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Background: Chronic and low-dose arsenic exposure causes cancer in humans through an as yet unknown mechanism.
Results: PcG proteins, Bmi1 and Suz12, are required for arsenic-induced cell transformation through their inhibition of tumor
suppressors.
Conclusion: PcG proteins play a critical role in cell transformation caused by low-dose arsenic exposure.
Significance: PcG protein function is enhanced by arsenic and is required for arsenic-induced carcinogenesis.

Inorganic arsenic is a well-documented human carcinogen
associated with cancers of the skin, lung, liver, and bladder.
However, the underlying mechanisms explaining the tumori-
genic role of arsenic are not well understood. The present study
explored a potential mechanism of cell transformation induced
by arsenic exposure. Exposure to a low dose (0.5 �M) of arsenic
trioxide (As2O3) caused transformation of BALB/c 3T3 cells. In
addition, in a xenograftmousemodel, tumor growth of the arse-
nic-induced transformed cells was dramatically increased. In
arsenic-induced transformed cells, polycomb group (PcG) pro-
teins, including BMI1 and SUZ12, were activated resulting in
enhanced histone H3K27 tri-methylation levels. On the other
hand, tumor suppressor p16INK4a and p19ARF mRNA and pro-
tein expression were dramatically suppressed. Introduction of
small hairpin (sh) RNA-BMI1 or -SUZ12 into BALB/c 3T3 cells
resulted in suppression of arsenic-induced transformation. His-
tone H3K27 tri-methylation returned to normal in BMI1- or
SUZ12-knockdown BALB/c 3T3 cells compared with BMI1- or
SUZ12-wildtype cells after arsenic exposure. As a consequence,
the expression of p16INK4a and p19ARFwas recovered in arsenic-
treated BMI1- or SUZ12-knockdown cells. Thus, arsenic-in-
duced cell transformation was blocked by inhibition of PcG
function. Taken together, these results strongly suggest that the
polycombproteins, BMI1 and SUZ12 are required for cell trans-
formation induced by organic arsenic exposure.

Arsenic is a well-documented human carcinogen and wide-
spread environmental contaminant. Chronic low-dose expo-
sure of arsenic caused skin discoloration, chronic indigestion,
hypertension, peripheral vascular disease, ischemic heart dis-
ease, and internal cancers. Chronic exposure of arsenic contrib-
utes to an increased risk of skin, lung, bladder, liver, and kidney
cancers (1). Current studies suggest that long-term and low-
dose exposure to arsenic is involved in an increased rate of
malignant transformation of human keratinocyte HaCaT cells

(2–3), human small airway epithelial cells (4), human prostate
epithelial cells (5–6), mouse epidermal JB6 Cl41 cells (7), and
rat liver epithelial TRL1215 cells (8). Although arsenic causes
carcinogenesis in humans, themechanism explaining the effect
of chronic arsenic exposure in tumor development is still
undefined.
Polycombgroup (PcG)2 complexes have important functions

as global epigenetic repressors of transcription and key regula-
tors of cell fate in proliferation, senescence and tumorigenesis
(9). PcG proteins comprise two well-known polycomb repres-
sive complexes 1 and 2 (PRC1 and PRC2). BMI1, a member of
PRC1, was identified as a c-Myc-collaborating proto-oncogene
in lymphomas (10) and is strongly linked to neoplastic develop-
ment in several human cancer cell types. BMI1 also plays a
crucial role in themaintenance of normal and cancer stem cells
(11).
PRC2 proteins catalyze histone H3K27 di- or tri-methyla-

tions through enhancer of zeste homolog 2 (EZH2), a catalytic
subunit of PRC2, to repress target genes such as Hox (12). A
core of the PRC2 protein, suppressor of zeste 12 (SUZ12) is
required for EZH2 activity with the embryonic ectodermdevel-
opment (EED) protein and repression of gene transcription
(13). SUZ12 is up-regulated in many human cancers including
colon, breast and liver cancers (14). PRC2 recruitment of PcG
target genes is critical tomaintain the repression of genesmedi-
ated by PRC1 recognition (15). PRC1 and PRC2 proteins also
bind to p16INK4a and p19ARF promoter regions and suppress
their protein expression in multiple cell types (16–17).
Although PcG proteins, including BMI1 and SUZ12, are

