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Abstract

Cancer-secreted, extracellular vesicle (EV)-encapsulated miRNAs enable cancer cells to
communicate with each other and with non-cancerous cells in tumor pathogenesis and response

to therapies. Here we show that treatment with a sub-lethal dose of chemotherapeutic agents
induces breast cancer cells to secrete EV with the capacity to stimulate a cancer stem-like cell
(CSC) phenotype, rendering cancer cells resistance to therapy. Chemotherapy induced breast
cancer cells to secrete multiple EV miRNAs including miR-9-5p, miR-195-5p, and miR-203a-3p,
which simultaneously targeted the transcription factor One Cut Homeobox 2 (ONECUT?2), leading
to induction of CSC traits and expression of stemness-associated genes including NOTCH1,
SOX9, NANOG, OCT4, and SOXZ. Inhibition of these miRNASs or restoration of ONECUT2
expression abolished the CSC-stimulating effect of EV from chemotherapy-treated cancer cells.

In mice bearing xenograft mammary tumors, docetaxel treatment caused elevations of miR-9—

5p, miR-195-5p, and miR-203a-3p in circulating EV and decreased ONECUT?2 expression

and increased levels of stemness-associated genes. These effects following chemotherapy were
diminished in tumors deficient in exosome secretion. In human breast tumors, neoadjuvant
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chemotherapy decreased ONECUT2 expression in tumor cells. Our results indicate a mechanism
by which cancer cells communicate with each other and self-adapt to survive in response to
cytotoxic treatment. Targeting these adaptation mechanisms along with chemotherapy, such as
by blocking the EV miRNA-ONECUT?2 axis, represents a potential strategy to maximize the
anti-cancer effect of chemotherapy and reduce chemoresistance in cancer management.
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Introduction

Extracellular vesicles (EVs), including exosomes that have an endosomal origin and a
typical diameter of 30—150 nm, are released into the interstitial spaces and blood by
many cell types including cancer cells (1,2). Serving as vehicles to transfer a variety of
cellular materials including RNA, DNA, proteins, and lipids between adjacent or distant
cells, EVs have been recognized for their unique role in intercellular communication

(3). Many reported functions of EVs are mediated by microRNAs (miRNAs) through
post-transcriptionally regulating gene expression in recipient cells (4-9). Cancer-secreted
EVs and their cargo have been implicated in the adaptations of cancer and niche cells

to promote multiple aspects of tumor progression including tissue invasion, angiogenesis,
immune evasion, and metastasis (1,2).

Solid tumors exhibit remarkable intratumoral heterogeneity in cellular composition, tissue
architecture (e.g., vasculature), and abundance of matrix proteins, cytokines, metabolites,
and therapeutic agents. Cargo of cancer-secreted EVs may mediate the dynamic crosstalk
between different cancer cell populations in response to environmental changes, thereby
contributing to cancer evolution. We set out to examine the hypothesis that under
chemotherapy stress, a subset of cancer cells may alter their secreted miRNAome to
reprogram other cancer cells that would survive and remain in the tumor after therapy (e.g.,
those not exposed to a lethal dose of drug or exhibiting intrinsic resistance). These dynamic
intercellular events would best represent the scenario of preoperative or neoadjuvant therapy
(NT), which is increasingly used in patients with locally advanced or inflammatory breast
cancer (BC). Although NT has been shown to significantly improve clinical outcomes in
BC and other human cancers (10,11), a significant subset of patients, including up to 50%
of triple-negative (TN) or HER2* BC and >70% of hormone receptor-positive (HR*) BC,
do not exhibit pathologic complete response (pCR). In addition, some patients with initial
PCR relapse with more advanced disease (12,13). These observations suggest potential
chemotherapy-induced cancer cell behaviors contributing to adaptation to the treatment and
tumor cell evolution. In this study, we focused on the effect of chemotherapy-induced,
BC-secreted EV miRNAs for the dynamic regulation of a cancer stem-like cell (CSC)
phenotype, which has been associated with tumor refractoriness and progression (14).
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Materials and Methods

