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ABSTRACT
The regulation of cell cycle progression by steroid hormones and growth factors is important for
maintaining normal cellular processes including development and cell proliferation. Deregulated
progression through the G1/S and G2/M cell cycle transitions can lead to uncontrolled cell proliferation
and cancer. The transcription factor E2F1, a key cell cycle regulator, targets genes encoding proteins that
regulate cell cycle progression through the G1/S transition as well as proteins important in DNA repair and
apoptosis. E2F1 expression and activity is inhibited by inorganic arsenic (iAs) that has a dual role as a
cancer therapeutic and as a toxin that leads to diseases including cancer. An understanding of what
underlies this dichotomy will contribute to understanding how to use iAs as a more effective therapeutic
and also how to treat cancers that iAs promotes. Here, we show that quiescent breast adenocarcinoma
MCF-7 cells treated with 17-b estradiol (E2) progress through the cell cycle, but few cells treated with E2 C
iAs progress from G1 into S-phase due to a block in cell cycle progression. Our data support a model in
which iAs inhibits the dissociation of E2F1 from the tumor suppressor, retinoblastoma protein (pRB) due to
changes in pRB phosphorylation which leads to decreased E2F1 transcriptional activity. These findings
present an explanation for how iAs can disrupt cell cycle progression through E2F1-pRB and
has implications for how iAs acts as a cancer therapeutic as well as how it may promote tumorigenesis
through decreased DNA repair.
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Introduction

The transcription factor E2F1 and the tumor suppressor
protein retinoblastoma (pRB) are 2 key regulators of cell cycle
progression. Together they have roles in determining progres-
sion through checkpoints at G1/S and G2/M that dictate
whether a cell can proceed with DNA replication and cell divi-
sion. The phosphorylation of pRB by cyclin-dependent kinases
(CDKs) at specific amino acid residues inhibits heterodimeriza-
tion with E2F1, and allows E2F1 to be transcriptionally active,
whereas dephosphorylation of pRB promotes heterodimeriza-
tion with E2F1 and suppression of E2F1 activity.1 Because
E2F1 is a transcription factor for many of the key proteins that
drive cells through the G1/S transition and S-phase, cell cycle
progression will be blocked if E2F1 activity is inhibited by het-
erodimerization with pRB. Over-expression of E2F1 can result
in uncontrolled cell proliferation that can lead to tumorigenesis
and cancer.2 A block in E2F1 expression can lead to develop-
mental anomalies, disrupted DNA repair, and to tumor pro-
gression by inhibition of apoptosis.3,4

Exposure of cells to inorganic sodium arsenite (NaAsO2 or
iAs) or arsenic trioxide (ATO) affects multiple signaling path-
ways,5 can induce apoptosis,6 and can inhibit cell proliferation
in the human adenocarcinoma breast cancer cell line MCF-7
by causing them to accumulate in the G1 phase. This suggests a
block at the G1/S transition7,8 and data presented herein. Other

cell types affected by iAs exposure include myeloid cells,
melanoma cells, and prostate cancer cells.9-11 Myeloid cells
exposed to iAs are delayed in cell cycle progression12 in associa-
tion with Cdc25a repression,10 and melanoma cells arrest in G1
or G2/M.13 In non-malignant bronchial epithelial cells, E2F1
expression is repressed by exposure to iAs.14 Together, these
data suggest that iAs may inhibit cell cycle progression by inhi-
bition of E2F1-mediated transcription, but how the proteins
and pathways that iAs deregulates mediate cell cycle inhibition
has not been described. In line with an inhibition of cell cycle
progression, treatment of hematopoietic cancers with arsenic
has been successful although success has been marginal in
treating solid tumors. ATO is an approved drug for the treat-
ment of acute promyelocytic leukemia (APL) where it has been
used successfully, both alone and in combination with
all-trans retinoic acid (ATRA) or chemotherapy.15,16 Paradoxi-
cally, long-term exposure to low levels of iAs in drinking water,
is linked not only to developmental abnormalities but to a mul-
titude of diseases ranging from bladder, lung and skin cancers
to diabetes and is found in many parts of the world including
the U.S.17 Here we focus on how iAs inhibits cell cycling in
MCF-7 cells that have been stimulated by 17-b estradiol
(E2). Our results have implications for not only how iAs can
act as a therapeutic but also furthers our understanding of how
it may act as a cancer promoting agent.
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E2F1 is part of a family of E2F proteins that can pro-
mote or repress breast cancer cell proliferation18,19 with
roles in DNA replication, DNA damage checkpoint control
and in apoptosis.3 E2Fs 1, 2, and 3 are activating members
of the E2F family important in promoting both the
G1/S and G2/M transitions,20,21 and many of their activities
are redundant.22 They promote cell proliferation23,24 by
transcriptionally activating cyclin expression including
Cyclin E1 and Cyclin E2 (CCNE1 & CCNE2),25 Cyclin D1
(CCND1) and Cyclin A.26 Cyclins E, A and D form active
complexes with the cyclin-dependent kinases (CDKs),
CDK4/6 and CDK2.27,28 CDK-Cyclin complex formation is
dependent on the dephosphorylation of the CDK by the
dual-specificity phosphatase Cdc25A and E2F1 is also a
transcription factor for Cdc25A.29,30 Ultimately, active
CDKs target pRB for phosphorylation that determines pRB
activity.31 Importantly, E2F1 binds to its own promoter and
autoregulates it’s own transcription32 and E2F2 and E2F3
can also activate E2F1 transcription.32,33 It is interesting to
note that E2F1 has tumor suppressive activities as well as
oncogenic potential34-36 similar to the dual outcomes associ-
ated with exposure to iAs.

The retinoblastoma tumor suppressor protein is a major
regulator of E2F1 transcription and cell cycle progres-
sion.1,37,38 It is a member of a family of proteins known as
the “pocket proteins” that include pRB, p130 and p107.39,40

It acts mainly through binding to E2F1 directly, and when
bound, suppresses the growth promoting activity of E2F1
by inhibiting its transcriptional activity. The inactivation of
the pRB pathway is almost universal to all cancers.41 While
there can be changes in pRB expression, the most frequent
cause of pRB dysfunction is due to changes in
post-translational modifications such as acetylation and
phosphorylation,38 the most well studied being phosphory-
lation. Changes in phosphorylation at specific sites in pRB
determines pRB-E2F1 interaction,42,43 and subsequent E2F1
activity. When pRB is hyperphosphorylated, heterodimeriza-
tion with E2F1 is inhibited which allows E2F1 to activate
transcription at it’s targets. When hypophosphorylated, pRB
forms a heterodimer with E2F1 and E2F1 activity is
repressed which inhibits cell cycle progression.44 Both
CyclinD/Cdk4/6 and CyclinE/A/Cdk2 kinases target specific
sites on pRB,38,45,46 and induce structural changes that affect
the binding affinity of pRB for E2Fs1–3.42-44 Of the 16
potential amino acids that can be phosphorylated in pRB, 2
that are differentially phosphorylated are T373 and
S608.45,67 Phosphorylation of pRB-S608 structurally orders
the pocket domain loop and competitively inhibits pRB
binding to the E2F1 transactivation domain and phosphory-
lation at pRB-T373 causes an allosteric change in pRB that
promotes interaction of the N-terminus and the pocket
domain that disrupts heterodimerization with E2F1.42,43

Here we show that phosphorylation at both T373 and S608
change in response to iAs exposure.

