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The degradation of EZH2 mediated by IncRNA ANCR
attenuated the invasion and metastasis of breast cancer

Zhongwei Li', Pingfu Hou?, Dongmei Fan', Meichen Dong', Musong Ma®, Hongyuan Li?, Ruosi Yao', Yuxin Li*, Guannan Wang®,
Pengyu Geng?, Adhanom Mihretab', Dongxu Liu®, Yu Zhang?, Baiqu Huang*' and Jun Lu*?

EZH2 (the Enhancer of Zeste Homolog 2), as a key epigenetic regulator and EMT inducer, participates in a variety of cancer
metastasis. EZH2 stability is requlated by several types of post-translational modifications (PTMs).The long non-coding RNAs
(IncRNA) have been implicated to have critical roles in multiple carcinogenesis through a wide range of mechanisms, including
modulating the stability of proteins. To date, whether the stability of EZH2 protein is regulated by IncRNAs remains unexplored.
Here we report the discovery of ANCR modulating the stability of EZH2, and hence in the invasion and metastasis of breast cancer
cells. We determined that ANCR potentiated the CDK1-EZH2 interaction, which then increased the intensity of phosphorylation at
Thr-345 and Thr-487 sites of EZH2, facilitating EZH2 ubiquitination and hence its degradation. Moreover, we also uncover ANCR is
an important player in breast cancer progression and metastasis mainly through decreasing EZH2 stability. More specifically, we
initially found that ANCR level was lower in breast cancer tissues and breast cancer cell lines, in contrast to their normal
counterparts. We then demonstrated that knockdown of ANCR induced an EMT program and promoted cell migration and invasion
in MCF10A (epithelial cells), whereas ectopic expression of ANCR repressed breast cancer cells migration and invasion.
Furthermore, we validated in a nude mouse model that overexpression of ANCR in highly malignant and invasive MDA-MB-231
breast cancer cells significantly reduced the ability of the cells to form tumors and prevented the lung metastasis in vivo. Based on
these data, our findings define a new mechanism underlying modulation of EZH2 stability by linking ANCR interaction with EZH2 to
promote its phosphorylation that facilitates EZH2 degradation and suppresses breast cancer progression.
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EZH2 (the Enhancer of Zeste Homolog 2) is one component of metastasis.>™'? The phosphorylation of EZH2 Ser-21 residue

the Polycomb Repressive Complex 2 (PRC2), which catalyzes
the trimethylation of Lys-27 of histone H3 (H3K27me3) to
suppress the transcription of target genes. EZH2 has been
reported to have important parts in cancer development and
metastasis progression.’? High expression of EZH2 has been
detected in many solid tumors, including breast cancer;
and the EZH2 level exhibits a negative correlation with the
patients' outcome.>* In addition, EZH2 can promote breast
tumor initiating cells proliferation.’

Although EZH2 can epigenetically regulate a large number
of genes, the regulation of EZH2 itself, especially its stability
and enzymatic activity modulating by post-transiational
modifications (PTMs), remains unclear. It has been reported
that retinoblastoma (Rb), SOX4 and miR-101 can regulate
EZH2 expression in transcriptional level.>® Also, evidence
shows that the EZH2 modulation by PTMs is crucial for its
protein stability, as well as to its function in regulation of cancer

by AKT represses its methyltransferase activity.' In addition,
earlier studies indicated that phosphorylation of EZH2 at
Thr-345 and Thr-487 residues by cyclin-dependent kinase1
(CDK1) promoted EZH2 degradation via proteasome-
mediated pathway."'" Moreover, it was reported that the OGT
modified EZH2 with O-GIcNAc at Ser-75 maintained EZH2
protein stability via this O-GIcNAcylation modification.'?
Recent data revealed that the EZH2 Lys-348 acetylation was
able to repress its phosphorylation at Thr-345 and Thr-487
and increase its stability.® Besides, they also found that the
level of Lys-348 acetylation EZH2 was higher in lung cancer
tissues compared with the normal lung tissues and high level
of EZH2 Lys-348 acetylation in lung cancer patients predicted
a poor outcome.® Thus, the present data suggest that PTMs of
EZH2 can increase the EZH2 accumulation in cancer patients,
and the stability of EZH2 may have a key role in cancer
development and metastasis.
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Over the years, breast cancer has become one of the most
common malignancies in women; and the distant metastasis
has been reported to be the major cause of mortality in breast
cancer patients.'®'® The epithelial-mesenchymal transition
(EMT), a developmental process in which epithelial cells lose
their polarity and acquire the migratory properties of
mesenchymal cells, is known to be a crucial mechanism
contributing to cancer metastasis.'® Increasing evidence
implicates that EMT is a pivotal step for tumor infiltration
and distant metastasis in a variety of carcinomas.'” It has
been reported that EZH2 is a positive regulatory factor of
EMT program in breast cancer.® And EZH2 can bind on
CDH1(E-cadherin) promoter to suppress E-cadherin expres-
sion and promote cancer cells migration and invasion.''®

