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Transcription factor Yin Yang 1 (YY1) is upregulated in multi-
ple tumors and plays essential roles in tumor proliferation and
metastasis. However, the function of YY1 in breast cancer stem-
ness remains unclear. Herein, we found that YY1 expression was
negatively correlated with the overall survival and relapse-free
survival of breast cancer patients and positively correlated with
the expression of stemness markers in breast cancer. Overexpres-
sion of YY1 increased the expression of stemness markers,
elevated CD44°CD24 " cell sub-population, and enhanced the
capacity of cell spheroid formation and tumor-initiation. In
contrast, YY1 knockdown exhibited the opposite effects. Mech-
anistically, YY1 decreased microRNA-873-5p (miR-873-5p) level
by recruiting histone deacetylase 4 (HDAC4) and HDAC9 to
miR-873-5p promoter and thus increasing the deacetylation
level of miR-873-5p promoter. Sequentially, YY1 activated the
downstream PI3K/AKT and ERK1/2 pathways, which have
been confirmed to be suppressed by miR-873-5p in our recent
work. Moreover, the suppressed effect of YY1/miR-873-5p axis
on the stemness of breast cancer cells was partially dependent
on PI3K/AKT and ERK1/2 pathways. Finally, it was found
that the YY1/miR-873-5p axis is involved in the chemoresistance
of breast cancer cells. Our study defines a novel YY1/miR-873-5p
axis responsible for the stemness of breast cancer cells.

INTRODUCTION

Breast cancer is the most common cancer for women worldwide with
a continuous increase morbidity and mortality." Currently, lumpec-
tomy, targeted therapy, and chemotherapy remain the main treat-
ments for breast cancer patients. Among them, the chemotherapy is
the only option for triple-negative breast cancer.” However, tumor
recurrence and chemotherapy resistance often result from cancer
stem cells (CSCs), which is an urgent problem need to be solved.’
CSCs are a small group of tumor cells with stem cell characteristics
and maintain self-renewal and multi-directional differentiation po-
tential through asymmetric division, leading to tumor cell prolifera-
tion and promoting tumor heterogeneity.* At present, the mecha-
nisms underlying CSCs attributes are not well defined.

Yin Yang 1 (YY1), a zinc finger protein, is first identified as a member
of the YY family.>® YY1 is overexpressed in multiple cancers
including breast, pancreatic cancers, and melanoma.””” As a tran-
scription factor, YY1 can either activate or repress gene expression
by directly binding to their promoters'® and regulate about 10%
mammalian gene set.'' For example, YY1 regulates MYCT1 tran-
scription'” and stabilizes hypoxia-inducible factor HIF-1a. in a p53-
independent manner."” Clinical research shows that YY1 expression
is positively associated with the expression of multiple CSC markers,
including SOX2 and OCT4."* Previous studies have shown that YY1
overexpression confers cancer cells with chemoresistance in non-
Hodgkin’s lymphoma.'>'® However, the function of YY1 in regu-
lating the stemness and chemoresistance of breast cancer cells re-
mains unclear.

MicroRNAs (miRNAs), a kind of non-coding RNAs, inhibit gene
expression by directly binding to the 3’ untranslated region (UTR)
of the target genes.'” Recent studies have shown that miRNAs, like
miR-119a and miR-128, regulate cancer stemness and drug resistance
%19 miR-873-5p has been shown to inhibit the
growth of colon, glioblastoma and lung tumors.”*** Cui et al.”’
have shown that miR-873-5p attenuates tamoxifen resistance by tar-
geting CDK3 and modulates ERo transcriptional activity in breast
cancer cells. We recently indicate that miR-873-5p suppresses the
stemness of breast cancer cells through targeting PD-L1, an immune
checkpoint, and thus suppressing the PI3K/AKT and ERKI1/2
signaling pathways.”* However, the mechanisms through which
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miR-873-5p is regulated in breast cancer are still not fully understood.
In the present study, JASPAR database (http://jaspar.binf.ku.dk/cgi-
bin/jaspar_db.pl) and LASAGNA-Search 2.0 (http://biogrid-
lasagna.engr.uconn.edu/lasagna_search/) were used to predict the po-
tential transcriptional factors binding to miR-873-5p promoter. We
found that there were two putative binding sites of YY1 on miR-
873-5p promoter with the highest scores. Thus, we hypothesized
that YY1 could directly bind to miR-873-5p promoter and regulate
miR-873-5p expression, which is involved in YY1-mediated regula-
tion on the stemness of breast cancer cells.

Here, we showed that YY1 knockdown attenuated the stemness and
chemoresistance of breast cancer cells by decreasing miR-873-5p level
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ure 1B). Meanwhile, KM-plotter analysis26
(http://kmplot.com and https://hgserverl.amc.
nl/cgi-bin/r2/main.cgi) from different datasets
indicated that YY1 expression was negatively correlated with the
overall survival and relapse-free survival of breast cancer patients
(Figures 1C and 1D; Figures S1A and S1B). YY1 is also highly ex-
pressed in the four basic subtypes of breast cancer, and the high
expression of YY1 predicts a poor survival rate (Figure S2). Notably,
the expression of YY1 and stemness markers (OCT3/4, ALDH1A1,
SOX2, and NANOG) exhibited a positive correlation in clinical
samples (Figures 1B and 1E-1H). Additionally, we further evaluated
the expression correlation between YY1 and stemness markers using
R2: Genomics Analysis and Visualization Platform (https://
hgserverl.amc.nl/cgi-bin/r2/main.cgi). The expression of stemness
markers (ALDH1A1, SOX2, and NANOG) is positively correlated
with YY1 expression in breast cancer as well (Figure S1C). These
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results indicate that YY1 might regulate the stemness of breast can-
cer cells.