ERa is a transcriptional activator when bound by its
ligand E2, and it activates specific cell cycle-associated genes
including E2F1.19,30,47,48 It has been reported that treatment
with iAs can inhibit ERa expression in MCF-7 cells, other
breast cancer cells and other cell types.7,49-51 Here we

present experiments to investigate the expression and activi-
ties of key proteins in the E2F1-pRb pathway that drive
MCF-7 cells through the G1/S cell cycle transition in
response to E2 activation with and without iAs. Our data
support a model in which the phosphorylation of pRB at
specific sites is inhibited by exposure to iAs that, in turn,
inhibits the dissociation of the E2F1-pRB complex from the
E2F1 promoter. This results in a block in E2F1 transcrip-
tional activity and inhibition of the expression of E2F1 tar-
get genes.

Results

G1/S transition is inhibited by iAs

iAs inhibits cell cycle progression in MCF-7 breast cancer
cells that lead to the accumulation of cells in G1 after expo-
sure, which suggests a block at or before the G1/S transition.7

We initially verified this in our MCF-7 cells by flow cytometry
after cells were made quiescent by growth for 72 h in phenol
red-free DMEM containing dextran/charcoal-stripped serum,
which removes growth and estrogenic factors from the
medium. This was followed by a 24 h treatment with
5 nM E2 § 2.5 mM or 5 mM iAs (Fig. 1). As the amount of
iAs with which cells were treated was increased, fewer cells
entered S-phase (Fig. 1A). Arsenic effects on cell cycle pro-
gression were then determined over a 48 h time course
(Fig. 1B and C). Quiescent cells were treated with 5 nM E2 §
5 mM iAs. Cells treated with E2 alone (Fig. 1B) began to move
into S-phase by 14 h with the peak at 18 to 24 h. In contrast,
few cells treated with E2 C iAs (Fig. 1C) moved into
S-phase before 18–24 h and never reached the number of cells
found in S-phase with E2 alone. If the rate of cell cycle pro-
gression was slowed by iAs, an expectation would be that the
percentage of cells in S-phase would eventually increase to
levels seen with E2 alone (compare the percent cells at 24 h
with E2 alone versus E2 C iAs at later time points). By 42–48 h,
most of the cells treated with E2 had moved through G2/M
and returned to G1, whereas some iAs-treated cells entered
S-phase by 18–24 hours and continued into G2/M, but were
blocked again, as indicated by the higher percentage of cells in
G2/M that did not cycle back into G1 (compare 48 h in Fig. 1B
and C). These data indicate that the primary block in MCF-7
cells in response to treatment with iAs C E2 is at or before the
G1/S transition, with an additional block at G2/M.

Treatment with iAs alone can induce apoptosis in various
cell types,52,53 and in cancer cells13,54 but effects are cell type
and iAs-concentration dependent.53,55 To determine if the
decrease in iAs-treated cells entering S-phase was due to cell
death, both necrosis and apoptosis were measured in an
AnnexinV/propidium iodide assay. Quiescent cells were
treated with 5 nM E2 § 5 mM iAs, or 5 mM iAs alone for 24 h
(Fig. 1D-G). Some cell death (necrosis) was observed but
there was little difference between treatments in the first
24 hours. Likewise little difference in either early or late apo-
ptosis was observed. In cells treated with E2 C iAs for 48 h to
96 h more of the cells (about 8–10%) were apoptotic by 96 h
(data not shown). Thus, in the first 24 h of treatment with
5 nM E2 § 5 mM iAs, neither apoptosis nor cell death can
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Figure 1. Treatment of MCF-7 cells with iAs blocks cells in G1/S and G2/M transitions. (A) Quiescent cells were left untreated, or treated with 5 nM E2, E2C 2.5 mM iAs, or
E2 C 5 mM iAs for 24 hours, stained with propidium iodide, and analyzed by flow cytometry. Values indicated by “G1, S, and G2/M” shown on the graphs are percent cells
found in each phase. Representative experiment shown, repeated 4 times. (B) Cells treated with 5 nM E2 and analyzed as in (A) for indicated times. (C) Cells treated with 5
nM E2 C5 mM iAs and analyzed as in (A) for indicated times. Both B & C show means and SEM (n D 3 individual experiments) for 0–38 h. No error bars are shown for
40–48 h because these points represent one experiment. (D-G) Flow analysis of MCF-7 cells treated for 24 h to determine the distribution of apoptotic vs. necrotic cells
with No Treatment (D), 5 nM E2 (E), 5 nM E2 C 5 mM iAs (F) and 5 mM iAs alone (G). Quadrant labels indicated in (D) are the same in (E-G).
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account for the treatment-related differences in cell cycle dis-
tribution. Table 1 shows that the average fraction of live cells
at 8, 16 and 24 hours of treatment was about 80% with an
average of about 20% cell death in all treatments and a small
percentage due to apoptosis. A staurosporine control was
done to show that apoptosis can be induced in these cells but
it occurred later (96 h) than expected (data not shown).

Arsenic inhibits Cyclin E2 (CCNE2) Expression

The expression of both CyclinE1 and CyclinE2 are increased by
estrogen in MCF-7 cells56 and both cyclins associate with Cdk2
kinase to activate kinase activity in late G1, an activity that is
important in moving the cells through the G1/S transition.
Park et al.57 showed that in renal carcinoma cells the expression
of Cdk2, Cdk6 kinases and cyclins D1, E and A were decreased
in response to arsenic trioxide (ATO). ATO has similar effects
in our cells as the sodium arsenite used in our study. In addi-
tion, in Beas-2B lung cancer cells, CyclinD1 (CCND1) expres-
sion was increased and CCNE2 decreased in response to
ATO.14

To determine whether iAs affected cyclin expression that
could be involved in inhibiting cell cycle progression, quiescent
MCF-7 cells were treated with 5 nM E2 § 5 mM iAs for 24 to
38 h. Cyclin mRNA samples were collected every 2 to 4 hours,
starting at 8 h, and levels of cyclin mRNAs was determined by
qRT-PCR (Fig. 2). CCNE1 mRNA expression was slightly
decreased in response to E2 C iAs at 8 h but there was no sig-
nificant difference from treatment with E2 alone after 8 h
(Fig. 2A). In contrast, CCNE2 mRNA was significantly
decreased in cells treated with E2 C iAs vs. E2 alone from 8h to
18 h (Fig. 2B). Not only was there a statistically significant
effect of the iAs treatment compared with E2 alone but the
dependence on time of the effect of the treatment was also sta-
tistically significant. Note that by 20 h of treatment there is no
difference in CCNE2 expression. In Fig. 2C we show that
CCND1 levels peak earlier than CCNE1 or CCNE2 and there is
no significant difference in expression between treatments.
Thus, although CCND1 has been shown to be involved in the
activation of CCNE2 in response to estrogen,56 it is unlikely to
have a role in iAs inhibition of CCNE2 expression or cell
cycling in MCF-7 cells. We conclude that CCNE2 is the pri-
mary cyclin target of iAs vs. CCNE1 or CCND1, and that the
effect of iAs treatment on CCNE2 is time dependent, occurring
during G1 and up to the G1/S transition.

