EBioMedicine 41 (2019) 395-407

Contents lists available at ScienceDirect

EBioMedicine

EBioMedicine

Published by THE LANCET

journal homepage: www.ebiomedicine.com

t.)

Check for
updates

Lanlan Gao ™', Qiangian Guo *™!, Xiaoman Li ¢, Xuan Yang *°, Haiwei Ni ", Ting Wang *°, Qiong Zhao *
Hai Liu *°, Yingying Xing *°, Tao Xi *>*, Lufeng Zheng *"*

MiR-873/PD-L1 axis regulates the stemness of breast cancer cells

b

@ School of Life Science and Technology, China Pharmaceutical University, Nanjing 210009, People's Republic of China

b Jiangsu Key Laboratory of Carcinogenesis and Intervention, China Pharmaceutical University, Nanjing 210009, People's Republic of China

¢ Jiangsu Key Laboratory for Pharmacology and Safety Evaluation of Chinese Materia Medica, School of Pharmacy, Nanjing University of Chinese Medicine, Nanjing 210023, People's Republic of
China.

ARTICLE INFO ABSTRACT

Background: Breast cancer stem cells have self-renewal capability and are resistant to conventional chemother-
apy. PD-L1 could promote the expression of stemness markers (OCT4 and Nanog) in breast cancer stem cells.
However, the mechanisms by which PD-L1 regulates the stemness of breast cancer cells and PD-L1 is regulated
in breast cancer cells are still unclear.
Methods: Lentivirus infection was used to construct stable cell lines. The correlation between PD-L1 and stemness
Keywords: markers expression was evaluated in clinical samples. Additionally, luciferase reporter assay combined with
miR-873 RNA-Fluorescence in situ hybridization (RNA-FISH) and RNA-binding protein immunoprecipitation (RIP) assays
PD-L1 were used to verify the direct binding of miR-873 on PD-L1. Furthermore, flow cytometry, mammosphere forma-
tion combined with nude mouse tumor xenograft model were carried out to examine the effects of miR-873/PD-
L1 axis on the stemness of breast cancer cells. Finally, MTT assay was performed to determine the effects of miR-
873/PD-L1 axis on drug resistance.
Findings: PD-L1 expression was positively correlated with the expression of stemness markers, and overexpres-
sion of PD-L1 contributed to chemoresistance and stemness-like properties in breast cancer cells via activating
PI3K/Akt and ERK1/2 pathways. Mechanistically, miR-873 inhibited PD-L1 expression through directly binding
to its 3’-untranslated region (UTR), and miR-873 attenuated the stemness and chemoresistance of breast cancer
cells which was dependent on PD-L1 and the downstream PI3K/Akt and ERK1/2 signaling. Notably, the promo-
tion of PD-L1 on the stemness and chemoresistance was enhanced by recombinant PD-1 (rPD-1), this effect
was attenuated by PD-1/PD-L1 inhibitor.
Interpretation: miR-873/PD-L1 regulatory axis might serve as a therapeutic target to enhance the chemo-
sensitivity and eliminate the stemness of breast cancer cells.
Fund: This work was supported by the National Nature Science Foundation of China, No. 81702957, China Post-
doctoral Science Foundation, No. 2017M620230, the Postdoctoral Research Funding Scheme of Jiangsu Province
(2017), No. 17011978, and the Priority Academic Program Development (PAPD) of Jiangsu Higher Education
Institutions.
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1. Introduction

The main treatments of breast cancer are surgery, targeting therapy,
radiotherapy, and chemotherapy, especially for triple-negative breast
cancer, chemotherapy is the only option. However, chemotherapy in-
duces tumor heterogeneity derived from both normal and cancer cells,
this effect could lead to chemoresistance and disease progression [1,2].
Cancer stem cells (CSCs) hold the ability to self-renew and differentiate
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into the heterogeneous lineages of cancer cells in response to chemo-
therapeutic agents, and are considered as the mediators of cancer me-
tastasis, drug resistance and cancer relapse [3-5]. Although successful
cancer therapy could kill the proliferating tumor cells, a subset of re-
maining CSCs can survive [6]. Therefore, it is important to reveal the
mechanisms underlying CSCs formation.

Programmed cell death ligand 1 (PD-L1/B7-H1/CD274), an immune
checkpoint molecule, is the ligand of PD-1 [7]. Currently, the launch of
an anti-PD-L1 antibody has been represented as a significant break-
through for patients with advanced solid tumors [8], as PD-L1 is
overexpressed in solid cancers [9]. Interestingly, PD-L1 expression
can be promoted following chemotherapeutic treatment, which is
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Research in context

Evidence before this study

PD-L1 is associated with epithelial to mesenchymal transition and
PD-L1 could promote OCT4 and Nanog expression in breast can-
cer stem cells. Moreover, PD-L1 expression can be promoted in
cells and tissue following chemotherapy. Previous study has dem-
onstrated that miR-873 could attenuate tamoxifen resistance in
ERalpha-positive breast cancer.