YY1 Promotes the Stemness of Breast Cancer Cells

To determine whether YY1 could confer the stemness of breast cancer
cells, we examined YY1 expression in MCF-7 and MDA-MB-231
cells, which exhibited a lower and higher stemness, respectively.”” >
As shown in Figure 2A, YY1 displayed a lower level in MCF-7 cells
relative to MDA-MB-231 cells. Then YY1 was overexpressed in
MCE-7 cells and knocked down in MDA-MB-231 cells, respectively.
The overexpression and knockdown efficiency were confirmed (Fig-
ure S3). As expected, the expression of stemness markers was
increased by YY1 overexpression, and YY1 knockdown exhibited
opposite effects (Figures 2B-2E). Further flow cytometry analysis
showed that CD44"/CD24~ sub-population with stemness was
increased in MCF-7 cells with YY1 overexpression and reduced in
MDA-MB-231 cells with YY1 knockdown (Figures 2F and 2G). Addi-
tionally, YY1 overexpression improved the capacity of cell spheroid
formation, characterized as the increase of spheroid size and number,
and YY1 knockdown exerted opposite effects (Figures 2H and 2I).
Therefore, these results suggest that YY1 could promote the stemness
of breast cancer cells.

YY1 Regulates miR-873-5p Expression through Binding to its
Promoter

Then we searched the downstream effectors of YY1, and since miR-
NAs play important roles in regulating cancer progression, here we
focused on miRNAs. According to YY1-binding consensus and the
prediction by JASPAR database (http://jaspar.binfku.dk/cgi-bin/
jaspar_db.pl) and LASAGNA-Search 2.0 (http://biogrid-lasagna.
engr.uconn.edu/lasagna_search/), there were two putative binding
sites of YY1 with the highest scores on miR-873-5p promoter, which
has been previously confirmed to suppress breast cancer progression
by our group and others.”>**** As shown in Figure 3A, YY1 overex-
pression downregulated miR-873-5p level, while knockdown of YY1
upregulated it. The two potential binding sites of YY1 on miR-873-5p
promoter were designated YY1-binding sites A and B located at
—544/—523 and —61/-50, respectively. The wild-type (WT) or
mutant (MUT) binding sites were shown in Figure 3B. Additionally,
luciferase reporter analysis demonstrated that the luciferase activities
of WT binding sites A and B were downregulated and upregulated in
HEK293T cells with YY1 overexpression and YY1 knockdown,
respectively (Figure 3C; Figures S4A and S4B). In contrast, the activity
of MUT A and B was unaffected (Figure 3D; Figures S4C and S4D).
Chromatin immunoprecipitation (ChIP) analysis obtained the
consistent result showing that the region containing the binding
site B was remarkably enriched in DNA pulled down by anti-YY1
(Figure 3E). These results indicate that YY1 could directly bind to
miR-873-5p promoter.

YY1 Decreases miR-873-5p Expression through Increasing the
Deacetylation Level of miR-873-5p Promoter

DNA methylation and histone deacetylation are two critical mecha-
nisms regulating the transcription of genes;” however, there are no po-

tential methylation sites in miR-873-5p promoter via analyzing CpG
islands using CpGFinder (http://www.softberry.com/berry.phtml?
topic=cpgfinder&group=programs&subgroup=promoter; Figure S4E).
Thus, we assumed that histone deacetylation is engaged in YY1-medi-
ated regulation on miR-873-5p transcription. Additionally, TSA, an in-
hibitor of HDACs (HDACi), reversed the decrease of miR-873-5p level
led by YY1 overexpression (Figure 3F), but had no effect on the endog-
enous expression of YY1 (Figure S4F). Since HDAC includes HDACI1 -
9, we further explore which HDACs are engaged in YYI-mediated
regulation on miR-873-5p expression, and small interfering RNAs (-
siRNAs) against HDACs were transfected into breast cancer cells,
respectively. It was shown that HDAC3, HDAC4, HDAC6, HDACS,
and HDAC9 siRNA could upregulate miR-873-5p level in both
MCEF-7 and MDA-MB-231 cells (Figure 3G; Figure S4G). Subse-
quently, the siRNAs against these five HDACs were co-transfected
into MCF-7 cells with YY1 overexpression, as shown in Figure 3H;
only HDAC4 and HDAC9 siRNA reversed YY1-induced downregula-
tion of miR-873-5p level in MCF-7 cells. We assumed that YY1 could
recruit HDAC4 and HDAC9 to miR-873-5p promoter, coimmunopre-
cipitation (coIP) analysis revealed that YY1 indeed bound to HDAC4
and HDAC9 (Figure S4H). Conversely, HDAC4 and HDAC9 could
interact with YY1, while there was no interaction between HDAC4
and HDAC?9 in breast cancer cells (Figure 3I; Figure S4I). In addition,
ChIP analysis showed that the region of YY1 binding site B on miR-
873-5p was obviously enriched in the DNA pulled down by anti-
HDAC4 and anti-HDAC9 (Figure S4]). Thus, these results demon-
strate that YY1 could recruit HDAC4 and HDAC9 to miR-873-5p pro-
moter, increase its deacetylation level, and thus decrease miR-873-5p
level in breast cancer cells.