CDK2 kinase activity and Cdc25a expression are decreased
in response to iAs

Because the cyclins bind to and activate the kinase activity of
the CDK kinases that help drive the G1/S transition and
CCNE2 expression was decreased in cells treated with iAs, we
determined whether the activity of CDK2 kinase was also
decreased. We chose CDK2 because CCNE2, the primary cyclin
targeted by iAs that we identified, heterodimerizes with CDK2
to activate its kinase activity.58 CDK4/6 is also an active kinase
during the early G1 phase of the cell cycle but its primary part-
ner is CyclinD and CCND1 expression was not decreased by
treatment with iAs. Fig. 3A shows that CDK2 kinase activity in

Table 1. Percentage of live versus necrotic or apoptotic cells.

Time Treatment Live Cells Necrotic Late Apoptotic Early Apoptotic

8 hr None 82.3 9.21 3.43 5.07
5 nM E2 82.66 11.18 2.83 3.33
E2 C 5mM iAs 80.48 13.05 3.55 2.92
5 mM iAs 81.11 12.41 3.78 2.7

16 hr None 87.21 7.42 1.96 3.42
5 nME2 81.64 13.87 2.55 1.93
E2 C 5mM iAs 80.98 14.21 2.78 2.02
5 mM iAs 78.42 16.21 3.6 1.76

24 hr None 84.84 9.11 2.12 3.94
5 nM E2 79.47 16.32 2.73 1.47
E2 C 5mM iAs 79.55 14.61 3.28 2.57
5 mM iAs 78.36 15.57 3.78 2.28

Figure 2. Gene expression of CCNE1 and CyclinD1 does not change but CCNE2
decreases in response to iAs across the cell cycle. (A-C) Quiescent cells were treated
with 5nM E2 or 5 nM E2 C 5 mM iAs for indicated times and expression of mRNAs
was evaluated by qRT-PCR with the appropriate primer set. All data shown is from
the same representative experiment done in triplicate using primer sets to CCNE1,
CCNE2 or CyclinD1 and the experiment was repeated 4 times with all primers
shown. (n D 3; Error bars D SEM; �p-Value< 0.001 for CCNE2 at 8–18 h).
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cells treated for 14h with 5 nM E2 C 5 mM iAs was decreased
compared with cells treated with 5 nM E2 alone where kinase
activity increased.

Cdc25a is a member of a family of dual-specificity phospha-
tases whose expression is activated by E230 and it has a role in
regulating cell cycle progression.59 Specifically, Cdc25a dephos-
phorylates CDK2 at threonine 14 (T14) and tyrosine 15 (Y15)
and this promotes CDK2-CCNE2 complex formation and
kinase activity.60 We reasoned that the decrease in CCNE2
could account for the decreased kinase activity but that a
decrease in Cdc25a phosphatase activity could also contribute
to the decrease in CDK2 kinase activity if CDK2 remained
phosphorylated which would inhibit CCNE2-CDK2 heterodi-
merization. We determined whether Cdc25a expression was
inhibited by iAs and found that between 8h and 18h of treat-
ment with 5 nM E2 C 5 mM iAs Cdc25a mRNA expression
was decreased in cells relative to those exposed to E2 alone
(Fig. 3B). We then examined whether the phosphorylation of
CDK2 at T14 was decreased. Fig. 3C shows that at 14 h the
untreated cells (indicated by 0) remained phosphorylated as

did the CDK2-phosphoT14 from iAs treated cells. Cells treated
with E2 were dephosphorylated at residue T14. Together these
data indicate that CDK2 kinase activity is inhibited by iAs,
most likely due to a decrease in the expression of its binding
partner CCNE2 and to less phosphatase activity of Cdc25a.
This would account for the continued phosphorylation of
CDK2 that inhibits CCNE2-CDK2 heterodimerization neces-
sary for CDK2 activity.

Inhibition of E2F expression by iAs

E2F1 is transcribed by ligand-bound ERa and is itself a tran-
scriptional activator of CCNE2, other G1-phase cyclins,
Cdc25a phosphatase,29 and of itself.19,25,33,47 Because we found
the expression of CCNE2, Cdc25a and CDK2 kinase activity
downregulated in the presence of iAs (Fig. 2 and Fig. 3) and
that there is a major block in cell cycle progression leading to
the G1/S transition (Fig. 1) we next investigated whether E2F1
expression was decreased in cells treated with iAs. Quiescent
cells were treated with 5 nM E2 § 5 mM iAs and expression
was examined over the following 38h. In response to E2 alone,
E2F1 mRNA was maximal by 14–18 h (Fig. 4A). This finding
correlates well with the timing of the transition into S-phase
(Fig. 1B). After treatment with E2 C iAs the expression of E2F1
mRNA was significantly decreased by 4 h to less than basal lev-
els (zero time point), indicating a probable inhibition of E2F1
transcription by iAs. E2F1 protein expression was also inhibited
by 4–8 h when compared with treatment with E2 alone
(Fig. 4B).

E2F2 and E2F3a are E2F1 transcriptional targets that are
also involved in progression through G1 and the G1/S transi-
tion,32,33 and all 3 E2Fs are transcriptional activators. These fac-
tors share some transcriptional targets but also have unique
individual activities.23,31 Because cell cycle progression and
E2F1 expression were decreased in response to iAs, and E2F2
and E2F3a can compensate for E2F1, we predicted that the
expression of one or both might be repressed in addition to
E2F1. We found that E2F2 mRNA expression was repressed
similarly to E2F1 (Fig. 4C). Two isoforms of E2F3, E2F3a and
E2F3b, are transcribed from independent promoters in the
E2F3 gene.61 PCR primers to a region that is conserved in both
E2F3a and E2F3b showed no difference in expression between
treatments (data not shown) but primers specific to E2F3a indi-
cate that iAs inhibits its expression but only in the first 16 hours
of treatment (Fig. 4D). This suggests that the decrease in E2F2
and E2F3a may be due to the decrease in E2F1 because E2F3a
is a transcriptional target of E2F1 but E2F3b is constitutively
expressed and not an E2F1 target.61 Thus the transcriptional
repression of the 3 activating E2Fs, E2F1, F2F2 and E2F3a in
response to iAs likely contributes to the iAs-associated block in
the G1/S and possibly to the G2/M transition.

Is ERa associated with the decrease in E2F1 expression
by iAs?