Cells and constructs

Human BC cell lines MDA-MB-231 (MDA231), MCF-7, and BT474 were obtained from
the American Type Culture Collection (Manassas, VA) and cultured in the recommended
media. The non-cancerous mammary epithelial cell line MCF10A was cultured as reported
(15). MDAZ231 cells with stable Rab27a knockdown (MDA231/Rab27aKD) were generated
by transducing cells with lentivirus carrying MISSION pLKO.1-puro-RAB27A shRNA
(#SHCLNG-NM_004580, TRCN0000380306) followed by puromycin selection, whereas
control cells were generated using pLKO.1-puro empty vector (Sigma-Aldrich; St. Louis,
MO). The ONECUT2 overexpression plasmid (#RC211951) was purchased from OriGene
(Rockville, MD); stable transfection of MDA231 cells was achieved by G418 selection

to generate the MDA231/ONECUT2 cells. All cells used herein were tested to be free

of mycoplasma and authenticated by short tandem repeat profiling at the beginning

and end of study. The miRNA mimics and inhibitors and their corresponding negative
controls were purchased from Dharmacon (Lafayette, CO). ONECUT2 siRNAs (FlexiTube
GeneSolution/GS including equal mixture of four preselected siRNAs S104346384 (#1),
S104340049 (#2), S104181709, and S100665504, or individual siRNA #1 and #2), negative
control siRNAs, and miRNA miScript primers were purchased from Qiagen (Venlo,
Netherlands). Transient transfection with RNA or DNA was performed using Lipofectamine
RNAIMAX (Invitrogen; Carlsbad, CA) or Lipofectamine 2000 (Invitrogen), respectively,
following the manufacturer’s protocols. Cells were seeded on 6-well plates at 2x10° per
well one day prior to transfection, and a total of 25 pmol siRNA/MiRNA mimics/miRNA
inhibitors or 2 pg plasmid DNA with 7.5 pL Lipofectamine were used. MG132 was
purchased from Selleckchem (Houston, TX) and used at 10 uM.

EV purification and characterization

EVs secreted by cultured cells were prepared as previously reported (5,7). Conditioned
medium was first prepared by incubating cells grown at sub-confluence in growth

media containing EV-depleted fetal bovine or horse serum (prepared by overnight
ultracentrifugation of medium-diluted sera at 100,000 xg at 4 °C) for 48 h, and pre-cleared
by centrifugation at 500 xg for 15 min and then at 10,000 xg for 20 min. EVs were

pelleted by ultracentrifugation at 110,000 xg for 70 min, and washed in PBS under the same
ultracentrifugation conditions. Pelleted EVs were resuspended in PBS and characterized by
nanoparticle tracking analysis using a NanoSight NS300 system (Malvern; Westborough,
MA) and by Western blot (Fig. S1A,B). For cell treatment, 2 pug of EVs (equivalent to

those collected from ~5x108 producer cells) based on protein measurement using Pierce™
BCA protein assay kit (Thermo Fisher Scientific; Waltham, MA) were added to 2x10°
recipient cells. To fluorescently label EVs, resuspended EVs were incubated with 20 uM
CFSE (5(6)-carboxyfluorescein diacetate N-succinimidyl ester; Sigma-Aldrich) at 37 °C for
2 h before the PBS wash. When indicated, EVs were treated with RNase A (100 pg/mL;
Thermo Fisher Scientific) and Proteinase K (200 pg/mL; Thermo Fisher Scientific) at 37 °C
for 2 h before the PBS wash, and then used to treat cells.
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RNA extraction and quantitative reverse transcription PCR (RT-gPCR)

RNA extraction by TRIZOL or TRIZOL LS (Thermo Fisher Scientific) and RT-gPCR

were performed as described previously (5,7). Sequences of primers used in RT-qPCR are
indicated in Table S1. An annealing temperature of 55 °C was used for all primers. For
detection of intracellular miRNAs, U6 small nuclear RNA was used as an internal control.
For detection of EV miRNAs, 20 fmol of synthetic cel-miR-39-3p was added to EVs from
an equal number of cells during RNA extraction, and the levels of this spike-in control were
used for data normalization following miScript miRNA RT-gPCR assays (Qiagen).

Western blot analysis

Cell lysates were resolved by electrophoresis on a 10% SDS polyacrylamide gel. Detection
of selected proteins was performed using antibodies listed in Table S1. Scanned images were
quantified using ImageJ (Fiji Software) with normalization to the GAPDH blot.

Luciferase reporter assay

PCR-amplified fragments of human ONECUTZ2 3’UTR were digested with X#ol and Nod,
and inserted into the same sites of psiCHECK-2 reporter vector (Promega; Madison, WI)
downstream to the Renillaluciferase gene. Sequences of the PCR primers are indicated in
Table S1. All plasmid constructs were verified by sequencing. Luciferase activities were
measured as described previously (7).

Sphere formation assay

Mammosphere formation assay was performed as previously described (16). Cells were
seeded in ultralow attachment 6-well plates (Corning; Corning, NY). The number of spheres
(defined as diameter = 70um) was counted on day 28 (for MDA231), day 15 (for MCF-7),
or day 12 (for BT474). Sphere-forming efficiency was calculated based on the number of
initially seeded cells.

