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Abstract

Epigenetic gene silencing by histone modifications and DNA methylation is essential for cancer development. The
molecular mechanism that promotes selective epigenetic changes during tumorigenesis is not understood. We report here
that the PIAS1 SUMO ligase is involved in the progression of breast tumorigenesis. Elevated PIAS1 expression was observed
in breast tumor samples. PIAS1 knockdown in breast cancer cells reduced the subpopulation of tumor-initiating cells, and
inhibited breast tumor growth in vivo. PIAS1 acts by delineating histone modifications and DNA methylation to silence the
expression of a subset of clinically relevant genes, including breast cancer DNA methylation signature genes such as cyclin
D2 and estrogen receptor, and breast tumor suppressor WNT5A. Our studies identify a novel epigenetic mechanism that
regulates breast tumorigenesis through selective gene silencing.
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Introduction

Both genetic and epigenetic alterations contribute to cancer

development [1–3]. Tumor suppressors and epigenetic gatekeeper

genes are frequently silenced by epigenetic mechanisms during

tumor initiation and progression [3–5]. Extensive studies have

been performed in the identification and characterization of

altered DNA methylation in breast cancer development and

progression. More than 100 genes have been reported to be

aberrantly hypermethylated in breast tumors or breast cancer cell

lines [1,6]. Many of these genes play important roles in the

regulation of cell cycle, apoptosis, angiogenesis, metastasis and

tumor initiation. It has been proposed that breast cancer-specific

DNA methylation signatures can extend our ability to classify

breast cancer and predict outcome beyond what is currently

possible [6]. Epigenetic therapy holds a promising potential for the

successful treatment of cancer since epigenetic changes are

reversible as opposed to mutations [7]. The approval of DNA

methylation and histone deacetylase (HDAC) inhibitors for cancer

treatment offers new promise for epigenetic therapy. However,

these drugs are rather nonspecific, and the development of more

effective strategies for epigenetic therapy requires a thorough

understanding of the molecular specificity involved in epigenetic

gene silencing.

Most tumors are composed of a mixture of cancer cells, and the

heterogeneity of tumors is the major obstacle to effective cancer

therapy. It has been demonstrated that a sub-population of cancer

cells, referred to as tumor-initiating cells (TICs) or cancer stem

cells, is tumorigenic when transplanted into immunosuppressed

nonobese diabetic/severe combined immunodeficiency (NOD/

SCID) mice [8]. TICs display some key properties of stem cells

including self-renewal and multilineage differentiation [9]. In

addition, TICs are found to be resistant to radiation and

conventional chemotherapies [10–13]. Therefore, TICs may

largely contribute to tumor cellular heterogeneity, tumor progres-

sion and tumor recurrence [14–17].

PIAS1 is a member of the PIAS (protein inhibitor of activated

STAT) transcriptional regulator family that possesses SUMO

(small ubiquitin-like modifier) E3 ligase activity [18]. Biochemical

and genetic studies indicate that PIAS1 is a physiologically

important transcriptional repressor of STAT1 and NF-kappaB

[19–21]. PIAS1 is rapidly activated by phosphorylation on Ser90

residue in response to a variety of stimuli, including pro-

inflammatory signals, TCR activation and growth factors.

Activated PIAS1 is then recruited to gene promoters to repress

transcription [22,23]. Recent studies indicate that PIAS1 mediates

a novel epigenetic regulatory mechanism to control natural
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regulatory T cell (Treg) differentiation. PIAS1 binds to the Foxp3

promoter to maintain a repressive chromatin state through the

recruitment of DNA methyltransferases (DNMTs) and HP1-

gamma [24]. These findings indicate that this newly identified

PIAS1 epigenetic mechanism plays an important role in T cell

differentiation.

In this paper, we report that PIAS1 is important for breast

tumorigenesis. Elevated PIAS1 expression was observed in breast

cancer patient samples. PIAS1 knockdown in breast cancer cells

inhibited tumor growth in vivo. Most interestingly, mechanistic

studies indicate that PIAS1 suppresses a number of- genes

clinically relevant to breast tumorigenesis through epigenetic

mechanisms. These studies suggest that targeting the PIAS1

epigenetic signaling pathway may represent a novel therapeutic

strategy for cancer treatment.

Results

Elevated PIAS1 expression in primary human breast
cancer tissues

To test whether PIAS1 is involved in breast cancer progression,

immunohistochemistry (IHC) tissue arrays were performed to

examine the expression of PIAS1 protein in a panel of primary

human breast tumor samples. PIAS1 is a nuclear protein, but it

diffused to the cytoplasm under formalin fixation conditions

(Figure S1 in File S1), a phenomenon observed with other nuclear

proteins [25]. IHC analyses indicate that PIAS1 is significantly

upregulated in primary breast cancer samples at early stages of

breast ductal carcinoma in situ (DCIS) as well as invasive ductal

carcinoma (IDC) (Fig. 1a).

PIAS1 is important for breast tumorigenesis
To directly test whether PIAS1 plays a functional role in breast

tumorigenesis, RNA interference approach was used to knock-

down the expression of PIAS1 protein in MDA-MB231 cells.

Stable cell lines expressing a scramble short hairpin RNA (control

shRNA) or two independent PIAS1 shRNAs (shRNA1 and

shRNA2) were obtained. Western blot analysis showed that

PIAS1 expression was significantly suppressed by both PIAS1

shRNAs, although a more efficient inhibition by PIAS1 shRNA2

was observed (Fig. 1b). PIAS1 knockdown did not affect the

growth of MDA-MB231 cells under the conventional serum-

containing conditions (DMEM) (Fig. 1c, left panel). In contrast,

when these cells were cultured under serum-free growth factor-

enriched conditions (Stem Cell Media; SCM), which favor normal

stem cells and more closely resemble primary tumors than the

DMEM condition [26], PIAS1 knockdown significantly inhibited

the survival of MDA-MB231 cells (Fig. 1c, right panel). To directly

test the effect of PIAS1 knockdown on tumor growth in vivo,

xenograft experiments were performed in SCID mice. PIAS1

knockdown significantly inhibited the tumor formation of MDA-

MB231 cells in both the subcutaneous and the fat pad models

(Fig. 1d), suggesting an important role of PIAS1 in the regulation

of breast tumorigenesis.