E2F1 transcription is activated by estrogen via ERa.19,30,47,48

Because we saw an early decrease in E2F1 mRNA expression in
iAs treated cells (Fig. 4A) we determined whether the decrease
in E2F1 mRNA expression could be due to a decrease in ERa

Figure 3. Arsenic inhibits Cdk2 kinase activity and the expression of the phospha-
tase Cdc25a. (A) Cdk2 kinase was immunoprecipitated from MCF-7 cells after no
treatment or a 14 h treatment with 5 nM E2 or 5 nM E2 C 5 mM iAs. The immuno-
precipitated protein was incubated with [g32P] ATP and 1 mg histone H1 in a
kinase assay. Proteins were then separated by gel electrophoresis, transferred to a
filter and visualized by PhosphorImager analysis (phosphor histone H1). The filter
was then subjected to western blot analysis with an antibody to Cdk2. (B) Quies-
cent cells were treated with 5 nM E2 § 5 mM iAs, mRNA was isolated and qRT-PCR
was done with primers to Cdc25a. Representative experiment repeated 4 times as
above (nD 3; Error barsD SEM; �p-Value< 0.001 at 8–18 h). (C) Cells were treated
as in (B) and harvested at 8 h or 14 h of treatment. Western blot analysis was done
with an antibody to CDK2 phosphoT14.

2062 L. A. SHELDON



expression itself. The expression of ERa mRNA was deter-
mined in response to iAs over time by treating quiescent cells
with 5 nM E2 § 5 mM iAs and the expression of ERa protein
and mRNA was determined (Fig. 5). In response to iAs the
expression of ERa protein was decreased by 10 h (Fig. 5A)
that is after the observed decrease in E2F1 protein expression at
8 h (compare Fig. 5A to Fig. 4B). Likewise ERa mRNA expres-
sion did not decrease until 10 h (Fig. 5B). Because the differ-
ence in the timing between changes in E2F1 expression (4–8 h)

and ERa expression (10 h) was only 2 to 6 hours we investi-
gated whether ERa overexpression would restore the expres-
sion of E2F1 mRNA in transient transfections. We found that
the overexpression of ERa resulted in a significant increase in
the expression of E2F1 when cells were treated with E2 alone
but not when treated with E2 C iAs (Fig. 5C). Basal levels of
E2F1 also increased with added ERa as was expected. These
data suggest that although ERa expression decreases with iAs
exposure and may affect the expression of E2F1 after 10 h, ERa

Figure 4. Expression of E2F1 mRNA and protein and E2F2 and E2F3 mRNA changes
during the cell cycle following treatment with 5 nM E2 or 5 nM E2 C 5 mM iAs.
(A) Quiescent cells were treated for indicated times and expression of E2F1 mRNA
was measured by qRT-PCR. (n D 3; Error bars D SEM; �p-Value < 0.001 at 4–38 h).
(B) Western blot analysis of E2F1 protein expression at times after treatment with
5 nM E2 § 5 mM iAs. GAPDH is a loading control. (C) As in (A) but qRT-PCR was
with primers to E2F2. Shown is a representative experiment repeated 3 times. (n D
3; Error bars D SEM; �p-Value< 0.001 at 10–38 h) (D) As in (A) but with primers to
E2F3a. Shown is a representative experiment repeated 3 times. (n D 3; Error
bars D SEM; �p-Value < 0.001 at 10–16 h). In (C) and (D) Black bar D Time zero,
Light GrayD 5 nM E2, Dark Gray D 5 nM E2 C 5 mM iAs.

Figure 5. Arsenic inhibits the expression of the ERa protein and mRNA across the
cell cycle starting at 10 h but overexpression of ERa does not restore E2F1 expres-
sion. (A) Western blot analysis of ERa protein expression at times after treatment
of quiescent cells with 5 nM E2 § 5 mM iAs. GAPDH is a loading control. (B) The
expression of ERa mRNA from the same experiment as in (A) measured by qRT-
PCR. (n D 3; Error bars D SEM; �p-Value < 0.001 at 10–38 h). Experiment was
repeated 3 times. (C) Transient transfection with 0.25 mg or 0.5 mg ERa in cells
treated with 5nM E2 § 5 mM iAs for 14 h and analyzed for expression of E2F1
mRNA by qRT-PCR. (n D 3; Error bars D SEM; �p-Value < 0.001 at 10–38 h). Below
is shown the Western blot analysis of the expression of ERa protein in the cells
incubated with an antibody to ERa with GAPDH as a loading control.
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expression is not likely responsible for the initial decrease in
E2F1 expression in response to iAs.

pRB phosphorylation and the iAs-mediated decrease
in E2F1 expression

Because the initial decrease in E2F1 expression by iAs was not
likely due to changes in ERa expression (Fig. 5C), we focused
on the possible involvement of pRB in the iAs-mediated inhibi-
tion of E2F1 expression. Heterodimerization of E2F1 with pRB
blocks E2F1 transcriptional activity. Our data showing that
CDK2 kinase activity was reduced with iAs treatment (Fig. 3A)
suggested the possible involvement of pRB because pRB is a
substrate for phosphorylation by CDK2/CCNE2 kinase and the
underphosphorylation of pRB promotes pRB-E2F1 heterodi-
merization. If pRB phosphorylation by CDK2 kinase was inhib-
ited then we would expect pRB to be less phosphorylated at
specific amino acids and would remain in a heterodimeric com-
plex with E2F1.

Our initial experiment was a ChIP assay to determine if
pRB and E2F1 were associated with the E2F1 promoter
when cells were treated with E2 § iAs. If both E2F1 and
pRB were found at the E2F1 promoter it would suggest the
possibility of heterodimerization between the 2 proteins
that could lead to inhibition of E2F1 transcription and
expression. Quiescent cells were treated for 16 hours before
they were cross-linked and harvested for ChIP analysis. We
found that in untreated cells and in cells treated with E2
alone there was significantly less of both E2F1 and pRB at
the E2F1 promoter than in cells treated with E2 C iAs
(Fig. 6A), where we found significantly more of both at the
promoter. Because transcription is a dynamic process in
which a transcription factor binds to a promoter and then
traverses the DNA in the process of transcriptional elonga-
tion, we interpret this result as an indication that with iAs
treatment, E2F1 binds to its own promoter but transcription
may not progress because E2F1 has formed a heterodimeric
complex with pRB and remains “locked’ in position, unable
to activate its own transcription. In contrast, with E2 alone
some E2F1 and pRB are found at the promoter but
because there is active transcription and elongation there is
significantly less E2F1 and pRB then when cells have been
treated with iAs.