The long non-coding RNAs (IncRNAs) are RNA transcripts
longer than 200 nucleotides with little protein-coding
capacity.?°2! A great deal of emerging research work has
revealed that IncRNAs are functional in multiple biological
processes, including development, differentiation, cellular
senescence and carcinogenesis.?>2® Evidence implies that
the cancer-associated IncRNAs may have either oncogenic or
tumor suppression effects, and these IncRNAs have attracted
intense research attention as a new class of potential cancer
diagnostic biomarkers or therapeutic targets.?”?® An increas-
ing number of studies have indicated that IncRNAs are
important regulators of their binding proteins' stability. For
instance, it was reported that INcRNA-LET interacted with
NF90 to promote its ubiquitination and subsequent
degradation.?® The lincRNA-p21 was shown to bind with
HIF-1a and VHL to disrupt the VHL-HIF-1a interaction, which
inhibited VHL-mediated HIF-1a ubiquitination and caused
HIF-1a accumulation.®° Also, IncRNA FAL1 was uncovered to
associated with the epigenetic repressor BMI1 and increased
its stability.>! As multiple researches have implicated that
EZH2 can bind with some of IncRNAs,*>736 we were interested
in determining if there are any IncRNAs that may interact with
EZH2 to modulate its stability.

In an initial attempt to identify IncRNAs that interact with
EZH2 to regulate its stability, we have tested several IncRNAs
that may potentially bind with EZH2;*2-3” among these, we
have focused on one IncRNA termed anti-differentiation
ncRNA (ANCR or DANCR), because we find it interacts with
EZH2 and decreases EZH2 stability in breast cancer cells in
our following research. The ANCR is an 855-nucleotide
IncRNA, first reported to be downregulated during differentia-
tion. ANCR is indispensable to enforce the undifferentiated cell
state within epidermis.®® It has been reported that ANCR can
bind with EZH2 in hFOB1.19 cells.®® In this study, we uncover
that ANCR is associated with EZH2 to increase the bind of
CDK1 with EZH2 and to promote the phosphorylation at Thr-
345 and Thr-487 residues of EZH2, resulting in the ubiquitina-
tion and subsequent degradation of EZH2. Experimental data
from our study also indicate that ANCR is a repressive
regulator of EMT in breast cancer cells. More importantly, we
demonstrate that overexpression of ANCR in malignant breast
cancer cells effectively represses tumorigenesis and metas-
tasis in vivo in immunodeficiency mice. This has been the first
evidence that EZH2 stability is regulated by IncRNA, and
ANCR suppresses the EMTand invasion in breast cancer cells
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in vitro, and that it prevents tumorigenesis and distant
metastasis in animals in vivo.

Results

ANCR interacted with EZH2 and decreased its protein
level. We first aimed to explore whether the stability of
EZH2 is regulated by IncRNAs. In our pre-experiments, we
tested several IncRNAs that were reported binding with
EZH2.%23% Among these IncRNAs, we chose ANCR for further
study because we found ANCR had an effect on EZH2 stability.
We first validated the association of ANCR with EZH2, by using
the RNA immunoprecipitation (RIP) with cell extracts from the
MCF10A cells. As the results show, we detected the enrichment
of ANCR with the EZH2 (Figure 1a). Next, we performed the
RNA pull-down assay by using the Flag-MS2bp-MS2bs-based
system, in which the MS2-binding protein (MS2bp) specifically
binds RNAs that contain MS2-binding sequences (MS2bs)
when they are co-expressed, and proteins bound with RNA will
also be pulled down at the same time (Figure 1b). By using this
system, we pulled down endogenous proteins associated with
ANCR and tested by western blotting with anti-EZH2 antibody.
Our RNA pull-down assay results implicate the direct interaction
between ANCR and EZH2 (Figure 1b).

An interesting point arising from the experiment was that
we found knockdown of ANCR increased EZH2 protein
expression in MCF10A, MCF7 and MDA-MB-231 cell lines
(Figure 1c), and overexpression of ANCR reduced the EZH2
protein level in MCF10A, MCF7, MDA-MB-231 and HEK293T
cell lines (Figure 1d and Supplementary Figure S1a). Never-
theless, either overexpression or knockdown of ANCR had
little effect on the transcription level of EZH2 mRNA
(Figures 1e and f; Supplementary Figure S1b). Thus, our
data demonstrate that ANCR can decrease EZH2 protein level
without much affecting its transcription.