Added value of this study

We firstly clarified that PD-L1 was a direct target of miR-873 in
breast cancer, which could facilitate the understanding of the
mechanisms by which PD-L1 was regulated, and future works
could be performed to explore the effects of combined miR-873
agonist with PD-L1 antibody on breast cancer progression.

Implications of all the available evidence

This study provided evidence suggesting a targeting strategy in-
volving miR-873 together with chemo-therapy or immune check-
point blockage to treat breast cancer.

recognized as a signal of poor prognosis in patients with NSCLC [10].
Meanwhile, PD-L1 expression is associated with epithelial to mesenchy-
mal transition (EMT) process [11], this process could be resulted from
CSCs [12]; and PD-L1 could promote the expression of stemness
markers (OCT4 and Nanog) [13]. Additionally, PD-L1 is frequently
overexpressed in basal type of breast cancer, which exhibits a relative
stronger stemness [14,15]. These effects suggest that PD-L1 might pro-
mote the stemness of breast cancer cells. Notably, the mechanisms by
which PD-L1 is regulated are not well defined in breast cancer.

MicroRNAs (miRNAs) are a class of small noncoding RNA molecules
that post-transcriptionally modulate gene expression by binding to the
3’-untranslated region (3’-UTR) of target genes [16]. Notably, PD-L1 has
been identified as the target of various miRNAs [17-19]. In addition, re-
cent studies have shown that miRNAs could regulate cancer stemness
and drug resistance in breast cancer [20-22]. Previous studies have
demonstrated that miR-873 acts as a tumor suppressor via suppressing
IGF2BP1 expression in glioblastoma [23] and by targeting differentiated
embryonic chondrocyte expressed gene 2 (DEC2) in esophageal cancer
[24], respectively. Moreover, miR-873 attenuates tamoxifen resistance
via regulating ERa transcriptional activity through targeting CDK3 in
breast cancer cells [25]. However, the roles and related mechanisms of
miR-873 in regulating the stemness and chemoresistance remain un-
clear in breast cancer.

Here, we found that PD-L1 expression was increased in breast cancer
tissues and cells with adriamycin resistance, and enhanced the
stemness of breast cancer cells via activating PI3K/Akt and ERK1/2 sig-
naling, this effect was strengthened by recombinant PD-1 (rPD-1). In
addition, miR-873 attenuated the stemness and chemoresistance via di-
rectly targeting PD-L1 and thus inactivating the downstream PI3K/Akt
and ERK1/2 signaling. Therefore, miR-873/PD-L1 regulatory axis might
serve as a therapeutic target to enhance the chemo-sensitivity and elim-
inate the stemness of breast cancer cells.

2. Materials and methods
2.1. Cell culture and clinical samples

Human breast cancer cell lines MCF-7 and MDA-MB-231 cells were
obtained from ATCC (Manassas, Virginia, USA), and respectively

cultured in high glucose DMEM (Gibco, Grand Island) and L15 medium
(Gibco). Adriamycin resistant MCF-7/ADR cells were purchased from
KeyGen BioTECH (Nanjing, China), and cultured in RPMI-1640 medium
(Gibco). HEK-293 T cells were preserved in our laboratory and cultured
in high glucose DMEM. The three media were supplemented with 10%
fetal bovine serum (FBS, Gibco, Grand Island), 80 U/ml penicillin
(Sangon Biotech, China), and 0.08 mg/ml streptomycin (Sangon Bio-
tech, China) at 37 °C under humidified atmosphere with 5% CO,. MCF-
7/ADR cells were cultured with 1 uM adriamycin to maintain
adriamycin resistance. PI3K inhibitor (LY-294002) and ERK1/2 inhibitor
(VX-11e) were purchased from APExBIO. Adriamycin and human re-
combinant PD-1 (rPD-1) were purchased from the Zhongda Hospital
Southeast University and BioVision, respectively. BMS-202 (synonyms:
PD-1/PD-L1 inhibitor 2) and Human IFN-gamma were purchased from
the MedChemExpress and Pepro Tech, respectively.

Four pairs of fresh breast cancer and adjacent mammary gland epi-
thelial tissue samples were randomly selected from the Tumor Hospital
of Jiangsu Province. Written informed consent from all patients and ap-
proval of the hospital ethics review committees were obtained.

2.2. Transfection of plasmids, miRNA, siRNA

The detailed procedure for transfection was referred our previous
work [26]. The coding sequence of PD-L1, and the 1000 bp of pri-miR-
873 were inserted into the plvx-IRES-ZsGreen1 vector, and denoted as
plvx-PD-L1 and plvx-873, respectively. ShRNA against PD-L1 was
cloned into Plko.1, and named as Plko.1-PD-L1. PD-L1 3’ UTR (WT)
which contains binding site of miR-873 was inserted into pMIR-
Report or pcDNA3.1(+), and PD-L1 3’ UTR (MUT) which contains
mutated binding sites for miR-873 were constructed using Fast
Mutagenesis Kit V2 (Vazamy, China) following the manufacturer's in-
struction, and all the constructs were verified by DNA sequencing. The
sequences of siRNAs, miR-873 (mimics or inhibitor) were shown in
Supplementary Table 1. All the primer sequences for plasmids construc-
tion were listed in Supplementary Table 2.

