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Abstract

The zinc finger protein Snail is a master regulator of epithelial-mesenchymal transition (EMT) and a strong inducer of tumor
metastasis, yet the signal cascades triggered by Snail have not been completely revealed. Here, we report the discovery of the
sulfation program that can be induced by Snail in breast cancer cells, and which plays an essential role in cell migration and
metastasis. Specifically, Snail induces the expression of PAPSS2, a gene that encodes a rate-limiting enzyme in sulfation
pathway, and VCAN, a gene that encodes the chondroitin sulfate proteoglycan Versican in multiple breast cancer cells.
Depletion of PAPSS2 in MCF7 and MDA-MB-231 cells results in reduced cell migration, while overexpression of PAPSS2
promotes cell migration. Moreover, MDA-MB-231-shPAPSS2 cells display a significantly lower rate of lung metastasis and
lower number of micrometastatic nodules in nude mice, and conversely, MDA-MB-231-PAPSS2 cells increase lung
metastasis. Similarly, depletion of VCAN dampens the cell migration activity induced by Snail or PAPSS2 in MCF 10A
cells. Moreover, PAPSS inhibitor sodium chlorate effectively decreases cell migration induced by Snail and PAPSS2. More
importantly, the expression of Snail, PAPSS2, and VCAN is positively correlated in breast cancer tissues. Together, these
findings are important for understanding the genetic programs that control tumor metastasis and may identify previously
undetected therapeutic targets to treat metastatic disease.

Introduction

The transcriptional factor Snail is a critical regulator of cell
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migration in normal embryonic development and diseases
such as tumor metastasis and fibrosis [1-3]. Genetic dele-
tion of the snail gene in mice results in embryonic lethality
due to defects in gastrulation [2, 3]. Snail is also highly
expressed in the invasive cells of various types of tumors
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Fig. 1 Snail activates the transcription of PAPSS2 in breast cancer
cells. a The Volcano Plot analysis of the differentially expressed genes
in MCF 10A-Snail and -vector cells identified by the RNA-seq
approach. Red dots represent genes induced by Snail, green dots
represent genes repressed by Snail, and blue dots represent genes
without significant difference. b Heat map showed the representatives
of differentially expressed genes regulated by Snail expression in MCF
10A cells. ¢ qRT-PCR validation of the known Snail target genes in
MCF 10A cells. Data were shown as mean+ S.D. from three inde-
pendent experiments. **P<0.001, ***P<(0.0001, compared with
Vector group. d—f Overexpression of Snail increased PAPSS2 mRNA
level in MCF 10A cells (d), MCF7 cells (e), and MDA-MB-231 cells
(f). Data were shown as mean+S.D. from three independent
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experiments. ***P < 0.0001, **P <0.001, *P <0.05, compared with
vector group (left panels). Western blots showed the protein levels of
Snail and PAPSS2 (right panels). g Human PAPSS2 promoter-luc
reporter activity was induced by Snail in 293T cells. Human PAPSS2
gene promoter (—138 +138) was subcloned into pGL3 basic luciferase
vector to create a PAPSS2-Luc reporter (upper panel). Assays were
performed in 293T cells and the luciferase activity was normalized to
[B-galactosidase activity. Error bars show standard deviations (bottom
panel). h Snail bound to the proximal promoter region of PAPSS2.
The ChIP assays were performed in MDA-MB-231 (middle panel) and
MCF 10A-Snail cells (right panel) with specific antibody against Snail
and the enriched DNA fragments were examined by qPCR. Error bars
show standard deviations. **P <0.001, *P <0.05
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including ductal breast carcinomas, colorectal cancer,
prostate cancer, and hepatocellular carcinomas and serves as
an early marker for the malignant phenotype and prognosis
[4-7]. Forced expression of Snail in various types of epi-
thelial cells induces mesenchymal phenotype accompanied
by increased cell survival, migration, stemness, invasive-
ness, and chemoresistance [4, 8, 9]. Most recently, Snail
was found to be essential for cancer-associated fibroblast
activation and promote tumor-initiating cell expansion in
mouse breast [10, 11]. These studies collectively demon-
strate that Snail plays critical roles in both tumor metastasis
and recurrence.

Snail belongs to the C2H2 superfamily of transcription
factors containing C-terminal tandem zinc finger motifs and
an N-terminal SNAG repression domain [1]. The zinc finger
motifs can recognize the E-box DNA sequences of the
target genes, whereas the SNAG domain is a potent, highly
conserved, and transferable repression motif and recruits
various repressive cofactors. The transcriptional repressive
function of Snail has been extensively interrogated and
various proteins involved in gene silencing were identified
as Snail interacting cofactors such as histone deacetylases,
mSin3A, Ezh2, LSDI1, and Ajuba/Prmt5/14-3-3 ternary
complex [12-17]. We further found that Snail, Ring1B, and
EZH2 form distinct protein complexes, which are coop-
eratively recruited to the target promoter to repress Snail
target gene expression [18]. Notably, several studies have
shown that Snail can directly activate gene expression. For
example, Snail can directly activate genes during mesoderm
development of Drosophila by potentiating Twist-mediated
enhancer activation [19]; in HepG2 cells, Snail associates
with SP-1 and EGR-1 to induce transcription of p15INK4b
[20]; MMP9 and Fibronectin are also transcriptionally
activated by Snail [21, 22]. Genome-wide gene expression
profiling analyses revealed that Snail can induce a large
pool of gene expression in MCF 10A and MCF7 cells.
However, the role of these Snail-activated genes in tumor
development and metastasis remain elusive.