The association of ANCR and EZH2 enhanced EZH2
binding with CDK1 and promoted ubiquitin—proteasome
degradation. As many IncRNAs are shown to regulate the
stability of binding proteins,2>=' an immediate rationale to this
phenomenon is that ANCR may affect the stability of EZH2
protein. To substantiate this assumption, we treated MDA-
MB-231 cells expressing ectopic ANCR or control Vector with
the proteasome inhibitor MG132 and the protein synthesis
inhibitor cycloheximide (CHX). The results showed that the
EZH2 was modestly increased in ANCR expressing MDA-
MB-231 cells treated with MG132 (Figure 2a), and the same
results were obtained in MCF10A and MCF7 cell lines
(Supplementary Figure S2). Besides, the half-life of EZH2
was much shorter in ANCR expressing MDA-MB-231 cells
upon the addition of CHX for 8 h (Figure 2b). We obtained
similar results in MCF7-ANCR and MCF7-Vector cells after
CHX treatment (Supplementary Figure S3). We then immuno-
precipitated EZH2 protein from ANCR expressing MDA-MB-231
and Vector MDA-MB-231 cells to explore the EZH2 ubiquitina-
tion status, and the results revealed that the EZH2 ubiquitination
was increased in MDA-MB-231-ANCR cells (Figure 2c). In
addition, we also detected an increased EZH2 ubiquitination in
MCF10A-ANCR and MCF7-ANCR cells, compared with that in
corresponding Vector cells after EZH2 was immunoprecipitated
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Figure 1 ANCR interacted with EZH2 and decreased EZH2 expression in protein level. (a) Relative RIP assays detecting the binding of ANCR with EZH2 in MCF10A cells by
quantitative PCR (qPCR). The data are presented as the mean + S.D. (n=3; ***P<0.001, Student's ttest) (b) Immunoblotting detection of EZH2 after Flag-MS2bp-MS2bs-
based pull-down assay. ANTI-FLAG M2 Affinity Gel was used for pull-down assays. (¢) Western blots of EZH2 protein in shCtrl, ShANCR#1 and shANCR#2 cells. (d) Western
blots of EZH2 protein in Vector and ANCR cells. (e) gPCR analysis for EZH2 mRNA in shCtrl, shANCR#1 and shANCR#2 cells. (f) gPCR analysis for EZH2 mRNA in Vector and
ANCR cells
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(Supplementary Figure S4). By combining these data, we It has been reported that the CDK1-mediated phosphory-
reached the conclusion that ANCR can attenuate EZH2 stability lation of EZH2 at Thr-345 and Thr-487 sites is necessary
by promoting its ubiquitination. for EZH2 ubiquitination and subsequent degradation by
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ubiquitin—proteasome pathway.'" A recent study shows that
Inc-DC can directly bind with signal transducer and activator of
transcription 3 (STAT3) to promote STAT3 phosphorylation on
Tyr-705 residue.®® These clues intrigued us to speculate that
the ANCR-EZH2 interaction may accelerate its ubiquitina-
tion degradation by promoting EZH2 Thr-345 and Thr-487
phosphorylation. To prove this speculation, we performed
western blotting using specific phosphorylation antibodies
of EZH2 on Thr(P)-345 and Thr(P)-487 sites. The results
confirmed that overexpression of ANCR indeed increased
the phosphorylation of EZH2 Thr-345 and Thr-487 in
MDA-MB-231, MCF10A and MCF7 cells (Figure 2d and
Supplementary Figure S5).

Subsequently, in a co-immunoprecipitation experiment
conducted in MDA-MB-231 and MCF10A cells, we
discovered that ectopic expression of ANCR increased
CDK1 interaction with EZH2 (Figure 2e and Supplementary
Figure S6). In contrast, results of co-immunoprecipitation
with  ANCR knockdown in MCF10A cells showed that
repression of ANCR was able to attenuate the CDK1 binding
with EZH2 (Figure 2f). Furthermore, to determine whether
CDK1 also interacts with ANCR, we performed the
RIP in shCDK1 and shEZH2 MCF10A cells, and the results
revealed that knockdown of CDK1 nearly did not affect the
ANCR binding with EZH2, whereas knockdown of
EZH2 strikingly decreased the CDK1 binding with ANCR
(Figures 2g and h; Supplementary Figure S7). We therefore
speculate that EZH2 can directly associate with
ANCR whereas CDK1 can not. These findings indicate that
the ANCR-EZH2 binding is probably able to facilitate
CDK1 interaction with EZH2 to promote phosphorylation of
EZH2 at Thr-345 and Thr-487, and finally potentiate EZH2
ubiquitination degradation through ubiquitin—proteasome
pathway.

