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Abstract

DNA polymerase f (Pol ) plays a critical role in DNA base excision repair (BER), which is involved in maintaining
genomic stability and in the modulation of DNA demethylation. Numerous studies implicated deficiency of Pol B in the
genomic instability and dysregulation of genes expression, leading to affecting initiation of cancer. However, the role of Pol
f in cancer progression is still unclear. Here, we show that Pol  depresses migratory and invasive capabilities of both breast
and lung carcinomas, which were evident in human breast and lung cancer cells, as well as in mouse xenograft tumors. On
the molecular basis, overexpression of Pol § enhanced expression of CDH13, which show function on cell adhesion and
migration. Knockdown of CDH13 restores the migratory, invasive capabilities and angiogenesis in tumor, which gets
impaired by Pol B. According to the function of BER on modulation of DNA demethylation, our studies on CDH13
expression and the DNA methylation levels of CDH13 promoter suggested that Pol  promotes expression of CDH13 by
augmenting DNA demethylation of CDH13 promoter. Our findings elucidated a novel possibility that Pol § impair cancer

cell metastasis during cancer progression and shed light on the role of Pol p in cancer therapy.

Introduction

DNA repair genes play key function in mending damaged
DNA and maintaining genomic stability [1]. Dysregulation
of DNA repair genes are involved in tumor initiation and
affect the response of cells to DNA damaging anticancer
treatment [2, 3]. In addition to participating in tumor
initiation, accumulating evidence has emerged indicating
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that genes involved in DNA damage response, such as
PARPI, RADS5I, and BRAC2, show functions in cancer
progression [4-7]. Metastasis is a crucial characteristic of
malignancy during cancer progression, which is responsible
for most cancer recurrence and poor prognosis [8]. Cancer
metastasis is a multistep cell-biological process in which
cancer cells leave the original tumor site and migrate to
anatomically distant organ sites via the bloodstream or the
lymphatic system, and their subsequent adaptation to for-
eign tissue microenvironments [9]. However, a direct role
of DNA repair genes in the regulation of metastasis, as
well as the underlying mechanisms, has not been clarified
conclusively.

Cellular metastasis and invasion require tumor cells to
alter their ability to adhere to both surrounding cells and the
extracellular matrix (ECM) [10]. There are four groups of
cell adhesion molecules involved in cell-cell and cell-ECM
adhesions: integrins, cadherins, the immunoglobulin
superfamily, and selectins [11]. Cell-cell or cell-ECM
adhesions in most epithelial cells are formed by cadherins
[12]. Cadherins are a family of transmembrane proteins that
contain calcium-binding domains. The major functions of
cadherins are to dictate the modalities of cell interaction
with the microenvironment, and to mediate the organization
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of cytoskeleton and the structural architecture of the cells
[13]. Biophysical forces applied by cell-cell or cell-ECM
adhesion are translated into the cells by cadherins, and
mediate the organization of cytoskeleton and the archi-
tecture of the cells [14]. The balance of mechanical inter-
actions at cell-cell junctions and cell-ECM adhesions
governs basic processes in epithelial-to-mesenchymal tran-
sition, cell migration, and gene regulation [12]. CDHI13
(also known as T-cadherin or H-cadherin), a nonclassical
member of the cadherin family without intracellular
domain, plays a critical role in suppression versus initiation
or progression of various tumor types. Overexpression of
CDH13 reduces malignant properties in several human
cancers [15, 16]. CDHI3 is commonly downregulated
through promoter methylation in various cancers and
aberrant methylation of CDH13 can be a diagnostic bio-
marker for several kinds of cancers [17, 18].

DNA polymerase beta (Pol ), a 39 kDa protein encoded
by the Pol B gene, is one of the key enzyme in maintaining
genomic stability during base excision repair (BER)
[3, 19, 20]. It functions with two domains: the N-terminal
domain, which is essential for the dRP lyase activity, and the
C-terminal domain, which performs the nucleotidyl transfer-
ase activity during BER. In addition to the function in BER,
knockout of Pol § in mouse embryonic fibroblasts (MEF) cell
could initiate cellular transcriptional reprogramming [21].
Moreover, studies by others and us indicate that low catalytic
activity of Pol P variants is associated with higher cellular
transformation and cancer susceptibility [2, 22, 23]. The Pol
gene copy numbers, as well as Pol f mRNA and/or protein
levels are related to cancer pathogenesis and prognosis of
several kinds of cancers in patients [24, 25]. Recently, a Pol §
mutation (T889C) has been reported to be associated with
higher incidence of intraperitoneal metastasis in gastric cancer
[26], whereas the mechanism is unclear.