If the increase in pRB at the E2F1 promoter were due to
heterodimerization, we would expect a decrease in phosphory-
lation of pRB in cells treated with E2 C iAs and an increase
in phosphorylation with E2 treatment alone. Because we did
not see changes in the expression of Cyclin D1 (Fig. 2C) and
we did see a decrease in CDK2 kinase activity (Fig. 3A), we
focused on identifying phosphorylation differences on pRB
amino acid residues that are specifically targeted for phos-
phorylation by Cyclin E/CDK2 kinase activity. Phosphoryla-
tion of pRB is extensive, and early (G1) phosphorylation
events by CyclinD/Cdk4/6 likely cause structural changes in
pRB that expose sites that can later (late G1) be targeted by
Cyclin E/CDK2.43,91 Thus specific phosphorylation changes
are likely to be transient with phosphorylation patterns chang-
ing over time. Taking this into consideration, the experiments
were done in time courses where quiescent cells were treated

with E2 alone or E2 C iAs as in previous experiments, cells
were harvested, and western blot analysis was done with anti-
bodies to phosphorylated pRB amino acids. It has been shown
that the amino acid threonine 373 (T373) when phosphory-
lated stabilizes a structural change between the pocket domain
of pRB and its N-terminus that can dissociate preformed
pRB-E2F1 complexes by allosteric inhibition.43 We found that
as early as 4–8 h after treatment with E2 alone, there was an
increase in the phosphorylated form of T373 which was main-
tained throughout the time course, compared with T373 from
cells treated with E2 C iAs where phosphorylation on pRB
was significantly lower (Fig. 6B and C). Furthermore, a slight
difference in gel mobility of pRB between the 2 treatments,

Figure 6. E2F1 and pRB heterodimerize at the E2F1 promoter in association with a
decrease in pRB phosphorylation. (A) ChIP analysis of pRB and E2F1 bound to the
E2F1 promoter after 16h treatment of cells with 5nME2 § 5 mM iAs expressed as
% InPut E2F1. Representative experiment, repeated twice, Error Bars D SEM from
qRT-PCR triplicate analysis. (B) Western blot analysis of pRB and phosphor-T373
pRB across the cell cycle in cells treated with 5nM E2 § 5 mM iAs. GAPDH is a load-
ing control. Dots to the left indicate mobility changes in pRB. (C) Quantification of
western blot shown in (B) with phosphor-T373 in each lane normalized to the
amount of pRB expressed in the corresponding lane (ratio T373/pRB). Blot was
hybridized with antibody to pRB, stripped and re-hybridized with antibody to
T373. GAPDH is a loading control. (D) Quantification of western blot (not shown)
incubated with antibody to phosphor-S608-pRB normalized to the amount of pRB
expressed in the corresponding lane as in (B)(ratio S608/pRB). Blot was hybridized
to antibody to pRB, stripped and re-hybridized with antibody to S608-pRB. GAPDH
is a loading control. Both (C) and (D) experiments were repeated 3 times.
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was observed in lanes incubated with antibody to pRB
(Fig. 6B). A slower migrating form of pRB seen with E2 alone
suggests that the E2 treated form of pRB is more phosphory-
lated than pRB treated with E2 C iAs, consistent with the
observed increase in phosphorylated T373 with E2 alone.
Together these data identify an amino acid, T373, in pRB that
is less phosphorylated when cells are treated with E2 C iAs
but is more phosphorylated with E2 alone and this phosphor-
ylation can inhibit pRB from interacting with the transactiva-
tion domain of E2F1.43 We also attempted to determine
whether there was a change in S608 phosphorylation with
time. There was a decrease in S608 phosphorylation at 8h
with E2 C iAs compared with E2 alone (Fig. 6D) but no sig-
nificant differences at later times as we saw with T373. These
data suggest that at least 2 different phosphorylation events
on pRB are inhibited by iAs, one, is a decrease in S608 phos-
phorylation and the other, a decrease in phosphorylation at
T373. Dephosphorylation of both sites can contribute to stabi-
lizing pRB heterodimerization with the E2F1 transactivation
domain that would be consistent with our observation that
both E2F1 and pRB are present together at the E2F1 promoter
after iAs treatment (Fig. 6A). E2F1-pRB heterodimerization
leads to a decrease in the transactivation of E2F1 and its tar-
gets, including E2F1 itself. Because T373 phosphorylation is
associated with an allosteric change in pRB that can displace
E2F1 from pRB43 this suggests that E2F1 transcriptional activ-
ity is repressed by iAs through changes in pRB phosphoryla-
tion that leads to the observed block in cell cycle progression.
By identifying a change in the phosphorylation of T373 and
S608 in the pRB protein, we have identified a new mechanism
by which iAs can disrupt cell cycle progression.

Discussion

We present a model by which iAs inhibits cell cycle progression
(Fig. 7) based on the data presented and on what is
known about the mechanisms that promote cell cycle progres-
sion through the G1/S transition. For clarity, our model is
focused on the regulators our experiments directly address. We
show that iAs inhibits the phosphorylation of pRB at specific
sites by inhibiting the kinase activity of CyclinE2/CDK2, con-
tributed to by the decrease in transcription of CCNE2 and addi-
tionally the decrease in phosphatase activity of CDC25a that
prevents the dephosphorylation of CDK2. Through these
experiments we have advanced the understanding of how iAs
inhibits cell cycling mediated by estrogen and ERa that may
apply to other mitogens that iAs inhibits. Our experiments did
not address what the direct target iAs is that leads to the inhibi-
tion of cell cycling. There have been many studies done on how
iAs affects signaling pathways such as the MAPK and p38 path-
ways that could affect pRB phosphorylation38 but most of these
studies also fail to identify a direct target for iAs. It is interest-
ing to note that iAs can interact directly with Zinc-finger
domains through cysteine and histidine residues90 and this can
affect the enzymatic activity of proteins such as PARP-1 (poly
(ADP-ribosyl)ation as well as protein-protein interactions and
protein-DNA interactions that include transcription factors.
This effect on Zinc-finger domains could very well have an
effect in this system.

E2F1 is an estrogen responsive gene47 that when knocked
down renders MCF-7 cells unresponsive to the proliferative
effect of estrogen. Because ERa is a transcriptional activator for
E2F1 we focused our efforts on determining if iAs leads to a

Figure 7. Model of how iAs affects pRB and E2F1 expression during G1 and the G1/S transition phases of the cell cycle that results in a block in cell cycling at the G1/S
transition based on data shown herein. (See Discussion for more explanation.)
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decrease in ERa expression, and if ERa overexpression could
restore E2F1 expression. It has been reported that treatment
with iAs can inhibit ERa expression in MCF-7, other breast
cancer cells and in other cell types.49,50,51 We found that iAs did
inhibit ERa expression but not until after the decrease in E2F1
expression (compare Fig. 4B and Fig. 5B). We cannot rule out
that the significant decrease in ERa protein after iAs treatment
does not contribute to the decrease in E2F1 expression at 10 h
or later, but it does not explain how early E2F1 expression was
inhibited. It is interesting to note that phosphorylation of ERa
by CyclinA/CDK2 on Ser118 is associated with an increase in
the transcriptional activity of ERa, whereas, inhibition of CDK2
and CDK7 kinases inhibits ERa transcriptional activity.62-64 We
have shown here that the CDK2 phosphatase, Cdc25a, is inhib-
ited before the decrease in ERa expression (compare Fig. 3B and
Fig. 5B), and CDK2 kinase activity is also inhibited. We have
also seen a decrease in CyclinA2 expression in response to iAs
(unpublished data). It is thus possible that repression of the
transcriptional activity of ERa vs. a decrease in ERa expression
contributes to the early decrease in E2F1 expression in response
to iAs but this requires further investigation.