2.3. Construction of stable cell lines

Cells with miR-873 stable overexpression, PD-L1 stable knockdown
or miR-873 stable overexpression together with PD-L1 stable overex-
pression were obtained by lentivirus infection. The detailed procedure
was mentioned in our previous study [27]. Briefly, HEK-293T cells
were co-transfected with Plko.1-PD-L1, plvx-873 or plvx-PD-L1, and
packaging vectors psPAX2 and pMD2.G using Lentifectin (Abm, USA).
Cells were infected with the virus in the presence of 2 pug/ml Polybrene.
Cells infected with Plko.1-PD-L1 were selected with puromycin (Sigma,
2 ug/ml) for 2 weeks, and cells infected with plvx-873 were screened by
fluorescent cell sorting, after which qRT-PCR analysis was used for
verification.

2.4. Western blot

Total protein from cells was harvested using RIPA lysis buffer
(Beyotime, China), and total protein from tissues was extracted using
total protein extraction kit (invent, USA). About 10-20 pg protein was
fractionated by 10% SDS/PAGE, and then transferred onto polyvinylidene
difluoride membranes, and incubated with the primary antibody. The
primary antibodies were listed in Supplementary Table 3. After incubat-
ing with secondary antibodies (Jackson ImmunoResearch, USA), ECL sys-
tem (Thermo Fisher, USA) were performed to determine protein
expression by density analysis.

2.5. Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using Trizol (TransGen Biotech, China). The
first-strand ¢cDNA was reversely transcribed with M-MLV (Vazyme
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Biotech, China) following the standard protocols. qRT-PCR was carried
out to determine mRNA expression with SYBR Green master mix
(Vazyme Biotech, China) on an ABI Prism 7500 Sequence Detector (Ap-
plied Biosystems, USA). MiRNA/U6 snRNA RT primer mix and PCR spe-
cific primer set (GenePharma, China) were used to detect and quantify
miRNA expression. Primer sequences of P-gp were described in our pre-
vious study [26]. Other Primer sequences used were mentioned in Sup-
plementary Table 4. mRNA and miRNA levels were normalized to
GAPDH or U6 sRNA, respectively. The relative expression was calculated
using 2724 method.

2.6. Luciferase reporter assay

HEK-293T cells were co-transfected with pMIR-PD-L1 3’UTR (WT or
MUT), miR-873 mimics or mimics NC and 3-gal reporter control plas-
mid. 72 h later, the luciferase activity was measured by POLARstar
Omega multimode microplate reader according to manufacturer's pro-
tocol and normalized to B-gal activity.

2.7. Flow cytometry analysis

MDA-MB-231, MCF-7/ADR and MCF-7 cells were seeded into a 6-
well plate and transfected with miR-873 mimics or inhibitor, or si-PD-
L1, or plvx-PD-L1, and followed by detecting CD44*/CD24~ population
via flow cytometry analysis according to the procedure described in our
recent work [27]. To assay the surface expression of PD-L1, cells at a
density of 10° cells/mL were harvested, stained with APC-labeled anti-
PD-L1 Ab or an isotype control, and PD-L1 expression was measured
by flow cytometry.

2.8. MTT assay

MTT (Amresco's, USA) assay was used to measure cell viability. MCF-
7/ADR and MCF-7 cells were seeded in 96-well plates at the density of
3000/well, and treated with different concentrations of adriamycin for
MCF-7/ADR (0, 0.08, 2.5, 5, 8.75, 10, 17.5, 20, 35 uM) and MCF-7 (0,
0.078125, 0.15625, 0.3125, 0.625, 1.25, 2.5, 5, 10 uM) for 24 h, 48 h,
72 h, respectively. MTT was added to the medium to a final concentra-
tion of 0.5 mg/ml, and incubated for 4 h. After medium was removed,
the formazan crystals were dissolved in 150 pl dimethyl-sulfoxide
(DMSO) in room temperature for 15 min. Finally, the absorbance was
measured at 490 nm Biorad iMark by a microplate reader. The inhibition
percentage was calculated by the formula: inhibition percentage = (1
— adriamycin treated group OD/no adriamycin treated group OD) = 100.

2.9. RNA-binding protein immunoprecipitation assay (RIP)

RIP assay was performed using the Protein A/G Agarose Resin
(YEASEN, China) following the manufacturer's protocol. The detailed
procedure was described in our previous studies [28,29]. MCF-7 cells
were transfected with pcDNA3.1(+) PD-L1 3'UTR (WT) and
pcDNA3.1(+) PD-L1 3'UTR (MUT), and lysed by NP-40 lysis buffer
(Beyotime, China). Ago2-RNA complex was dissociated from the
beads. qRT-PCR was performed to detect miR-873 level.