In the present study, we identified that elevated expres-
sion of Pol f impaired the motility and invasiveness of
cancer cells in vitro. Pol B overexpression inhibited the
tumor invasion and metastasis in a mouse xenograft assay.
Notably, we demonstrated that the functions of Pol §§ on
suppression of tumor metastasis are achieved through the
Pol P-mediated transcriptional upregulation of CDHI13.
Moreover, knockdown of CDH13 restored the angiogenesis
that was impaired by overexpression of Pol B in mouse
xenograft tumors, implicating the role of Pol f/CDH13 axis
in tumor angiogenesis and metastasis. According to the key
role of Pol f in BER involved in DNA demethylation, Pol
upregulated CDHI13 expression via attenuated CDHI3
promoter DNA methylation. Collectively, our results not
only uncover a novel mechanism by which Pol B suppress
tumor metastasis but also suggest the potential of Pol § as a
transcriptional effector to regulate other genes implicated in
the progression of cancer.
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Results

Pol B is associated with cancer progression and
regulates cancer cells motility

To evaluate the relation of Pol § expression and prognosis
of cancer patients, we analyzed the expression levels of Pol
f in cancer samples according to The Cancer Genome Atlas
database. We identified that Pol § was highly expressed in
breast cancer tissues and lung cancer tissues compared with
adjacent normal tissue (Fig. Sla, b). The immunohis-
tochemistry (IHC) results of normal tissue and tumor tissue
showed similar results that higher Pol B expressions were
observed in tumor tissues compared with those in normal
tissues (Fig. la, b). Interestingly, low expression of Pol f
was related to the malignancy of breast and lung cancers
during cancer progression in cancer tissue samples with or
without lymph node metastasis using tissue array analysis
(Fig. 1a, b). In breast cancer, 65% of samples from patients
without lymph node metastasis (NO) showed high expres-
sion of Pol P. Similar result was obtained in lung cancer
samples, in which 52% of samples without lymph node
metastasis had high expression of Pol § (Fig. Slc, d). Our
data showed that the expression level of Pol § was lower in
both breast cancer samples and lung cancer samples with
lymph node metastasis compared with no metastasis sam-
ples. Kaplan—Meier survival analysis showed that lower Pol
B expression had poor prognoses in both breast cancer and
lung cancer patients (Fig. Sle, f).

Both MCF-7 cells (epithelial cell from human breast
adenocarcinoma) and A549 cells (epithelial cell from
human lung carcinoma) were widely applied in the studies
of cancer cell invasion and migration [27, 28]. Previous
studies have verified that Pol f plays a role in cancer
development and therapy in MCF-7 and A549 cells [3, 29].
To investigate the effect of Pol p on cancer cell motility, we
constructed Pol pB-overexpressing MCF-7 and A549 stable
cell lines, respectively (Fig. S2a). We found that no dif-
ference in cell cycle or apoptosis between overexpressed
Pol p and vector cells (Fig. S2b, c). Wound healing assay
indicated lower migration in both Pol p-overexpressing
A549 and MCEF-7 cells compared with cells transfected with
empty vector (Fig. lc, d). Consistently, transwell assay
showed that overexpression of Pol f significantly reduced
cell migration in both MCF-7 and A549 cells (Fig. le). The
cortical actin cytoskeleton, which is central to cancer cell
motility [30], was reduced in the Pol f-overexpressing cells
(Fig. 1f). Furthermore, Pol B-overexpressing MCF-7 and
A549 cells showed less invasive growth pattern compared
with control cells cultured in three-dimensional matrigel
(Fig. 1g). Invasion assay demonstrated that overexpression
of Pol B impeded the invasive activity of both MCF-7 and
A549 cancer cells (Fig. 1h). Thus, these results suggested
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Fig. 1 Pol § expression correlates with cancer progression and
cancer cells motility. Representative images of HE staining and
(IHC) staining of Pol B in normal tissues, tumor tissues of breast
tumor (a) and lung tumor (b). Black bar represents 200 pm. Wound
healing assay in vector and Pol f overexpressing MCF-7 (c) and
A549 (d) cells. Images were taken 0 and 48 h after wound forma-
tion. The quantitative results of wound healing assay are shown in
the right part. The percentage shows wound healing at 48 h com-
pared with Oh (**P<0.01, by Student’s ¢ test). e Representative
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images of transwell assay for cell migration in MCF-7 and A549
cells. The right part shows the relative percentage compared with
vector control (**P <0.01, by Student’s ¢ test). f Actin stained with
phalloidin (green) showed cell spreading in vector or Pol p over-
expressing MCF-7 and A549 cells. g 3D matrigel assay tested
invasive phenotype of breast and lung cancer cells. h Cell invasion
is tested by transwell assay (left panel) and expressed as a relative
percentage compared with vector control (right panel) (**P <0.01,
by Student’s ¢ test).
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that high level of Pol p inhibited migration and invasion of
cancer cells.