Sulfation is a process of transferring a sulfate group (SOy4
~2) from the universal sulfate donor 3’-phosphoadenosine
5'-phosphosulfate (PAPS) to appropriate acceptor mole-
cules including xenobiotics, hormones, lipids, neuro-
transmitters, steroids, proteins, and proteoglycans. A major
class of sulfation substrates is the carbohydrate side-chains
of proteoglycans, which are important structural compo-
nents of extracellular matrix (ECM) in various tissues.
Sulfation involves in three indispensable steps: transport of
inorganic sulfate into cytoplasm; synthesis of PAPS; the
transfer of SO,~ from PAPS to “acceptor” molecules by
sulfotransferases (SULTS) [23, 24].

3’-Phosphoadenosine  5’-phosphosulfate  synthase 2
(PAPSS2) catalyzes the PAPS synthesis with two sequential
reactions: inorganic sulfate combines with ATP to form
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adenosine 5’-phosphosulfate (APS) and pyrophosphate
catalyzed by the ATP sulfurylase domain on PAPSS2; in
the second step, APS combines with another molecule of
ATP to form PAPS and ADP catalyzed by the APS kinase
domain [24-26]. Sulfation process is tightly controlled and
alterations in any of these steps might result in impaired
sulfation, leading to significant pathophysiological dis-
orders and developmental consequences. For example,
human mutations in the ATP sulfurylase domain of
PAPSS2 induce defect in sulfation of the proteoglycans of
the cartilage ECM, presenting with spondyloepimetaphy-
seal dysplasia involving the spine and long bones [27]. A
spontaneous mutation in the APS kinase domain of
PAPSS2 in mice results in decreased synthesis of chon-
droitin sulfate in cartilage, presenting with disproportionate
short-limb dwarfism, a short spine, tail, and a domed skull
[27, 28]. However, the role of PAPSS2 in tumor progres-
sion is poorly defined. Versican, a product of the gene
VCAN and belonging to the chondroitin sulfate pro-
teoglycan group, is one of the main components of ECM
and plays important roles in cell adhesion, survival, pro-
liferation, migration, and assembly of ECM by interaction
with cells and molecules directly or indirectly [29-31]. As
such, Versican induces tumor invasion and metastasis
through forming a suitable extracellular microenvironment
by interacting to cytokines, growth factors, cell surface, and
matrix proteins with its protein core or chondroitin sulfate
side-chains [32-34].

In this paper, we demonstrate that Snail induces the
expression of PAPSS2 and VCAN by binding to their
promoter sequences, elevated levels of PAPSS2 and Ver-
sican are essential for Snail-mediated breast cancer cell
migration and metastasis, and clinically, expression of Snail
is positively correlated to the expression of PAPSS2 and
Versican in breast cancer tissue.

Results

Snail transactivates a large pool of gene expression
including PAPSS2 and VCAN

To define the genetic programs mediated by Snail, a
genome-wide gene expression profiling was performed in
MCF 10A cells stably expressing Snail by employing the
RNA-seq approaches, which led to the identification of
genes repressed or activated by Snail. Notably, the pro-
portion of the genes activated by Snail was similar to that of
the repressed (Fig. la). Functional category enrichment
analysis of the RNA-seq data revealed that genes repressed
by Snail mainly encode tight-junction-related proteins,
while the activated genes encode ECM-related proteins
(Supplemental Figure 1a, b). For example, the well-known
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Snail target genes E-cadherin and Claudins were markedly
repressed by Snail, while the classical mesenchymal mar-
kers CDH2, FN1, and Vimentin were upregulated. Inter-
estingly, PAPSS2 was induced by Snail (Fig. 1b, c, d). We
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further observed that Snail induced PAPSS2 expression in

MCF7 and MDA-MB-231 cells, respectively (Fig. le, f).
To further examine the role of Snail in inducing the