PIAS1 regulates the self-renewal of breast tumor
initiating cells (TICs)

The finding that PIAS1 knockdown affects breast cancer cell

survival specifically under the conditions that favor stem cell

growth suggests a possibility that PIAS1 may play a role in the

regulation of breast cancer stem cells/tumor-initiating cells (TICs).

Previous studies suggest that the ALDH+ subpopulation of breast

cancer cells is highly enriched in breast TICs [27]. ALDEFLUOR

assays revealed that PIAS1 knockdown almost completely

eliminated the ALDH+ population (Fig. 2a), supporting the

hypothesis that PIAS1 knockdown inhibits breast TICs. To

further test whether PIAS1 regulates breast TICs, the control

and PIAS1 knockdown MDA-MB231 cells were subjected to

mammosphere assays [14,28,29]. PIAS1 knockdown significantly

inhibited the formation of mammospheres (Fig. 2b), suggesting

that PIAS1 regulates the self-renewal of breast TICs.

PIAS1 Ser90 phosphorylation and SUMO ligase activity
are required for PIAS1-mediated regulation of breast TICs

Previous studies indicate that PIAS1 is activated by Ser90

phosphorylation to bind to chromatin and repress transcription of

target genes in response to pro-inflammatory stimuli [22], a

process that is dependent on the SUMO ligase activity of PIAS1.

We explored whether PIAS1 can also be activated by growth

factor signals. Western blot analysis revealed that PIAS1 became

phosphorylated on Ser90 in response to EGF or Heregulin in

various breast cancer cell lines, including MDA-MB231, BT-20,

BT-474 and HCC-1954 (Fig. 2c). To test the importance of PIAS1

Ser90 phosphorylation and PIAS1 SUMO ligase activity in the

regulation of breast TICs, PIAS1 shRNA1 knockdown MDA-

MB231 cells were rescued with either an empty vector (Vec), wild

type PIAS1 (WT), PIAS1 Ser90 mutant (S90A), or PIAS1 SUMO

ligase defective mutant (W372A) through an shRNA escape

approach, in which silent mutations were introduced into PIAS1

expression constructs to escape the inhibitory effect of PIAS1

shRNA. Western blot analysis indicated that the expression of WT

or mutant PIAS1 proteins in the rescued cell lines was comparable

to that of the MDA-MB231 control cells (Fig. 2d).

Consistent with the previous results (Fig. 1c), the introduction of

either WT or S90A and W372A PIAS1 mutants did not affect cell

growth under the conventional DMEM conditions (Fig. 2e, left

panel). In contrast, when these cells were cultured under SCM

conditions, only WT, but not the vector (Vec) or W372A mutant

PIAS1 reconstituted cells, rescued cells from cell death (Fig. 2e,

right panel). PIAS1 S90A mutant showed minor increase in cell

survival, although the increase is not statistically significant (Fig. 2e,

right panel). In addition, mammosphere assays were performed to

examine the ability of WT or PIAS1 mutants to support the self-

renewal of TICs. The introduction of PIAS1 WT into PIAS1

knockdown cells promoted the formation of mammospheres

(Fig. 2f). The introduction of PIAS1 S90 or W372 mutant resulted

in minor increases in mammospheres, although the increases are

not statistically significant (Fig. 2f). Consistently, ALDEFLUOR

assays indicated that PIAS1 WT, but not S90 or W372 mutant,

restored the population of ALDH+ TICs (Fig. 2g). Taken together,

these studies suggest that the observed inhibition of TICs in PIAS1

knockdown cells is due to the reduction of PIAS1 expression, and

that both PIAS1 Ser90 phosphorylation and SUMO ligase activity

are required for the maintenance of the breast TICs.

PIAS1 selectively represses a subset of genes clinically
relevant to breast cancer

We explored the molecular mechanism of PIAS1-mediated

regulation of breast TICs. Gene profiling studies were performed

to identify PIAS1 downstream genes involved in tumorigenesis.

Total RNAs from the control and PIAS1 knockdown MDA-

MB231 cells cultured under DMEM or SCM conditions were

subjected to microarray analysis. Since PIAS1 is a transcriptional

repressor and PIAS1 knockdown inhibited self-renewal of breast

TICs under SCM conditions, we focused on the genes that were

preferentially upregulated in PIAS1 knockdown cells under SCM

conditions (Table S1 in File S1). Interestingly, among the group of
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Figure 1. PIAS1 is important for tumorigenesis of breast cancer. (a) PIAS1 protein levels are increased in breast tumor samples as revealed by
tissue microarray analysis. Left panel: Representative tissue microarray spot from morphologically normal duct, ductal carcinoma in situ (DCIS) and
invasive ductal carcinoma (IDC). Right panel: a box and whisker plot of PIAS1 levels in various tissue samples. Total sample numbers (n) were
indicated. P values are determined by non-parametric two-tailed Kruskal Wallis test with alpha level equals 0.05. ‘‘+’’, the mean of each population;
‘‘D’’, outliers. (b) Western blot analyses were performed with whole cell extracts from MDA-MB231 cells containing a control shRNA or two
independent PIAS1 shRNAs (PIAS1 shRNA1 and 2). (c) The growth of MDA-MB231 control shRNA, PIAS1 shRNA1 and shRNA2 cells in DMEM
supplemented with 10% FBS (left), or Stem Cell Media (SCM) (right) (mean 6 SEM). Shown is a representative of 3 independent experiments. P values
were determined by paired t-test. (d) In vivo tumorigenesis studies. MDA-MB231 cells containing a control shRNA or PIAS1 shRNA2 were injected into
the female SCID-beige mice subcutaneously (left: 16106 cells/mouse; n = 4), or in fat pad (right: 26105 cells/mouse; n = 5). Shown is a representative
of 3 independent experiments. Each data point represents mean 6 SEM. P values were determined by non-paired t-test.
doi:10.1371/journal.pone.0089464.g001
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genes strongly induced by PIAS1 knockdown, several genes are

known to be clinically relevant to breast cancer, including breast

cancer DNA methylation signature genes Cyclin D2 (CCND2) and

Estrogen receptor (ESR1), candidate tumor suppressor WNT5A,

progestagen-associated endometrial protein (PAEP), as well as

leucine zipper, downregulated in cancer 1 (LDOC1). WNT5A,

which signals through a non-canonical WNT pathway, is a

candidate tumor suppressor in breast cancers [30]. The loss of

WNT5A is associated with early relapse in invasive ductal breast

carcinomas (IDC) and short recurrence-free survival. PAEP (also

known as GDA/PP14) is an epithelial differentiation-related gene.