Overexpression of Pol B suppresses tumor invasion
and metastasis in vivo

Next, we assessed the effect of Pol B on tumors invasion
and metastasis in vivo. MCF-7 cells overexpressing either
Pol f or control vector were subcutaneously implanted into
nude mice. The tumor sizes were monitored every 3 days.
Our data showed that Pol B-overexpressing tumors had a
significantly slower growth rate compared with control
tumors (Fig. 2a). The final weights of tumors derived from
Pol p-overexpressing MCF-7 cells were lower than tumors
derived from control MCF-7 cells (Fig. 2b). Moreover, the
tumors derived from Pol B-overexpression MCF-7 cells
showed substantially reduced local invasion (Fig. 2¢) and
less angiogenesis (Fig. S3).

To further evaluate the effect of Pol f on tumor metas-
tasis, we constructed mouse models of lung cancer by
injecting luciferase-labeled A549 cells with/without over-
expression of Pol P into severe combined immunodefi-
ciency (SCID) mice via tail vein. Tumor morphology was
assessed by bioluminescent imaging. Overexpression of Pol
B resulted in poorer signal compared with control group
(Fig. 2d). Furthermore, we identified more extravasation

>

Fig. 2 Pol p depresses tumor
metastasis and invasion in in
xenograft mouse model. a
MCEF-7 cells containing vector
or expressing Pol  were
injected subcutaneously. Tumor
growth were measured every

3 days (n=10) (*P <0.05, by
Student’s ¢ test). b Tumor

0.6

== Vector

Tumor volume (cm?)

and invasion of lung cancer sites in the mouse model
derived from control A549 cells compared with Pol
p-overexpressing A549 cells (Fig. 2e). These data indicated
that Pol f steady state level played a critical role in cancer
invasiveness and metastasis.

Pol B deficiency enhances tumor metastasis

As overexpression of Pol § protected against tumor inva-
siveness and metastasis, we investigated whether Pol
deficiency can enhance tumor metastasis and invasion. We
knocked down Pol § in MCF-7 and A549 cells by shRNA
(Fig. 3a and Fig. S4). These results were supported by the
transwell assay in which reduced Pol  observably pro-
moted the migration and invasiveness of MCF-7 and A549
cells (Fig. 3b, c). In addition, increased actin fibers were
detected in the Pol P deficiency MCF-7 and A549 cancer
cells (Fig. 3d). Furthermore, xenograft tumors derived from
Pol B deficiency MCF-7 cancer cells showed higher growth
rate and augmented local invasion (Fig. 3e, f). Moreover,
we injected luciferase-labeled A549 cells into SCID mice
via tail vein and observed that knockdown of Pol f results
in more extravasation and colonization of cancer cells in
the lung of mice model (Fig. 3g). Collectively, our data
revealed that deficiency of Pol  promoted tumor metastasis
and invasion in vivo.

[v9)
e
(&)

']

*

Tumor weight (g)
o
N
a
A
°
| B |

weight was assessed at 4 weeks
after injection (*P <0.05, by o 3 6 9 12
Student’s 7 test). ¢ Tumors were
collected and stained with HE to C
test tumor invasion.

d Representative bioluminescent
(BLI) images of SCID mice after
intravenous injection with
A549-vector and A549
overexpression Pol p cells. Heat
map indicate intensity of
bioluminescence from low
(blue) to high (red) (n=35). e In
left part, representative images
show activity of luciferase in
lungs from SCID mice as in

d. The right part shows
quantification of lung
bioluminescence (**P <0.01, by
Student’s  test).

Vector

SPRINGER NATURE

Tmie (days)

Pol B

15 18 21

-
(3}

1.0

Relative BLI intensity
o
o

o
=)

Vector  Pol B




DNA polymerase beta modulates cancer progression via enhancing CDH13 expression by promoter demethylation

5511

Fig. 3 Deficiency of Pol A NC

enhances tumor metastasis. a
Pol B was knocked down in
MCEF-7 and A549 cells. Western 1
blot analysis of protein levels of

Pol B. Representative images of
transwell assay for cell

migration (b) and invasion (c) in B
MCF-7 and A549 cells. The
bottom part shows the relative
percentage compared with
negative control (**P <0.01, by
Student’s ¢ test). d Actin stained
with phalloidin (green) showed
cell spreading in MCF-7 and
A549 cells. e MCF-7 cells
containing vector or Pol f
shRNA were injected
subcutaneously. Tumor growth
were measured every 3 days
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Pol B suppresses cancer migration and invasion by
regulating gene expression of CDH13