involved in cell transformation and human cancer develop-
ment, the role of PcG proteins is not clear in arsenic exposure-
induced cell transformation. Our results herein provide a
mechanism showing that PcG proteins, including BMI1 and
SUZ12, are required for the cell transformation caused by low-
dose arsenic exposure through the repression of tumor sup-
pressor expression.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Arsenic trioxide (As2O3) and
Basal Medium Eagle (BME) were purchased from Sigma-
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Aldrich. Prestained protein marker and protease inhibitor
cocktails were from GenDEPOT. Antibodies against BMI1 or
tri-methylated histone H3 at Lys27 were purchased from Mil-
lipore and SUZ12 or total histone H3 was from Cell Signaling
Technology, Inc. Antibodies to detect p16INK4a and p19ARF
proteins were purchased from Santa Cruz Biotechnology, Inc.
and Novus Biologicals, respectively.
Cell Culture and Construction of Arsenic-induced Trans-

formed Cells—Wild-type and stable knockdown BMI1 or
SUZ12 BALB/c 3T3 cells were grown in 10% CS/DMEM sup-
plemented with penicillin/streptomycin (100 units/ml; Invitro-
gen) at 37 °C in a humidified 5% CO2 incubator. To construct
arsenic-induced transformed BALB/c 3T3 cells, 0.5 mM As2O3
(final conc. 0.5 �M) in 0.1 MNaHCO3, or only 0.1 MNaHCO3 as
a control, was included in culture medium to treat cells every 2
days over 2 or 4 weeks.
In Vivo Xenograft Mouse Model—Athymic nude mice (Cr:

NIH(S), NIH Swiss nude, 5 weeks old) purchased from Jackson
Laboratory were divided into two groups (n � 10) and injected
intraperitoneally with 1 � 106 untreated control BALB/c 3T3
or 0.5 �M arsenic-treated BALB/c 3T3 cells. For this study,
tumor volumes (following formula; mm3 � length � width �
height � 0.52) of mice was calculated from measurements of
the individual tumors for 25 days. Tumorswere allowed to grow
until most of mice had tumors measuring 1 cm3, which is the
endpoint allowedbyUniversity ofMinnesota InstitutionalAni-
mal Care and Use Committee.
Establishing BMI1- or SUZ12-knockdown Stable Cells—To

construct the knockdown of BMI1 or SUZ12 in BALB/c 3T3
cells, shRNA-BMI1 (sh-BMI1), shRNA-SUZ12 (sh-SUZ12), or
shRNA-GFP (sh-GFP) control vector (RNAi Core Facility, Bio-
Medical Genomic Center, University of Minnesota) based on
the pKLO.1 lentiviral vector were infected into BALB/c 3T3
cells following the recommended protocols. Infected cells were
selected in medium containing 2 �g/ml puromycin, and the
expression level of the BMI1 or SUZ12 protein was confirmed
by Western blot analysis.
MTS Assay—To estimate cell proliferation, arsenic-induced

transformed BALB/c 3T3 cells (1 � 103) were seeded into
96-well plates in 100 �l of 10% CS/DMEM and incubated in a
37 °C, 5% CO2 incubator. After culturing for 12 h, 20 �l of the
CellTiter 96� Aqueous One Solution (Promega) were added to
each well, and cells were then incubated for 1 h at 37 °C in a 5%
CO2 atmosphere. To stop the reaction, 25 �l of a 10% SDS
solution were added, and absorbance was measured at 492 and
690 nm.
Anchorage-independent Cell Transformation Assay—In

brief, cells (8 � 103/ml) were cultured in 1 ml of 0.3% Basal
Medium Eagle (BME) agar containing 10% CS. The cultures
were maintained in a 37 °C, 5% CO2 incubator for 7 days, and
cell colonieswere scored using amicroscope and the Image-Pro
PLUS (v.6) computer software program (Media Cybernetics).
Cell Cycle Analysis—Arsenic-induced transformed BALB/c

3T3 cells (1 � 105/ml) were seeded into 60-mm dishes and
cultured for 48 h at 37 °C in a 5%CO2 incubator. The cells were
harvested with trypsin, fixed with ice-cold methanol, stained
with propidium iodide (PI), and then analyzed for cell cycle
phase by flow cytometry.