PAEP expression is associated with a more favorable prognosis in

breast and ovarian cancers, and PAEP inhibits breast tumor

growth in SCID mice [31,32]. CCND2 is frequently silenced in a

variety of human cancers, including breast and ovarian cancers,

through promoter hypermethylation [33,34]. LDOC1 has been

reported to be downregulated in pancreatic and gastric cancer

cells [35].

The induction of these genes identified by microarray was

validated by quantitative real time PCR (Q-PCR) analysis in two

independent PIAS1 knockdown MDA-MB231 cell lines (Fig. 3a

and Table S2 in File S1). As a control, PIAS1 knockdown did not

show significant effect on the expression of WNT1 and CCND1,

which show sequence homologies, but are functionally distinct in

tumorigenesis, from WNT5A and CCND2, respectively. These

results suggest that PIAS1 shows specificity in gene repression.

Consistently, the transcription of WNT5A and CCND2, but not

CCND1, was also elevated in PIAS1 knockdown xenograft tumor

samples (Fig. 3b).

PIAS1 promotes self-renewal of breast TICs through
WNT5A suppression

The WNT pathway is known to play a role in the regulation of

self-renewal of stem cells [36-38]. Consistent with the gene

expression results, higher levels of WNT5A protein were detected

in PIAS1 knockdown MDA-MB231 cells (Fig. 4a). WNT5A

shRNA was introduced into PIAS1 shRNA2 knockdown MDA-

MB231 cells to inhibit WNT5A expression. While WNT5A

shRNA1 efficiently inhibited the expression of WNT5A, WNT5A

shRNA2 showed only a minor inhibition of WNT5A expression

(Fig. 4b). Mammosphere assays showed that the suppression of

WNT5A expression by WNT5A shRNA1 significantly enhanced

the formation of mammospheres (Fig. 4c). Furthermore, the

exogenous administration of recombinant WNT5A protein

efficiently inhibited the mammosphere formation of parental

MDA-MB231 cells (Fig. 4d). Consistently, the knockdown of

WNT5A by shRNA1 significantly enhanced the tumor growth of

PIAS1 knockdown MDA-MB231 cells in vivo (Fig. 4e). These

studies support a role of WNT5A in PIAS1 knockdown-mediated

inhibition of the self-renewal of breast TICs and breast tumori-

genesis.

PIAS1 promotes epigenetic gene silencing in breast
cancer cells

Our recent studies showed that PIAS1 restricts nTreg differen-

tiation by recruiting DNMTs to the Foxp3 promoter to promote

DNA methylation and epigenetic silencing [24]. We explored

whether the PIAS1 epigenetic pathway also operates in breast

cancer cells. Our previous results showed that PIAS1 inhibits the

expression of CCND2, ESR1 and WNT5A; but not CCND1 (Fig. 3).

Hypermethylation of the CCND2, ESR1 and WNT5A loci has been

reported in various cancer types [39–42]. Therefore, chromatin

immunoprecipitation (ChIP) assays were performed to test

whether PIAS1 was associated with the genomic loci with close

proximity to the reported methylation regions of the CCND2,

ESR1 and WNT5A genes in MDA-MB231 cells. As shown in

Fig. 5a, PIAS1 bound to the CCND2, ESR1 and WNT5A loci in the

control shRNA cells, while the binding was reduced in PIAS1

shRNA2 cells. Furthermore, PIAS1 was not associated with the

CCND1 promoter (Fig. 5a), consistent with the finding that PIAS1

does not affect the expression of CCND1 (Fig. 3). Interestingly,

PIAS1 knockdown resulted in a substantial increase of the active

histone mark histone H3 acetylation (AcH3) on the WNT5A gene

(Fig. 5b). In contrast, the repressive modifications, such as histone

H3 K27 trimethylation (H3K27me3) and histone H3 K9

trimethylation (H3K9me3), were considerably reduced in PIAS1

knockdown cells (Fig. 5b). Similar changes in AcH3 and

H3K9me3 were observed in the CCND2 promoter (Fig. 5c). As a

control, H3K9me3 was readily detectable in the centromeric

satellite repeat, Satellite 2, a heterochromatin region [43] in MDA-

MB231 cells (Fig. 5d). More importantly, the H3K9me3 level was

not affected in PIAS1 knockdown cells, suggesting that PIAS1 does

not affect global heterochromatin structure (Fig. 5d). In addition,

while H3K9me3 and H3K27me3 were not detectable in the

CCND1 promoter, the AcH3 level was not affected by PIAS1

knockdown (Fig. 5e), consistent with the finding that PIAS1 does

not affect the CCND1 expression (Fig. 3). Taken together, these

results suggest that PIAS1 regulates histone modifications of its

target genes.

CCND2 and ESR1 are signature genes that are frequently

methylated in breast cancer [1]. Bisulfite sequencing analysis

indicated that the promoter of CCND2 was methylated in MDA-

MB231 control cells, which was significantly reduced in PIAS1

knockdown cells (Fig. 6a). Similar reductions in DNA methylation

were observed in ESR1 and WNT5A genes (Fig. 6a). Consistently,

ChIP assays indicated that both DNMT1 and DNMT3A bind to

Figure 2. PIAS1 is important for the maintenance of the Tumor Initiating Cells (TICs) in MDA-MB231 cells. (a) Reduced ALDH+