MiR-873-5p Is Responsible for YY1-Mediated Regulation on the
Stemness of Breast Cancer Cells

The previous study showed that the expression of stemness markers
could be improved in breast CSCs by the activation of PI3K/AKT
and ERK1/2 pathways,” and AKT could also be activated by
YY1.”> And we previously indicated that miR-873-5p downregulates
the stemness of breast cancer cells by inactivating the PI3K/AKT and
ERK1/2 pathways.”* We further explored whether YY1 promoted the
stemness of breast cancer cells through miR-873-5p-mediated inhibi-
tion on these two signaling pathways. First, we verified that YY1 over-
expression indeed increased p-AKT and p-ERK1/2 levels, whereas
YY1 knockdown displayed opposite effects (Figures 4A and 4B).
MCE-7 cells with YY1 overexpression or MDA-MB-231 cells with
YY1 knockdown were transfected with miR-873-5p mimic or miR-
873-5p inhibitor, respectively, we found that miR-873-5p overexpres-
sion rescued the promoting effects of YY1 overexpression on the
stemness and PI3K/AKT and ERK1/2 pathways, characterized as
the decrease of stemness marker expression, PI3K/AKT and ERK1/
2 signaling activation (Figures 4C and 4D), CD44"/CD24~ sub-pop-
ulation (Figure 4E), and cell spheroid formation (Figure 4F). Mean-
while, miR-873-5p inhibitor in MDA-MB-231 cells with YY1 knock-
down displayed the opposite effects (Figures S5A and S5B).
Furthermore, we assessed the sphere formation capacity of those cells
by determining the frequency of sphere-forming cells (SFCF) in those
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Figure 2. YY1 Promoted the Stemness of Breast Cancer Cells

(A) YY1 mRNA level was detected in MCF-7 and MDA-MB-231 cells. (B and C) The protein expression of stemness markers (ALDH1A1 and OCT3/4) were detected by
western blot in MCF-7 cells with or without YY1 overexpression (B) and MDA-MB-231 cells with or without YY1 knockdown (C). Samples were derived from the same
experiment and blots were processed in parallel. (D and E) The mRNA levels of stemness markers (ALDH1A1, Nanog, OCT4, and SOX2) were detected via quantitative real-
time PCR in MCF-7 cells with or without YY1 overexpression and MDA-MB-231 cells with or without YY1 knockdown. (F-I) CD44*/CD24~ population or spheroid formation
(50X) was measured in cells depicted in MCF-7 cells with or without YY1 overexpression and MDA-MB-231 cells with or without YY1 knockdown. The data are presented as
the mean + SD, n > 3, *p < 0.05, *p < 0.01, **p < 0.001 versus PLVX or NC.
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Figure 3. YY1 Regulated miR-873-5p Expression through Binding to its Promoter

(A) miR-873-5p level was detected in MCF-7 cells with YY1 overexpression and MDA-MB-231 cells with YY1 knockdown, respectively. (B) Potential WT and MUT binding
sites for YY1 on miR-873-5p promoter; “—” means deleted bases. (C) Relative luciferase activity of luciferase reporter plasmids with WT sites was measured in HEK293T cells
with YY1 overexpression or knockdown. (D) Relative luciferase activity of luciferase reporter plasmids with MUT sites was determined in HEK293T cells with YY1 over-
expression or knockdown. (E) The abundance of miR-873-5p promoter was evaluated by ChIP assay with anti-YY1 and rabbit IgG as control. (F) miR-873-5p level was

(legend continued on next page)
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cells with a limited dilution assay, and found that YY1 overexpression
showed a high SFCF than untreated group in MCF-7 cells, which was
attenuated by miR-873-5p overexpression (Figures 4G and 4H). In
front of our results showed that the siRNA of HDAC4 and HDAC9
upregulated the level of miR-873-5p by weakening the inhibition of
YY1. As shown in Figures S6A and S6B, TSA or HDAC4 and
HDACD9 siRNA rescued the promoting effects of YY1 overexpression
on the stemness and PI3K/AKT and ERK1/2 pathways. Further flow
cytometry analysis also showed the consistent result that the effect of
YY1 overexpression could be partially abrogated by HDAC4/9 knock-
down (Figure S6C), and knockdown of HHAC4/9 reduced the stem-
ness breast cancer cells, which was partially reversed by miR-873-5p
knockdown (Figure S6D). To sum up, our results demonstrate that
YY1 promotes the stemness of breast cancer cells through miR-
873-5p in vitro. Then, we constructed MCEF-7 cells with YY1
(PLVX-YY1) stable overexpression with or without miR-873-5p
overexpression, and MDA-MB-231 cells with YY1 knockdown
(shYY1) plus miR-873-5p knockdown or not. It was found that
YY1-overexpressed cells showed an increased tumor size and tu-
mor-formation rate (Figures 5A and 5B), while miR-873-5p overex-
pression decreased the tumor-initiating ability of MCF-7 cells and
attenuated the YY1 overexpression-mediated promoting effect on tu-
mor-initiating ability (Figure 5C). Consistently, the knockdown of
YY1 remarkably reduced the tumor-initiating potential of MDA-
MB-231 cells, which was reversed by miR-873-5p knockdown (Fig-
ures 5D-5F). Therefore, these results suggest that YY1 could promote
the stemness of breast cancer cells through miR-873-5p.

YY1 Promotes the Stemness of Breast Cancer Cells Dependent
on PI3K/AKT and ERK1/2 Pathways

Additionally, MCF-7 cells with or without YY1 overexpression were
treated with PI3K inhibitor (LY-294002) or ERK1/2 inhibitor (VX-
11e), as shown in Figures 6A-6C, the treatment with LY-294002 or
VX-11e obviously decreased p-AKT and p-ERK1/2 levels, and atten-
uated the YY1-induced promoting effects on the expression of stem-
ness markers, CD44"/CD24"~ sub-population and cell spheroid for-
mation capacity. Thus, our results demonstrate that YY1 promotes
the stemness of breast cancer cells at least through miR-873-5p-medi-
ated inhibition of PI3K/AKT and ERK1/2 pathways.