transcription of PAPSS2, we cloned the human PAPSS2
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Fig. 2 PAPSS2 is required for breast cancer cell migration and
metastasis. a, e Protein levels of PAPSS2 were quantified by immu-
noblot analysis in MDA-MB-231 cells with PAPSS2 knocking-down
(a) and overexpression (e), respectively. b Transwell assay shows
migration abilities of MDA-MB-231-shPAPSS2 cells. Left panel:
representative images of migrated cells; right panel: statistical analysis
of the average number of migrated cells from the nine randomly
chosen fields. Data were shown as mean + S.D. from three independent
experiments. *P <0.05, compared with Vector groups, 100x, scale
bar, 200 um. ¢ Knocking-down of PAPSS2 in MDA-MB-231 cells
inhibited lung metastasis in vivo. Left panel: intensities of lung
metastasis in mice at the 6th week were analyzed by in-vivo imaging.
Right panel: quantification of lung photon flux at the 2nd, 4th, and 6th
week. P value was determined using Student’s #-test, *P < 0.05,**P <
0.001, compared with vector group (n=7 and n =6, respectively).
d Knocking-down of PAPSS2 decreased number of metastatic nodules
on lungs. Left panel: Representative images of metastatic nodules are
shown. Right panel: the average number of metastatic tumor nodules
shows significant difference between the vector and PAPSS2
knocking-down group. Data were shown as mean+S.D. ***P<
0.0001, compared with vector group. f-h Migration and invasion
capabilities were elevated in PAPSS2-overexpressed MDA-MB-231
cells. f Representative images of invading and migrating cells, 100x,
scale bar, 200 um. g Statistic analysis of migrating cell number, ***P
<0.0001. h Statistic analysis of invasion percentage, % Invasion =
(mean number of cell invading through Matrigel Matrix coated
membrane/mean number of cells migrating through uncoated mem-
brane) x 100. ***P <0.0001. i Overexpression of PAPSS2 in MDA-
MB-231 cells promoted lung metastasis in vivo. Left panel: intensities
of lung metastasis in mice at the 4th week were analyzed by in-vivo
imaging. Right panel: quantification of lung photon flux at the Oth,
2nd, 4th and 6th week. P value was determined using Student’s #-test,
**P <0.001, compared with vector group (n=10)

gene promoter (—138 to +138) into the pGL3 basic luci-
ferase vector to make a PAPSS2-luc reporter (Fig. lg,
upper). The reporter plasmid was transiently co-transfected
with various doses of Snail-expressing vectors into
293T cells and the luciferase activity was assayed and
normalized to P-galactosidase activity. Snail induced the
activity of PAPSS2-luc reporter in a dose-dependent man-
ner (Fig. 1g, bottom). Moreover, the ChIP assays showed
that DNA fragment flanking the proximal promoter of
PAPSS2 was readily enriched by the antibody specifically
against Snail (Fig. 1h). Collectively, these data indicate that
Snail may function as a transcriptional activator to induce
PAPSS2 expression in normal and cancerous breast epi-
thelial cells.

PAPSS2 is critical for breast cancer cell migration
and metastasis

To determine the role of PAPSS2 in breast cancer cell
migration and metastasis, we first performed western blot
assays to examine a panel of breast cell lines for expres-
sion of PAPSS2 (Supplemental Figure 2a), MDA-MB-231
and MCF7 cells expressed higher levels of PAPSS2
than MCF 10A cells in which PAPSS2 was low and barely
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detectable. Next, we depleted PAPSS2 in MDA-MB-231
cells by using shRNA sequences specifically targeting
PAPSS2 (Fig. 2a), which resulted in significant decrea-
se in cell migration capability (Fig. 2b), as well as in
cell proliferation ability (Supplemental Figure 2b). In
addition, depletion of PAPSS2 in MCF7 cells also
decreased cell migration and proliferation (Supplemental
Figure 2c, d, e).

To examine the role of PAPSS2 in breast cancer
cell metastasis in vivo, luciferase-labeled MDA-MB-231-
shPAPSS2 and MDA-MB-231-control cells were trans-
planted into BALB/C nude mice by tail vein injection.
The mice were monitored biweekly using the Biolumi-
nescence Imaging system and the total metastasized
tumors in lung were reflected by the luciferase intensity.
Indeed, a significantly lower rate of lung metastasis
in mice injected with MDA-MB-231-shPAPSS2 cells was
observed at the 4th and 6th week post-injection (Fig. 2c¢).
Moreover, the number of micrometastatic nodules on
lungs was much less in MDA-MB-231-shPAPSS2 mice,
comparing with those of MDA-MB-231-shVector
mice (Fig. 2d).

Notably, overexpression of PAPSS2 in MDA-MB-231
cells resulted in significant increase in migration and
invasion abilities (Fig. 2f, g, h), but no effect on the
proliferation capability and cell cycle (Supplemental
Figure 2f, g, h). Similar results were obtained in MCF7
and MCF 10A cells stably expressing PAPSS2 (Supple-
mental Figure 2k, n, j, m). Further, luciferase-labeled
MDA-MB-231-PAPSS2 and MDA-MB-231-vector cells
were also transplanted into BALB/C nude mice by tail vein
and a significantly higher rate of lung metastasis in mice
injected with MDA-MB-231-PAPSS2 cells was observed
at the 4th and 6th week post-injection (Fig. 2i). Collec-
tively, these data demonstrate that PAPSS2 is required for
breast cancer cell migration and elevated PAPSS2 can
promote metastasis.