population in PIAS1 knockdown cells using the ALDEFLUOR assay. Cells cultured in Stem Cell Media (SCM) for 25 days were incubated with
ALDEFLUOR substrate (BAAA) with or without the specific inhibitor of ALDH, DEAB, to define the ALDH+ population (R2). The number indicates the
percentage of the ALDH+ population. (b) Mammosphere assays. MDA-MB231 control shRNA and PIAS1 shRNA1 and shRNA2 cells were seeded in SCM
on 35 mm petri dishes (5,000 cells/dish) and spheres were counted 7 days later. (c) PIAS1 is phosphorylated on Ser90 in response to EGF and
Heregulin in breast cancer cells. Various breast cancer cells were starved for 16 h, then either untreated or treated with EGF (100 ng/ml) or Heregulin
(15 ng/ml) for indicated time points. Western blot analyses were performed with whole cell extracts, using an antibody specific for Ser90-
phosphorylated PIAS1 (anti-pPIAS1) or total PIAS1 (anti-PIAS1). (d) Reconstitution of MDA-MB231 PIAS1 shRNA1 cells with the lenti-viruses encoding
the empty vector (Vec), wild type PIAS1 (WT), PIAS1 S90A mutant (S90A), or PIAS1 W372A mutant (W372A). Western blot was performed with whole
cell extracts from these cells using anti-PIAS1 or anti-Tubulin. (e) The effect of WT or S90A and W372A PIAS1 mutants on cell proliferation and
survival. MDA-MB231 cells as in d were seeded in DMEM supplemented with 10% FBS (left), or Stem Cell Media (SCM) (right) (mean 6 SEM). Shown is
a representative of 3 independent experiments. P values were determined by paired t-test. (f) Mammosphere assay. MDA-MB231 cells as in d were
seeded in SCM at 5,000 cells/dish. Spheres were counted 7 days after plating. (g) ALDEFLUOR assay. MDA-MB231 cells as in d were cultured in SCM
for 5 days, and the ALDH+ population was determined by the ALDEFLUOR assays. Shown in each panel is a representative of 3 independent
experiments. Error bars represent SEM. P values were determined by paired t-test.
doi:10.1371/journal.pone.0089464.g002
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the CCND2 promoter in the control MDA-MB231 cells, while the

binding was compromised by PIAS1 knockdown (Fig. 6b). These

studies suggest that PIAS1 recruits DNMTs to promote DNA

methylation in breast cancer cells.

Discussion

Although extensive studies have been performed in the

identification and characterization of altered DNA methylation

and epigenetic modifications in breast cancer development and

progression [1,4–6], the molecular mechanism involved in this

process has not been understood. Studies described in this

manuscript have identified a novel epigenetic control mechanism

in promoting selective epigenetic silencing in breast cancer. Our

results suggest that the PIAS1 epigenetic pathway, which has been

previously shown to function in regulatory T cell differentiation

[24], is up-regulated in breast cancer and is involved in promoting

DNA methylation and epigenetic silencing of breast cancer

signature genes such as ESR1 and CCND2, as well as the breast

tumor suppressor WNT5A.

Microarray analysis of PIAS1 knockdown breast cancer cells has

uncovered an essential role of PIAS1 in the suppression of a group

of genes previously known to be clinically relevant to breast

cancer, such as WNT5A (Fig. 3). The WNT family of proteins can

signal through the canonical beta-catenin-dependent or the non-

canonical beta-catenin-independent pathway [36–38]. WNT5A

belongs to the nontransforming class of the WNT gene family that

Figure 3. PIAS1 regulates the expression of a panel of tumor suppressor genes. (a) Real-time quantitative PCR (Q-PCR) assay. MDA-MB231
cells containing control shRNA, PIAS1 shRNA1 or shRNA2 were cultured in DMEM plus 10% FBS (DMEM) or Stem Cell Media (SCM) for 30 h, and total
RNA was used for Q-PCR assays with gene-specific primers. The gene names are labeled at the top left of each panel. The data were normalized by
beta-Actin (ACTB) and presented as ‘‘Relative Expression’’ as compared to that in control shRNA cells under DMEM condition, which was set as ‘‘1’’
except for the ESR1 gene (the expression was not detectable in control shRNA cells). Shown is a representative of 3 independent experiments. Error
bars represent SD. ND, not detected. See also Table S1 and Table S2 in File S1. (b) Same as in a except that total RNA from fat pad tumor xenograft
samples were used (n = 5). Error bars represent SEM. P values were determined by non-paired t-test.
doi:10.1371/journal.pone.0089464.g003
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activates non-canonical signaling pathways. The biology of

WNT5A is cell-type dependent, and it has been reported that

WNT5A may signal through different WNT receptors to cause

different cellular responses [44]. Gene targeting studies indicate

that WNT5A is required for normal mammary gland develop-

ment, and Wnt5a-null ammary tissue shows an accelerated

developmental capacity [45]. In addition, WNT5A overexpression

inhibits tumorigenesis of uroepithelial cell carcinoma and

suppresses mammary cell migration [46,47]. The loss of WNT5A

is associated with early relapse in invasive ductal breast carcinomas

and short recurrence-free survival, supporting WNT5A as a

candidate breast tumor suppressor [30]. The tumor suppressor

function of WNT5A has also been suggested in other human

cancers [48,49]. In this report, we showed that PIAS1-mediated

regulation of the self-renewal of breast TICs is largely achieved

through the transcriptional repression of WNT5A. The exogenous

administration of recombinant WNT5A protein to MDA-MB231

breast cancer cells suppressed mammosphere. Consistently,

WNT5A inhibition by shRNA rescued PIAS1 knockdown-

mediated suppression of mammosphere and tumor growth in vivo

(Fig. 4). Our results suggest that the PIAS1-WNT5A pathway

regulates the self-renewal of breast TICs.

PIAS1 is a nuclear SUMO E3 ligase that functions as a

transcriptional repressor. PIAS1 is activated by Ser90 phosphor-

ylation in response to proinflammatory stimuli. Activated PIAS1 is

then recruited to gene promoters to repress transcription [22,50].

In this report, we showed that PIAS1 is also phosphorylated/

activated in response to growth stimuli, and the ability of PIAS1 to

regulate the self-renewal of breast TICs requires PIAS1 Ser90

phosphorylation as well as PIAS1 SUMO E3 ligase activity (Fig. 2).

Our studies suggest that PIAS1 may act as a sensor protein in the

nucleus that responds to growth and inflammatory stimuli in the

tumor microenvironment to regulate the self-renewal of TICs

through epigenetic gene regulation.

In conclusion, studies described in this paper suggest that PIAS1

plays an important role in promoting selective epigenetic silencing

during breast tumorigenesis. It is possible that the PIAS1

epigenetic pathway may provide a link between inflammation

and the development of breast cancer (Fig. 7). Targeting the

PIAS1 epigenetic pathway may represent a novel therapeutic

strategy for the treatment of breast cancer.