The ANCR level was negatively correlated with human
breast cancer. As EZH2 is known to be frequently increased
in cancer patients, and higher EZH2 level often lead to the
poor prognosis of patients.>*® Based on our finding that
EZH2 stability was modulated by ANCR, we speculated
that ANCR may have a role in breast cancer progression.
To determine whether ANCR is linked to breast cancer, we
first assessed the ANCR expression in a panel of paired
tumor and normal primary tissue specimens that were
collected from breast cancer patients (N=32). As can be
seen, the gPCR assay revealed that ANCR transcript was
expressed at an apparently lower level in tumor tissues
compared with the adjacent tissues (Figure 3a). This result
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Figure 3 ANCR was low expression in clinical breast carcinomas tissues and in
breast cancer cell lines. (a) gPCR analysis of ANCR expression in 32 human breast
cancerous tissues and non-cancerous tissues. The relative ANCR mRNA level was
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Figure2 ANCR promoted EZH2 ubiquitination and degradation by increasing EZH2 Thr-345 and Thr-487 phosphorylation. (a) The EZH2 protein expression was detected by
western blotting in Vector and ANCR cells after treatment with MG 132 (10 xM) for 0, 3 and 6 h in MDA-MB-231 cells. (b) The EZH2 expression was detected by western blotting in
Vector and ANCR cells treated with CHX (100 g/ml) in MDA-MB-231 cells. (¢) Western blots of endogenous EZH2-associated ubiquitination in Vector and ANCR cells after
immunoprecipitation with anti-EZH2 antibody in MDA-MB-231 cells. (d) Western blotting analysis for EZH2-Thr-345 phosphorylation and EZH2-Thr-487 phosphorylation in Vector
and ANCR cells with the anti-EZH2-Thr-345-P and anti-EZH2-Thr-487-P antibodies in MDA-MB-231 cells. (e) Western blots of endogenous EZH2-associated CDK1 in Vector and
ANCR cells after co-immunoprecipitation assay with anti-EZH2 antibody in MDA-MB-231 cells. (f) Western blots of endogenous EZH2-associated CDK1 in shCtrl and shANCR
cells after co-immunoprecipitation assay with anti-EZH2 antibody in MCF10A cells. (g and h) RIP assays detecting the binding of ANCR with EZH2 or CDK1 in MCF10A cells by
qPCR. Data are presented as the mean + S.D. (n=3; ns, nonsignificant; ***P<0.001, Student’s ttest)
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indicates that downregulation of ANCR may be common in
breast cancer patients. Then we measured the expression of
ANCR in breast cancer cell lines, and we found that ANCR
level was apparently lower in breast cancer cell lines (MCF7,
T47D, BT474, MDA-MB-436, MDA-MB-231 and MDA-MB-
-231HM) than that in the human normal mammary epithelial
cell MCF10A (Figure 3b). These results have substantiated
that decreased ANCR expression may be a feature involved
in breast tumorigenesis and progression.

Repression of ANCR induced an EMT program in human
mammary epithelial cells. We next intended to explore the
biological function of ANCR downregulation in breast
carcinoma progression, because a great deal of work has
revealed that EZH2 is a key inducer and regulator of EMT
program,®'® and ANCR is under expressed in breast cancer
patients as shown above. We proposed that ANCR may
also have effects on EMT program through its regulatory
role of EZH2 stability. To validate whether repression of
ANCR is able to induce EMT program in MCF10A cells,
which expresses high level of endogenous ANCR, we first
established stable MCF10A-shANCR cell lines (Figure 4a,
left). We then showed that knockdown ANCR in MCF10A
cells underwent a change into the spindle-shaped, fibro-
blastic-like phenotype, with little cell—cell contact (Figure 4c).
Besides, the MCF10A-shANCR cells exhibited a signifi-
cant downregulation of the epithelial marker E-cadherin,
accompanied by a prominent upregulation of mesenchymal
markers N-cadherin, Vimentin and a-SMA at the mRNA
level (Figure 4a). The western blotting results showed that
the E-cadherin was decreased, whereas the N-cadherin,
Vimentin, Fibronectin and a-SMA were increased in
MCF10A-shANCR cells (Figure 4d). The immunofluores-
cence study further confirmed the results, as we observed a
reduced intensity of E-cadherin staining at the cell membrane
in MCF10A-shANCR cells. Meanwhile, the Vimentin dis-
played a weak staining in control cells but intensely stained
in MCF10A-shANCR cells (Figure 4e). Furthermore, we
detected the endogenous upregulation of a number of other
classic EMT inducers, including Twist, Snail, ZEB1 and
ZEB2, upon the knockdown of ANCR in MCF10A cells
(Figure 4b and Supplementary Figure S8a).