The enzymatic activity is required for PAPSS2 to
induce cell migration

To determine if the enzymatic activity of PAPSS2 is
required for cell migration, we stably expressed wild-type
PAPSS2 and the mutant PAPSS2-T48R, which retains only
partial enzymatic activity in MCF 10A cells via lentiviral
infections [35]. The expression level of PAPSS2 wild type
and the mutant PAPSS2-T48R was examined by western
blotting and qRT-PCR assays (Fig. 3a). Overexpression of
PAPSS2-T48R resulted in significant increase in cell
migration rate compared with the vector control, and was
remarkably lower than that of overexpression of wild-type
PAPSS2 (Fig. 3b). These observations were further sup-
ported by the wound healing assays (Fig. 3c). Moreover,
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Fig. 3 The enzymatic activity is critical for PAPSS2 to induce cell
migration. a Upper panel: western blots showed overexpression of
PAPSS2 wild type and the mutant T48R in MCF 10A cells. Bottom
panel: gqRT-PCR analyses showed the mRNA levels of PAPSS2 and
T48R. b Left panel: Transwell assays were performed in stable cell
lines. Right panel: nine fields chosen randomly were counted for
statistical analysis. Data were shown as mean+S.D. from three
independent experiments. **P <0.001, ***P <(0.0001. ¢ Left panel:
Wound healing assay was performed to examine migratory ability,
images were taken at Oth, 24th hour post-scratch separately, 40x, scale

treatment of MCF 10A cells with sodium chlorate, a com-
petitive inhibitor of ATP sulfurylase of PAPSS2 [36, 37],
effectively inhibited sulfation reflected by the level of
Versican (Supplemental Figure 3a), and markedly decreases
MCF 10A-PAPSS2 cell migration (Fig. 3d) without
apparently affecting the cell viabilities at concentration of
80 and 400 uM (Supplemental Figure 3b). Notably, MCF
10A-PAPSS2 cells were more sensitive to sodium chlorate
treatment. Collectively, these data indicate that enzymatic
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at the Oth, 12th, 24th, and 48th hour post-scratch separately. The
percentage of wound closure = widths [(0th—24th)/Oth * 100%], *P <
0.05, compared with Flag-PAPSS2 group. d Transwell assays showed
migration capabilities of PAPSS2-overexpressed cell lines treated with
different concentrations of sodium chlorate for 20 h, Right panel: nine
fields chosen randomly were counted for statistical analysis. Data were
shown as mean + S.D. from three independent experiments, *P < 0.05,
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activity of PAPSS2 is critical for PAPSS2 to induce cell
migration.

PAPSS2 is an obligate downstream target to
mediate Snail-induced cell migration

To examine if PAPSS2 is a critical target gene participating

in Snail-induced epithelial-mesenchymal transition (EMT)
and cell migration processes, we depleted PAPSS2
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Fig. 4 PAPSS2 is an obligate target gene for Snail-induced cell
migration. a Western blots showed the protein levels of Snail,
PAPSS2, and EMT markers. Depletion of PAPSS?2 in Snail-inducible
MCF 10A cells. Expression of Snail was induced by Dox (2 pg/ml).
b Images showed cellular morphology (200x). Snail induced cell
morphological change to mesenchymal type, but knocking-down of
PAPSS2 reversed the mesenchymal phenotype into epithelial type in

in MCF 10A-tet-Snail cells using specific targeting
shRNAs (Fig. 4a). Snail was markedly induced by adding
Dox into the cell culture media, which resulted in drastic
cell shape changes from epithelial to spindle-like
mesenchymal phenotype (Fig. 4b) and promoted cell
migration (Fig. 4c). Remarkably, reduced PAPSS2
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treated with varied concentration of sodium chlorate for 20 h, **P <
0.001, ***P <0.0001, ns no significance

expression in MCF 10A-tet-Snail cells resulted in reversed
phenotypic changes from spindle-like to partial epithelial
shape, and decreased the cell migration concomitantly
(Fig. 4b, c). Similarly, depletion of PAPSS2 in MCF7-Snail
cells also reduced cell migration (Supplemental Fig-
ure 4a, b). In addition, inhibition of PAPSS2 activity by
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Fig. 5 Snail activates transcription of VCAN and increases sulfation of
Versican. a, b Real-time PCR analysis showed increased transcription
levels of VCAN in Snail-overexpressed MDA-MB-231 (a) and MCF7
cells lines (b), ¥*P <0.05, ***P <0.0001, compared with the vector
groups. ¢ Upper: diagram illustrates the human VCAN promoter and
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d Snail increased the expression of Versican in MCF 10A cells. Left
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the subcellular localization of Versican in Snail-overexpressed MCF

sodium chlorate in MCF 10A-Snail cells also decreased cell
migration rate significantly (Fig. 4d). Taken together, these
data demonstrate that PAPSS2 is a critical downstream
target of Snail and that elevated PAPSS2 expression is
essential for maintaining the mesenchymal phenotype and
cell migration induced by Snail.
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10A and MCF 10A-Vector cell lines. Right panel: Average intensity of
Versican on every cell in six fields chosen randomly was measured,
*#%P <(0.0001, compared to the vector group. The average number of
cells located in every vision was counted, No = 24/Flag-vector; No =
13/Flag-Snail. e Western blots showed that expression levels of Ver-
sican in cell lysate and extracellular matrix, as well as sulfation level in
Snail-overexpressed MCF 10A cells. ch-ABC chondroitinase ABC.
f Western blots showed that expression levels of Versican in cell lysate
and extracellular matrix, as well as sulfation level in PAPSS2-
overexpressed MCF 10A cells. Note: Ponceau staining is used as
loading control for proteins collected from media