Figure 4. PIAS1-mediated WNT5A suppression is important for the maintenance of breast Tumor Initiating Cells (TICs). (a) Western
blot analyses with whole cell extracts from MDA-MB231 cells containing control shRNA, PIAS1 shRNA1 or shRNA2 cultured in DMEM plus 10% FBS. (b)
Western blot analyses with whole cell extracts from MDA-MB231 PIAS1 shRNA2 cells containing either a control shRNA, a WNT5A-specific shRNA
(WNT5A shRNA1), or a non-working WNT5A shRNA (WNT5A shRNA2). (c) Mammosphere assay. Cells were seeded in Stem Cell Media (SCM) at
5,000 cells/dish, and spheres were counted 7 days later. Shown is a representative of 3 independent experiments. Error bars represent SEM. P values
were determined by paired t-test. (d) Same as in c except that the parental MDA-MB231 cells were used with or without recombinant WNT5A
treatment as indicated. (e) Tumorigenesis in vivo. Cells as in b were injected subcutaneously into SCID-beige mice (56106 cells/mice; n = 6). Shown is
a representative of 3 independent experiments. Each data point represents mean 6 SEM. P values were determined by non-paired t-test.
doi:10.1371/journal.pone.0089464.g004
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Figure 5. PIAS regulates the histone marks of the target genes. (a) Chromatin immunoprecipitation (ChIP) assay. Extracts from MDA-MB231
cells containing control shRNA, or PIAS1 shRNA2 were immunoprecipitated with anti-PIAS1 or IgG. The bound DNA was quantified by Q-PCR with
gene-specific primers and presented as ‘‘percent of input’’ (% input). (b) Same as in a except that antibodies specific for acetylated histone H3 (AcH3),
histone H3 trimethylated at Lys9 (H3K9me3), or histone H3 trimethylated at Lys27 (H3K27me3) were used, and the levels of these histone marks at
the WNT5A loci were quantified. (c) Same as in b except that histone marks at the CCND2 promoter were quantified. (d) Same as in b except that the
level of H3K9me3 at the heterochromatin region Satellite 2 was quantified. (e) Same as in b except that histone marks at the CCND1 promoter were
quantified. Shown in each panel is a representative of 3 independent experiments. Error bars represent SD.
doi:10.1371/journal.pone.0089464.g005
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Materials and Methods

Mice, cell Lines and reagents
Tissue samples from breast cancer patients used for IHC

analysis were purchased from commercial companies (Imgenex

and Full Moon Biosystems). The work is exempt from Human

Research since the data were analyzed anonymously. Human

breast cancer cell lines MDA-MB231, BT-20, BT-474 and HCC-

1954 were obtained from ATCC. MDA-MB231 cells were

maintained in DMEM supplemented with 10% fetal bovine

serum (FBS) and 1% Penicillin/Streptomycin. All other cells were

maintained in RPMI supplemented with 10% FBS and 1%

Penicillin/Streptomycin. Stem Cell Media (SCM) is composed of

DMEM/F-12 (Cellgro) supplemented with 0.4% BSA, 1%

Penicillin/Streptomycin, 2 mM Glutamine, 25 ng/ml human

EGF (R&D), 25 ng/ml human basic FGF (R&D) and 5 ug/ml

human insulin (Sigma). The following agents have also been used:

Heregulin (Upstate), anti-pPIAS1 (Ser90-phosphorylated PIAS1)

[22], polyclonal anti-PIAS1 [20], [51]; anti-Tubulin (Sigma), anti-

WNT5A/B (Cell Signaling) and recombinant murine WNT5A

protein (R&D). This study was carried out in strict accordance

with the recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health. The

protocol was approved by The UCLA Institutional Animal Care

and Use Committee (Protocol Number: 1999-015-43A).

shRNA knockdown and reconstitution
Oligonucleotides encoding a control small hairpin RNA

(shRNA) or various shRNAs targeting PIAS1 or WNT5A were

cloned under the control of the U6 promoter in the Lentiviral

vector CS-CP for PIAS1 (containing a puromycin-resistant

marker) or CS-CH for WNT5A (containing a hygromycin-

resistant marker), which was modified from the CS-CG Lentiviral

vector [52]. Lentiviruses were generated by co-transfecting 293T

cells with shRNA constructs together with helper plasmids pCMV-

VSV-G and pHR’8.9DVPR using the calcium phosphate method.

The viral supernatant was collected 72 h post transfection, and

used to infect various cancer cells. Cells were subjected to drug

selection (puromycin: 2.5 ug/ml; hygromycin: 250 ug/ml) 48 h

post infection. The target sequences of the shRNAs are: Control

shRNA: GCACTACTGTCGATGACGA; PIAS1 shRNA1:

GTTTCTGATAAACAAAACC; PIAS1 shRNA2: GAAAC-

TATTCCATGGCAGT; WNT5A shRNA1: AGTG-

CAATGTCTTCCAAGT; WNT5A shRNA2: TATTAAGCC-

CAGGAGTTGC.

The wild type (WT), S90A and W372A mutant PIAS1 escape

expression constructs were generated by insertion of WT or

mutant PIAS1 cDNA fragments into the Lentiviral expression

vector bearing a Hygromycin-resistant marker. These PIAS1

cDNAs carried 4 silent mutations that can escape the inhibition by

shRNA without changing the codons of the protein (only the third

nucleotide of each codon was altered). Lentiviruses were obtained

as described above and target cells were infected with viral

supernatant followed by Hygromycin selection.

In vitro mammosphere formation. In vitro mammosphere

assays with MDA-MB231 cells were performed as described

[12,27]. Briefly, cells were seeded under SCM conditions at

indicated densities on 35 mm petri dish. Fresh human EGF

(25 ng/ml), basic FGF (25 ng/ml) and Insulin (5 ug/ml) were

supplemented every 2 days. Spheres were counted under a

microscope after 5–7 days of culture.