As mentioned above, Pol B is relevant to cancer invasion
and metastasis. These results promote us to investigate the
genes involved in the Pol pB-dependent cancer metastasis.
Using microarray, gene expression profiles were analyzed
with wild-type (WT) MEF and Pol '~ MEF cells that
were well characterized as a Pol P deficient cell line. Total

p&!b‘g ) ?o\ %‘\‘
I\

522 genes showed significant changes more than twofolds
(P <0.05) in Pol p~/~ MEF cells. Among these, 386 genes
were downregulated and 136 genes were upregulated in Pol
B knockout MEF cells versus WT MEF cells; P<0.05
(Supplementary Table 2). To characterize the enriched
biological processes in our microarray, the 522 genes were
subjected to gene ontology (GO) enrichment analysis. The
genes involved in immune response and cell adhesion were
amply presented (Fig. 4a). Among the genes involved in
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cell adhesion, 27 genes were downregulated and 5 genes confirmed the downregulation of CDH13, CDH18, PCDH7,
were upregulated in Pol =/~ MEF cells compared those in ~ PCDH17, PCDH21, Itg al, Itg a6, and Itg $8, and upre-
WT MEF cells (Fig. 4b). Real-time PCR (qRT-PCR)  gulation of Nidl and Nid2 in Pol p~/~ MEF cells (Fig. 4c).
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<« Fig. 4 Pol p suppresses cancer cell migration by regulating gene

expression of CDH13. a GO analysis in Pol p null MEF cells com-
pared with WT MEEF cells. b The heat map represents the expression
level of gene significantly changed in Pol  null MEF cells. ¢ qRT-
PCR analysis of mRNA level of several cadherins family members in
MEF cells (**P <0.01, by Student’s ¢ test). d qRT-PCR analysis of
mRNA level of CDH13 in Pol f knock down MCF-7 and A549 cells
(**P<0.01, by Student’s t test). e Western blot analysis of protein
level of CDH13 in MCF-7 cells and A549 cells. Representative images
of HE staining and (IHC) staining of CDH13 in tumor tissues of breast
tumor (f) and lung tumor (g). Transwell assay for cell migration (h)
and invasion (i) in MCF-7 cells. Representative images are shown in
the left panel and relative percentage compared with control is shown
in the right panel (*P <0.05, by Student’s  test).

Our data showed that CDH13 was one of top-five genes
regulated in Pol $~/~ MEF cells (Fig. 4b). Moreover,
CDHI13 was a predominant cell adhesion gene with high
expression level in cells (Fig. 4c). We confirmed the effect
of Pol B levels on modulation of the CDHI13 expression.
Overexpression of Pol p restored CDH13 expression in Pol
p~'~ MEF cells (Fig. S5a). Downregulation of CDHI3
mRNA levels was also detected in Pol § deficient MCF-7
and A549 cells (Fig. 4d), as well as CDH13 protein levels
(Fig. 4e). Moreover, overexpression of Pol f promoted
expression of CDH13 in both MCF-7 and A549 cells (Fig.
S5b, ¢).

Literature review and analysis indicated that CDH13 pro-
foundly affected cancer metastasis, tumor progression, and
tumor angiogenesis [31]. To evaluate the regulatory effect of
CDH13 on cancer cell migratory and invasive capabilities, the
protein expression level of CDHI13 was assessed in both
breast and lung cancer tissue samples using tissue array
analysis. The data showed that lower expression of CDH13
was associated with higher lymph node metastases in both
breast cancer and lung cancer (Fig. 4f, g). Furthermore,
transwell assay demonstrated that knockdown of CDHI3
promoted MCF-7 cell migration and invasion (Fig. 4h, i and
Fig. S6a). Collectively, these data confirmed that CDH13 was
a negative regulator in cancer metastasis.

Suppression of tumor cell motility in Pol B deficient
cells depends on CDH13

To further investigate the possible involvement of CDH13
in Pol f regulated cancer cell migration and invasion,
CDH13 was knockdown by shRNA lentiviruses in Pol
B-overexpressing MCF-7 cells (Fig. S6b). Transwell assay
showed that cell migratory and invasive capabilities were
significantly increased after knockdown of CDHI13 in Pol
p-overexpressing MCF-7 cells (Fig. 5a, b). Xenograft tumors
derived from Pol B-overexpressing MCF-7 cells with
CDH13 shRNA showed a higher growth rate compared with
those derived from control Pol p-overexpressing MCF-7
cells (Fig. 5¢). Consistently, knockdown of CDH13 restored

the final tumor weight in Pol f-overexpressing tumor
(Fig. 5d). In addition, IHC analysis showed that Knockdown
of CDH13 promoted tumor local invasion as well (Fig. 5e).