YY1 Knockdown Attenuates Adriamycin Resistance of Breast
Cancer Cells through Reducing Cell Stemness

Since CSCs could result in chemoresistance, we further examined
whether YY1 regulated adriamycin resistance in adriamycin-resis-
tant MCF-7 cells (MCF-7/Adr). As shown in Figure S7A, the ICs,
value of adriamycin in MCF-7/Adr cells was about 10-fold than
that in MCF-7 cells. Notably, we found that YY1 expression was
higher in MCF-7/Adr cells than MCF-7 cells (Figure S7B). Thus,
YY1 was knocked down in MCF-7/Adr cells. The knockdown effi-
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ciency was confirmed by western blot and quantitative real-time
PCR (Figures S7C and S7D). As shown in Figures 7A and 7B,
YY1 knockdown decreased the expression of CSC markers in
MCEF-7/Adr cells. As expected, YY1 knockdown attenuated adria-
mycin resistance, evident by the reduced ICs, value (Figure 7C),
and YY1 knockdown promoted adriamycin sensitivity in MDA-
MB-231 cells (Figure 7D), while YY1 overexpression reduced adria-
mycin sensitivity of MCF-7 cells (Figure 7E). We also detected
CD44"/CD24~ sub-population and cell spheroid formation in
MCEF-7/Adr cells with YY1 knockdown. As illustrated in Figures
7F and 7G, the CD44"/CD24~ sub-population and capacity of cell
spheroid formation were attenuated by YY1 knockdown. Impor-
tantly, the expression of P-gp (a multi-drug resistance protein)
was positively regulated by YY1 in breast cancer cells (Figures
S7E-S7G). These results suggest that YY1 knockdown attenuates
adriamycin resistance of breast cancer cells through reducing cell
stemness.

YY1/miR-873-5p Axis Negatively Regulated Chemotherapeutic
Sensitivity

We have demonstrated that YY1 regulation on the stemness of breast
cancer cells and PI3K/Akt and ERK1/2 pathways were through miR-
873-5p. We finally explored whether YY1-mediated chemothera-
peutic resistance dependent on miR-873-5p. As expected, we substan-
tiated that YY1 knockdown certainly declined p-AKT, p-ERK1/2, and
miR-873-5p levels in MCF-7/Adr cells (Figures 8A and 8B). Mean-
while, MCF-7/Adr cells with YY1 knockdown were co-transfected
with miR-873-5p inhibitor and we found that miR-873-5p inhibitor
rescued the inhibition of YY1 knockdown on stemness, PI3K/AKT
and ERK1/2 pathways, and adriamycin sensitivity, characterized as
the increase of expression of stemness markers and re-activation of
PI3K/AKT and ERK1/2 signaling (Figure 8C), rescue of CD44"/
CD24" sub-population (Figure 8D), the capacity of cell spheroid
the formation (Figure 8E), and cell viability (Figure S7H). In addition,
miR-873-5p knockdown partially abrogated the promoting effects of
YY1 knockdown on the adriamycin sensitivity in MDA-MB-231 cells
(Figure S7I), and miR-873-5p overexpression rescued the inhibition
of YY1 overexpression on the adriamycin sensitivity in MCF-7 cells
(Figure S7J). A consistent result was obtained upon determining
the sensitivity of another therapeutic drug, taxol (Figures S8A and
S$8B). miR-873-5p knockdown or YY1 overexpress reduced the adria-
mycin and taxol sensitivity, which was also rescued by HDAC4/9
knockdown (Figures S8C-S8F). Meanwhile, miR-873-5p inhibitor
attenuated the effects of HDAC4/9 knockdown on the stemness of
MCEF-7/Adr cells (Figure S8F). Notably, YY1 and miR-873 level dis-
played an opposite expression model in MCF-7, MDA-MB-231,
and MCF-7/Adr cells (Figure S9). Therefore, our results suggest
that YY1 could confer chemotherapeutic resistance through miR-
873-5p.

detected in MCF-7 cells with different treatment as indicated. (G) miR-873-5p level was detected in MCF-7 cells with TSA or siRNAs against of HDAC 1-9 by quantitative real-
time PCR, respectively. (H) Cell with transfection of YY1 with or without siRNAs against of HDACS3, HDAC4, HDAC6, HDACS, or HDACO. (I) Co-immunoprecipitation (colP)
was performed in MCF-7 cells with anti-HDAC4, anti-HDAC9, and rabbit IgG as control. Samples derive from the same experiment and that blots were processed in parallel.
The data are presented as the mean + SD, n > 3, *p < 0.05, *p < 0.01, **p < 0.001 versus PLVX or NC.
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Figure 4. MiR-873-5p Was Responsible for YY1-Mediated Regulation on the Stemness of Breast Cancer Cells

(A and B) The protein expression of p-AKT and p-ERK1/2 was detected in MCF-7 cells with or without YY1 overexpression and MDA-MB-231 cells with or without YY1
knockdown. (C and D) Expression of stemness markers (ALDH1A1 and OCT3/4), p-AKT, and p-ERK1/2 was examined by western blot in MCF-7 cells and MDA-MB-231

(legend continued on next page)
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DISCUSSION

The present study indicated that YY1 expression was significantly
increased in breast cancer tissues, negatively correlated with overall sur-
vival and relapse-free survival of breast cancer patients. We have pre-
dicted that YY1 is overexpressed in the basic subtypes of breast cancer
and that high expression of YY1 has a poor overall survival by the on-
line clinical posited data*® and KM-plotter analysis.”® YY1 overexpres-
sion led to stemness-like properties, and YY1 knockdown attenuated
the stemness of breast cancer cells. Mechanistically, we proved that
YY1 could directly bind to miR-873-5p promoter, downregulate
miR-873-5p level through enhancing its deacetylation level, and subse-
quently activate PI3K/AKT and ERK1/2 pathways, through which YY1
exerted its effects. To the best of our knowledge, this is the first study
showing YY1 roles in regulating the stemness of breast cancer cells.