2.10. Mammosphere formation assay

Cells were grown in the MammoCult medium (Stem Cell Technolo-
gies, Vancouver, Canada) supplemented with MammoCult Proliferation
Supplements (Stem Cell Technologies, Vancouver, Canada) and plated
in 24-wells plates with ultra-low attachment at a density of
10,000 viable cells/ml and grown for 10 days. Mammospheres were
counted and photographed.

2.11. RNA-Fluorescence in situ hybridization (RNA-FISH)

Fluorescence in situ hybridization for miR-873 and PD-L1 was per-
formed on frozen slice. The frozen slice was rehydrated in citrate buffer.
Proteinase K digestion was used to treat fixed tissues at 37 °C for 20 min.
After digestion, slice was hydrated through a graded series of alcohol to
tap water after immersing in RNase-free water for 3 min and then air
dried. Hybridization was carried out overnight at 37 °C using hybridiza-
tion buffer supplemented with denatured 5’ CY3-labeled Locked
Nucleic Acid (LNA) probes directed against miR-873 and 5’ FAM-
labeled Locked Nucleic Acid (LNA) probes directed against PD-L1
(GenePharma, China). After washing, the sections were counterstained
with 4,6-diamidino-2-phenylindole (DAPI) for 20 min and observed
with the confocal microscopy.

2.12. Nude mouse tumor xenograft model

All animal experiments were performed with the approval of Ethics
Committee for Animal Experimentation of China Pharmaceutical Uni-
versity. 4-6 weeks male athymic BALB/c nude mice were purchased
from Model Animal Research Center of Nanjing University, housed
and fed in standard pathogen-free conditions. For tumor-limiting dilu-
tion assays, 1 x 10 and 1 x 10° and 1 x 10* MDA-MB-231 cells with
miR-873 overexpression, PD-L1 knockdown or not were mixed with
Matrigel matrix (1:1, BD Biosciences) and orthotopically implanted in
the inguinal mammary gland of mice. After 8 days, all mice were eutha-
nized, and tumor tissues were collected. The stem cell frequencies were
calculated using an ELDA (http://bioinf.wehi.edu.au/software/elda/).

Additionally, 1 x 106 MCF-7/ADR cells were implanted in the ingui-
nal mammary gland of mice. Fourteen days later saline or lentivirus
gene therapy vectors were administered into the tumor using the fol-
lowing doses: plvx-873, Plko.1-PD-L1 or plvx-873 together with plvx-
PD-L1: 0.40 x 108 pfu/site. When the tumors reached the volume of
100 mm?, we randomly allocated the mice to groups in which they re-
ceived adriamycin (0.5 mg/kg, Shenzhen Main Luck Pharmaceuticals
Inc. China) or saline. Mice were euthanized 18 days after the
inoculation.

2.13. Statistical analysis

Results were presented as the mean + SD (standard deviation) and
statistical analyses compared using unpaired Student's t-test. Values of P
< 0.05 or less were considered statistically significant. (*P < 0.05, **P <
0.01, ***p<0.001); ns indicates no significant differences from control.

3. Results

3.1. PD-L1 positively correlated with the expression of stemness markers in
breast cancer tissues

First, we assessed the expression correlation between stemness
markers (ALDH1A1, SOX2, Nanog, POU5F1B) and PD-L1 across cellline
breast xenoestrogen using R2: Genomics Analysis and Visualization
Platform (http://r2.amc.nl), and found that the expression of PD-L1
and stemness markers displayed a positive correlation in cellline breast
xenoestrogen (Transcriptome analysis of MCF-7 cells exposed for 48 h
to various concentrations of xenoestrogen chemicals) and tumor breast
(Fig. 1a-d). Furthermore, PD-L1 expression was significantly increased
in breast cancer tissues, and the expression of PD-L1 and stemness
markers (ALDH1A1 and OCT3/4) exhibited a similar pattern in clinical
samples as higher in tumor samples and lower in normal samples
(Fig. 1e). These results indicate that PD-L1 might regulate the stemness
of breast cancer cells.
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3.2. miR-873 directly targeted PD-L1 3'UTR (Fig. 2c). Moreover, miR-873 expression was significantly decreased in
tumor tissues (Fig. 2d). Since PD-L1 expression is higher in MDA-MB-
miRWalk2.0 (a comprehensive atlas of predicted and validated 231 cells than MCF-7 cells [15], which is opposite to miR-873 expression
miRNA-target interactions) showed that PD-L1 is a potential direct tar- in these two cell lines (Fig. S1a and b). miR-873 was chosen for overex-
get of miR-873 (Fig. 2a), which had been confirmed to inhibit breast pression in MDA-MB-231 and inhibition in MCF-7 cells, respectively. As
cancer proliferation by our group and others [25,26]. Luciferase reporter shown in Fig. 2e, f, and Fig. S1e, f, PD-L1 expression was promoted by
assay revealed that the activity of pMIR-PD-L1 3’ UTR WT was remark- inhibitor-873 in MCF-7 cells and suppressed by miR-873 in MDA-MB-
ably inhibited by miR-873, while no significant difference in pMIR-PD- 231 cells, respectively. The transfection efficiency of miR-873 and
L1-3" UTR MUT (Fig. 2b). In addition, miRNAs conjugated in RNA- inhibitor-873 was tested by qRT-PCR (Fig. S1c and d). Finally, FISH
induced silencing complex (RISC) were pulled down by Ago2 and de- (Fluorescence in situ hybridization) assay revealed a clear overlap
tected by qRT-PCR. Results showed that miR-873 was enriched in cells between miR-873 and PD-L1 in breast cancer tissues (Fig. 2g). Taken to-
with PD-L1-UTR-WT overexpression, but not in PD-L1-UTR-MUT, and gether, these findings indicate that miR-873 could directly target PD-L1
miR-375 served as a negative control without binding sites on PD-L1 in breast cancer.
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3.3. miR-873 attenuated the stemness of breast cancer cells through PD-L1