Figure 6. PIAS1 regulates DNA methylation status of the target genes. (a) DNA Methylation analyses of the indicated loci were performed
by bisulfite conversion of genomic DNA from MDA-MB231 cells containing control shRNA or PIAS1 shRNA2. The x axis represents the positions of the
CpG sites relative to the transcription start site (+1); the y axis represents the percentage. (b) Chromatin immunoprecipitation (ChIP) assay. Extracts
from MDA-MB231 cells containing control shRNA, or PIAS1 shRNA2 were immunoprecipitated with anti-DNMT1, anti-DNMT3A or IgG. The bound
DNA was quantified by Q-PCR with CCND2 promoter-specific primers and presented as ‘‘percent of input’’ (% input). Shown in each panel is a
representative of 3 independent experiments. Error bars represent SD.
doi:10.1371/journal.pone.0089464.g006

Figure 7. A proposed model of the function of PIAS1 in breast cancer. In response to growth factor and inflammatory signals, PIAS1 is
activated via Ser90 phosphorylation (S90p), and recruited to the target gene promoters. PIAS1 represses the expression of epigenetic gatekeeper
genes, such as ESR1, WNT5A and CCND2, by promoting inhibitory histone H3 lysine 9 and lysine 27 trimethylation (H3K9/K27) and DNA methylation
(Met), while inhibiting acetylated histone H3 (AcH3). Therefore, PIAS1 promotes tumorigenesis by selective epigenetic gene silencing.
doi:10.1371/journal.pone.0089464.g007

PIAS1 Epigenetic Pathway in Breast Cancer

PLOS ONE | www.plosone.org 10 February 2014 | Volume 9 | Issue 2 | e89464



Cell proliferation assay
For MDA-MB231 cell proliferation under DMEM conditions,

cells were seeded in DMEM plus 10% FBS and 1% Penicillin/

Streptomycin at a density of 16105 cells per well in 6 well plate,

and stained with trypan blue and counted for viable cells everyday

for 5 days. Alternatively, cells were seeded at a density of 3,000

cells per well in 96 well tissue culture plate (08-772-3; Fisher), and

cell growth was determined everyday for 4–5 days by CellTiter96

AQueous One Solution Cell Proliferation Assay as instructed by

the manufacturer (Promega). For cell growth under SCM

conditions, cells were seeded in SCM at a density of 3,000 cells

per well in 96 well non-treated microplate (12-565-226; Fisher),

and supplemented with fresh human EGF (25 ng/ml), basic FGF

(25 ng/ml) and Insulin (5 ug/ml) every 2 days. Cell growth was

determined at indicated time points by CellTiter96 AQueous One

Solution Cell Proliferation Assay as instructed by the manufacturer

(Promega). Triplicates were performed for each time point of the

growth curve.

ALDEFLUOR assay
The ALDH+ cell population was determined using an

ALDEFLUOR assay kit as instructed (StemCell Technologies).

Briefly, cells grown under SCM condition were incubated with the

ALDH substrate BAAA in ALDEFLUOR assay buffer in the

presence or absence of the specific ALDH inhibitor diethylami-

nobenzaldehyde (DEAB) at 37uC for 45 min, followed by flow

cytometry. The ALDH+ population of each sample was deter-

mined using its own negative control (DEAB containing sample) as

a reference.

In vivo tumorigenesis
Exponentially growing cells were trypsinized and resuspended

in serum free-DMEM or RPMI, mixed with equal volume of

Matrigel (BD Biosciences), and injected into the fat pad, or

subcutaneously into the flank of 6–10 week old SCID beige mice

(UCLA Department of Radiation Oncology) in a volume of 150 ul

per site. Tumors were measured weekly with a caliper and tumor

volume was calculated as width x length x height x 0.526.

Tissue microarray analysis
Tissue microarray slides were obtained from Imgenex and Full

Moon Biosystems, and immunohistochemistry (IHC) staining was

performed using polyclonal anti-PIAS1 [20] as instructed by the

manufacturers. ‘‘Normal duct’’ was defined as normal breast

tissues from healthy individuals as well as histologically normal

tissues adjacent to tumors. Semiquantitative assessment of PIAS1

staining was performed using a 0–2 scale (0 = negative; 1 = weak

staining; 2 = strong staining) based on the average intensity per

epithelial cell, and PIAS1 score was defined as the product of

PIAS1 staining scale and the percentage of PIAS1 positive

staining. A total of 3 independent tissue arrays containing 30–

100 samples each were performed and the data were pooled.

Statistic analysis was performed using non-parametric two-tailed

Kruskal Wallis test with alpha level equals 0.05 for all tests, since

both ‘‘Normal duct’’ and ‘‘IDC’’ populations are not normally

distributed.

Microarray analysis
MDA-MB231 cells containing a control shRNA or PIAS1

shRNA2 were cultured in DMEM plus 10% FBS (DMEM) or

SCM for 30 h. Total RNA was prepared and subjected to

microarray analyses using the human genome U133A 2.0 array

chip (Affymetrix) as described [19]. The microarray data is

presented in Table S1 in File S1 and has been deposited to Gene

Expression Omnibus (GEO) database (GSE44024).

Quantitative real time PCR (Q-PCR)
Quantitative real time PCR (Q-PCR) analyses were performed

with breast cancer cells or tumor xenograft samples as described

previously [19]. Briefly, total RNA was prepared using RNA

STAT60 (Tel-Test). First strand complementary DNA was

produced by reverse transcription (RT) of 1 ug total RNA using

iScript cDNA synthesis kit (Bio-Rad). Q-PCR was carried out

using the CFX96 real-time PCR detection system (Bio-Rad) in a

final volume of 25 ul containing Taq polymerase, 1xTaq buffer,

125 uM dNTP, SYBR Green I (Molecular Probes) and gene-

specific primers. Amplification conditions were: 95uC (3 min), 40

cycles of 95uC (10 s) and 61uC (30 s). Q-PCR data were analyzed

by CFX Manager 2.0 software (Bio-Rad), and normalized by beta-

Actin (ACTB). The results were presented as ‘‘Relative Expression’’

as compared to that in the control shRNA cells, which was set as

‘‘1’’. Primers are listed in Table S2 in File S1.

Chromatin immunoprecipitation (ChIP) assay
ChIP assays were performed using the ChIP analysis kit as

instructed (Upstate). Briefly, cells grown in DMEM plus 10% FBS

were cross-linked and lysed. Chromatin was sheared by sonication

(10 s at 30% of the maximum strength for a total of six times). Cell

extracts were immunoprecipitated with indicated antibodies, or

IgG as a negative control. The binding of these factors to various

DNA regions was quantified by quantitative real time PCR (Q-

PCR) using the immunoprecipitates as templates and specific

primers (Table S2 in File S1). The results were presented as

‘‘percent of input’’. The following antibodies were used in the

ChIP assay: normal rabbit IgG (sc-2027; Santa Cruz), anti-PIAS1

[51], anti-histone H3 trimethylated at Lys9 (H3K9me3) (17-625;

Millipore); anti-histone H3 trimethylated at Lys27 (H3K27me3)

(17-622; Millipore); anti-Acetylated histone H3 (AcH3) (17-615;

Millipore); anti-DNMT1 (Ab13537; Abcam) and anti-DNMT3A

(R0015-2; Abiocode).