ALDEFLUOR assay

Cells were analyzed by an ALDEFLUOR assay kit (Stemcell Technologies; Vancouver, BC,
Canada) following the manufacturer’s protocol. Flow cytometry was performed on a CyAn
ADP flow cytometer (Dako; Carpinteria, CA) and analyzed by FlowJo software (TreeStar;
Ashland, OR).

Small RNA-seq and bioinformatics

Illumina sequencing was performed by City of Hope Integrative Genomics Core using

RNA extracted from EVs of MDA231 cells previously treated with docetaxel (DTX; 4 nM;
Sigma-Aldrich), doxorubicin (DOXO; 125 nM; Sigma-Aldrich), or PBS for 48 h. All small
RNAs of 15-52 nts were selected and sequenced using the Hiseq 2500 system, following
the manufacturer’s protocol (Illumina; San Diego, CA) as previously described (5). Raw
counts were normalized by trimmed mean of M value method and differentially expressed
miRNAs between different treatments were identified using Bioconductor package “edgeR”.
The small RNA-seq data are deposited into NCBI Gene Expression Omnibus (accession
code GSE126419).
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Cell viability (MTS assay)

Animals

Cell viability was assessed using CellTiter 96 AQueous MTS assay (Promega). In brief, cells
were seeded at 5,000 cells/well in flat-bottomed 96-well culture plates and treated with DTX
(10 nM) or DOXO (500 nM). At indicated time points, 20 ul MTS/PMS solution was added
to each well followed by an 1.5-h incubation at 37 °C. Optical density was read at 490 nm
using a Varioskan LUX reader (Thermo Fisher Scientific). Each individual experiment was
repeated at least three times.

All animal experiments were approved by the institutional animal care and use committee
at the University of California, San Diego. Eight-week-old female NOD/SCID/IL2Ry-null
(NSG) mice were used. For limiting-dilution transplantation, pre-treated MDA231 cells
were injected into the mammary fat pads at the indicated numbers. Tumor incidence after
25 days was shown. The tumor-initiating cell (TIC) frequency was estimated by extreme
limiting dilution analysis (ELDA) (17). For in vivo drug treatment, xenograft tumors were
established by injecting 2x10° MDA231, MDA231/Rab27aKD, or MDA231/ONECUT?2
cells into the #4 mammary fat pad. When tumor size reached approximately 300 mms3, mice
were treated weekly with DTX (15 mg/kg) for 3 weeks. Serum was collected before and
after the entire chemotherapy via retro-orbital bleeding. Tumor volume was determined by
caliper measurements. Tumors were collected before the first DTX treatment (pre-DTX) or
3 days after the last DTX treatment (post-DTX). Each tumor was cut into three pieces for
Western blot, RT-gPCR, and IHC analyses.

Clinical specimens

Human tumor specimens were obtained from BC patients who had received NT at the City
of Hope National Medical Center (Duarte, CA) or the Tianjin Medical University Cancer
Institute and Hospital (Tianjin, China). Written informed consents were obtained from all
patients. The studies were conducted in accordance with recognized ethical guidelines, and
were approved by an institutional review board. Clinical information, including age, tumor
stage and pathology, as well as NT starting time, regimen, and response, is summarized in
Table S1.

Immunohistochemistry (IHC)

IHC of formaldehyde-fixed, paraffin-embedded tumor tissues was performed using a
Ventana Discovery Ultra system (Roche; Basel, Switzerland) with antibodies listed in Table
S1. Stained slides were scored according to intensity of staining (-: 0; +: 1; ++: 2; and

+++: 3) and percentage of tumor cells staining positive for the antigen (0%: 0; 1~29%: 1;
30~69%: 2; and = 70%: 3). The intensity score was multiplied by the percentage score to
obtain a final score, which was used in the statistical analyses.

Statistics and reproducibility

All quantitative data are presented as mean + standard deviation. Statistical tests
were performed using GraphPad Prism 7.01. Two-sided Student’s t-tests were used for
comparisons of the means of data between two groups. For multiple independent groups,
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one-way ANOVA was used. Nonparametric Wilcoxon test was used for comparison of
paired pre- and post-NT patient samples. Values of P<0.05 were considered significant.
All Western blots were repeated independently three times with similar results, and
representative images are shown.

Data and material availability

Results

All materials, data, and protocols described in the article are available from the
corresponding author on reasonable request.