Deletion of CDH13 restores the repressed
angiogenesis by Pol

Angiogenesis is one of the hallmarks in cancer, which is
required for invasive tumor growth and metastasis by pro-
viding oxygen and nutrients for tumor cells [32]. The pre-
vious research reported that CDH13 downregulation in
cancerous cells may promote neovascularization [33]. We
elucidated the effect of Pol § and CDHI3 on tumor
angiogenesis. Tumors derived from Pol B-overexpressing
MCEF-7 cells showed the smaller size and less blood capil-
lary compared with tumors derived from WT MCEF-7 cells,
whereas knockdown of CDH13 restored the angiogenesis
and hemoglobin content in Pol p-overexpressing tumors
(Fig. 6a, b). CD31 staining also revealed a decrease in
tumor microvessel density in Pol B-overexpressing tumors,
which was rescued by knockdown of CDHI13 (Fig. 6¢). In
addition, the expression of genes including VEGFA,
VEGFR2, and FGFp, which were associated with angio-
genesis, was detected repressed. Our data showed that
overexpression of Pol P repressed these genes expression,
and knockdown of CDHI13 in Pol B-overexpressing tumors
rescued the expression levels of these genes (Fig. 6d). These
results further demonstrated that deficiency of Pol  had an
effect on many genes that are hallmarks of cancer.

Pol B promotes CDH13 expression through
promoting DNA demethylation of CDH13 promoter

We next sought to identify the mechanism of regulation of
CDH13 gene expression by Pol p. Functional down-
regulation of DNA repair genes may impair repair of
endogenous DNA damage and further aggravation of the
load of DNA damage, leading to genomic instability and
abnormal gene expression [34, 35]. To investigate whether
the role of Pol f in regulation of CDH13 expression is due
to the accumulated DNA damage in Pol  knocking-down
(KD) cells, we detected YH2AX levels in Pol KD MCF-7
cell and found that the YH2AX levels showed no differences
between WT and Pol f KD cells (Fig. S7a). Our results
were supported by a functional deficiency of Pol f mutant
P242R, which showed no effect on DNA damage accu-
mulation in cells without MMS treatment [36]. Moreover,
the comet assay showed that slightly increasing chromo-
some damage was detected in MCF-7 Pol B KD cells
compared with WT MCF-7 cells without MMS treatment
(Fig. S7b). However, MMS treatment augmented average
comet tail length in Pol p KD MCEF-7 cells compared with
that in WT MCF-7 cells, indicating that the knockdown of
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Fig. 5 Pol p suppression of
tumor cell motility depends on
CDH13. Transwell assay for cell
migration (a) and invasion (b) in
MCEF-7 con, MCF-7
overexpression Pol  and
knockdown CDH13 in Pol
overexpressed MCF-7 cells.
Representative images are
shown in the left panel and B
relative percentage compared
with control is shown in the
right panel (**P <0.01, by
Student’s ¢ test). Tumor growth
(c) and weight (d) were
measured after subcutaneous
injection (n = 6) (*P <0.05, by
two Student’s 1 test). e

Pol B - +
ShCDH13 -
i3 o

Pol B - +
ShCDH13 -

Representative images of HE E
assay indicated tumor local PolB -
invasion. shCDH13 -

Fig. 6 Deletion of CDH13 A
restores the repressed
angiogenesis by Pol f. a
Typical tumors from nude mice
after subcutaneous injection.

b Neovascularization of tumor
measured by the Drabkin’s
reagent kit. (**P <0.01, by
Student’s ¢ test). ¢
Representative micrographs of B
CD31 IHC staining of assay of

tumor samples. d qRT-PCR

analysis gene expression

involved in angiogenesis (¥*P <

0.05, **P <0.01, by Student’s

t test).

Pol B - +
shCDH13 - -

-

(4]

o
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100 4

50 1

Degree of vascularization (%)

PolB - +
shCDH13 - -

Pol B reduced the BER activity in cells (Fig. S7b). Fur-
thermore, we detected the regulation of CDH13 expression
under DNA damage stress. Both WT and Pol p KD MCF-7
cells were treated with 2puM MMS for 1h followed by
recover periods for 0, 1, 3, or 6 h. Expectedly, there was an
increase of the YH2AX levels until 3-h recovery in both cell
lines following MMS treatment, and knockout of Pol B
enhanced the increasing YH2AX levels. The protein levels
of Pol f and CDHI13 were also increased in WT MCF-7
cells with MMS treatment followed by a recovery 1 or 3 h;
however, the CDH13 protein levels showed no changes in
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Pol f KD MCEF-7 cells after MMS treatment (Fig. S7c). The
similar results were also obtained with continuous treat-
ments by MMS from 0.5 to 6 h (Fig. S7d). Furthermore, to
detect if the endogenous damage caused by DNA repair
deficiency could regulate CDH13 expression, we knocked
down another key DNA repair factor XRCC1 (Fig. S8a),
whose absence contributes to the spontaneously persistence
of DNA strand breaks [37]. Our data showed that knock-
down of XRCCI1 have no effect on CDHI3 expression,
while the DNA damage marker YH2AX was significantly
upregulated by knockdown of XRCC1 (Fig. S8b).