Sulfation of Versican is elevated by Snail and
PAPSS2

Analysis of the RNA-seq data showed that VCAN was

also induced by Snail (Fig. 1b). We further showed that
Snail induced expression of VCAN in MDA-MB-231 and
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Fig. 6 Versican is essential for Snail/PAPSS2-induced cell migration.
a Western blot showed the protein levels of Versican and Snail when
VCAN was knocked down in Snail-overexpressed MCF 10A cells.
b Migration capabilities were tested by Transwell assays, depletion of
VCAN inhibited Snail-induced cell migration in MCF 10A cells.
*#%P <(0.0001, compared with vector group. ¢ Western blot showed

MCF7 cells, respectively (Fig. 5a, b), and the ChIP assays
found that Snail could bind the DNA fragment flanking
the proximal promoter of VCAN (Fig. 5c). Moreover,
indirect immunofluorescence assays showed that over-
expression of Snail resulted in stronger staining of Ver-
sican localized mostly on the boundary of cells (Fig. 5d).
Taken together, these observations demonstrate that
VCAN is also a target gene of Snail.

To examine whether the sulfated Versican is increased
by Snail and PAPSS2, we established cell lines in
MCF 10A stably expressing Snail or PAPSS2, respec-
tively. Culture media and whole cell lysates were
prepared respectively and subjected to western blotting
assays using specific antibody against Versican. Consistent
with the prior reports, Versican molecules were
found predominantly in the culture media, and were
detected as smear with several major bands. Indeed,
higher level of the sulfated Versican was observed in Snail
over-expressing MCF 10A cell lysates and the media.
The smear was diminished by pre-treating the samples
with the Chondroitinase @ABC to remove the
sulfated glycosaminoglycan side chains (Fig. 5e). Simi-
lar patterns of Versican expression were observed in
PAPSS2-overexpressing MCF 10A cells (Fig. 5f). Col-
lectively, these data demonstrate that sulfation of
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Flag-PAPSS2

Flag-PAPSS2

the protein levels of Versican and PAPSS2 when VCAN was knocked
down in PAPSS2-overexpressed MCF 10A cells. d Migration cap-
abilities were tested by Transwell assays, depletion of VCAN inhibited
PAPSS2-induced cell migration in MCF 10A cells. ***P <0.0001,
compared with vector group

Versican is elevated by enhanced expression of Snail or
PAPSS2.

Versican is essential for Snail/PAPSS2-induced cell
migration

To determine the role of Versican in Snail/PAPSS2-induced
cell migration, we effectively depleted VCAN expression
by stably expressing the specific targeting shRNAs in Snail-
or PAPSS2-overexpressing MCF 10A cells, respectively
(Fig. 6a, c).

Knocking-down VCAN markedly decreased cell migra-
tion rate in MCF 10A-Snail cells (Fig. 6b). Similarly,
depletion of Versican resulted in reduced cell migration
capability of MCF 10A-PAPSS2 cells (Fig. 6d). Together,
these data demonstrate that Versican, an important down-
stream substrate of Snail and PAPSS2, is necessary for cell
migration.

Expression of Snail is positively correlated with the
expression of PAPSS2 and Versican in breast cancer
tissues

To examine the clinical correlation between Snail, PAPSS2,
and Versican in breast cancer samples, we first analyzed
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Fig. 7 Expression of Snail is positively correlated with the expression
of PAPSS2 and Versican in breast cancer specimens. a Scatter plots
showed the correlation of Snail expression with PAPSS2 (upper panel)
and VCAN (lower panel) expression in 733 breast tumor samples from
a TCGA dataset. The r value was calculated via Pearson’s ranking
correlation coefficient analysis. b Representative I[HC images showed
the protein levels of Snail, PAPSS2, and Versican in TMA. Red box
indicates cells with amplification. The original magnifications, 200x,
scale bar, 100 pm. ¢ Scatter plots showed the correlation of Snail

their expression in 733 breast carcinomas samples found in
The Cancer Genome Atlas (TCGA-BRCA-exp-HiSeqV2-
2015-02-24). Notably, Snail expression was positively
associated with the expression of PAPSS2 (P <0.0001, r =
0.20) (Fig. 7a, upper panel), and VCAN (P <0.0001, r=
0.24) (Fig. 7a, lower panel).

To further validate the observations obtained from
TCGA database, we performed IHC assays on tissue array
chips containing 60 paired human breast ductal tumor
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expression with PAPSS2 and Versican expression in TMA samples
with positive Snail-nuclear staining. n = 24, the r value was calculated
via Pearson’s ranking correlation coefficient analysis. d Schematic
model for the role of Snail/PAPSS2/VCAN sulfation axis in breast
cancer cell migration and metastasis. Snail activated transcription of
PAPSS2 and VCAN via binding to promoter sequence, and simulta-
neously, induced-PAPSS?2 increased sulfation level of Versican, which
enhances migration and metastasis of breast cancer cells