RT-PCR—For RT-PCR, total RNA was extracted from each
cell type using an RNA isolation solvent (TEL-TEST, INC.) fol-
lowing the manufacturer’s instructions. First-strand cDNAs
were synthesized using the AmfiRivert II cDNASynthesisMas-
termix (GenDEPOT) and specific primers. PCRwas performed
for p16INK4a, p19ARF or �-actin transcription as follows: dena-
turation at 95 °C for 30 s, annealing at 55 °C for 1 min and
extension at 72 °C for 1 min.
Isolation of Histone Proteins—Histone proteins were pre-

pared as previously reported (18).

RESULTS

Low Dose Exposure to Arsenic Causes Cell Transformation—
To determine whether low dose exposure to arsenic causes
cell transformation, we tested the cell transforming activity
of arsenic in BALB/c 3T3 cells. We found that exposure of
BALB/c 3T3 cells to arsenic significantly increased anchor-
age-independent growth in a dose- and time-dependent
manner (Fig. 1A). To characterize the arsenic-induced trans-
formed BALB/c 3T3 cells, we measured proliferation using
the MTS assay with untreated or 0.5 �M of As2O3-treated
cells for 2 or 4 weeks. Results indicated that trans-
formed cells showed a marked increase in the rate of prolif-
eration compared with untreated control cells (Fig. 1B).
Using these cell lines, we studied differences in cell cycle
phase of arsenic-induced transformed BALB/c 3T3 cells
results in that many arsenic-transformed BALB/c 3T3 cells
occupied the S-phase and less accumulated in the G1/G0- or
G2/M-phase of the cell cycle compared with untreated control
cells (Fig. 1C). These results show that low-dose exposure
arsenic caused cell transformation.
Arsenic-induced Transformed Cells Form Tumors in Nude

Mice—Next, we determined whether the arsenic-induced
transformed cells could form tumors in vivousingmice injected
with untreated control or treated cells (each 1 � 106 cells) with
arsenic (0.5 �M) for 2 weeks. Tumors were allowed to grow in
mice (n � 10 mice per group) and tumor and body weights of
mice were measured weekly for 4 weeks. The results indicated
that the arsenic-induced transformed cells, but not the
untreated control cells, developed tumors (Fig. 2). This result
clearly demonstrated that exposure to arsenic causes cell
transformation.
Exposure of Arsenic Increases the Expression of PcG

Complexes—PcGcomplexes are key regulators in the transcrip-
tion of many genes controlling cell-fate decisions including
cancer development (19). To study this in arsenic-induced cell
transformation, we detected the expression of PcG proteins in
arsenic-induced transformed BALB/c 3T3 cells that were
exposed to low-doses of arsenic. Results showed that the
expression levels of the oncogene BMI1, a component of the
PRC1protein complex (Fig. 3A), and proteins of the PRC2 com-
plex, including SUZ12, EED, and EZH2 (Fig. 3B), were
increased in arsenic-induced transformed cells. This finding
indicated that exposure to arsenic dramatically increases
expression of several PcG proteins.
Knockdown of BMI1 or SUZ12 Suppresses Cell Transforma-

tion Induced by Arsenic Exposure—To determine whether PcG
proteins are involved in cell transformation induced by low-
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dose exposure to arsenic, we established knockdown of BMI1
or SUZ12 in BALB/c 3T3 cells using sh-BMI1 or sh-SUZ12 or a
control vector (sh-GFP). Immunoblot analysis of sh-BMI1-,
sh-SUZ12-, and sh-GFP-infected BALB/c 3T3 cells revealed
suppressed expression of endogenous BMI1 (Fig. 4A,upper left)
and SUZ12 (Fig. 4A, lower left) of up to 90% comparedwith cells
expressing sh-GFP.

We then examined the effect of suppressing BMI1 or SUZ12
expression on arsenic-induced cell transformation. These
cell lines were stimulated with As2O3 (0.5 �M in 0.1 M