DNA polymerase beta modulates cancer progression via enhancing CDH13 expression by promoter demethylation 5515

Fig. 7 Pol p impedes DNA A
methylation of CDH13 ok
promoter leading to promote
CDH13 expression. a
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Several studies showed that CDHI13 promoter DNA
methylation regulates its expression and that is correlated
with cancer prognosis and diagnosis [18]. In agreement with
these data, using decitabine to inhibit DNA methylation, we
demonstrated that DNA methylation levels of CDH13 pro-
moter regulate CDH13 expression (Fig. 7a, b). BER has
been previously implicated in active demethylation, in which
Pol f plays a key role [38—40]. Thus, we hypothesized that
downregulation of Pol p affects CDH13 expression through
modulating its promoter DNA methylation. Indeed, lucifer-
ase assay using pGL3 system with CDH13 promoter showed
that activity of CDHI13 promoter was repressed when it
was methylated by CpG methylase M. Sssl, and could be

restored by overexpression of Pol f (Fig. 7c). Furthermore,
in vitro demethylation assay using whole cell extract with/
without Pol f showed that knockout of Pol B remarkably
impaired the DNA demethylation activity of whole cell
extract (Fig. 7d). Furthermore, quantitative chromatin
immunoprecipitation (ChIP) assays showed that Pol § bound
directly to the promoter region of CDH13 (Fig. 7e). We
assessed DNA methylation levels of CDH13 promoter by
MeDIP-qPCR assay, and found that higher methylation level
of CDH13 promoter in WT MCEF-7 cell compared with Pol
B-overexpressing MCF-7 cell (Fig. 7f). Our results suggested
that Pol f regulated CDH13 gene expression through reg-
ulating its promoter DNA demethylation level.
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Discussion

In this study, we report a role of Pol § in repressing cancer
cell metastasis and invasion during cancer progression. Our
data show that the expression levels of Pol § are associated
with the lymph node metastases status in both breast cancer
and lung cancer. Overexpression of Pol [ remarkably
impeded cancer cell migratory and invasive capabilities,
whereas deficiency of Pol f promotes these capabilities.
Moreover, our data suggest that the function of Pol B on
repressing tumor migration and invasion is dependent on
upregulation of CDH13 expression by promoting DNA
demethylation of CDH13 promoter.

Pol B, a key enzyme involved in BER, plays multiple
biological roles in tumor growth, cell transformation and
tumorigenesis [36, 41]. Pol § has been implicated in clinical
outcomes and survival of tumor patients [24, 25]. Consistently,
we found that the higher expression of Pol  was associated
with less lymphatic metastasis and better patient survival.
Accordingly, overexpression of Pol f inhibits cancer cell
migration and invasion both in vitro and in vivo. Our results
implicate Pol P in the regulation of cancer cell migratory and
invasive capabilities during cancer progression.

Cellular invasion and migration are governed by extra-
cellular and intracellular signals, and depend on the inter-
action of the surrounding cells and ECM [10]. To
characterize the molecular mechanism of Pol p-regulating
cancer metastasis, we determine the change of gene
expression profile in Pol p-deleted cell context. The genes
involved in cell adhesion including cadherin superfamily
were significantly modified after knockout of Pol . CDH13
is an atypical cadherin, which shows function on inhibiting
cancer cell proliferation and invasiveness, and increasing
susceptibility to cell apoptosis, resulting in reduction of
tumor growth [15, 16]. Real-time qPCR and western blot
analysis demonstrate the regulation of CDH13 expression
by Pol p. Furthermore, knockdown of CDH13 reverses the
effect of Pol p on tumor metastasis repression.