Since PD-L1 expression was statistically highly associated with
stemness-correlated genes in breast cancer tissues and it could sustain
their expression in breast cancer stem cells [13], we inferred that miR-
873/PD-L1 regulatory axis regulates the stemness of breast cancer
cells. Firstly, we selected si-PD-L1-2 for knocking down PD-L1 as it
displayed the highest knockdown efficiency in both MCF-7 and MDA-
MB-231 cells (Fig. S2a and b). Moreover, PD-L1 overexpression reversed
the knockdown effects of si-PD-L1, excluding the off-target effects of
PD-L1 siRNA (Fig. S2c). The expression of several pluripotent transcrip-
tion factors (OCT4, ALDH1A1, Nanog and SOX2) was increased in MCF-7
cells with inhibitor-873 or plvx-PD-L1 transfection, while co-
transfection with inhibitor-873 and si-PD-L1-2 attenuated or even re-
versed the promoting effects induced by inhibitor-873 (Fig. 3a and b).
In contrast, the expression of stemness markers was inhibited in
MDA-MB-231 cells with miR-873 overexpression or PD-L1 knockdown,
and the suppressive effects mediated by miR-873 were attenuated by
PD-L1 overexpression (Fig. 3c and d). The transfection efficiency was
confirmed and denoted in Fig. S2d-f. Furthermore, transfection of
inhibitor-873 or plvx-PD-L1 increased the CD44"/CD24~ population

or cell spheroid formation in MCF-7 cells, which could characterize the
stemness of breast cancer cells [30], and inhibitor-873-mediated pro-
motion was attenuated by PD-L1 knockdown (Fig. 3e and f). In addition,
consistent results were obtained in MDA-MB-231 cells (Fig. 3g and h).
Overall, these findings indicate that the miR-873/PD-L1 axis negatively
regulates the stemness of breast cancer cells in vitro.

3.4. miR-873/PD-L1 regulatory axis inhibited the tumor initiating ability of
breast cancer cells in vivo

To further investigate whether the miR-873/PD-L1 regulatory axis
could inhibit tumor-initiating potential of breast cancer cells in vivo,
we constructed MDA-MB-231 cells with miR-873 (plvx-873) stable
overexpression, PD-L1 stable knockdown (Plko.1-PD-L1), or miR-873
stable overexpression together with PD-L1 overexpression (plvx-873
and plvx-PD-L1) to seed tumors at limiting dilutions. The stable expres-
sion of miR-873 and PD-L1 was verified by qRT-PCR (Fig. S3a and b). We
noticed that overexpression of miR-873 or knockdown of PD-L1 re-
markably attenuated the tumor-initiating potential of MDA-MB-231
cells (Fig. 4a-f). Importantly, the attenuated tumor-initiating potential
of miR-873 overexpression was rescued by PD-L1 overexpression
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Fig. 3. miR-873 attenuated the stemness of breast cancer cells through PD-L1. (a, b) The expression of stemness signatures (OCT3/4, ALDH1A1) was detected in MCF-7 cells with miR-873
knockdown or PD-L1 overexpression, or miR-873 knockdown plus PD-L1 knockdown. (c, d) Expression of several pluripotent transcription factors (OCT4, SOX2, Nanog, ALDH1) was

examined in MDA-MB-231 cells with miR-873 overexpression or PD-L1 knockdown, or miR:

-873 overexpression plus PD-L1 overexpression. (e-h) Spheroid formation or CD44+/

CD24- population was measured in cells depicted in (a and c). (Data were presented as the mean + SD, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001 vs Control group).

(Fig. 4a-f). Therefore, our results suggest that miR-873 could suppress
the tumor-initiating ability through PD-L1.

