

We next asked how DDR is accelerated in HOXB9-expressing
cells. In marked contrast to the spontaneous y-H2AX and 53BP1
foci, y-H2AX and 53BP1 foci induced by ionizing radiation in
these cells were abolished completely by ATM inhibition up to
10 min after ionizing radiation and were partially suppressed by
DNA-PKGcs inhibition (Fig. 2.4 and B). These results suggest that
ATM, but not DNA-PKGcs, is the primary kinase that promotes
the formation of y-H2AX and 53BP1 foci in the early stage of
response to ionizing radiation in HOXBY9-expressing cells. In-
hibition of both ATM and DNA-PKcs abolished all DDR in
LacZ- and HOXBY9-expressing cells 30 min after ionizing radi-
ation (Fig. 2C), suggesting that ATM and DNA-PKcs play
functionally redundant roles in the late stage of response to
ionizing radiation. Surprisingly, although ATM is not essential
for the y-H2AX and 53BP1 foci in nonirradiated HOXBY-
expressing cells, these foci disbursed rapidly after ionizing radi-
ation when ATM was inhibited (Fig. 2.4 and C). The reason for
this change is still unclear. Nonetheless, these results suggest that
accelerated DSB response in HOXB9-expressing cells is medi-
ated primarily by ATM, whereas both ATM and DNA-PKcs
contribute to the late-stage responses.

Because the early DDR in HOXB9-expressing cells depends
on ATM, we analyzed the kinetics of ATM activation in these
cells. Nuclear foci of pATM were observed in HOXB9-MCF10A
cells within 10 min of ionizing radiation. MDC1, a protein that
directly binds y-H2AX and promotes pATM and 53BP1 re-
cruitment, also is recruited rapidly to sites of DNA damage in
these cells (Fig. 44). The enhanced ionizing radiation-induced
phosphorylation of ATM also was confirmed by Western blot
(Fig. 4B). Thus, HOXB9 promotes an early event during DSB
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Fig. 1. HOXB9 expression promotes radiation resistance. (A) MCF10A (Left) and HMECs (Center) expressing either HOXB9 or LacZ were irradiated with 6 Gy

or 10 Gy of ionizing radiation, and cell survival was measured after 24 h. (Right) MDA-MB-231 cells in which HOXB9 expression was knocked down with
shHOXB9 were irradiated with 6 Gy or 10 Gy of ionizing radiation, and cell survival was measured after 24 h. Cells infected with shGFP were used as control.
*P < 0.001. (B) HOXB9 expression promotes the formation of y-H2AX and 53BP1 foci. (Left) The expression of y-H2AX and 53BP1 was evaluated in MCF10A
cells expressing either LacZ or HOXB9. (Scale bar, 10 pM.) (Middle) Bar graph demonstrates the percentage of nuclei positive for y-H2AX or 53BP1 foci. The
mean was derived from the percentage of cells that scored positive for y-H2AX or 53BP1 foci across nine fields. (Right) Western blot analysis demonstrates
increased phospho-ATM expression in HOXB9-expressing cells. B9, HOXB9; LZ, LacZ.
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Fig. 2. ATM is required for the rapid DDR observed in HOXB9-expressing cells. MCF10A cells expressing LacZ or HOXB9 were treated with the ATM inhibitor
KU55933 (10 uM) (A), the DNA PKcs inhibitor Nu7062 (10 uM) (B), or a combination of the ATM and DNA PKcs inhibitors for 1 h before irradiation (10 Gy) (C).
53BP1 and y-H2AX expression was visualized 0, 10, and 30 min after y-irradiation (IR). Bar graphs demonstrate the percentage of nuclei positive for y-H2AX or
53BP1. The mean was derived from the percentage of cells that scored positive for y-H2AX or 53BP1 across nine fields.

response that facilitates pATM recruitment, H2ZAX phosphory-
lation, and MDCI1 recruitment.