We then performed a gain-of-function study in a breast
cancer cell line MDA-MB-231, which expresses ANCR at a
much lower level. We found that increase of ANCR triggered
the down expression of mesenchymal markers (Vimentin and
a-SMA), together with the reduced expression of Snail, as
shown in the western blots (Figure 4f and Supplementary
Figure S8b). Further, we tested whether decreased ANCR
also induce EMT in MCF7 breast cancer cells, and the results
revealed that ANCR knockdown in MCF7 cells was able to
initiate the changes in EMT-related markers (E-cadherin and
a-SMA) (Supplementary Figure S9a). Collectively, these data
demonstrate that repression of ANCR is sufficient to induce an
EMT program.

ANCR facilitated EZH2 target gene expression and
inhibited breast cancer cells migration and invasion.
A variety of studies demonstrated that EZH2 promoted
cancer cells migration through epigenetic repression of
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many specific tumor suppressor,'>° and the EMT program

also typically endowed the cells with migratory and invasive
capabilities. So we wanted to determine whether repression
of ANCR promotes migration and invasion. First, we found
that the two EZH2 target genes, HOXA10 and DABZ2IP,
which are tumor suppressors,*'™* were decreased in
MCF10A-shANCR cells; whereas they were increased upon
ectopic expression of ANCR in MDA-MB-231 cells
(Figures 5a and b). It has been previously reported that a
positive correlation between EZH2 histone methyltransferase
(HMT) activity and H3K27me3 exists.*>*® We demonstrated
that repression of ANCR resulted in an increased H3K27me3
global level, whereas ectopic ANCR expression decreased
H3K27me3 global level (Supplementary Figure S10).
Moreover, increased stability of EZH2 induced by ANCR
loss is positively directly correlated with its HMT activity.
Furthermore, by using ChIP assays, we revealed that
decreased ANCR resulted in much more EZH2 and
H3K27me3 enrichments at the promoter regions of EZH2
target gene (E-cadherin, HOXA10 and DAB2IP) (Figures 5c
and d). However, overexpression of ANCR decreased the
presence of EZH2 and H3K27me3 at these target gene
promoters (Supplementary Figure S11). It indicates that
ANCR-modulated EZH2 stability can affect EZH2 target gene
expression.

Then, we detected both MMP2 and MMP9 mRNA and
protein levels were elevated in MCF10A-shANCR cells
compared with that in MCF10A-shCtrl cells (Supplementary
Figure S12a and Figure 5e). Gelatin zymography assays
further showed that repression of ANCR increased the mature
MMP9 activities (Figure 5g). Subsequently, we observed that
decreased expression of ANCR significantly accelerated the
speed of wound closure in MCF10A cells (Supplementary
Figure S13a). Also, we proved that the abilities of migration
and invasion in MCF10A-shANCR cells were elevated as
revealed by the transwell migration and matrigel invasion
assays (Figures 5i and k). In contrast, overexpression of
ANCR in MDA-MB-231-ANCR cells downregulated MMP2
and MMP9 expression at both mRNA and protein levels
(Supplementary Figure S12b and Figure 5f), and inhibited
the MMP9 enzyme activity as revealed by gelatin zymography
assay (Figure 5h). Also, the wound healing assay showed that
ectopic expression of ANCR repressed wound closure
in MDA-MB-231 cells (Supplementary Figure S13b). Besides,
overexpression of ANCR in the invasive MDA-MB-231
cells reduced the migratory and invasive behaviors
(Figures 5j and 1). In addition, we showed that depletion of
ANCR increased the motility of MCF7 cells (Supplementary
Figures S9b and c). Together, we have proven in the above
experiments that ANCR is effective as a negative regulator of
EMTand cell migration in human mammary epithelial MCF10A
cells, in non-metastatic MCF7 breast cancer cells and in highly
metastatic MDA-MB-231 breast cancer cells.

EZH2 was required for ANCR inhibited EMT and sup-
pressed breast cancer cells migration and invasion. To
assess whether the EZH2 stability is a direct and main
mechanism involved in modulation of knockdown ANCR-
induced EMT program and migration, we concomitantly
expressed EZH2 in MCF10A-ANCR and MDA-MB-231-
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ANCR cells. Notably, the forced expression of EZH2
increased the mesenchymal marker Vimentin expression
that was repressed by ANCR in MCF10A and MDA-MB-231
cells (Figures 6a and b). Meanwhile, the epithelial
maker E-cadherin was decreased in MCF10A-ANCR-EZH2
cells compared with that in MCF10A-ANCR cells
(Figure 6a). Moreover, wound healing assays showed that

overexpression of EZH2 apparently increased migration
speed of both MCF10A-ANCR and MDA-MB-231-ANCR
cells (Figure 6¢ and Supplementary Figure S14). In addition,
the transwell migration and matrigel invasion assays further
confirmed that ectopic expression of EZH2 enhanced the
migration and invasion capabilities of MCF10A-ANCR and
MDA-MB-231-ANCR cells (Figures 6d—g). These results