3.5. miR-873 suppressed the stemness through inactivating PI3K/Akt and
ERK1/2 pathways in a PD-L1 dependent manner

Previous studies have shown that PD-L1 could activate PI3K/AKT
and ERK pathways in breast cancer [13,31]. Thus, we inferred whether
miR-873 attenuated the stemness of breast cancer cells through these
two pathways. As expected, transfection with inhibitor-873 increased
p-AKT and p-ERK levels as well as PD-L1 overexpression in MCF-7
cells, and knockdown of PD-L1 reversed the effects mediated by
inhibitor-873 (Fig. 5a). Consistently, p-AKT and p-ERK levels were
downregulated in MDA-MB-231 cells with miR-873 overexpression or
PD-L1 knockdown, and the effects of miR-873 overexpression were re-
versed by PD-L1 overexpression (Fig. 5b). Furthermore, the increased
expression of OCT3/4 and ALDH1A1 induced by both inhibitor-873
and plvx-PD-L1 was attenuated by PI3K/AKT inhibitor (LY-294002) or
ERK1/2 inhibitor (VX-11e) (Fig. 5c and d). Additionally, consistent re-
sults were acquired in regulating CD44"/CD24~ sub-population and
spheroid formation (Fig. 5e and f). Collectively, these results

demonstrate that miR-873/PD-L1 axis regulates the stemness of breast
cancer cells through PI3K/Akt and ERK1/2 pathways.

Interferon-y (IFN-vy) is a key inducer of PD-L1 expression and is
among the cytokines present in the microenvironment of some breast
cancer and other tumors [32-34]. MCF-7 cells were incubated with
IFN-vy for 24 h, and PD-L1 expression was induced by IFN-y stimulation
(Fig. S4a and b). Furthermore, PI3K/Akt and ERK1/2 pathways were ac-
tivated, and the expression of stemness markers was increased by [FN-y
treatment, these effects were attenuated by PD-L1 knockdown. Addi-
tionally, consistent results were observed upon detecting the CD44+/
CD24- population and spheroid formation (Fig. S4c and d).

3.6. miR-873/PD-L1 regulatory axis regulated the sensitivity of adriamycin
via modulating the stemness of breast cancer cells

Since CSCs could contribute to chemoresistance in cancers [35], we
attempted to explore the potential involvement of miR-873/PD-L1
axis in regulating chemoresistance of breast cancer cells. Firstly, we
found that PD-L1 expression was significantly increased in MCF-7/ADR
cells, while miR-873 exhibited a lower level (Fig. 6a). We selected si-
PD-L1-2 as a candidate of siRNA-mediated knockdown of PD-L1 for
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Fig. 4. miR-873/PD-L1 axis inhibited the tumor initiating ability of breast cancer cells in vivo. (a-f) Images of tumors and index of tumors harvested when serially diluted MDA-MB-231

cells with Plko.1-PD-L1, plvx-873 alone or together with plvx-PD-L1 were planted.

MCF-7/ADR as it displayed the strongest knockdown efficiency in
MCF-7/ADR cells (Fig. S5a). Additionally, MCF-7/ADR cells displayed a
stronger stemness relative to MCF-7 cells, characterized as the higher
expression of stemness markers (Fig. S5b and c), stronger capacity of
spheroids formation (Fig. S5d), and higher proportion of CD44%/
CD24™ phenotype (Fig. S5e). A consistent hyper-activation of PI3K/Akt
and ERK1/2 pathways was observed in MCF-7/ADR cells relative to
MCF-7 cells (Fig. S5¢). These effects concluded that MCF-7/ADR cells
held a stronger stemness than MCF-7 cells. Then we further investigated
whether miR-873/PD-L1 axis held the similar effects in MCF-7/ADR cells
with that in MDA-MB-231 cells. As expected, an obvious downregula-
tion of pluripotent transcription factors expression, cell spheroid forma-
tion and CD441/CD24~ sub-population by si-PD-L1-2 and miR-873
transfection was observed in MCF-7/ADR cells, and miR-873-mediated
inhibition was indeed attenuated or even reversed by PD-L1 overex-
pression (Fig. S5b-e).

After MCF-7/ADR cells and MCF-7 cells were treated with different
concentrations of adriamycin, MCF-7/ADR and MCF-7 cells possessed
around 20% inhibition at 8.75 pM and 0.08 pM, respectively (Fig. S6a
and b), which could be a favorable concentration to test the sensitivity
as it was not sufficient to create an irreversible damage. As expected,
there was a higher inhibition percentage with miR-873 overexpression
or PD-L1 knockdown in MCF-7/ADR cells, overexpression of PD-L1 re-
versed the effects of miR-873 (Fig. 6b). Similarly, transfection with
inhibitor-873 or PD-L1 overexpression displayed a lower inhibition rel-
ative to control, whereas PD-L1 knockdown reversed the effect of
inhibitor-873 (Fig. 6¢). Additionally, transfection alone without

additional drug treatment could exert similar but weaker (Fig. 6b) or
stronger (Fig. 6¢) effects than groups with drug treatment. These effects
demonstrated the combined effects of miR-873/PD-L1 axis with
adriamycin. The transfection efficiency and miR-873/PD-L1 interaction
were confirmed in MCF-7/ADR cells (Fig. S7a and b). Similarly, the off-
target effect was excluded (Fig. S7c).