It is likely that the significant decreases we see in CCNE2
and in Cdc25a occur in response to the decrease in the E2F1
transcription factor and it’s activity because both have E2F1
binding sites and are transcriptionally regulated by E2F1.65

CCNE1 and CCNE2 are regulated independently from differ-
ent promoters56 and CCNE2 may be more sensitive to tran-
scriptional activation by E2F1 than is CCNE1.66 This is
consistent with our results that show that CCNE2 is inhib-
ited in a similar time frame to E2F1, but CCNE1 is less
susceptible to changes in E2F1 expression (Fig. 2A and B).
This would account for the greater sensitivity of CCNE2
expression to iAs.

Because E2F1 can autoregulate it’s own transcription,32,33

we examined whether E2F1 interacts with it’s own promoter
in the presence of iAs and E2 using ChIP analysis, and found
that there was more E2F1 at the promoter when cells were
exposed to iAs C E2 than when exposed to E2 alone
(Fig. 6A). Further investigation showed that both pRB and
E2F1 were at the promoter after 14 to 16h of treatment with
E2 C iAs and in similar amounts (Fig. 6A). These data led
us to the hypothesis that E2F1 and pRB heterodimerize at
the E2F1 promoter when iAs is present and block transcrip-
tion by E2F1. We found more evidence for E2F1-pRB heter-
odimer formation when we used 2 different antibodies to
pRB in the ChIP assay. One antibody was from Becton-Dick-
inson (BD) and one from Cell Signaling Technology (CST).
We could detect pRB at the E2F1 promoter after iAs treat-
ment with the CST-antibody but not with the BD-antibody.
This suggests a potential iAs-associated conformational
change in pRB that blocks recognition by the BD-antibody
but not the CST-antibody. The recognition epitope for the
BD-antibody is amino acids 332–344 which is part of a
linker region just N-terminal to the highly structured pRB
pocket domain.42-44 It is a region in pRB that when bound to
E2F1 undergoes an allosteric change that would likely block
antibody recognition of the BD epitope. The CST-antibody
recognizes an epitope within the C-terminal amino acids,
701–928, a largely unstructured region of pRB. This epitope

would likely be available for recognition when E2F1 and
pRB are heterodimerized. It should also be noted that both
antibodies worked equally well in western blot analysis vs. in
the ChIP analysis. Together these data make an argument
for changes in pRB conformation, that likely result from an
iAs-mediated decrease in pRB phosphorylation and the het-
erodimerization of E2F1-pRB.

It is interesting that in a study by Narasimha etal.91 in
which isoelectric focusing was used to separate monophos-
phorylated forms of pRB, pRB is monophosphorylated in
early G1 at both S608 and T373 and monophosphorylated
S608 pRB binds to E2F1 slightly less well than monophos-
phorylated T373. Furthermore the monophosphorylation is
mediated by CyclinD/CDK4/6 in early G1. Our data show
(Fig. 6B) that the residue T373 on pRB is phosphorylated at
time zero but to a lesser extent than at later times. By 4 h in
iAs treated cells T373 is just slightly less phosphorylated
than E2 treated cells. Narasimha etal. show that rather than
a progressive phosphorylation by CCNE2/CDK2 in G1 there
is a rapid hyperphosphorylation of pRB in late G1 that
ranges from 10 h-16 h, depending on the experimental con-
ditions. In our experiments the difference in phosphorylation
between treatments is greater by 8 h than at 4 h and by 8 h
phosphorylation in E2-treated cells is maximal. This timing
fits well with our data showing that CyclinD1 expression is
maximal early, before cells move into S-phase at 14 h and
CCNE2 expression is highest at 8 h to 18 h when pRB
becomes hyperphosphorylated by CCNE2/CDK2 in cells
treated with E2 alone. We also see that at 14 h CDK2 kinase
activity is higher than at time zero (Fig. 3A) and that
CDC25a expression is highest at 8 h-14 h (Fig. 3B) when it
is important for CDK2 to be dephosphorylated to allow het-
erodimerization with CyclinE2. Thus the timing of expres-
sion of cyclins and of CDK activity in our experiments
would be consistent with early monophosphorylation and
late hyperphosphorylation. However, it could also be argued
that our data shows a progressive increase in pRB phosphor-
ylation with E2 if the difference at 4h is significant. Because
western blots can be used for qualitative and not quantitative
measure, we can only determine whether pRB is phosphory-
lated or not from our data but not the degree to which it is
phosphorylated.

The phosphorylation of pRB S608/S612 occurs earlier
than T373 phosphorylation67 but we only detected a slight
decrease in phosphorylation at S608 at 4–8 hours of treat-
ment with E2 C iAs and no increase in phosphorylation
with E2 treatment. It thus remains possible that in addition
to a decrease in phosphorylation due to less active CDK2 in
iAs-treated cells, there is an active dephosphorylation of pRB
at S608 triggered by iAs. Two protein phosphatases, protein
phosphatase 1 (PP1) and protein phosphatase 2A (PP2A)
dephosphorylate pRB at specific sites,68,69 and S608 has been
identified as a target for PP1.68,69 Whether iAs affects the
phosphatase activity of PP1 and whether this can account
for the decrease in S608 phosphorylation by iAs remains to
be determined. It is also interesting to note that PP2A can
be activated at times of oxidative stress to dephosphorylate
pRB69 and iAs has effects on ROS accumulation that leads to
accumulation of H2O2.

71
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Apoptosis was not observed in cells treated with E2 alone
or E2C iAs in the first 24 h of treatment (Fig. 1). Apoptosis
may be slower to occur in the MCF-7 cells because they lack
caspase 370 and iAs can induce apoptosis through activation
of caspase 3.71 E2 alone can also inhibit apoptosis in MCF-7
cells by inducing the expression of BCL-2 mRNA72 but con-
versely, iAs alone can stimulate apoptosis by repression of
BCL-2 and activation of Bax in bone marrow mesenchymal
stem cells52 although in MCF-7 cells we did not observe
increased apoptosis with iAs alone (Fig. 1G). Lastly, both
E2F1 and E2F3 can induce an apoptotic response in a p53-
dependent or independent manner when overexpressed, and
apoptosis by E2F3 is dependent on E2F1.24,73,74 Because we
see decreased expression of E2F1 by iAs, this may contribute
to the repression of apoptosis in MCF-7 cells in our experi-
ments but further investigation into how apoptosis is regu-
lated by E2 § iAs is warranted.