specimens and peri-tumor tissue to examine the expression
of Snail, PAPSS2, and Versican. The staining for PAPSS2
was stronger in the nuclei of tumor cells around duct and
acinus (Fig. 7b). In tumor tissue, 38 cases showed high
expression of PAPSS2 and 22 cases showed low expres-
sion; while in peri-tumor tissue, four cases showed high
expression and 56 cases showed low expression. Statistical
analysis indicated that there was a positive correlation
between the expression level of PAPSS2 and breast tumor
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lymph node metastasis (P <0.0001, Supplemental Fig-
ure 5a, b). Similarly, 43 cases were scored high for Versican
in tumor specimens, comparing to 31 cases scored high in
peri-tumor specimens. A positive correlation between
expression level of Versican and metastatic lymph nodes, or
tumor volumes was also observed (P <0.05, Supplemental
Figure 5d, e, f). Notably, Snail was detected in nuclei of 24
(40%) cases, and nuclear Snail expression was generally
accompanied with cytoplasm expression (Fig. 7b). Next, we
examined the correlation between the expression level of
nuclear Snail, PAPSS2, and Versican in breast tumors.
Consistent with the observations obtained from TCGA
dataset, among the 24 cases showing high level of Snail in
the nuclei, Snail protein level was positively associated with
the expression of PAPSS2 (P =0.032) and Versican (P <
0.001), respectively (Fig. 7b, c). Taken together, these data
indicate that Snail expression is positively associated with
the expression of its target genes PAPSS2 and Versican in
breast cancer specimens and all three can be diagnostic
markers.

Discussion

In this paper, we describe a novel pathway controlled by
Snail through the activation of gene expression program to
regulate EMT and metastasis in breast cancer cells (Fig. 7d).
Specifically, Snail induces the expression of PAPSS2 and
VCAN in multiple breast cancer cells, and elevated PAPSS2
results in increased sulfation modification in the cells such
as Versican, which is one of the main components of ECM
and plays important roles in maintaining ECM homeostasis
[38]. The imbalanced ECM may help to trigger EMT pro-
gram and promote cell migration and metastasis [39]. This
hypothesis is supported by the data obtained from the
genetic manipulations of Snail, PAPSS2, and VCAN
expression in breast cancer cells, and is further strengthened
by clinical findings that expressions of Snail, PAPSS2, and
VCAN are positively correlated in breast cancer tissues.

It was reported that depletion of PAPSS2 expression
inhibits cell proliferation and induces senescence in liver
cancer cells [40]. We found that knockdown of PAPSS2
reduces both cell proliferation and migration in breast
cancer cells, suggesting that the decreased metastasis
potential in vivo may be due to decrease in cell migration
and proliferation. Surprisingly, we found that over-
expression of PAPSS2 in MDA-MB-231 cells has no effect
on cell proliferation, but results in greater metastatic cap-
ability in vivo. Moreover, MDA-MB-231-Snail or PAPSS2
cell are more sensitized to sodium chlorate treatment than
the vector control cells. These data collectively suggest that
promoting cell migration and metastasis requires higher
level of PAPSS2 expression, although the underlying
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mechanism is not clear. Nevertheless, these observations
further strengthen our initial claim that enhanced PAPSS2 is
essential to promote breast cancer cell migration and
metastasis.

We identified Versican as an example of ultimate sul-
fated substrates to promote cell migration and metastasis
and as a diagnostic marker for breast cancer, however, we
believe that other substrates existed to mediate
Snail-induced EMT and metastasis. Sulfated biomolecules
comprise a remarkable array of substances, including
xenobiotics, neurotransmitters, hormones, glycosaminogly-
cans (GAG) and proteoglycans (PG) with molecular weight
ranging from less than 10° to greater than 10° Dalton [27].
Of those substrates, Sulfated GAGs and PGs are major
components of the cell surface, basement membrane, and
ECM, and play critical roles in the regulation of signal
transduction, cell—cell and cell-ECM communications, cell
movement both in normal embryonic development and
tumor metastasis [41-43]. Aggrecans, Versicans, Synde-
cans, Glypicans, NG2, Perlecan, and CD44 are the major
PG sulfates that have been extensively studied in tumor-
igenesis and metastasis [44, 45]. However, depending on
the type, their localization, and the accessibility of their
ligands, PGs can either promote or inhibit tumors. There-
fore, a comprehensive study to identify Snail-regulated PGs
will be necessary.

In animals, two functionally identical PAPS synthases
PAPSS1 and PAPSS2 are found. However, the expression
of PAPSS1 is not affected by Snail. The catalytic activity of
PAPSS2 is 10-15-fold higher than that of PAPSS1 [46],
and moreover, the subcellular localization is different:
PAPSSI is located predominantly in the nucleus, whereas
PAPSS2 shows pronounced heterogeneity in sub-cellular
localization. PAPSS2 contains a conserved N-terminal
nuclear localization signal and can shuttle between cyto-
plasm and nucleus. Schroder et al. reported that
PAPSS2 shows pronounced heterogeneity in sub-cellular
localization in HeLa cells [47]. Consistently, we observed
remarkable heterogeneity of the localization for PAPSS2 in
breast cancer samples: positive staining both in the nucleus
and the cytoplasm, nucleus only, and predominantly cyto-
plasm. We speculate that when PAPSS?2 is depleted in cells,
PAPSSI1 can maintain a certain level of sulfation in cells. To
fully evaluate the biological significance of sulfation in
cells, double knockout of PAPSS1 and PAPSS2 should be
generated by employing shRNA approach or CRISPR
system.