NaHCO3) in culture medium and incubated at 37 °C in a 5%
CO2 incubator for 2 weeks. We confirmed that the endoge-
nous expression of the BMI1 or SUZ12 protein in these cells
was still inhibited by knockdown of BMI1 or SUZ12 after
arsenic treatment for 2 weeks (Fig. 4B). The colony-forming
activity induced by arsenic in sh-BMI1 (Fig. 4C, upper panels)
and sh-SUZ12 (Fig. 4C, lower panels) cells was dramatically
decreased compared with sh-GFP control cells. Our results
demonstrated that the knockdown of BMI1 or SUZ12, compo-
nents of PcG complexes, suppressed colony formation induced
by low doses of arsenic exposure. Overall, these data further

demonstrated that PcG proteins play a key role in cell transfor-
mation induced by exposure to arsenic.
Histone H3K27 Tri-methylation Is Enhanced in PcG-medi-

ated Cell Transformation Induced by Arsenic Exposure—PRC2
proteins increase histone H3K27 di- or tri-methylations
through PRC1 mediation of PcG target genes (13, 15). To
understand the role of histone H3 tri-methylation in arsenic-
induced cell transformation, we measured the tri-methylation
level of histone H3 in arsenic-induced transformed BALB/c
3T3 cells (Fig. 5A).We found increases in the tri-methylation of
histone H3K27 in arsenic-induced transformed BALB/c 3T3
cell (Fig. 5A, left panel).We also examined the effect ofBMI1 or
SUZ12 knockdown on histone H3K27 tri-methylation in these
cells. Results confirmed that arsenic-induced histone H3K27 tri-
methylation is effectively suppressed in BMI1 (Fig. 5B, left panel)
and SUZ12 (Fig. 5C, left panel) knockdown cells compared with
sh-GFP control cells. This finding demonstrated that BMI1 and
SUZ12 are essential for arsenic-induced histoneH3K27 tri-meth-
ylation. Taken together, the results provide strong evidence show-
ing that PcG-mediated histoneH3K27 tri-methylation is involved
in arsenic-induced cell transformation.

FIGURE 1. Low dose exposure to arsenic induces transformation of BALB/c 3T3 cells. A, BALB/c 3T3 cells were assessed for transformation ability in an
anchorage-independent soft agar assay after treatment with the different concentration of As2O3 (0, 0.5, 1, or 2 �M) in 0.1 M NaHCO3 or no treatment for 2 or
4 weeks. Cells (8 � 103) were seeded in 1 ml of 0.3% Basal Medium Eagle (BME) agar containing 10% calf serum (CS). The cultures were maintained at 37 °C in
a 5% CO2 atmosphere for 7 days and then colonies were counted using a microscope and the Image-Pro PLUS (v.6) computer software program and
representative plates are shown (left panels). The average colony number was calculated from three separate experiments and data are shown as means � S.D.
(right panel). B, arsenic-treated BALB/c 3T3 cells exhibit enhanced proliferation. Cell proliferation was estimated by reading absorbance at 492 nm every 24 h
up to 96 h. Data are presented as means � S.D. of triplicate experiments. C, arsenic-treated or untreated BALB/c 3T3 (1 � 105) cells were seeded into 60-mm
dishes and cultured 48 h. The cells were harvested, fixed with methanol, stained with PI, and then analyzed for cell cycle phase. Data are expressed as the
percentage of cells in G1/G0, S, or G2/M phase and are represented as means � S.D. of values obtained from triplicate experiments. Statistical differences were
evaluated using the Student’s t test and the respective asterisks indicate a significant change in arsenic-treated cells compared with control cells (*, p � 0.001;
**, p � 0.0005; ***, p � 0.0001).
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Exposure to Arsenic Reduces Tumor Suppressor p16INK4a and
p19ARF Expression—We investigated whether arsenic exposure
could affect the expression of several tumor suppressors in
arsenic-induced transformed BALB/c 3T3 cells. Results
showed that long-term exposure to arsenic led to reduced pro-
tein levels of p16INK4a and p19ARF (mouse homologue of
p14ARF) in these cells (Fig. 6A). To examine the effect of arsenic
on transcriptional levels of p16INK4a and p19ARF, we performed
RT-PCR to determine themRNA levels of p16INK4a and p19ARF

in transformed cells. Long-term treatment with arsenic dra-
matically suppressed the mRNA levels of p16INK4a and p19ARF

in these cells (Fig. 5B). This result suggested that arsenic expo-
sure caused cell transformation through the inhibition of both
protein and gene expression of the tumor suppressors p16INK4a

and p19ARF.