For the past few years, transcription factors have shed new lights on
our understanding of the regulation of gene expression and the path-
ogenesis of various diseases. As a ubiquitously distributed transcrip-
tion factor, YY1 acts negatively or positively depending on its target
genes.'' Previous literatures demonstrate a high YY1 expression in
cancer tissues including breast carcinoma®* and melanoma cancer.®
Although YY1 positively regulates BRCA1 and inhibits mammary
cancer formation;>’ increasing evidence confirms that YY1 regulates
various pro-tumorigenic pathways by activating human epidermal
growth factor receptor 2 (HER2; ERBB2, neu)”** and EGFR.*®
Through these pathways, YY1 promotes tumor angiogenesis, metas-
tasis, and cell proliferation. As CSCs lead to the proliferation of tumor
cells and the promotion of tumor heterogeneity,” in the present study,
we further explored YY1 roles in breast cancer cell stemness and
demonstrated a novel role of YY1 in breast tumorigenesis. We found
that YY1 expression was significantly increased and positively related
to the expression of stemness markers in breast cancer tissues. How-
ever, it is noteworthy that the correlation between YY1 and Sox2
expression was inconsistent in three breast cancer cells (MCF-7/
Adr, MCF-7, and MDA-MB-231). For these unexpected results, we
assumed that there were diverse regulatory mechanisms in different
cells, for instance, YY1 overexpression inhibited Sox2 in pancreatic
ductal adenocarcinoma cells.”” Notably, a previous study indicates
that stemness marker expression could be improved in CSCs via
PI3K/AKT and ERK1/2 pathways activation’> and AKT activation
could also be regulated by YY1.* These are consistent with our results
that YY1 contributes to the stemness of breast cancer cells through
PI3K/AKT and ERK1/2 pathways.

The YY1-miRNAs interaction has been previously reported, for example
miR-381 suppresses YY1 expression in endometrioid endometrial carci-
noma cells,”® and miR-34a inhibits invasion and migration by targeting
YY1 in esophageal squamous cell carcinoma.” Recent studies find that
YY1 directly binds to miR-10a and consequently downregulates its tran-
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scriptional activity."’ Here, we proved that YY1 could directly bind to
miR-873-5p promoter and then decreased miR-873-5p level. However,
the concrete mechanisms underlying YY1-mediated downregulation on
miR-873-5p promoter activity deserve further study.

DNA methylation and histone deacetylation, which are important
forms of epigenetic modification, are the main mechanisms underlying
gene transcription inhibition.”"*' Promoter methylation of tumor sup-
pressor genes (TSGs) has been found to promote tumorigenesis, such
as BRCA1, and PLCD1 and PCDH17 are downregulated in cancer.*>*
Promoter methylation of BNIP3 causes downregulation of BNIP3 level
and contributes to acquired sorafenib resistance in human liver cancer
cells.** HDAC can suppress the transcription level of target genes by
recruiting oncogenic fusion proteins to specific gene promoters, and
finally promote the occurrence and development of cancer.*> For
example, PCDH17, a common tumor suppressor gene, transcriptional
downregulation is mainly mediated by abnormal histone acetylation in
acute leukemia.*® Additionally, ZEB1 represses ER-o. expression by
forming a ZEB1/DNMT3B/HDACI complex on its promoter, which
improves ER-o. promoter methylation and histone deacetylation.”” In
consistent, YY1 can silence antigen-presenting cells (APCs) through
recruitment of EZH2 and trimethylation of histone 3 lysine 27 on its
promoter.*® Therefore, in the present study, we assumed that YY1
might improve miR-873-5p promoter histone deacetylation or methyl-
ation, thus suppress miR-873-5p transcriptional activity. ChIP analysis
validated that YY1 just binds to site B of miR-873-5p promoter, which
is partially consistent with results obtained by luciferase report analysis.
This could be due to the fact that the gene transcription process is not
isolated—it takes place in the context of the genomic environment—
and transcriptional interference (TI) is broadly defined as the direct
negative effect of the transcription of one gene on the second gene
located in cis1." For example, if two genes are oriented in tandem
on the same DNA strand, it is possible for the elongating RNA Poly-
merase II (Pol IT) from the upstream gene to intrude into the promoter
region of the downstream genes.”” In the promoter of miR-873-5p, the
A site, far from the transcription start site, may be covered by the tran-
scription of the previous gene, and the B site is exposed so it can be
bound by transcription factors actually. However, the specific mecha-
nism for the difference in results needs to be further explored. Then
we screened and verified that transcription factor YY1 can bind to
HDAC4/9 through coIP analysis, this suggests that YYI1-mediated
downregulation of miR-873-5p transcription may be mediated by
HDAC4 and HDAC9. However, HDAC4 and HDAC9 did not exhibit
an interaction in breast cancer cells, this indicates that YY1 might
interact with HDAC4 and HDACDY, separately but not simultaneously.
These results suggest that targeting HDACs might facilitate breast can-
cer treatment through attenuating the stemness. For example, com-
bined use of HDAC inhibitor with doxorubicin could target both breast
CSCs and non-stem breast cancer cells. Histone deacetylase has always

cells with different treatment, samples derive from the same experiment and that blots were processed in parallel. (E) CD44*/CD24~ population was determined via flow
cytometry analysis in MCF-7 cells. (F) Spheroid formation (50X) was measured in MCF-7 cells. (G and H) MCF-7 cells with or without YY1 overexpression and MDA-MB-231
cells with or without YY1 knockdown were plated in ultra-Low attachment 96-well plates by a limited dilution assay and cultured for 10-12 days to evaluate the SFCf. Tumor
formation rate and stem cell frequency were measured by SFCf. The data are presented as the mean + SD, n > 3, *p < 0.05, **p < 0.01, **p < 0.001 versus PLVX or NC.
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been a hot target in the design of drug. Although some of the HDAC
inhibitors have been used in the clinical treatment of tumor, the clinical
effect of solid tumor treatment is not optimistic. Our study also re-
vealed that HDAC4 and HDAC plays an important role in the regu-
lation of breast cancer cell stemness by the YY1/miR-873-5p axis. The
regulation of YY1 on miR-873-5p promoter is mediated by HDAC4/9,
and TSA or HDAC siRNA can significantly increase the chemothera-
peutic sensitivity of breast cancer cells. Therefore, our study also pro-
vides a new idea for HDACiI in solid tumor treatment. Meanwhile,
non-specific HDACi has different degrees of adverse reactions in tu-
mor-clinical trials, and whether single HDACi could overcome these
shortcomings in tumor treatment needs further exploration. To sum
up, the epigenetic modification involved in deacetylation provides
new treatment strategies for tumor-individualized therapy.