The activation and function of ATM at DSBs are enhanced by
a pATM- and MDCl1-mediated feed-forward loop (16, 17). The
initial activation of ATM at DSBs leads to ATM autophos-
phorylation and limited H2AX phosphorylation. The phos-
phorylated H2AX on chromatin recruits MDCI1, which in turn
recruits pATM and enables it to phosphorylate more H2AX and
propagate its functions. HOXB9 not only accelerates ionizing
radiation-induced ATM phosphorylation but also increases the
baseline of pATM in nonirradiated cells (Figs. 1B and 4B). The
preexistence of low levels of pATM in HOXB9-expressing cells
may allow the pATM- and MDCl-mediated feed-forward loop
to be established more rapidly in response to DSBs. To test this
possibility, we pretreated HOXB9-expressing cells with a highly
reversible ATM inhibitor (KU55933) (18) for 2 h and then
washed out the inhibitor and irradiated the cells (Fig. 4C). In-
hibition of the preexisting ATM activity in HOXB9-expressing
cells before ionizing radiation delayed the ATM-mediated early
response to ionizing radiation at 5 min but not 10 min, suggesting
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Fig. 3. HOXB9 expression leads to rapid radiation-induced DDR. MCF10A
cells expressing LacZ or HOXB9 were irradiated (10 Gy), and y-H2AX or 53BP1
expression was visualized 0, 10, and 30 min after ionizing radiation (IR). Bar
graphs demonstrate the percentage of nuclei positive for y-H2AX or 53BP1
foci. The mean was derived from the percentage of cells that scored positive
for y-H2AX or 53BP1 foci across nine fields. (Scale bar, 10 pM.)
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that these events depend partially on preexistent pATM and that
other unknown mechanisms could contribute to accelerated
DDR in HOXB9-expressing cells. These results are consistent
with the hypothesis that HOXB9 expression accelerates DSB
response at least in part by priming a fraction of ATM molecules
in the phosphorylated active state.

HOXB9 Expression Promotes DNA Repair and Cell-Cycle Reentry.
When DSBs are repaired successfully in cells, y-H2AX is
dephosphorylated gradually. Western blot analysis of y-H2AX in
HOXB9-MCF10A cells demonstrated that DNA repair was
largely completed 12 h after radiation, whereas it persisted in
LacZ-MCF10A cells (Fig. 4D). Consistent with these observa-
tions, cell-cycle analysis demonstrated that at 3 d after irradia-
tion HOXB9-expressing cells had recovered from the G2/M
arrest and reentered S phase, whereas a major fraction of irra-
diated LacZ-MCF10A cells remained arrested at G2/M and did
not enter S phase (Fig. S44). BrdU-incorporation studies also
show that irradiated HOXB9-MCF10A cells reenter S phase
faster than irradiated LacZ-MCF10A cells (Fig. S44). Together
these results suggest that DSBs are repaired more efficiently in
HOXB9-expressing cells.

To evaluate further the effects of HOXB9 on DSB repair, we
introduced the reporter constructs DR-GFP [a reporter for
homologous recombination (HR)] and pEJ [a reporter for non-
homologous end joining (NHEJ)] into HOXB9- or LacZ-MCF10A
cells (19, 20). Upon expression of the I-Scel endonuclease, the
efficiencies of HR and NHEJ were determined by the GFP* cell
populations. HOXB9 increased the efficiency of HR and, to a
lesser extent, the efficiency of NHEJ (Fig. 4 B and C). These results
suggest that, although HOXB9 induces spontaneous DNA dam-
age, cells expressing HOXBY can repair DSBs more efficiently.

DDR in HOXB9-Expressing Cells Is Dependent on TGF-§. Because
HOXB9-mediated EMT is driven by activation of TGF-p, a tran-
scriptional target of HOXB9 (1), we tested whether inhibition
of TGF-p activation in HOXB9-expressing cells would reverse ra-
diation resistance exhibited by these cells. TGF-f activation in cells
was abrogated by shRNA knockdown of mothers against decap-
entaplegic homolog 4 (Smad4), a key effector of TGF-p signaling.
Suppression of TGF-f activation, which reversed HOXB9-induced
mesenchymal phenotype (1), restored radiation sensitivity in
HOXB9-MCF10A cells (Fig. 54). Moreover, inhibition of the
TGF-p pathway suppressed the DDR observed in nonirradiated
cells and the rapid response seen 10 min after irradiation (Fig. 5B
and Fig. S54). The formation of 53BP1 and y-H2AX foci observed
in cells 30 min after irradiation was mitigated significantly but not
abolished completely in shSmad4 cells (Fig. 5B and Fig. S54),
suggesting that TGF-$ may influence the functions of both ATM
and DNA-PKGcs in focus formation. Together, the results strongly
suggest that the effects of HOXB9 on DDR, like those on EMT,
involve the TGF- pathway.
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Fig. 4. HOXB9-expressing cells exhibit rapid ATM activation and early termination of DDR. (A) MCF10A cells expressing LacZ or HOXB9 were irradiated (10