Knockdown of PcG Proteins Down-regulates Tumor Suppres-
sor p16INK4a and p19ARF Expression—PcG proteins activate the
INK4A-ARF locus, coinciding with an enhanced level of associ-
ated histone H3K27 tri-methylation (20). To verify the effect of
knockdown of BMI1 or SUZ12 on the expression of p16INK4a
and p19ARF in arsenic-induced cell transformation, we deter-
mined the p16INK4a and p19ARF proteins levels in sh-BMI1 or
sh-SUZ12 BALB/c 3T3 cells exposed to low dose arsenic treat-
ment. The protein levels of p16INK4a and p19ARF were restored
in sh-BMI1 and sh-SUZ12 cells compared with the control sh-
GFP cells (Fig. 7A). The mRNA levels of p16INK4a and p19ARF

were also recovered in knockdownBMI1 and SUZ12 cells com-
pared with arsenic treated control sh-GFP cells (Fig. 7B). This
finding suggests that PcG proteins, BMI1 and SUZ12, are
involved in regulating p16INK4a and p19ARF expression in arse-
nic-induced cell transformation.
Finally, our findings provide a valuable model and mecha-

nism regarding arsenic-induced cell transformation. Taken
together, these results provide strong evidence showing that
PcG proteins, BMI1 and SUZ12 are required for cell transfor-
mation induced by arsenic exposure, which might be regulated
through repression of tumor suppressor p16INK4a and p19ARF

expression.

DISCUSSION

Arsenic is one of the most well-known human carcinogens
and also is a major environmental problem inmany parts of the
world (1, 21). Chronic exposure to low doses of arsenic leads to
malignant transformation of HaCaT keratinocytes (2–3, 22)
and several other epithelial cell lines (4–6, 8). A few reports
focusing on the mechanism of arsenic-induced carcinogenesis
revealed that a low level of arsenic affected the up-regulation of

FIGURE 2. Arsenic-induced transformed cells develop tumor in xenograft mouse model. Cells transformed by arsenic exposure had tumorigenic activity
in SKH-1 hairless mice (A, left panels). Average tumor volumes (A, right panel), weight (B) and body weight (C) are shown. Data are represented as means � S.D.
Statistical differences were evaluated using the Student’s t test and the asterisks (** and ***) indicates a significant difference (p � 0.0005 and p � 0.0001,
respectively) between the groups injected with arsenic-transformed cells compared with non-transformed cells.

FIGURE 3. Arsenic exposure increases the expression of PcG complexes in
BALB/c 3T3 cells. A, the expression of PcG protein BMI1, a component of
polycomb repressive complex 1 (PRC1), is enhanced in BALB/c 3T3 cells after
arsenic treatment. B, arsenic markedly raises the polycomb repressive
complex 2 (PRC2) PcG protein expression, including SUZ12, EED, and
EZH2, in BALB/c 3T3 cells. Lysate proteins were resolved by 10% SDS-
PAGE, and the protein bands were visualized by Western blotting with a
specific BMI1, SUZ12, EED, or EZH2 primary antibody and an HRP-conju-
gated secondary antibody. Detection of total �-actin was used to verify
equal protein loading.
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Hdm2 and subsequent p53 inactivation (23) and the mot2-me-
diated repressive effect of NF-�B on p53 (2) in the malignant
transformation of human keratinocytes. Arsenic-induced
transformation in human keratinocytes involves PI3-K/Akt-
mediated cyclin D1 expression (22) and transcription factor

Nrf-2 activation (3). Long-term treatment with arsenic also
increased c-H-Ras, c-Myc, and c-Fos protein expression in
transformed human small airway epithelial cells (4). To exam-
ine the mechanism of arsenic-induced carcinogenesis, we
determined the transforming activity of low dose arsenic expo-
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sure in BALB/c 3T3 cells. This cell line is one of the cell lines
useful for examining neoplastic transformation (24–25). In this
study, we showed that treatment with arsenic trioxide (As2O3,
0.5 �M) for 2 weeks significantly increased anchorage-indepen-

dent growth of BALB/c 3T3 cells (Fig. 1A) and the cells trans-
formed by arsenic could form tumors in a xenograft mouse
model assay (Fig. 2). Although arsenic induces cell transforma-
tion, the mechanism of arsenic-induced carcinogenesis is not