Although Snail has been extensively interrogated as a
transcriptional repressor, several studies have shown that
Snail can directly activate gene expression [19, 21]. Here,
we also demonstrated that Snail can bind to the promoter
regions of PAPSS2 and VCAN, and induces their expres-
sion in breast cancer cells, and moreover, genome-wide
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Table 1 Primer list

Primers Sequences

Sense sequences in shRNA

Primers for ChIP

Primers for qRT-PCR

PAPSS2 shRNA-1
PAPSS2 shRNA-2
VCAN shRNA-1
VCAN shRNA-2

TTTGGCTTTGTTGTAGGCAGC
AATCCGAGATTTCTGTTAAGG
AATACTCTCTATCAATATCGG
ATCTTAGACCATTTGATGCGG

PAPSS2-set1-Forward GCCTTTTGGTGATAGGGTCA
PAPSS2-setl-Reverse GGGCTGCATGAGGTATTCAC
PAPSS2-set2-Forward GTGGCGGGAGGAGGAGTAG
PAPSS2-set2-Reverse CTCCCGGGAAGGAGGTATAA
VCAN- Forward AGAGCGATGTTACTGAGTG
VCAN-Reverse GGTTCATTCACAGGCTCC
Snail-84-Forward TTTACCTTCCAGCAGCCCTA
Snail-291-Reverse CCCACTGTCCTCATCTGACA

PAPSS2-1488-Forward
PAPSS2-1785-Reverse
VCAN-947-Forward
VCAN-1203-Reverse

CAGTTGCGCAATCCTGTCCACAAT
AGAAATTGGCACCCGCAATCATCC
GAGGTGGTCTACTTGGGGTGA
ACAAGTGGCTCCATTACGAC

gene expression profiling analyses revealed that Snail can
induce a large pool of gene expression in MCF 10A cells.
However, the molecular mechanism by which Snail acti-
vates gene expression still remains elusive and need to be
explored further.

In summary, these studies mechanistically link the
transcription factor Snail, which plays vital roles in both
normal development and tumor metastasis to the biolo-
gically important, but less well-appreciated sulfation
pathway, and lead to a new and exciting direction for
mechanistic research in EMT and metastasis. Clinically,
this enzyme-rich sulfation pathway provides ample targets
for breast cancer therapy development and stands a high
chance for possible rapid translation of existing drugs to
the clinic.

Material and methods
Plasmids

The human PAPSS2 c¢cDNA was subcloned into pCDH-
CMV-MCS-EF1-Puro-vector by PCR method between Nhe
1 and Not I restriction enzyme sites. The pCDH-Flag-
PAPSS2-T48R were cloned from pCDH-Flag-PAPSS2 by
point mutation of the base 143C into G. The PAPSS2 gene
promoter from —138 to +138 was amplified by PCR and
subcloned into pGL3.0-Luc basic vector to create the pGL3-
PAPSS2-Luc reporter. The pLU-Flag-Snail has been pre-
viously described [16]. The plasmids of PLKO.1-
shPAPSS2 and shVCAN were obtained from
GE-Lifescience and the short hairpin RNA sequences are
listed in Table 1.
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Cell culture and luciferase reporter assay

The human breast cell lines MCF 10A, MCF7, and MDA-
MB-231 were originally obtained from the American Type
Culture Collection (ATCC) and were authenticated by DNA
fingerprinting in our lab. MCF7, MDA-MB-231, and 293T
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS, 2 mM L-glutamine
and penicillin (50 U/ml)/streptomycin (50 pg/ml) at 37 °C
under 5% CQO, in a humidified chamber. MCF 10A cells
were maintained in DMEM/F12 supplemented with 5%
horse serum, EGF (20 ng/ml), insulin (10 pug/ml), hydro-
cortisone (0.5 pg/ml), cholera toxin (100 ng/ml), and peni-
cillin/streptomycin. Transfection and luciferase reporter
assays in 293T cells were performed as described [48].

Western blot, Inmunofluorescence, and antibodies

The western blot and immunofluorescent assays were
described previously [16]. The antibodies used are as fol-
lows: anti-PAPSS2 (sc-100801, Santa Cruz), anti-Flag
(F3165, F7425, Sigma), anti-Versican (sc-25831, Santa
Cruz), anti-p-Actin (60008-1-1g, Proteintech), anti-Snail (sc-
28199, Santa Cruz), and normal rabbit IgG (sc-2027, Santa
Cruz).

Chromatin immunoprecipitation (ChiP) and
quantitative PCR (qPCR)

ChIP assays were carried out in MDA-MB-231 and MCF
10A-Snail cells as described previously [16]. The chromatin
was sonicated into fragments ranging from 500 to 800 bps
in size and the immunoprecipitation was performed using
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the antibody against Snail or equal amount of rabbit normal
IgG as control. The precipitated DNA fragments were
detected by qPCR with primer sets listed in Table 1.

Total RNA was isolated from cells with Trizol reagent
(Invitrogen) and the reverse transcription (RT) procedure
was described previously [49]. qPCR was performed on a
7500 Fast Realtime PCR system (Applied Biosystem) using
SYBR Green reagent. The primer sets are listed in Table 1.