The data presented here is the first to support a role for
E2F1-pRB as an underlying factor in the inhibition of cell
cycling by iAs and suggests a mechanism by which iAs can act
as a cancer therapeutic. It is an approved therapeutic used in
the treatment of all-trans retinoic acid (ATRA)-resistant acute
promyelocytic leukemia (APL)75-77 and is used as a monothera-
peutic or in combination therapy.15 It is significant that iAs
represses all 3 activating E2Fs as well as CCNE2 and Cdk2 as a
consequence of changes in E2F1-pRB interactions and suggests
increased potential for therapeutic value. In lung, prostate, and
bladder tumors, E2F3 is overexpressed and in other cancers
E2Fs 1–3a can be overexpressed.78 Cyclin overexpression in
many cancers, including breast cancer, prostate cancer and
ovarian cancer, correlates with poor patient outcome.79-81

CCNE2 and CCNE1 have been tested as prognostic indicators
in breast tumors and CCNE2 expression correlated with poor
prognostic outcome in ERa-positive breast tumors whereas
CCNE1 was prognostic in both ERa -positive and negative
tumors.80 Because CCNE1 expression was not repressed by iAs
but CCNE2 was, this suggests a potential for therapeutic value
in some cancers but not others. It is of note that ATO (arsenic
trioxide-As2O3) has been shown to down-regulate the expres-
sion of E2F1 in several lung adenocarcinoma cell lines and in a
mouse xenograft model that over-expresses E2F1.82 Addition-
ally, sodium arsenite treatment results in repression of E2F1
and E2F2 expression in bronchial epithelial cells14 as well as in
MCF-7 cells as shown here. Myeloid cells exposed to ATO are
delayed in cell cycle progression12 in association with Cdc25a
repression,10 and melanoma cells arrest in G1 or G2/M in
response to ATO.13 We, and others, have shown that ATO has
a similar inhibitory effect on E2F1 expression as the sodium
arsenite used here, but the effect is greater at a lower concentra-
tion of ATO. There has been an interest in the potential thera-
peutic value of iAs not only in hematologic cancers but also in
solid tumors83 where therapeutic results have been less promis-
ing,84 in part because of lack of effective delivery in solid
tumors.

In addition to being a therapeutic, iAs has long been con-
sidered a toxin that leads to disease or death, and chronic
exposure to low levels of iAs is a major human health hazard
throughout the world.17 The duality of iAs exposure may be
due, in part, to iAs-mediated deregulation of E2F1-pRB and

this may be important in understanding how iAs has serious
health effects including cancer but also has therapeutic
effects. While arsenic-mediated inhibition of E2F1 activity
and expression provides a rationale for the therapeutic effect
of iAs, E2F1 also has an important function in DNA repair4

which likely contributes to E2F1s role in tumorigenesis.
Some of the transcriptional targets of E2F1 are the DNA
damage response proteins such as damage-specific DNA
binding protein (DDB2), xeroderma pigmentosa comple-
mentation group C (XPC), the DNA recombinase, Rad51,
and excision repair cross complement 1 (ERCC1).36 The
expression of these proteins would likely be repressed by iAs
repression of E2F1 transcriptional activity. Interestingly, it
has been shown that many of these DNA damage response
proteins are downregulated by chronic low level exposure to
iAs.85,86 This provides a plausible rationale for how iAs
might cause disease by an inhibition of DNA repair through
the repression of E2F1 transcriptional activity and it’s tar-
gets. Additionally, E2F1 itself accumulates at DNA double-
strand breaks, and DNA damaged by exposure to UV light,
and stimulates double strand break repair and nucleotide
excision repair (NER).88,89 It is interesting that iAs can bind
to PARP-1 directly to inhibit it’s activity.90 PARP-1 contrib-
utes to the dissociation of protein at damaged DNA to allow
access of repair enzymes86 and this could affect the availabil-
ity of E2F1 at sites of DNA damage. Thus the potential
decrease in DNA repair as well as in apoptosis through the
inhibition of E2F1 activity and expression by pRB, suggests a
plausible route to iAs-associated tumorigenesis. In conclu-
sion, the data we have presented, in combination with what
is already known of E2F1 activities and its regulation by
pRB, supports an interesting and viable hypothesis that the
duality of iAs function as a therapeutic and its association
with the development of specific cancers, is likely contrib-
uted to by iAs effects on the E2F1-pRB axis.

Materials and methods

Cells and reagents

MCF-7 cells were purchased from ATCC (ATCC, #HTB-22)
and maintained in DMEM (InVitrogen, #11965–126)
supplemented with 10% Cosmic Calf serum (CCS) (HyClone,
#SH30087.03) plus pyruvate (Gibco, #11360–070) and 1% Pen-
icillin-Strepomycin (InVitrogen, #15149–122). Prior to
treatment cells were grown for 3 d in phenol red-free DMEM
(Gibco, #21063–029) C 5% charcoal-stripped BGS (Hyclone
#SH30541.03 before treatment with E2 (Calbiochem, #3301)
§ sodium arsenite (NaAsO2) (ScienceLab.com, #SLS2332) or
arsenic trioxide (Aldrich, #202673).

Antibodies

ChIP and western blot analysis-E2F1(Millipore/Upstate #05–
379), ERa (Western Blot) (Thermo Scientific/Labvision #MS-
1071 & Santa Cruz #sc-543), Cdk2 (Santa Cruz #sc-163),
CDK2-T14 (Abcam #ab68265), RB 4H1 for ChIP analysis (Cell
Signaling Technology, #9309), RB for protein gels (Becton-
Dickinson, #554136), T373 (Abcam, #ab52975), S608 (Abcam,

CELL CYCLE 2067



#ab172975), GAPDH (American Research Products, #05–
50118), non-immune IgG (Sigma #I5381).

Primers

All primers are from Integrated DNA Technology (IDT).
Unless indicated, the primers are to coding region.

CCNE1 (F-50TACCCAAACTCAACGTGCAA; R-50CATG
ATTTTCCAGACTTCCTCTC),

CCNE2 (F-50CCCCAAGAAGCCCAGATAAT; R-50CTG
ATGTTTCTTGGTGACCTC), CCND1 (F-50TCCTCTCCAAA
ATGCCAGAG; R-50GGCGGATTGGAAATGAACT), CDC
25A (F-50GCACTCGGTCAGTGTTGAAG; R-50CATGGGC
CTTCTCTGGATTA), E2F1 (F-50CCATCCAGGAAAAGGT
GTGA; R-50GCTCAGCAGCTCCAGGAA),

E2F1 promoter (F-50TTCGCGGCAAAAAGGATTT; R-
50GCCGCTGCCTGCAAAGT),

E2F2 (F-50GCTGCTCACCAAGAAGTTCATTT; R-50GGT
CCAGGACCCCATCCT),

E2F3 (F-50CCTCAGAAAAAACGCGGTATG;R-50CAGG
AGCTGAATGAACTTCTTGGT), E2F3A (F-50CCTCACCAC
GAACACTTCCAC; R-50CCGCTTTGGAGGGAGGAG),

ERa (F-50GTTCGGCTCCAACGGCCTGG; R-50CCGTGG
GGCTGCAGGAAAGG), GAPDH (F-50TCCACCCATGGCA
AATTCC; R-50TCGCCCCACTTGATTTTGG)

Gel electrophoresis and western blot analysis

Proteins were lysed in the presence of protease inhibitor cock-
tail (EMD Millipore #539134) and phosphatase inhibitor
HALT (Fisher, #P178420) were separated on 7.5–10% poly-
acrylamide gels (BioRad #4561026S) or NuPAGE Novex BisT-
ris 4–20% gradient gels (Thermo #NP0323) in recommended
buffers, transferred to Immobilon-P 0.45 mm PVDF membrane
(Millipore, #IPVH00010), blocked with Superblock (Pierce,
#37545) in TBS-0.05% Tween and visualized by HRP-based
chemiluminescence, SuperSignal FemtoWest (Thermo-Pierce,
#34095) or Immun-Star WesternC (BioRad, #170–5070). Imag-
ing was on film (Kodak, BioMax AR #165 1454) or a BioRad
ChemiDocMP Imaging System and ImageLab 5.1 software
(BioRad).