Furthermore, MCF-7/ADR cells with miR-873 overexpression or PD-
L1 knockdown displayed reduced mRNA levels of the drug-resistant
genes [36], and PD-L1 overexpression reversed miR-873-mediated ef-
fects (Fig. 6d). Moreover, the expression of drug resistance genes was in-
creased in MCF-7 cells with transfection of inhibitor-873 or plvx-PD-L1,
and inhibitor-873-mediated effects were rescued by si-PD-L1-2
(Fig. 6e). Consistent results were obtained in P-gp protein level (Fig. 6f
and g). Importantly, PD-L1 knockdown or miR-873 overexpression im-
paired the tumor-initiating potential of MCF-7/ADR cells, and overex-
pression of PD-L1 reversed plvx-873-mediated attenuation (Fig. 6h),
these effects were enhanced by adriamycin treatment together (Fig. 6i).
The transfection efficiency of plvx-873, Plko.1-PD-L1, plvx-873 with
plvx-PD-L1 were confirmed in MCF-7/ADR cells (Fig. S7d and e). Thus,
these results demonstrated that miR-873/PD-L1 axis could attenuate
adriamycin resistance via reducing the stemness of breast cancer cells.

3.7. rPD-1 attenuated the inhibitory effect of miR-873/PD-L1 axis on the
stemness and drug resistance

Eventually, we explored whether PD-1/PD-L1 axis is involved in
miR-873/PD-L1 axis-mediated effects on the stemness and drug
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Fig. 6. miR-873/PD-L1 regulatory axis regulated the sensitivity of adriamycin via modulating the stemness of breast cancer cells. (a) PD-L1 and miR-873 relative expression in MCF7/ADR
and MCF-7 cells was detected by qRT-PCR and western blot. (b, c) MTT assay was performed to detect inhibition rate of proliferation of adriamycin in MCF-7/ADR cells with miR-873
overexpression or PD-L1 knockdown, or miR-873 overexpression plus PD-L1 overexpression (b), and MCF-7 cells with transfection of inhibitor-873 or plvx-PD-L1, or inhibitor-873
plus si-PD-L1-2 (c). (d, e) Expression of drug resistance genes (FGF-7, ABCC3, P-gp) and PD-L1 was detected by qRT-PCR in MCF-7/ADR cells depicted in (b), and MCF-7 cells depicted
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Fig. 7. rPD-1 attenuated the inhibitory effect of miR-873/PD-L1 axis on the stemness and drug resistance. (a) Inhibition percentage of inhibitor-873 and plvx-PD-L1 after exposure to rPD-1
(0.5 ug/ml) 24 h before adriamycin in MCF-7 cells. (b, ¢) Expression of drug resistance and stemness markers genes was measured in cells depicted in (a) by qRT-PCR. (d) The activation of
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resistance in breast cancer cells. MCF-7 cells were incubated with rPD-1
for 24 h prior to exposure to adriamycin. Interestingly, rPD-1 possessed
similar effects with inhibitor-873 or plvx-PD-L1, and enhanced
inhibitor-873 or plvx-PD-L1-mediated inhibition on adriamycin sensi-
tivity (Fig. 7a). Additionally, inhibitor-873- or plvx-PD-L1-induced pro-
moting effects on the expression of drug resistance genes (Fig. 7b) and
stemness markers, and PI3K/Akt and ERK1/2 pathways activation
(Fig. 7c and d) were strengthened by rPD-1. Moreover, rPD-1 with
inhibitor-873 or plvx-PD-L1 exerted an additive promotion on the
CD44+ /CD24- population (Fig. 7e). Finally, the effects of rPD-1 on the
CD44+-/CD24- population were attenuated by si-PD-L1-2 or BMS-202
(PD-1/PD-L1 inhibitor 2), respectively (Fig. S8a and b). Thus, these re-
sults suggest that PD-1 could interact with PD-L1 to enhance the pro-
motion of PD-L1 on the stemness and drug resistance, and attenuate
miR-873-induced inhibition.

4. Discussion

In this study, analysis of clinical samples showed that PD-L1 expres-
sion was positively correlated with the expression of stemness markers.
And PD-L1 exhibited a higher level, while miR-873 displayed a lower
level in MCF-7/ADR cells, which held stronger stemness relative to
MCEF-7 cells. Luciferase reporter assay combined with RNA-FISH and
RIP verified miR-873 targeting on PD-L1. Furthermore, we demon-
strated that the inhibitory roles of miR-873/PD-L1 axis in regulating
drug resistance and stemness were through inactivating PI3K/Akt and
ERK1/2 pathways. Notably, rPD-1 counteracted the inhibitory effects
of miR-873/PD-L1 axis on the stemness of breast cancer cells.