Migration and in vitro invasion assay

Transwell assays were performed to assess cell migration
and invasion. To evaluate migration, MCF 10A cells were
harvested after serum-free starvation for 12h, and then
resuspended in plain DMEM/F12 media. 5 x 10* cells were
applied into the upper 8-um pore Transwell filters (Corn-
ing). Complete DMEM/F12 medium was added to the
bottom chamber as attractants. After incubation for 20 h,
cells were fixed with 4% paraformaldehyde and stained with
crystal violet. The non-migrated cells on the top of the
chamber were removed gently with cotton swabs, the
migrated cells at the bottom of filter were quantified by
counting nine randomly chosen fields (100x) using an
inverted phase contrast microscope in each experiment.
Experiments were repeated in triplicates. Scale bar, 200 pm.
The procedure of migration assays in MCF7 and MDA-
MB-231 cells was essentially the same as that in MCF 10A
cells, but with 4 x 10* MCF7 cells and 2 x 10* MDA-MB-
231 cells and complete DMEM media as attractants instead.
In invasion assays, diluted Matrigel matrix (Corning,
#354234) was coated onto Transwell filters firstly, sub-
sequent procedure was same to that in migration
assays [50].

In vivo metastasis assay

Female BALB/c nude mice were purchased from SLAC
laboratory Co. Ltd. (Shanghai, China) and divided into
two groups randomly. Exponentially growing MDA-MB-
231 cells and derivatives labeled with luciferase were
harvested and resuspended in PBS buffer. Cells (MDA-
MB-231-shPAPSS2/Vector: 5 x 10° cells, MDA-MB-231-
Flag-PAPSS2/Vector: 2x 10° cells) in 100pl of PBS
suspension were injected into the tail vein of 8-week-old
mice (n=10 for each group). Metastatic tumors were
examined using Xenogen IVIS Imaging System biweekly.
All animal experiments were approved by the Institutional
Animal Care and Use Committee of Shanghai in accor-
dance with the National Research Council Guide for
Care and Use of Laboratory Animals (SCXK, Shanghai
2007-0005).
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Cell proliferation and viability assays

Cell proliferation and viability were evaluated using the cell
counting kit-8 (CCK-8, Dojindo) according to the instruc-
tions from the manufacturer. Highly water-soluble tetra-
zolium salt, WST-8, is reduced by dehydrogenase activities
in cells to generate a yellow-color formazan dye, which is
soluble in the tissue culture media. The amount of the for-
mazan dye is directly proportional to the number of living
cells and viability. Absorbance at 450 nm was detected
every other day for proliferation assay, and cell viability
was detected at the 24th hour post-addition of sodium
chlorate.

Wound healing assays

MCEF 10A cells were overexpressed with Flag-PAPSS2 and
Flag-PAPSS2-T48R individually, cells were trypsinized
and 2.3 x 10° cells were reseeded on a 6-well tissue culture
plate. After 12 h, the attached cells were scratched with a
10 ul pipette tip and Oh images were captured using an
inverted phase contrast microscope. The plates were placed
back at 37 °C under 5% CO, in a humidified chamber. Other
sets of images were captured of the same wounds at 12, 24,
48 h separately. The wound widths were measured, nor-
malized, and presented as the percentage of wound mea-
sured at time Oh (mean +S.D.). The percent of migration
was calculated as the width difference of a scratch divided
by the initial width. At least five fields were analyzed for
each scratch and each sample was performed in triplicate.

Immunohistological chemistry (IHC) and tissue
microarray (TMA)

Protein levels of Snail, PAPSS2, and Versican were
examined by IHC staining using polyclonal antibodies to
Snail (sc28199, Santa Cruz, dilution 1:100), PAPSS2
(sc100801, Santa Cruz, dilution 1:100), Versican (sc-25831,
Santa Cruz, dilution 1:50). TMA chips containing 60 cases
of paired tumor and peri-tumor specimens were purchased
(HBre-Duc060CS-03 and HBre-Duc060CS-04, Shanghai
Outdo Biotech Co., Ltd.). All tumor specimens were eval-
uated according to the tumor size and number of metastatic
lymph nodes. After IHC staining, TMA chips were scanned
by Aperio ImageScope and every tissue spot was scored by
a senior pathologist. The immunoreactive score system
(IRS) [51, 52] was adopted to assess the staining of every
sample as follows: negative, O—1 point; mild(+), 2-3 points;
moderate(++), 4-8 points; and strongly positive(+++),
9-12 points. The IHC staining of more than 4 points was
considered as high.
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Statistical analysis

Data presented as mean +S.D. or mean + SEM was ana-
lyzed by the independent Student ¢ test. The distribution of
the IHC scoring results on TMA chips was analyzed by the
Pearson Chi-square test. The correlation between the
expression of Snail and PAPSS2 or Versican in breast
tumor was evaluated by the Pearson rank correlation coef-
ficient test. Values of P <0.05 were considered statistically
significant. Statistical analysis was performed using SPSS
software (SPSS 13; SPSS Inc., Chicago, IL, USA).
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