FIGURE 4. Knockdown of PcG proteins suppresses the anchorage-independent growth of BALB/c 3T3 cells exposed to a low dose of arsenic.
A, knockdown of BMI1 or SUZ12 efficiently suppresses the endogenous BMI1 (upper left panel) or SUZ12 (bottom left panel) protein level. The DNA sequences
of the sh-GFP, sh-BMI1 (upper right panel) and sh-SUZ12 (bottom right panel) are shown. Knockdown BMI1 or SUZ12 BALB/c 3T3 cells were constructed as
described under “Experimental Procedures.” The expression of BMI1 (upper left panel) or SUZ12 (bottom left panel) was analyzed in the stable transfected BALB/c
3T3 cells. B, expression of BMI1 (left panel) or SUZ12 (right panel) proteins in BALB/c 3T3 cells treated with arsenic for 2 weeks. Lysate proteins were resolved by
10% SDS-PAGE, and the protein bands were visualized by Western blotting with a specific BMI1 or SUZ12 primary antibody and an HRP-conjugated secondary
antibody. Detection of total �-actin was used to verify equal protein loading. C, cell transforming activity induced by arsenic is decreased in knockdown BMI1
(upper panel) or SUZ12 (bottom panel) stably infected BALB/c 3T3 cells. sh-GFP, sh-BMI1 or sh-SUZ12 stably infected cells were exposed to 0.5 �M of As2O3 in 0.1
M NaHCO3 for 2 weeks and these cells (8 � 103) were cultured in 1 ml of 0.3% BME agar containing 10% CS. The cultures were maintained at 37 °C in a 5% CO2
atmosphere for 7 days and then colonies were counted using a microscope and the Image-Pro PLUS (v.6) computer software program. The average colony
number was calculated and photographed from three separate experiments, and representative plates are shown. Significant differences were evaluated
using the Student’s t test, and the respective asterisks indicate a significant decrease in arsenic-induced sh-Bmi1 or sh-SUZ12 cell transformation compared with
sh-GFP cells (*, p � 0.01; **, p � 0.001).

FIGURE 5. Effect of arsenic exposure on histone H3K27 tri-methylation. A, histone H3K27 tri-methylation (H3K27-Me3) was increased in BALB/c 3T3 cells by
arsenic treatment. B and C, histone H3K27 tri-methylation was inhibited by knockdown of BMI1 (B) or SUZ12 (C) in arsenic-induced transformed BALB/c 3T3
cells. Histone proteins (1 �g) were first resolved by SDS-15% polyacrylamide gel electrophoresis (A, B, or C, right panels) to show the same histone proteins, and
then proteins were transferred to membranes for Western blot analysis. The tri-methylation of histone H3 expression was detected with specific antibodies.
Total histone H3 was used to verify equal protein loading.
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FIGURE 6. Expression of tumor suppressor proteins in BALB/c 3T3 cells after arsenic exposure. A, arsenic treatment reduces expression of tumor suppres-
sor proteins such as p16INK4a or p19ARF in BALB/c 3T3 cells. Lysate proteins were resolved by 10% SDS-PAGE and the protein bands were visualized by Western
blotting with specific primary antibodies and an HRP-conjugated secondary antibody. Detection of total �-actin was used to verify equal protein loading.
B, exposure of arsenic inhibited mRNA expression of p16INK4a or p19ARF in BALB/c 3T3 cells. RT-PCR analysis was performed to detect gene transcription using
specific primers for p16INK4a, p19ARF, or �-actin (B, right panel). Total RNA was isolated from BALB/c 3T3 cells treated or not treated with arsenic as described
under “Experimental Procedures.”

FIGURE 7. Expression of p16INK4a or p19ARF is recovered after exposure to arsenic in BALB/c 3T3 cells expressing knockdown PcG complexes. A, p16INK4a

or p19ARF protein expression was recovered in knockdown BMI1 (left panel) or SUZ12 (right panel) stably infected BALB/c 3T3 cells after arsenic treatment. The
proteins were prepared and subjected to Western blotting with specific primary antibodies and an HRP-conjugated secondary antibody. Detection of total
�-actin was used to verify equal protein loading. B, the mRNA level of p16INK4a or p19ARF was also restored in knockdown BMI1 (left panel) or SUZ12 (right panel)
stably infected BALB/c 3T3 cells. RT-PCR analysis was performed to detect the p16INK4a, p19ARF, or �-actin transcripts in BALB/c 3T3 cells as described under
“Experimental Procedures.”
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clear. But our findings indicate that this model system appears
to be a valuable tool for understanding chronic arsenic expo-
sure-induced cell transformation.
Some investigators have proposedmechanisms of long-term