Additionally, we showed that YY1 knockdown significantly enhanced
chemotherapeutic sensitivity in MCF-7/Adr cells, and this effect was
partially dependent on miR-873-5p (Figure S7H). Simultaneously,
our results also show that YY1 could confer taxol resistance by the
YY1/miR-873-5p axis (Figures S8A and S8B). However, YY1 regulated
chemotherapeutic sensitivity in MCF-7 and MDA-MB-231 cells
without a significant difference. For these unexpected results, we
assumed that there were diverse regulatory mechanisms in different
cells. These results suggest that the YY1/miR-873-5p axis and chemo-
therapeutic resistance might form a positive feedback in breast cancer
cells. Despite efforts to develop chemotherapy have been made for
killing CSCs in the past decades,”"** the significant setbacks are pre-
sumably due to limited effectiveness in late-stage clinical trials. Aside
from toxicity and side effects, the reasons might also be the lack of pre-
dictive biomarkers for patients.

In conclusion, our results provide evidence that YY1 regulates the
stemness of breast cancer cells by targeting miR-873-5p. This novel
YY1/miR-873-5p regulatory axis provides putative targets to develop
new strategies for targeting and compromising the stemness of breast
cancer, and we hypothesize that a gene expression signature of YY1
and miR-873-5p could predict chemotherapeutic sensitivity in breast
cancer patients.

MATERIALS AND METHODS

Clinical Samples, Cell Culture, and Reagents

Thirty paraffin-embedded breast cancer tissue samples, four fresh
breast cancer, and normal adjacent tissues were collected from The
Affiliated Cancer Hospital of Zhengzhou University from October
2016 to October 2018. Written informed consent from all patients
and approval of the hospital ethics review committees were obtained.
Human embryonic kidney HEK293T cells and breast cancer cell lines
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MCF-7 and MDA-MB-231 were obtained from the ATCC (Manassas,
VA, USA) and preserved in our laboratory. Adriamycin-resistant
MCEF-7 cells (MCF-7/Adr) were purchased from KeyGen BioTECH
(Nanjing, China). MCF-7 and HEK293T cells were cultured in
high-glucose Dulbecco’s modified Eagle’s medium (GIBCO). MDA-
MB-231 cells were maintained in L15 medium (GIBCO), and
MCEF-7/Adr cells were cultured in 1640 medium (GIBCO). All the
media were supplemented with 10% fetal bovine serum (GIBCO),
80 U/mL penicillin, and 0.08 mg/mL streptomycin. Cells were incu-
bated at 5% CO, at 37°C. Trichostatin A (TSA), doxorubicin hydro-
chloride (Adr), and Paclitaxel (taxol) were purchased from Medche-
mexpress (Monmouth Junction, NJ, USA).

siRNAs, miRNA, Plasmids, Chemical Reagents, and

Transfection

siRNAs and negative control (NC) were synthesized by Gene Pharma
(Shanghai, China). miRNA mimics and inhibitor, mimics NC and in-
hibitor NC were synthesized by Biomics Biotechnology (Nantong,
China). Sequences of siRNAs were denoted in Table S1. The lentivirus
LV3-siYY1(shYY1), LV3-has-miR-873-5p mimics (miR-873-5p
mimics), and LV3-has-miR-873-5p inhibitor (miR-873-5p inhibitor)
were synthesized by Gene Pharma (Shanghai, China), and used to
construct cell line with YY1 stable knockdown (shYY1), miR-873-
5p stable knockdown, or overexpression (miR-873-5p inhibitor or
mimics). The coding sequences of YY1 were cloned into PLVX-
IRES-ZsGreen 1 vector and designated PLVX-YY1. Sequences of
primers used for PLVX-YY1 were described previously.”” The se-
quences of miR-873-5p promoter with YY1 binding sites or mutated
binding sites were cloned into the pGL3 vector, respectively. Jet-
PRIME (Polyplus Transfection, France) was used for transfection.
24 h after transfection, cells were treated with PI3K inhibitor (LY-
294002) at a concentration of 10 nM or ERK1/2 inhibitor (VX-11e)
ata concentration of 1 nM for 24 h. LY-294002 and VX-11e were pur-
chased from APExBIO. After another 48 h, gene expression was
measured by quantitative real-time PCR and western blot.

Western Blot

Detailed procedure was described previously.” Protein in fresh tissues
was extracted using Minute Total Protein Extraction Kit (Invent). An-
tibodies against the following proteins were used: YY1 (1:1,000, Wanlei-
bio), OCT3/4 (1:1,000, Wanleibio), ALDH1A1 (1:1,000, Proteintech),
p-AKT-s473 (1:1,000, Proteintech), AKT (1:1,000, Wanleibio), anti-p-
ERK1/2 (Thr202/Tyr204; 1:1,000, Cell Signaling Technology), ERK1/
2 (1:1,000, Wanleibio), GAPDH (glyceraldehyde-3-phosphate dehy-
drogenase 1:2,000, Beyotime), and B-actin (1:5,000, Beyotime). Protein
expression levels were quantified by density analysis using Quantity
One Software and normalized to B-actin or GAPDH.