Cell Death and Differentiation



ANCR suppresses EMT and breast cancer metastasis
Zlietal

66

MMP9

MMP2

B-actin

(7]

Migrating cells/field

=

2
H

Invading cells/field

1Y

Relative mRNA levels

MCF10A

E& shCtrl
EZ3 shANCR#1
E3 shANCR#2

ANCR HOXA10 DAB2IP
shCtrl
shANCR#1

shANCR#2

ek

)

C P Y

E-cadherin HOXA10 DAB2IP
N 2

o S &

s S s

_ e e
_ e Practn

MCF10A

MDA-MB231

MCF10A

o

1500 -

1000

500

shCtrl shANCR#2

shANCR#1

MCF10A

3
3

]
3

N

8

=]
s

shCtrl ShANCR#1 sShANCR#2
b g B ; T

Cell Death and Differentiation

b
MDA-MB-231
— 20 1
CI>> o 3 Vector
@ EA ANCR
< 15 4
Zz
nE: 10
g
g °
0]
X ,Llm ]
ANCR HOXA10 DAB2IP
d 0.8 4 E3& shCtrl
shANCR#1
0.6 {1 EB shANCR#2 4
B
£ 04
X g
0.2 =
0.0 LB F1L H [
\96 1“\6 \ge 16\65 \ge 1@6‘3
N N N
LN i w W
E-cadherin HOXA10 DAB2IP
% 1
9 & & &
<t \a \a
& 8 &
MCF10A
= C)Q~
h Q& \?ﬁ
MDA-MB231
j e MDA-MB-231
k=]
=
K}
8
2
&
k=]
=
Vector
| 000 MDA-MB-231
k=] 800 4
2
E’ 600 -
8
(=]
£ 400 i
-
©
g




clearly indicate that the ANCR-mediated EZH2 degradation is
probably critical in attenuation of the ability of breast cancer
cells to initiate EMT and metastasis program.

ANCR repressed breast cancer tumorigenesis and
metastasis in vivo. Next, we intended to evaluate the
physiological and pathological relevance of ANCR to the
tumorigenesis and metastasis in breast cancer in vivo.
BABL/c nude mice were subcutaneously injected with either
MDA-MB-231-Vector or MDA-MB-231-ANCR cells. The
results showed that mice injected with MDA-MB-231-Vector
cells formed apparently larger tumors than that injected with
MDA-MB-231-ANCR cells (Figures 7a—e), indicating that
ANCR was able to repress tumor growth in vivo. Furthermore,
to determine whether ANCR can affect breast cancer cell
metastasis, the MDA-MB-231-Vector or MDA-MB-231-ANCR
cells were injected into the tail veins of nude mice. Strikingly,
we discovered that MDA-MB-231-ANCR cells metastasized
to the lungs of nude mice less effectively, in contrast to the
MDA-MB-231-Vector cells, as illustrated by the biolumines-
cence imaging (Figures 7f and g). Noticeably, histological
examination revealed that all mice bearing MDA-MB-231-
Vector cells had a larger number of macroscopic lung
metastasis compared with mice transplanted with MDA-
MB-231-ANCR cells (Figures 7h and i). Subsequently, the
lung tissue sections were prepared and examined after
stained with hematoxylin and eosin, and we detected smaller
and fewer metastatic foci in the tissues from mice injected
with  MDA-MB-231-ANCR cells (Figure 7j). Finally, we
measured the EZH2 level in lung tissue sections by using
the immunohistochemistry, and we detected a reduced EZH2
level in mice injected with MDA-MB-231-ANCR cells
(Figure 7k). Together, these data strongly suggest that ANCR
has a pivotal role in repression of breast cancer tumorigen-
esis and metastasis in vivo.

Discussion

Data provided in this report identified a novel regulatory
mechanism of EZH2 PTMs by ANCR. Our results indicate that
ANCR interacts with EZH2 and facilitates CDK1 binding with
EZH2 to promote its phosphorylation at Thr-345 and Thr-487
sites, resulting in EZH2 degradation. Besides, we also reveal
that ANCR is a critical negative regulator of EMT program
mainly through affecting the EZH2 stability, and it inhibits
breast cancer cells migration and invasion in vitro and in vivo.