exposure arsenic-induced malignant transformation. Arsenic-
mediated DNA methylation is involved in the silencing of
tumor suppressor genes or activation of oncogene expression in
arsenic-induced carcinogenesis (5, 26–28). Arsenic exposure
also altered histone H3 methylation in human lung carcinoma
A549 cells (29). However, we hypothesized that arsenic affects
epigenetic regulators, leading to histone H3 methylation in
gene silencing and activation of PcG complexes during arsenic-
associated carcinogenesis. We tested this hypothesis using
arsenic-induced transformed BALB/c 3T3 cells. Our findings
demonstrated that key regulators of PcG complexes, BMI1 and
SUZ12, were substantially increased by arsenic exposure (Fig.
3); whereas the transforming activity induced by low-dose
exposure to arsenic was totally suppressed in knockdownBMI1
and SUZ12 cells (Fig. 4). These results strongly suggested that
PcG complexes have important roles in arsenic-induced cell
transformation, but it is still unclear for the reason of PcG pro-
teins’ activation by arsenic.
PcG complexes comprise the machinery of transcriptional

regulatory processing in homeotic (HOX) gene expression (12,
30), and several cellular responses, including cell cycle (31),
senescence (20), cancer (11, 32–34), cell fate decisions (33) and
stem cell differentiation or maintenance (11, 35). PcG consists
of two distinct protein complexes, PRC1 and PRC2, which are
best characterized in the repression of transcription. PRC2
maintains and establishes tumor suppressor gene silencing dur-
ing carcinogenesis (36–37). Increases in SUZ12, a key compo-
nent of PRC2, coincide with transformation and many cancers
(14, 34, 36, 38). PRC1 recognizes the histone H3K27 methyla-
tion and recruits PRC2 to PcG target genes resulting in tran-
scriptional repression (15). The PRC1 protein BMI1 is up-reg-
ulated and correlates with several human cancers and
tumorigenesis (11, 34, 39–40). However PcG proteins includ-
ing BMI1 and SUZ12 are involved in cancer development and
maintenance. Our results support the function of the PcG com-
plexes in carcinogenesis induced by arsenic exposure, but the
regulation mechanism of PcG proteins by arsenic is still not
clear. Recently, the relationship of p38 activation and BMI1was
reported (41–42). We found that p38 signaling was involved
the low-dose arsenic induced-transformation, which could
account for activation of PcG by low-dose arsenic exposure.
Arsenic increased the expression of p38 and expression of
endogenous BMI1 and SUZ12 was significantly reduced in sta-
ble p38 BALB/c 3T3 knockdown cells compared with wild type
cells (supplemental Fig. S1). Taken together, PcG proteins play
a key role in arsenic-induced transformation through p38
activation.
PcG complexes directly bind to tumor suppressor p16INK4a

and p19ARF promoter regions and repress expression of these
genes (16–17, 20). PRC2 proteins increased the tri-methylation
level of H3K27 at this locus thus repressing p16INK4a and
p19ARF expression in a pRB-dependent manner (43). Higher
expression of PcG in tumors is associated with suppression of
PcG target genes p16INK4a and p19ARF (39–40, 44). In transfor-

mation processes, direct BMI1 up-regulation induced by c-Myc
leads to repression of p16INK4a and p19ARF expression and pro-
motes tumorigenesis and oncogene-induced senescence (45–
46). We found that exposure to arsenic dramatically repressed
tumor suppressor p16INK4a and p19ARF expression in arsenic-
induced carcinogenesis (Fig. 6). Knockdown of PcG proteins,
including BMI1 and SUZ12, blocked the cell transformation
induced by arsenic through the restoration of p16INK4a and
p19ARF expression (Fig. 7). Finally, we suggest that PcG com-
plexes mediate the repression of tumor suppressor p16INK4a
and p19ARF expression required for cell transformation
induced by arsenic exposure.
In summary, we suggest that PcG complexes are required for

cell transformation induced by low dose exposure to arsenic.
Exposure to arsenic significantly inhibited tumor suppressor
p16INK4a and p19ARF expression by increasing PcG proteins,
BMI1 and SUZ12 thus promoting tumorigenesis. Although,
evidence is lacking that can explain precisely how arsenic acti-
vates the function of PcG proteins, this study suggests that they
could be an attractive target for cancer chemotherapy or gene
therapy in arsenic-induced carcinogenesis.
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