Among all immune checkpoints, the PD-1/PD-L1 pathway is promi-
nent for its proven results as a therapeutic target in a variety of cancers

[37]. Recently, antibodies targeting the PD-1/PD-L1 axis have been ap-
proved for some kinds of cancers, however, they were not approved in
breast cancer although PD-L1 correlates with poor prognosis in breast
cancer patients [14,38], this presumably due to the confused mecha-
nisms by which PD-L1 is regulated or functions exerted by PD-L1
alone. Compelling evidences have shown that PD-L1 protein levels are
regulated by miRNAs, such as miR-513 [39], miR-138-5p in colorectal
cancer [19], miR-200 in NSCLC [40] and miR-15a in malignant pleural
mesothelioma [41]. We firstly clarified that PD-L1 was directly regu-
lated by miR-873 in breast cancer, which could facilitate the under-
standing of the mechanisms by which PD-L1 was regulated, and
future works could be performed to explore the effects of combined
miR-873 agonist with PD-L1 antibody in breast cancer. Additionally,
we found that PD-L1 promotes the stemness of breast cancer alone,
this effect could be enhanced by rPD-1, demonstrating that PD-L1
could function independent on PD-1/PD-L1 axis. However, it was not
elucidated whether miR-873 promoted immunotherapy in our re-
search. Since miRNAs could influence antitumor immune responses by
affecting the expression of immune modulatory molecules in tumor
and immune cells [42], and PD-L1/PD-1 immune checkpoint pathway
could inhibit the T-cell antitumor immune response [43], miR-873
might exhibit immune modulation in breast cancer cells via regulating
PD-L1.

CSCs contribute to drug resistance. Recent study has demonstrated
an upregulation of PD-L1 expression in cancer cells by chemo-
preventive agents and a resulting decrease in tumor-specific T-cell
activity that potentially promotes immune evasion [17]. Here, we
detected that drug resistance cells MCF-7/ADR possessed higher PD-L1
expression than MCF-7, indicating that PD-L1 overexpression might
promote immune evasion in MCF-7/ADR cells. Notably, PD-L1 overex-
pression promoted the stemness of breast cancer cells, suggesting that
CSCs might escape from the immune surveillance, this could be ex-
plored in the future work. Additionally, ectopic inactivation of miR-
873/PD-L1 signaling reduced adriamycin sensitivity, while activation
of this signaling attenuated adriamycin resistance, supporting that PD-
1/PD-L1 antibodies could be combined with chemotherapy in breast
cancer [44]. Moreover, as anti-PD-1 has been widely used as immune-
therapy in multiple cancer types, such treatments may become more ef-
fective if the PD-L1 positive CSCs can be rendered simultaneously with
miR-873 agonist. Notably, the effects of miR-873/PD-L1 axis and rPD-1
seem to progressively decrease over time in Fig. 7a, we think this
could be due to the fact that the transient transfection has a limited
timeless and validity.

The Ras/Raf/MEK/ERK and RAS/PI3K/PTEN/mTOR pathways are well
known regulators of cell proliferation and apoptosis which ultimately
lead to drug resistance in various cancers including breast cancer
[45-47]. Other researchers indicated that the PD-1/PD-L1-induced
MDR1/P-gp expression was mediated by activating PI3K/AKT and
MAPK/ERK pathways [31]; and PD-1/PD-L1 axis led to chemoresistance
of tumor cells [48], this is consistent with our results that PD-1/PD-L1
axis contributed to both stemness and drug resistance via activating
PI3K/Akt and ERK1/2 pathways. Notably, as the modulation of miR-
873/PD-L1 axis on stemness is attenuated but not abrogated by AKT/
ERK inhibitors, suggesting the presence of other pathways involved.
Conventional chemotherapies seemed to have reached a therapeutic
puzzle in the treatment of solid tumors and many metastatic diseases
are still incurable. Immunotherapy has raised interests in advanced can-
cer therapy, however this strategy needs to face this new challenge ex-
ploring its efficacy in cure CSCs, and its potential against CSCs is a novel
field of research. Importantly, to date, mechanistic studies of PD-1 have
been largely focused on its role on T cells as PD-1 in tumor micro-
environment could facilitate the immune evasion of tumor cells, how-
ever, PD-1 has also been found to be expressed on tumor cells [49].
Here, we showed that rPD-1 promoted the stemness of breast cancer
cells, indicating that endogenous PD-1 in tumor cells might help CSCs
cells escaping from immune-surveillance and thus leading to drug
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resistance. To the best of our knowledge, this is the first study indicating
PD-1 roles and related mechanism in regulating the stemness of breast
cancer cells. Notably, we must admit the deficiency of this work, such as,
8 days from tumor implantation may not be a sufficient time to appre-
ciate differences in tumorigenicity and to perform limiting-dilution
essay (LDA). More days on this exploration could strengthen the current
conclusions. Meanwhile, we should further confirm that the miR-873/
PD-L1 axis and its modulatory effects could hold true even in cases
where endogenous PD-L1 induced by IFN-y on stemness not only in
tumor cases with constitutive expression of PD-L1.

In conclusion, we identified a mechanism that miR-873 influenced
the PD-L1/PD-1 immune checkpoint signaling pathways responsible
for drug resistance and the stemness in breast cancer cells (Fig. 8).
This study provided compelling evidence that suggests a targeting strat-
egy involving miR-873 together with chemo-therapy or immune block-
age to treat breast cancer.
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