Bisulfite treatment and methylation analysis
Bisulfite modification of DNA was performed using EZ

Methylation-Gold kit (Zymo Research). Bisulfite genomic se-

quencing (BGS) was conducted using cells grown in DMEM plus

10% FBS as described [39–42]. Taq DNA polymerase (Zymo

Research) was used for PCR amplification using specific primers

(Table S2 in File S1). The PCR conditions were as follows: 1 cycle

of 95uC for 10 min, then 40 cycles of 95uC for 45 s, 56uC for

1 min, and 72uC for 1 min; and 1 cycle of 72uC for 10 min.

Amplified products were cloned into pCR4-Topo (Invitrogen),

with 8 to 12 colonies randomly chosen and sequenced.

Supporting Information

File S1 Contains the following files: Figure S1, Table S1 and

Table S2. Figure S1. Validation of the polyclonal anti-PIAS1

antibody by immunofluorescence. MDA-MB231 cells containing

control shRNA or PIAS1 shRNA2 were fixed by 3 different

methods as indicated, followed by staining with polyclonal anti-

PIAS1. FMA, formaldehyde. Table S1. Microarray analysis. Fold

induction is defined as the ratio of the expression levels of a given

gene in PIAS1 shRNA2 vs. control shRNA cells. Genes with

greater than 10-fold induction under Stem Cell Media (SCM)

condition are shown. Table S2. Primers used for Q-PCR, ChIP

and methylation.

(DOC)

PIAS1 Epigenetic Pathway in Breast Cancer

PLOS ONE | www.plosone.org 11 February 2014 | Volume 9 | Issue 2 | e89464



Acknowledgments

We thank Irving Garcia for technical assistance, and UCLA flow cytometry

core facility.

Author Contributions

Conceived and designed the experiments: BL KS. Performed the

experiments: BL ST KMY RY YY RM CH VC YJ. Analyzed the data:

BL GF JR TFL KS. Contributed reagents/materials/analysis tools: NO

DS. Wrote the paper: BL KS.

References

1. Jovanovic J, Ronneberg JA, Tost J, Kristensen V (2010) The epigenetics of
breast cancer. Mol Oncol 4: 242–254.

2. Ting AH, McGarvey KM, Baylin SB (2006) The cancer epigenome–

components and functional correlates. Genes Dev 20: 3215–3231.

3. Jones PA, Baylin SB (2007) The epigenomics of cancer. Cell 128: 683–692.

4. Dedeurwaerder S, Fumagalli D, Fuks F (2011) Unravelling the epigenomic
dimension of breast cancers. Curr Opin Oncol 23: 559–565.

5. Huang Y, Nayak S, Jankowitz R, Davidson NE, Oesterreich S (2011)

Epigenetics in breast cancer: what’s new? Breast Cancer Res 13: 225.

6. Szyf M (2012) DNA methylation signatures for breast cancer classification and
prognosis. Genome Med 4: 26.

7. Connolly R, Stearns V (2012) Epigenetics as a Therapeutic Target in Breast

Cancer. J Mammary Gland Biol Neoplasia.

8. Bonnet D, Dick JE (1997) Human acute myeloid leukemia is organized as a
hierarchy that originates from a primitive hematopoietic cell. Nat Med 3: 730–

737

9. Molofsky AV, Pardal R, Morrison SJ (2004) Diverse mechanisms regulate stem
cell self-renewal. Curr Opin Cell Biol 16: 700–707

10. Phillips TM, McBride WH, Pajonk F (2006) The response of CD24(-/low)/

CD44+ breast cancer-initiating cells to radiation. J Natl Cancer Inst 98: 1777–
1785.

11. Li X, Lewis MT, Huang J, Gutierrez C, Osborne CK, et al. (2008) Intrinsic

resistance of tumorigenic breast cancer cells to chemotherapy. J Natl Cancer Inst

100: 672–679.

12. Yu F, Yao H, Zhu P, Zhang X, Pan Q, et al. (2007) let-7 regulates self renewal

and tumorigenicity of breast cancer cells. Cell 131: 1109–1123.

13. Woodward WA, Chen MS, Behbod F, Alfaro MP, Buchholz TA, et al. (2007)
WNT/beta-catenin mediates radiation resistance of mouse mammary progen-

itor cells. Proc Natl Acad Sci U S A 104: 618–623.

14. Dalerba P, Cho RW, Clarke MF (2007) Cancer stem cells: models and concepts.
Annu Rev Med 58: 267–284

15. Ailles LE, Weissman IL (2007) Cancer stem cells in solid tumors. Curr Opin

Biotechnol 18: 460–466.

16. Kakarala M, Wicha MS (2008) Implications of the cancer stem-cell hypothesis
for breast cancer prevention and therapy. J Clin Oncol 26: 2813–2820.

17. Mimeault M, Hauke R, Mehta PP, Batra SK (2007) Recent advances in cancer

stem/progenitor cell research: therapeutic implications for overcoming resis-
tance to the most aggressive cancers. J Cell Mol Med 11: 981–1011.

18. Shuai K, Liu B (2005) Regulation of gene-activation pathways by PIAS proteins

in the immune system. Nat Rev Immunol 5: 593–605.

19. Liu B, Mink S, Wong KA, Stein N, Getman C, et al. (2004) PIAS1 selectively
inhibits interferon-inducible genes and is important in innate immunity. Nat.

Immunol. 5: 891–898.

20. Liu B, Yang R, Wong KA, Getman C, Stein N, et al. (2005) Negative regulation
of NF-kappaB signaling by PIAS1. Mol. Cell. Biol. 25: 1113–1123.

21. Tahk S, Liu B, Chernishof V, Wong KA, Wu H, et al. (2007) Control of

specificity and magnitude of NF-kB and STAT1-mediated gene activation
through PIASy and PIAS1 cooperation. Proc. Natl Acad. Sci. USA 104: 11643–

11648.

22. Liu B, Yang Y, Chernishof V, Loo RR, Jang H, et al. (2007) Proinflammatory
stimuli induce IKKalpha-mediated phosphorylation of PIAS1 to restrict

inflammation and immunity. Cell 129: 903–914.

23. Liu B, Shuai K (2008) Targeting the PIAS1 SUMO ligase pathway to control
inflammation. Trends Pharmacol Sci 29: 505–509

24. Liu B, Tahk S, Yee KM, Fan G, Shuai K (2010) The ligase PIAS1 restricts

natural regulatory T cell differentiation by epigenetic repression. Science 330:

521–525.