Figure 5. miR-873-5p Was Responsible for YY1-Mediated Regulation on the Tumor Formation Ability /n Vivo

(A and B) Images of tumors size and number when nude mice were injected with different numbers of MCF-7 cells (PLVX, PLVX-YY1, miR-873-5p mimics, PLVX-YY1 plus
miR-873-5p mimics), respectively (A) and the tumor-formation rate was examined (B). (C) The stem cell frequency in theses groups depicted in (A) was calculated using the
ELDA analysis. (D and E) Images of tumors size and number when nude mice were injected with different numbers of MDA-MB-231 cells (shNC, shYY1, miR-873-5p inhibitor,
shYY1 plus miR-873-5p inhibitor) (D), and the tumor-formation rate was measured (E). (F) The stem cell frequency in theses groups depicted in (D) was calculated using the
ELDA analysis.The data are presented as the mean + SD, n > 3, *p < 0.05, **p < 0.01, versus control group.
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Figure 6. YY1 Regulated PIBK/AKT and ERK1/2 Pathways Responsible for the Stemness of Breast Cancer Cells

(A) Expression of stemness markers (ALDH1A1 and OCT3/4), p-AKT, and p-ERK1/2 was detected by western blot in MCF-7 cells with different treatments as indicated.
Samples were derived from the same experiment and blots were processed in parallel. (B and C) CD44*/CD24~ population or spheroid formation (50X) was measured in cells
as depicted in (A). The data are presented as the mean + SD, n > 3, *p < 0.05, **p < 0.01, versus PLVX or PLVX-YY1.

Quantitative Real-Time PCR

was extracted using RNAprep Pure FFPE Kit (TTANGEN, Beijing,

Total RNA from cells was extracted with TRIeasy Total RNA Extrac-  China). cDNA was synthesized by using the M-MLV (Vazyme
tion Reagent TRIeasy (YEASEN, Shanghai, China) following the = Biotech, China) following standard protocols. Quantitative real-
manufacturer’s recommendation. Total RNA from paraffin section  time PCR was performed by using the Applied Biosystems
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Figure 7. Knockdown of YY1 Attenuated Breast Cancer Cells Resistance to Adriamycin Treatment through Reducing Cells Stemness

(Aand B) Stemness marker expression was examined by western blot and quantitative real-time PCR in MCF-7/Adr cells with or without YY1 knockdown; samples derive from the
same experiment and blots were processed in parallel. (C—E) ICsq values of adriamycin in MCF-7/Adr cells with or without YY1 knockdown. (F and G) CD44*/CD24 ™~ population or
spheroid formation (50X) measured in cells depicted in (A). The data are presented as the mean + SD, n > 3, *p < 0.05, **p < 0.01, **p < 0.001 versus MCF-7 or NC.

StepOnePlus system. mRNA levels were normalized to GAPDH.
EzOmics SYBR qPCR mix and miR-873-5p qPCR kit were purchased
from Biomics. miR-873-5p level was normalized to U6 snRNA. The
primer sequences were mentioned in Table S2. The relative gene
expression levels were calculated using the 272" method.

Luciferase Reporter Assay

The —544/—523 region of miR-873-5p promoter containing the
putative YY1 binding site was designated A site (5-ATTTATATC
CAGAATGAAAAGT-3'), and the —63/—46 region containing the
putative YY1 binding site was designated B site (5'-CTTGAAATG
GAGGAAATA-3'). The WT or MUT of A and B sites were cloned
respectively into the firefly pGL3 luciferase reporter vector.
HEK293T cells were co-transfected with recombinant firefly lucif-
erase reporter plasmids (WT or MUT), YY1 or si-YY1 and B-gal re-
porter control plasmid using JetPRIME. Luciferase activity was
measured according to the manufacturer’s protocol and normalized
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to B-gal activity. All the primer sequences for this experiment were
listed in Table S3.

Flow Cytometry Analysis

MCE-7, MDA-MB-231, or MCE-7/Adr cells were seeded into a 6-well
plate. When cells confluency reached 60%-80%, cells were transfected
with plasmids, miRNAs, or siRNAs. After 48 h, cells were derived
from plates with Accutase (Invitrogen). At least 1 x 10° cells were pel-
leted by centrifugation at 400 x g for 5 min at 4°C. After washing with
PBS, the cells were re-suspended with anti-CD44-APC (BD Biosci-
ences) and anti-CD24-PE (BD Biosciences) and finally analyzed on
a flow cytometry (BECKMAN). Flow cytometry values have been
normalized by subtracting the appropriate isotype control value.

Cell Spheroid Formation Assay
Mammosphere formation assay was performed using MammoCult
Human Medium Kit (STEMCELL Technologies, Canada). Totally
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A MCF-7/Adr B MCF-7/Adr C MCF-7/Adr Figure 8. miR-873-5p Was Responsible for YY1-
5 - YY1 [ - 45kDa Mediated Regulation on the Stemness of MCF-7/
R P '
KA ARy (L0048 043 102 042 043 62KD. Adr Cells
N i - '

o S goe B e e e e wm02kDa () Protein levels of p-AKT and p-ERK1/2 were deter-
p-AKT i) 62kDa .%‘E 3 d AKT [ s s e &b &==|62kDa mined in MCF-7/Adr cells with YY1 knockdown. (B) miR-
p-AKTAKT 1.0 0.44 0.24 g % 2 _ERKA 12| D = ...,gg 44kDa 873-5p level was detected via quantitative real-time PCR