EVs and their cargo RNA secreted by chemotherapy-treated BC cells induce a CSC

phenotype

EVs were isolated from the conditioned medium of MDA231 or MCF10A cells that had
been treated with PBS (as a control) or a sub-lethal dose of chemotherapeutic agent DTX or
DOXO (herein referred to as “chemo-EVs”). MDA231 BC cells that had never been treated
with drugs exhibited efficient EV uptake (Fig. S1C), and were assessed for CSC-associated
properties following EV treatment. We observed significant inductions of sphere-forming
efficiency (Fig. 1A) and ALDEFLUORPM9Mt population known to be enriched in CSCs (18)
(Fig. 1B) in cells that had received chemo-EVs from MDA231 but not from untreated BC
cells or non-cancerous MCF10A cells. In addition, when varying numbers of MDA231
cells pre-treated with chemo-EVs or control EVs were injected into the mammary fat

pads of NSG mice in a limiting-dilution transplantation assay, EVs derived from DTX- or
DOXO-treated MDA231 cells showed the ability to stimulate tumorigenicity (Fig. 1C). The
CSC-promoting effect was accompanied by a remarkable induction of stemness-associated
genes, including NOTCH1, SOX9, NANOG, and POU5F1/0OCT4, at both RNA and protein
levels in chemo-EV-treated MDA231 (Fig. 1D,E). Some stemness-associated genes were
also induced in MCF-7 and BT474 BC cells treated with their corresponding chemo-EVs
(Fig. 1E), indicating induced stemness gene expression is a general effect of chemo-EVs
from BC cells. Chemo-EVs’ effect on CSC phenotype was not affected by pre-treating EVs
with RNase A in combination with Proteinase K to remove any free RNA and proteins
outside of EV membranes (Fig. 1F), and the effect could be recapitulated by transfecting
recipient BC cells with RNA isolated from the EVs (Fig. 1G,H), indicating this function is
mediated by the cargo RNA of chemo-EVs.

BC-derived, EV-encapsulated miR-9-5p, miR-203a-3p, and miR-195-5p are induced by
chemotherapy and required for CSC regulation

We performed small RNA-seq to characterize the miRNAs present in chemo-EVs secreted
by MDAZ231 cells. Compared to PBS treatment, DTX and DOXO respectively induced

35 and 26 miRNAs in the EVs by >2 folds (only miRNAs with >40 counts were

selected). Among these, 19 miRNAs were induced by both drugs (Table S2; Fig. S2A).
We further selected the miRNAs broadly conserved across vertebrates with the exclusion
of let-7 miRNAs, due to the presence of multiple let-7 family members sharing the same
seed sequence and thereby with potential functional redundancy, and due to their very
high endogenous expression (5) making the intracellular level unlikely to be significantly
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altered by EV transfer. The four selected miRNAs were then transfected into MDA231
cells to examine their individual effect on sphere formation; miR-9-5p, miR-203a-3p, and
miR-195-5p were able to stimulate this CSC phenotype (Fig. S2B). RT-gPCR confirmed
that these three miRNAs were dramatically induced by both DTX and DOXO in a
dose-dependent manner in MDA231-derived EVs, and were also induced by at least one
drug in the EVs from MCF-7 and BT474 BC cells, but not from MCF10A cells (Fig.

2A; Fig. S3). The intracellular levels of these miRNAs, however, did not always exhibit
consistent changes compared to their levels in the EVs (Fig. 2B; Fig. S3), suggesting that
chemotherapy may regulate the selective EV packing and secretion of these miRNAs. The
putative target genes of these three miRNAs were determined by miRDB, and we initially
focused on genes simultaneously targeted by all (Table S2). Among these, ONECUT?2
stood out as a master transcription factor in cell fate specification, and its expression

was indeed inhibited by chemo-EVs from BC cells (Fig. 1D,E,H). In contrast, expression
of ONECUT1 and ONECUT3 did not show significant regulation (Fig. S4). Previously
reported ONECUT2-regulated genes KLF4, L MOZ, and POU6FZ (19) showed increased
expression following chemo-EV treatment (Fig. S4). To determine if the three selected
miRNAs indeed mediate the CSC-promoting effect of chemo-EVs, we individually blocked
each miRNA in BC cells using anti-miRNA inhibitors and found that all three miRNAs
were required to achieve maximal suppression of ONECUT2 and induction of stemness-
associated genes (Fig. 2C,D). Direct chemotherapy treatment failed to show a significant
and consistent effect on the endogenous expression of ONECUT family members and
ONECUT?2 targets, regardless of the presence of a proteasome inhibitor (Fig. S5). This
further suggests that the herein studied regulation of ONECUT2 and CSC phenotype
requires cargo transfer of chemo-EVs from chemo-stressed to treatment-naive BC cells.