It has been reported that tumor growth and progression is
limited until the vascularization of the neoplastic mass [42].
Vascularization is achieved via neoangiogenesis and co-
option of existing blood vessels or a combination of these
processes. Metastasis then occurs when invading tumor cells
engage with blood and lymph vessels, penetrates basement
membranes and endothelial walls, and disseminates to
colonize distant organs [43]. In agreement with preceding
observations, we found that overexpression of Pol  could
depress angiogenesis in tumor progression, whereas down-
regulation of CDH13 could restore this process. These results
indicated that the effects of Pol § on cancer cell invasion and
migration are also through repressing angiogenesis. These
data indicate that Pol B impedes tumor metastasis at least
partially via promoting CDH13 expression.
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Pol B plays a critical role in BER and the reduced activity
of Pol f impairs efficiency of BER [2, 22]. The comet assay
indicated that Pol p KD MCF-7 cell has lower activity of
DNA repair after MMS treatment. However, knockdown of
Pol B has no effect on the accumulation of the endogenous
DNA damage levels in cells without exogenous DNA
damage reagent treatment. Furthermore, the expression of
CDH13 showed no significant change in Pol f KD MCF-7
cells with MMS treatment. Numerous evidences suggest that
the expression of CDH13 is regulated by DNA methylation
of its promoter [17]. A current model indicates that BER is
involved in TET1-TDG-BER-mediated DNA demethyla-
tion [39]. In this model, SmC can be oxidated to 5fC and
S5caC by TETI1. The interaction between TET1 and TDG
implicates a link between SmC oxidation and base excision.
The BER pathway is required for AP-site repair generated
by TDG. Moreover, the activity of BER was linked to active
global DNA demethylation, and BER proteins were reported
to be involved in DNA demethylation pathway [44—46]. Our
in vitro methylation assay provided evidence that the
expression of CDH13 is regulated by the DNA methylation
levels of its promoter. In addition, we observed that the
DNA methylation levels of CDH13 promoter is lower in Pol
p-overexpressing cells compared with those in WT cells,
indicating that Pol f is involved in regulation of methylation
levels of CDH13 promoter. Our ChIP assay indicated the
directly binding of Pol  to CDH13 promoter. Collectively,
Pol B could affect the DNA demethylation of CDH13 pro-
moter in TET1-BER pathway (Fig. 7g).

In conclusion, we uncovered a novel role of Pol § in
cancer progression that Pol B repress tumor metastasis by
promoting CDH13 expression. Our results rise the possi-
bility that cancer patients with metastasis might benefit from
stimulation but not inhibition of Pol f as its function on
repression of tumor metastasis.

Materials and methods
Cell culture and stable cell lines

MCF-7 cells, A549 cells, and H293 cells were obtained
from the Institute of Cell Biology (Chinese Academy of
Science, Shanghai, China) and cultured in DMEM medium
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. For Pol B-overexpressing MCF-7
and A549 stable cells, cells were infected by purified len-
tivirus for 48 h and then selected by puromycin for 7 days.

For knockdown Pol f and CDH13, we used lentivirus
vector pGLV3 containing a sShRNA sequence. The follow
oligonucleotides were used: human Pol p shRNA: 5'-G
GAGCTGAAGCTAAGAAATTG-3’; human CDHI3
shRNA: 5-AGAAAGTGTTCCATATCAACTC-3'. MEF
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Pol B knockout cell and corresponding littermate WT
control cell were a kindly provided by Dr. Binghui Shen
(Beckman Research Institute, City of Hope, Duarte, CA,
USA). All cell lines were found to be negative for
mycoplasma contamination.

Quantitative real-time PCR

Total RNA from cells and tissues were isolated by TRIzol
reagent (Invitrogen) and reverse transcribed into cDNA.
Quantitative real-time PCR was performed using SYBR
Green (Vazyme Biotech, China, Q341-02) and operated on
ABI StepOne. Each reaction was repeated three times. Gene
relative expression was determined relative to GAPDH in
each reaction. The relative amounts of mRNA were calcu-
lated using the comparative cycle threshold method (2-24<Y)
[1]. The primers for RT-PCR are listed in Supplementary
Table 1.

Western blot analysis and antibodies

Total cellular protein was extracted by RIPA buffer and
subjected to SDS-PAGE gel. Protein then was transferred to
polyvinylidene difluoride membranes. After blocking, the
membranes were incubated overnight at 4 °C with primary
antibody. The membranes were incubated with secondary
antibody following extensive washing. Blot was filmed by
enhanced chemiluminescence and developed via Tanon-
4500 luminescent imaging workstation (Tanon Science &
Technology, Shanghai, China). The following antibodies
were used for western blotting: Pol B (ab175197, Abcam)
and CDH13 (ab167407, Abcam)

Immunofluorescence assays

For immunofluorescence assays, cells were washed with
PBS for three times then fixed with 4% formaldehyde for
10 min at room temperature. After permeabilization with
0.1%Triton X-100 for 10 min, cells were blocked with 3%
BSA for 1h. Then, cells were incubated with indicated
primary antibodies overnight at 4 °C. Following washed
with PBST for three times, cells were incubated with
fluorescent secondary antibodies for 2 h at room tempera-
ture. Subsequently, cells were stained with DAPI and
visualized under a fluorescence microscope (Nikon 801 10-
1500x).