AKT 62kDa g o P 1‘;’ 0'2‘2 ;;7 T TES 42kDa in cells depicted in (A). (C-E) Protein levels of stemness
p-ERK1/2| == == =~ ﬁgtgg & |m ' '.d44kna markers (ALDH1A1 and OCT3/4), p-AKT, p-ERK1/2 (C),
pencERc 1.0 026 0.22 5 ERK1/2 42kDa  CD44'/CD24 population (D), and (E) spheroid formation
ERKA1/2 _;i 4%kDs © P& P 33kDa  (50X) were examined in MCF-7/Adr cells with different
oy 0CT3/4 — s = P e wm|45kDa treatment. Samples were derived from the same experi-
LS ,
> 9 1.0 0.76 0.86 1.03 0.82 0.89 ment and blots were processed in parallel. The data are
si-NC+ MCF'WAdf si-NC+ ALDH1A1 [t & wn @ @ @w|50kDa presented as the mean + SD, n > 3, *p < 0.05, *p < 0.01,
D . inhibitor-NC , ;mR-873 inhibitor 1.0 079 0.73 1.11 1.03 1.04 versus NC.
s . % e B-actin [ s s w—a——]42kDa
s o si-NC L
: si-YY1-1208 -+ + .
; i-YY1-1665 - -+ + . . ,
SeYY tetrazolium bromide, Amresco’s) was added
5 inhibitor-NC + + + X . .
‘”2‘0%41 :'0%1 miR-873-5p inhibitor - b e % into the medium at a final concentration of
3 e S 0.5 mg/mL. Then the medium was removed,
si-YY1-1208 Si-YY1-1665 Si-YY1-1298+ Si-YY1-1655+ : .
8 +inhibitor-NC +inhibitor-NC miR-873-5p inhibitor miR-873-5p inhibitor and the formazan crystals were dissolved in
i it ol eaat oz = 2 = 82 150 pL dimethyl-sulfoxide in room temperature
' N ’ for 10 min. Finally, the absorbance was measured
" R " using a spectrophotometer (BIO-RAD) at a test
& wavelength of 490 nm.
. W;QO“ mz-%“ oy as
Wi @ - e @ ChIP Assay
CD44 A ChIP assay was performed using the EpiQuik
MCF-7/Adr Chromatin Immunoprecipitation Kit (Catalog
E  siNc+ si-YY1-1298 si-YY1-1665 . .
inhibitor-NC +inhibitor-NC +inhibitor-NC *x # P-2002, Epigentek, USA) following the manu-
g 29 ) facturer’s protocols and modified according to
- * . . .
g P our previous work.” Primers flanking the
S 150 o )
- o 2 YY1 binding sites on the promoters of miR-
= )
P ' T e T E 100 873-5p site A (—544/523) and miR-873-5p
« I .. s . o o
eLNCE LYY 1:1290+ < YY1:1688+ E site B (—63/—46) were used for quantitative
miR-873 inhibitor miR-873-5p inhibitor miR-873-5p inhibitor ° 50+ real-time PCR. The following antibodies were
=]
= ] used: HDAC4 (1:100, Proteintech, China),
si-NC + - YY1 (1:100, Cell Signaling Technology, USA),
i i-YY1-1298 * = and HDAC9 (1:100, Abcam, USA).
si-YY1-1665 + - - +
|inhibitor-NC  +  +  +

miR-873-5p inhibitor -

3,000 cells were mixed with Complete MammoCult Medium and
seeded in 24-well ultra-low attachment plates (Corning) for 7 days.
Spheroids were counted and photographed. All images were obtained
with a Leica DMI microscope (DE). Cells were plated in ultra-low
attachment 96-well plates with a limited dilution assay (1, 5, 10, 20
cells/well) and cultured for 10-12 days to evaluate the SFCf. The num-
ber of wells containing spheres was counted, and the SFCf was calcu-
lated using the ELDA software (http://bioinf.wehi.edu.au/software/
elda/index.html).

MTT Assay

Cells were seeded in 96-well plates at the density of 5,000/well, and
treated with different concentrations of adriamycin for 48 h. During
the last 3 h, MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-

site A F: 5-GGATCTTCCAGAGATTGTATA
AACACTTCCATTCTTTGTTTCC-3,

site A R: 5-CTGCCGTTCGACGATTTTGCTTCAGTTTTTTTTT
TAATTTTAA-3;

site. B F: 5-GGATCTTCCAGAGATTGTCTGGGATGCCCA
CAAAA-3,

site B R: 5'-CTGCCGTTCGACGACGATTTTCAATAGGAGACT
CACAAGTTCCT-3'.

ColP Assay
MDA-MB-231 cell lysates were prepared by incubating the cells in
NP-40 lysis buffer containing protease inhibitor cocktails

(1:10,000). Lysates were centrifuged at 12,000 rpm for 10 min at
4°C and incubated with control or specific antibodies for 0.5 h.
Add 30 pL protein A/G agarose (Pierce, USA) of each tube at 4°C
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with constant rotation for 8-12 h. After incubation was performed,
the beads were washed 5-6 times by using cold buffer. The precipi-
tated proteins were eluted from the beads by re-suspending the beads
in 2x SDS-PAGE loading buffer and boiling for 5 min at 99°C. The
boiled immune complexes were subjected to western blotting. The
following antibodies were used: HDAC4 (1:100, Proteintech, China),
YY1 (1:100, Cell Signaling Technology, USA), HDAC9 (1:100, Santa
Cruz Biotechnology, USA), and immunoglobulin G (IgG; 1:100, Cell
Signaling Technology, USA).

In Vivo Tumor-Forming Assay

All animal experiments were performed with the approval of Ethics
Committee for Animal Experimentation of China Pharmaceutical
University. MCF-7 and MDA-MB-231 cells with different treatments
were subcutaneously injected at the density of 1 x 107, 1 x 10°% 1 x
10°and 1 x 10% 1 x 10°,and 1 x 10* cells/tumor, respectively. Mice
were euthanized after 8-10 days and tumors were stripped. The ratio
of breast CSC was calculated using an ELDA:*® Extreme Limiting
Dilution Analysis (http://bioinf.wehi.edu.au/software/elda/).

Statistical Analysis

GraphPad Prism 8.0.0 (131) software (GraphPad Software, La Jolla,
CA, USA) was used for statistical analysis. The data are presented
as the mean + SD, n > 3. The statistical evaluation for data analysis
was determined using an unpaired Student’s test. p <0.05 was consid-
ered to be statistically significant.
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