Chromatin immunoprecipitation

Cells were harvested and cross-linked with 1.5mM Ethylene
Glycol-bis Succinimidylsuccinate (EGS) (Thermo, #PI521565)
at 25�C for 25 min followed by 1.0% formaldehyde (Thermo
#28960) at 25�C for 10 min. Nuclei were isolated by centrifuga-
tion through a glycerol pad plus tritonX-100, dounce homoge-
nized, and DNA digested with micrococcal nuclease (0.0375U/
mg nucleic acid) (Roche, #107921). ChIP was with antibodies
to E2F1 and pRB and incubation was overnight at 4�C.
Immune complexes were isolated with Protein A/G coupled
magnetic beads (New England Biolabs, #S1430S). Four washes,
a high salt, a low salt with 0.5% deoxycholate and 2x with Tris
pH 7.0 were done and cross-links were reversed 4–12 h at
65�C, DNA was purified with MinElute columns (Qiagen,
#28204). ChIP controls used non-immune IgG. ChIP DNA was
analyzed by qRT-PCR on a MJ Research Chromo4 RealTime

PCR Detector DNA Engine (Bio-Rad, Hercules, CA) with SSo-
Fast EvaGreen SuperMix (BioRad #172–5201) for promoter
DNAs or IQ SYBR Green Supermix (BioRad, #170–8880) for
cDNA. E2F1 promoter qRT-PCR values were quantified by the
Comparative C(t) method,87 normalized to GAPDH and
expressed as percent InPut.

Quantitative RT-PCR (qRT-PCR)

Quantification by qRT-PCR was done on mRNAs (E2Fs1–3,
CCNE1, CCND1, and CDC25A). RNA was isolated from cell
lysates with the RNeasy kit (Qiagen, #74106), on column DNA-
seI (Roche, #04716728001) and quantified on a NanoDrop
Spectrophotometer (ThermoScientific). cDNA for qRT-PCR
was synthesized with M-MuLV reverse transcriptase (NEB,
#M0253S), random primers (Roche, #11034731001) and
dNTPs (Roche, #1181432601). PCR was with iQ SyberGreen
SuperMix (BioRad, #170–8880S) and normalized to GAPDH
mRNA by the Comparative C(t) method,87 expressed as per-
cent InPut.

Cell cycle analysis

Cells were synchronized in G0/G1 by growth in phenol red-free
DMEM (Gibco, #21063–029) supplemented with 5% charcoal
stripped BGS (Hyclone #SH30541.03) for 72 hours at 37�C in
5% CO2. After treatment with 5nM E2 or 5nME2 § 5 mM iAs,
cells were harvested and a portion reserved for RNA isolation
using the RNeasy Kit (Qiagen, #74106) and the rest fixed with
95% EtOH and stained with propidium iodide (Sigma, #P4170)
solution containing DNase-free RNaseA (Qiagen, #19101).
Analysis was by FACScan Flow Cytometer (Becton-Dickinson)
and FlowJo,LLC software (Ashland, OR).

Apoptosis

Cells plated at 1.75 £ 105 cells/well in 6-well plates were syn-
chronized as above and treated. Cells were harvested with
phenol-red free trypsin, washed with binding buffer (BB)
(10 mM HEPES pH 7.4, 140 mM NaCl, 2.5 mM CaCl2),
resuspended in BB plus 0.5 ug/mL Annexin V-FITC (Clon-
tech, ApoAlert AnnexinV-FITC, #630109), and incubated for
15 minutes. Cells were washed and resuspended in BB plus
2.4 ug/ml propidium iodide (PI) (Sigma, #P4170) and
incubated15 min at room temperature. Analysis was on a
FACScan flow cytometer (BD Biosciences) using bivariant
plots of FL2 (PI) vs. FL1 (FITC) fluorescence. Non-apoptotic
cells were negative and late apoptotic positive for Annexin
V-FITC and PI. Early apoptotic cells exhibited Annexin V-
FITC binding but no PI signal and only these were counted
in this analysis. Cell necrosis was measured by Trypan Blue
uptake (Dead cells) and live cells were counted with a
hemocytometer.

Kinase assay

Cells were treated for 14 hr and lysed in 50mM Tris 7.5,140mM
NaCl, 5 mM EDTA, 1%NP-40, 50 mM NaF, 0.1 mM Na3VO4,
protease inhibitor cocktail (Calbiochem #539134). Cdk2 was
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immunoprecipitated for 1 h 4�C from 200 mg of total cell pro-
tein and isolated with Protein G-coupled magnetic beads. Beads
were washed in kinase buffer and then incubated in 30 ml
kinase buffer (50 mM Tris 7.4, 10mM MgCl2) with 25 mM
ATP, 10 mCi [g32P] ATP and 1 mg histone H1(Roche) for 30
minutes at 30�C and stopped by addition of 10 ml 4x SDS-
PAGE sample buffer. Proteins were separated on a 15% poly-
acrylamide gel, transferred to Immobilon-P PVDF membrane
and visualized by PhosphorImager analysis (Storm Typhoon
Molecular Dynamics/GE) followed by incubation with anti-
body to Cdk2 and analysis by HRP-based chemiluminescence
on an Alpha Innotek Fluorochem 8900 (San Leandro, CA).

Plasmid transfections

Plasmids were transfected with Lipofectamine Plus (Invitrogen,
#18324–012). Cells recovered for 24 h and medium was
replaced with 1% stripped serum (HyClone) in DMEM. Cells
were treated with E2§ iAs 72 h post transfection and were har-
vested by lysis in 50 mM Tris pH7.5, 1% NP-40, NaCl, EDTA
followed by Bradford protein assays (Bio-Rad, #500–0006).

Statistical analyses

Data are expressed as means and Standard Deviation (SD)
Standard Error of the Mean (SEM) as indicated. Statistical sig-
nificance of the treatment of cells with E2 C iAs vs. E2 alone, as
well as the significance of the dependence on time of treatment,
was determined by a 2-way Analysis of Variance using the
General Linear Model in the SPSS Statistical Analysis Program
Version 21 (IBM).

Abbreviations

ChIP chromatin immunoprecipitation
qRT-PCR quantitative real time polymerase chain reaction
G1/S growth1/synthesis phase of cell cycle
G2/M Growth2/mitotic phase of cell cycle
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