Gy), and pATM and MDC1 expression were visualized 0, 10, and 30 min after
MDC1. The mean was derived from the percentage of cells that scored positi

y-irradiation (IR). Bar graphs show the percentage of nuclei positive for pATM or
ve for pATM or MDC1 across nine fields. (Scale bar, 10 uM.) (B) pATM is elevated

in HOXB9-expressing cells. Western blot analysis of pATM expression in MCF10A cells expressing LacZ (LZ) or HOXB9 (B9) after 0, 10, and 30 min of irradiation.

(C) MCF10A cells expressing HOXB9 were treated with KU55933 (10 uM) for 2

h before irradiation. The inhibitor was washed out, and y-H2AX expression (Left)

and 53BP1 expression (Right) was visualized 0, 5, 10, and 30 min after y-irradiation. (D) Western blot analysis of y-H2AX expression in MCF10A cells expressing

LacZ or HOXB9 after 0, 12, and 24 h of y-irradiation.

To assess directly whether activation of the TGF-p pathway is
sufficient to recapitulate the effects of HOXBY expression, cells
were treated with TGF-p, and radiation resistance was moni-
tored. Cells treated with TGF-p were more resistant to radiation
than untreated cells (Fig. S5B). Moreover, TGF-p also increased
nuclear pATM expression in nonirradiated cells (Fig. S5C);
consistent with this observation, cells treated with TGF-f exhib-
ited increased y-H2AX and 53BP1 foci before irradiation and
responded to ionizing radiation more efficiently 10 min after ir-
radiation (Fig. S5C). These results demonstrate that HOXB9
potentiates DDR by activating the TGF-p pathway.

Discussion

Several human tumors, including those of the breast, exhibit ac-
tivated DDR and display ATM activation and y-H2AX and 53BP1
foci attributable to oncogenic stress (21). In this study, we dem-
onstrate that HOXB9, a nontransforming transcription factor that
promotes tumor progression and metastasis (1), induces DDR
through induction of TGF-B, its transcriptional target (1). This
observation reveals a mechanism that contributes to DDR in a
subset of breast tumors that overexpress this transcription factor,
which through transactivation of a cytokine elevates baseline ATM
phosphorylation and accelerates DDR and radiation resistance.
Comet assays demonstrate that before irradiation HOXB9
induces detectable spontaneous DNA damage in cells leading to
enhanced ATM phosphorylation. Although DNA replication
stress and DNA damage are induced in cells by oncogene ex-
pression (21), HOXB9 is not a transforming oncogene. Despite
being overexpressed in 40% of breast cancers, HOXB9 by itself
neither transforms mammary epithelial cells nor renders them
tumorigenic in vivo. However, it enhances the invasive properties
of cells in vitro and promotes tumor progression and metastasis
in vivo when coexpressed with transforming oncogenes such as
activated rat sarcoma viral oncogene (Ras) (1). Our observations

Chiba et al.

demonstrate that a nontransforming gene-transcription factor
(HOXBY) involved in tumor progression and metastasis can in-
crease spontaneous DNA damage through transactivation of its
target, TGF-p, and identify an important mechanism of genomic
instability in a subset of breast tumors.