25. Loke SL, Neckers LM, Schwab G, Jaffe ES (1988) c-myc protein in normal

tissue. Effects of fixation on its apparent subcellular distribution. Am J Pathol 131:

29–37

26. Lee J, Kotliarova S, Kotliarov Y, Li A, Su Q, et al. (2006) Tumor stem cells

derived from glioblastomas cultured in bFGF and EGF more closely mirror the

phenotype and genotype of primary tumors than do serum-cultured cell lines.
Cancer Cell 9: 391–403.

27. Ginestier C, Hur MH, Charafe-Jauffret E, Monville F, Dutcher J, et al. (2007)

ALDH1 Is a Marker of Normal and Malignant Human Mammary Stem Cells
and a Predictor of Poor Clinical Outcome. Cell Stem Cell 1: 555–567.

28. Dontu G, Abdallah WM, Foley JM, Jackson KW, Clarke MF, et al. (2003) In

vitro propagation and transcriptional profiling of human mammary stem/
progenitor cells. Genes Dev 17: 1253–1270.

29. Dontu G, Liu S, Wicha MS (2005) Stem cells in mammary development and

carcinogenesis: implications for prevention and treatment. Stem Cell Rev 1: 207–
213

30. Jonsson M, Dejmek J, Bendahl PO, Andersson T (2002) Loss of Wnt-5a protein
is associated with early relapse in invasive ductal breast carcinomas. Cancer Res

62: 409–416.
31. Mandelin E, Lassus H, Seppala M, Leminen A, Gustafsson JA, et al. (2003)

Glycodelin in ovarian serous carcinoma: association with differentiation and

survival. Cancer Res 63: 6258–6264.
32. Hautala LC, Koistinen R, Seppala M, Butzow R, Stenman UH, et al. (2008)

Glycodelin reduces breast cancer xenograft growth in vivo. Int J Cancer 123:
2279–2284.

33. Sakuma M, Akahira J, Ito K, Niikura H, Moriya T, et al. (2007) Promoter

methylation status of the Cyclin D2 gene is associated with poor prognosis in
human epithelial ovarian cancer. Cancer Sci 98: 380–386.

34. Evron E, Umbricht CB, Korz D, Raman V, Loeb DM, et al. (2001) Loss of
cyclin D2 expression in the majority of breast cancers is associated with

promoter hypermethylation. Cancer Res 61: 2782–2787.

35. Inoue M, Takahashi K, Niide O, Shibata M, Fukuzawa M, et al. (2005)
LDOC1, a novel MZF-1-interacting protein, induces apoptosis. FEBS Lett 579:

604–608
36. Reya T, Clevers H (2005) Wnt signalling in stem cells and cancer. Nature 434:

843–850
37. Huang H, He X (2008) Wnt/beta-catenin signaling: new (and old) players and

new insights. Curr Opin Cell Biol 20: 119–125.

38. Malanchi I, Peinado H, Kassen D, Hussenet T, Metzger D, et al. (2008)
Cutaneous cancer stem cell maintenance is dependent on beta-catenin

signalling. Nature 452: 650–653.
39. Ying J, Li H, Chen YW, Srivastava G, Gao Z, et al. (2007) WNT5A is

epigenetically silenced in hematologic malignancies and inhibits leukemia cell

growth as a tumor suppressor. Blood 110: 4130–4132.
40. Ying J, Li H, Yu J, Ng KM, Poon FF, et al. (2008) WNT5A exhibits tumor-

suppressive activity through antagonizing the Wnt/beta-catenin signaling, and is
frequently methylated in colorectal cancer. Clin Cancer Res 14: 55–61.

41. Yu J, Leung WK, Ebert MP, Leong RW, Tse PC, et al. (2003) Absence of cyclin
D2 expression is associated with promoter hypermethylation in gastric cancer.

Br J Cancer 88: 1560–1565.

42. Li LC, Chui R, Nakajima K, Oh BR, Au HC, et al. (2000) Frequent methylation
of estrogen receptor in prostate cancer: correlation with tumor progression.

Cancer Res 60: 702–706.
43. Wang D, Zhou J, Liu X, Lu D, Shen C, et al. (2013) Methylation of SUV39H1

by SET7/9 results in heterochromatin relaxation and genome instability. Proc

Natl Acad Sci U S A 110: 5516–5521.
44. Mikels AJ, Nusse R (2006) Purified Wnt5a protein activates or inhibits beta-

catenin-TCF signaling depending on receptor context. PLoS Biol 4: e115.
45. Roarty K, Serra R (2007) Wnt5a is required for proper mammary gland

development and TGF-beta-mediated inhibition of ductal growth. Development

134: 3929–3939.

46. Olson DJ, Gibo DM, Saggers G, Debinski W, Kumar R (1997) Reversion of

uroepithelial cell tumorigenesis by the ectopic expression of human wnt-5a. Cell

Growth Differ 8: 417–423.

47. Jonsson M, Andersson T (2001) Repression of Wnt-5a impairs DDR1
phosphorylation and modifies adhesion and migration of mammary cells. J Cell

Sci 114: 2043–2053.

48. Liang H, Chen Q, Coles AH, Anderson SJ, Pihan G, et al. (2003) Wnt5a inhibits
B cell proliferation and functions as a tumor suppressor in hematopoietic tissue.

Cancer Cell 4: 349–360.
49. Blanc E, Goldschneider D, Douc-Rasy S, Benard J, Raguenez G (2005) Wnt-5a

gene expression in malignant human neuroblasts. Cancer Lett 228: 117–123.

50. Liu B, Shuai K (2008) Regulation of the sumoylation system in gene expression.
Curr Opin Cell Biol 20: 288–293.

51. Liu B, Liao J, Rao X, Kushner SA, Chung CD, et al. (1998) Inhibition of Stat1-
mediated gene activation by PIAS1. Proc. Natl Acad. Sci. USA 95: 10626–10631.

52. Miyoshi H, Blomer U, Takahashi M, Gage FH, Verma IM (1998) Development
of a self-inactivating lentivirus vector. J Virol 72: 8150–8157.

PIAS1 Epigenetic Pathway in Breast Cancer

PLOS ONE | www.plosone.org 12 February 2014 | Volume 9 | Issue 2 | e89464