Evidence from this and other studies demonstrate that
EZH2 phosphorylation is an important regulatory mechanism
of its functions and its interactions with other proteins. It was
reported that phosphorylation of EZH2 at serine 21 by AKT
signaling pathway decreased lysine 27 trimethylation and
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de-repressed the silenced target genes.® A recent study also
suggests that EZH2 phosphorylation at Serine 21 enhances
STAT3 methylation and activation in glioblastoma multiforme
stem-like cells.*” Moreover, phosphorylation of EZH2 at Thr-
345 and Thr-487 residues by CDK1 results in reduced EZH2
stability.!" Besides, phosphorylation at Thr-345 and Thr-487
of EZH2 by CDK1 is also critical for the EZH2-mediated
epigenetic gene silencing in breast and prostate cancer
cells.*84° |t is known that phosphorylation at sites Thr-345
and Thr-487 of EZH2 executes opposite role in mediating
gene silencing in prostate and breast cancer cells.*®4°
Findings in our study indicate that ANCR mediated the
instability of EZH2 by enhancing the level of phosphorylation
at both Thr-345 and Thr-487 in breast cancer cells, with a
concomitant inhibition of breast cancer cell motility. We also
revealed that knockdown of CDK1 increased EZH2 protein
level. Significantly, by using the CDK1 specific inhibitor
CGP74514A (CGP), we demonstrated that the phosphoryla-
tion of EZH2 at Thr-345 and Thr-487 of was predominantly
repressed, and in the meantime the EZH2 protein level was
increased upon the addition of the CGP in MCF10A-ANCR
cells (Supplementary Figure S15). These experiments sug-
gest that the ANCR-mediated EZH2 instability requires the
CDK1 kinase activity.

A recent study proposes that the INcRNA Inc-DC directly
interacts with STAT3 through its 3’-end stem-loop structure,
and promotes the phosphorylation on Tyr-705 of STAT3 by
preventing STAT3 binding to SHP1 for dephosphorylation.3®
At the present time, the details of how ANCR physically
interacts with EZH2 and how this interaction promotes CDK1
binding with EZH2 still remain unclear. Presumably, ANCR
may associate with EZH2 in a similar way to that of Inc-DC, that
is, ANCR interacts with EZH2 by stem-loop structure to
change the conformation of EZH2, which probably facilitates
the recognition and binding of CDK1 on EZH2 to phosphory-
late and finally degrades the protein through the ubiquitin—
proteasome pathway (Supplementary Figure S16). This
hypothesis needs further investigations based on bioinfor-
matic and structural analyses. Despite this, it appears that
interaction with target proteins to influence their PTMs,
especially the phosphorylation, may be a major functional
mechanism of IncRNAs.

Interestingly, a report that has just come out shows that
ANCR (termed DANCR in that report) increases the stemness
features of hepatocellular carcinoma cells to promote tumor-
igenesis and hepatic tumor colonization by increasing the
B-catenin mRNA stabilization.>® Meanwhile, recent investiga-
tions also suggest that ANCR can repress Wnt/B-catenin
signaling pathway during differentiation.?”®' Their data
suggest that knockdown of ANCR promotes the proliferation
of periodontal ligament stem cells (PDLSCs), and the

<

Figure 5 Repression of ANCR facilitated the abilities of invasion and migration in breast cancer cells. Experiments in (a-1) were repeated at least three times. Error bars:
mean + S.D. (n>3; *P<0.05, **P<0.01, **P<0.001.Student’s ttest). (a and b) HOXA10 and DAB2IP mRNA expression in MCF10A-shANCR and MDA-MB-231-ANCR cells.
(c and d) ChIP assays detecting EZH2 and H3K27me3 enrichments at the EZH2 target gene promoters (E-cadherin, HOXA10 and DAB2IP) in MCF10A-shANCR. (e and f)
Western blots of MMP2 and MMP9 proteins in MCF10A-shANCR and MDA-MB-231-ANCR cells. (g and h) Assessment of the MMP2 and MMP9 enzymatic activities by gelatin
zymography in MCF10A-shANCR and MDA-MB-231-ANCR cells. (i and j) Migration assays in MCF10A-shANCR#1, MCF10A-shANCR#2 and MDA-MB-231-ANCR cells.
(k and Iy Invasion assays in MCF10A-shANCR#1, MCF10A-shANCR#2 and MDA-MB-231-ANCR cells
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Figure 7 ANCR repressed tumorigenesis and metastasis in vivo. (a—e) Representative photographs (a) and bioluminescence images (b) of tumorigenesis via subcutaneous
injection of Vector or ANCR MDA-MB-231 cells into BALB/c female nude mice (N=8, for each experimental group). After 9 weeks the xenograft tumors were detached (e),
weighted (c) and measured for volume (d). The tumor weights and volumes are presented as the means+S.D. (**P<0.01, **P<0.001, Student’s ttest). (f and g)
Representative bioluminescence images of lung metastasis (f) in mice injected with cells as indicated via tail veins, and the metastasis were quantified by measuring the photo flux
(9). (h—j) After 9 weeks, nude mice were sacrificed and lung metastatic nodules were examined macroscopically or detected by H&E staining. The white arrows denote the
metastatic nodules. Error bars in h represent mean + S.D. (***P<0.001, Student’s t-test). (k) Representative images of the immunohistochemical staining of EZH2 in nude mice
lung metastasis sections. Scale bars: 100 um
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B-catenin mRNA level is much higher in PDLSC-shANCR
cells.®” Also, ANCR suppresses odontoblast-like differentia-
tion by inhibiting the Wnt/8-catenin signaling pathway, and
upregulation of ANCR decreases the p-GSK-38 and -catenin
expression in human dental pulp cells.*" We indicate in
this study that depletion of ANCR promotes cell proliferation
in MCF10A cells; whereas ectopic expression of ANCR
represses the proliferation ability of MDA-MB-231 cells and
MCF10A cells (Supplementary Figure S17). These studies
suggest a variable ANCR expression pattern and biological
function in different cancer types and different cell lines.