IHC assays

Immunohistochemical staining was performed as previously
described [3]. Briefly, tissues were fixed in 10% formalin.
Paraffin-embedded sections from tissue specimens were
deparaffinized and heated at 97 °C in 10 mM citrate buffer

(pH 6.0) for 20 min for antigen retrieval. Slides were
incubated with primary antibody at 4 °C overnight, fol-
lowed by incubation with secondary antibody at room
temperature and visualized using a DAB Kit (Invitrogen).
The expression levels of target proteins in tissue were
examed according to the semiquantitative immunoreactivity
score (IRS) [27]. Accordingly, category A documented the
intensity of immunostaining as 0-3 (0, negative; 1, weak; 2,
moderate; 3, strong). Category B documented the percen-
tage of immunoreactive cells as 1 (0-25%), 2 (26-50%), 3
(51-75%), and 4 (76—100%). Multiplication of category A
and B resulted in an IRS ranging from O to 12 for each no
lymph node status metastasis tumor or lymph node status
metastasis tumor. Expression of protein levels in tissue with
IRS <6 were classified as low expression and which in
samples with IRS > 6 were classified as high expression.

3D matrigel assay

Firstly, matrigel was spread on a 12-well plate. Cells were
trypsinized into single cells and plated into the well with
matrigel. After incubation at 37 °C for about 20 min, top
medium was replaced with growth medium containing 5%
matrigel. Fresh medium with 5% matrigel was changed
every 2 days. Cells were cultured for 6-8 days before
analysis.

Cell migration and invasion assays

Cell migration and invasion assays were analyzed by using
wound healing and transwell assays. For the wound healing
assay, cells plated on a six-well plate were scratched by a
pipette tip. Cells were washed with PBS and cultured in
serum-free medium. Photos were taken at indicated times.

For transwell assays, cells were trypsinized into single
cells and seeded into the upper chamber of the transwell
apparatus (Corning Costar) in serum-free medium. Medium
with 20% FBS was added into the bottom chamber. After
12—-16 h, cells passed through the polycarbonate filter were
stained by 0.5% crystal violet for 10 min. For cell invasion
assay, matrigel was used to precoated the upper chamber
firstly, and then cells were seeded into the upper chamber of
the transwell apparatus.

DNA methylation analysis

MCE-7 cells were treated with decitabine (MCE). Genomic
DNA was isolated by QIAamp DNA Mini Kit (51304).
Sodium bisulfite conversion of genomic DNA was per-
formed using the EZ DNA Methylation Kit (Zymo
Research; D5002). After sodium bisulfite conversion, the
genomic DNA was amplified by qPCR. The primers used
are listed in Supplementary Table 1.
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CDH13 promoter reporter analysis

Luciferase activity was assessed according to previous
report [1]. CDH13 promoter was cloned into pGL3-basic
reporter vector and methylated by incubation with CpG
methylase M. SsslI (Zymo Research). H293 cells were
cotransfected with plasmids on a 24-well plate. Thirty-six
hours after transfection, cells were harvested for firefly and
Renilla luciferase activity assays. The Renilla luciferase
activities were used to normalize the transfection efficiency.

ChIP assay

ChIP assays were performed following the protocol of ChIP
kit (Cell Signaling Technology, 9002s). ChIP samples were
analyzed by quantitative real-time PCR. DNA copies in
immunoprecipitation samples were normalized to input
DNA control samples. For DNA methylation ChIP assay,
purified DNA in IP buffer was sonicated to make fragment
DNA size between 300 and 800 bp. Two micrograms of
5mC antibody (Abcam, ab10805) was added into a final
volume of 500 ul IP buffer with fragment DNA, followed
by rotating incubation at 4 °C overnight. Fragment DNA
with 5mC antibody was pulled down by protein A/G
agarose for 2 h and purified by DNA purification kit. The
primer sequences for ChIP-qPCR assay are listed in Sup-
plementary Table 1.

In vivo tumor analysis

All animal experiments were performed according to the
procedures approved by the Laboratory Animal Care
Committee at Nanjing Normal University and followed
National Institutes of Health guide for the care and use of
Laboratory animals. Mice were purchased from the Model
Animal Research Center of Nanjing University (Nanjing,
China), and were maintained under specific pathogen-free
conditions. Six-to-seven weeks old female nude mice were
used for subcutaneous inoculation. Cells were trypsinized
and resuspended in DMEM with 50% matrigel at a con-
sistence of 1x 107 cells/ml. A total of 1x 10° cells were
injected into flank of mice. Tumor volume was measured
twice a week until fifth week. For lung cancer metastasis
assay, female SCID mice were used for lateral tail vein
injection with 1x 10° A549 cells (luciferase labeled) per
mice. Four weeks after injection, lung nodules and pro-
gression were monitored and quantified using the biolumi-
nescence system (Caliper IVIS Lumina XR).

Statistical analysis

Statistical analysis was performed with GraphPad Prism
6.0. Statistical significance was determined using two-tailed

SPRINGER NATURE

Student’s ¢ test or analysis of variance in the case of com-
parisons among more than two groups. P values less than
0.05 were considered as significant.
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