The formation of y-H2AX and 53BP1 foci can be mediated
by ATM, ATR, or DNA-PKcs in different contexts (22, 23).
Although the levels of pATM are elevated in nonirradiated
HOXB9-expressing cells, inhibition of ATM or DNA-PKcs does
not interfere with the formation of y-H2AX and 53BP1 foci in
these cells. Although this result might be caused by foci not being
disassembled quickly enough after addition of the inhibitor, it
also could suggest the involvement of ATR in mediating the
HOXBSY effects. Loss of TGF-f expression in epithelial cells has
been associated with decreased ATM autophosphorylation and
kinase activity and attenuated DDR (24). In addition, TGF-$
also induces DNA damage signaling by the “bystander effect”;
irradiated glioma cells induce y-H2AX foci in neighboring
nontargeted bystander glioma cells through a TGF-p-mediated
process that is independent of ATM and DNA-PKcs but is de-
pendent on ATR (22). The mechanism by which TGF-f induces
DDR is unclear. However, TGF-§ is known to induce reactive
oxygen species that can promote EMT, oxidative damage to
DNA, and genomic instability in mouse mammary epithelial cells
(25, 26). Our data demonstrate that in HOXB9-expressing cells
the induction of y-H2AX and 53BP1 foci before irradiation and
accelerated DDR after ionizing radiation are mediated in part
through the HOXB9-TGF-—-ATM axis.

Increased ATM phosphorylation in nonirradiated cells may
enable this protein to localize to DSBs more efficiently after ir-
radiation through binding to MDCI1, thereby facilitating the re-
cruitment of additional DNA repair factors, and to be responsible
for the rapid DDR and radiation resistance observed in HOXB9-
expressing cells. Consistent with this concept, preexisting pATM in
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Fig. 5. Effects of HOXB9 on DDR are mediated through the TGF-p pathway. (A) MCF10A cells expressing LacZ-shLuciferase (Luc), LacZ-shSmad4, HOXB9-
shLuc, or HOXB9-shSmad4 were irradiated with 6 Gy or 10 Gy of ionizing radiation, and cell survival was measured after 24 h. (Right) Western blot dem-
onstrates the knockdown of Smad4 protein in cells. (B) (Upper) MCF10A cells expressing LacZ-shLuc, LacZ-shSmad4, HOXB9-shLuc, or HOXB9-shSmad4 were
irradiated (10 Gy), and y-H2AX or 53BP1 expression was visualized 0, 10, and 30 min after ionizing radiation. Representative images of cells stained with 53BP1
are shown. (Scale bar, 10 uM.) (Lower) Bar graphs demonstrate the percentage of nuclei positive for y-H2AX or 53BP1 foci. The mean was derived from the
percentage of cells that scored positive for y-H2AX or 53BP1 foci across nine fields. The key for the bar graphs is shown in A. IR, ionizing radiation.

nonirradiated HOXBY9-expressing cells is important for the accel-
erated DSB response after ionizing radiation. As a result of the
enhanced ATM activation and accelerated recruitment of repair
factors in HOXBY-expressing cells, DNA repair is carried out
more efficiently in these cells. This increased efficiency was con-
firmed using reporter constructs to characterize DNA damage
repair (19), demonstrating that HR is enhanced in HOXB9 cells
compared with LacZ-expressing control cells. Furthermore, NHEJ
also may be enhanced modestly in HOXB9-expressing cells.

In conclusion, through the induction of TGF-p, expression of
HOXB9 in breast cancers alters the tumor microenvironment
and tumor cell fate, leading to enhanced DDR and resistance to
y-irradiation. Further studies are needed to determine whether
HOXB9 expression can serve as a biomarker to determine ra-
diation responses in breast cancer.

2764 | www.pnas.org/cgi/doi/10.1073/pnas.1018867108

Methods
Cell Culture. MCF10A cells or HMECs were infected with HOXB9-expressing
lentiviral construct, and MDA-MB-231 cells were infected with shHOXB9

lentiviral construct (1). Smad4 expression in cells was knocked down similarly
with shSmad4.

Western Blot Analysis and Immunofluorescence. Antibodies against phospho-
ATM (#2152-1; Epitomics) and y- H2AX (ab18311; Abcam) were used for West-
ern blot analysis. The immunofluorescence protocol is described in S/ Methods.

Cell-Cycle Analysis. Cell cycle analysis was done as described in S/ Methods.
BrdU-Incorporation Assay. Cells were fixed and permeabilized with reagents
from the BrdU Flow Kit (BD Pharmingen) according to the manufacturer’s

instructions. BrdU was detected using an APC-BrdU Flow Kit according to the
manufacturer’s instructions.
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