We further analyzed the correlation between ANCR and the
breast cancer subtypes, and we found that ANCR expression
was lower in ER™ breast cancer tissues compared with that in
ER™ counterparts. Also, the ANCR level was much lower in
Her2~ compared with Her2" breast cancer tissues. Besides,
we revealed that ANCR was expressed in a reduced level in
metastasis breast cancer tissues. Nevertheless, we did not
detect the correlation between ANCR and PR expression
(Supplementary Figure S18). As inhibition of EZH2 has
increasingly shown its clinic value in cancer prevention,1 it
would become logical that ANCR may be a potential
biomarker or therapeutic target for breast cancers.

Overall, this study discovers that the EZH2 stability is able to
modulated by ANCR, and ANCR is a novel potential tumor
suppressor in breast cancer through modulating the EMT
process and cells migration. More importantly, the conclusion
that overexpression of ANCR in aggressive breast cancer
cells dramatically blocked tumor growth and metastasis
in vivo, points to the possibility for the development of ANCR
as a potent target of therapeutic interventions for highly
aggressive and malignant breast cancers.

Materials and Methods

Specimens and cell lines. Breast tissue specimens were obtained from the
Oncology Hospital of Jilin Province, China. Samples were frozen in liquid nitrogen
immediately after surgery. All breast tissues were collected using the protocols
approved by the Ethics Committee of the Jilin Oncology Hospital. All the cell lines
were obtained from the American Type Culture Collection (ATCC, Manassas, VA,
USA). And the detail of cell lines and cells culture are shown in Supplementary
Information.

Antibodies and plasmids. Antibodies and plasmids have been shown in
Supplementary Information.

Immunofluorescence, immunoprecipitation. Immunofluorescence and
Immunoprecipitation was performed as described previously.?

RNA extraction, reverse transcription and quantitative RT-
PCR. Experiments were carried out according to the protocol practically used
in this laboratory.>® The sequences of PCR primers are shown in Supplementary
Information.

Wound healing, cell invasion, migration and proliferation
assays. Experiments for determination of cell invasion, migration and proliferation
were performed as described previously.** For wound healing assay, 5x 10° cells
were plated in 6-well plates. The scratch was done by a 10 yl pipette tip. The
progression of migration was detected and photographed after 24 h.

RIP assay and RNA pull-down assay. The RIP experiment was carried
out using the EZ-Magna RIP Kit (Millipore, Billerica, MA, USA Catalog No. 17-701)
according to the manufacturer's protocol with 5 ug of anti-EZH2 antibody.

Cell Death and Differentiation

The co-precipitated RNAs were extracted through Trizol reagent (Invitrogen, Grand
Island, NY, USA, Catalog No.15596026) and detected by RT-PCR or real-time PCR.

The Flag-MS2bp-MS2bs-based RNA pull-down assay was carried out by using the
ANTI-FLAG M2 Affinity Gel (Sigma, St Louis, MO, USA, Catalog Number A2220).
And the RNA pull-down assay details are shown in Supplementary Information.

In vivo tumor formation and lung-colonization assays. In vivo
tumor formation and lung-colonization assays are shown in Supplementary
Information.

Statistical analysis. Data are presented as mean+ S.D. The Student ttest
(2-tailed) was used to determine statistic significance of differences between
groups. P<<0.05 was considered statistically significant. Statistical analysis was
performed using the GraphPad Prism software (GraphPad Software, La Jolla,
CA, USA).
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