miR-9-5p, miR-203a-3p, and miR-195-5p regulate CSC-associated phenotype through
directly targeting ONECUT2

We determined if the three selected miRNAs were sufficient to induce CSC properties

by transfecting BC cells with miRNA mimics either individually or in combination. In
MDAZ231 and BT474 cells, each miRNA mimic stimulated sphere-forming efficiency

to a certain degree, whereas in MCF-7 cells only the combination of all three was

sufficient to induce sphere formation (Fig. 3A). miR-203a-3p was also able to induce the
ALDEFLUORPM8ht population in MDA231 cells (Fig. 3B). In various BC cell lines, mimics
of the three miRNAs decreased ONECUT2 expression and induced a full or partial set of
examined stemness-associated genes as indicated by changes at the RNA and protein levels
(Fig. 3C,D).

Knockdown of ONECUT2 with siRNAs significantly increased sphere-forming efficiency
and the ALDEFLUORDP"9 population in BC cells (Fig. 4A,B), and enhanced the expression
of stemness-associated genes (Fig. 4C,D). CSCs characteristically express high levels of
ATP-binding cassette (ABC) transporters on their cell surface as a mechanism to efflux
chemotherapeutic drugs. Among the large family of ABC transporters, ABCB1 (multidrug
resistance 1 or P-glycoprotein), ABCG2 (breast cancer resistance protein), ABCBS5,

and ABCC1 are the most well-characterized (20). In MDA231 cells with ONECUT?2
knockdown, we detected increased partial resistance to DTX and DOXO as well as
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the expression of selected ABC transporters (Fig. 4E,F). To further establish that chemo-
EVs induce CSC properties through downregulating ONECUTZ2, we transfected MDA231
cells with a ONECUT2 cDNA construct lacking 3’UTR and thus resistant to miRNA
regulation. This significantly blocked the effect of chemo-EVs on inducing sphere-forming
efficiency and stemness gene expression (Fig. 5A,B). In contrast to the effect of ONECUT2
knockdown, overexpression of ONECUT2 suppressed the expression of stemness-associated
genes (Fig. 5C,D), and enhanced sensitivity to chemotherapy drugs (Fig. 5E,F).

Due to the length of OVECUTZ2 3’UTR which is >14,000 bps, we constructed luciferase
reporters containing various fragments of ONECUTZ2 3’UTR that encompass most of the
putative binding sites of the three selected miRNAs to confirm the miRNA-mediated
regulation. Fragments 1 and 3 contain one or more binding sites for all three miRNAs,
whereas Fragment 2 only contains binding sites for miR-9-5p and miR-203a-3p (Fig.

6A). When MDA231 cells transfected with the 3’UTR reporters were treated with chemo-
EVs, Fragments 1 and 3 showed significant responses by reducing the expression of
luciferase reporter, whereas Fragment 2 showed less significant responses (Fig. 6B). When
co-transfected with miRNA mimics, Fragment 1 responded to miR-9-5p and modestly

to miR-203a-3p, Fragment 2 responded to miR-203a-3p and slightly to miR-9-5p, and
Fragment 3 responded to miR-9-5p and modestly to the other two miRNAs when compared
to control mimic (Fig. 6C). This result thus confirmed that OVECUTZ2is a shared target of
miR-9-5p, miR-203a-3p, and miR-195-5p, which recognize various regions of the gene’s
3'UTR.

ONECUT2 level in tumor is regulated by chemotherapy through EV secretion and affects
therapeutic response

To examine ONECUT?2 regulation by chemotherapy /n vivo and the role of cancer-

derived EVs in this process, we generated MDA231 cells with stable knockdown of
RAB27A (MDA231/Rab27aKD), a gene required for exosome secretion (21), and confirmed
significant reduction of EV secretion by this line (Fig. 7A). In addition, MDA231 cells
stably overexpressing ONECUT2 were also generated (Fig. 7A). These modified cells as
well as the control MDA231 cells were injected into the #4 mammary fat pad of NSG

mice. When tumor size reached ~300 mm?3, mice were treated with DTX for 3 weeks.
Tumors with Rab27a knockdown grew slower than the control MDA231 tumors from the
beginning, and exhibited enhanced response to DTX (Fig. 7B; Fig. S6A). Tumors with
ONECUT?2 overexpression grew faster than controls, also exhibiting better response to
DTX-induced tumor regression (Fig. 7B; Fig. S6A). DTX treatment decreased ONECUT2
but increased CSC-associated gene expression in MDA231 tumors, but these effects were
diminished in tumors with Rab27akKD or ONECUT?2 overexpression (Fig. 7C,D; Fig.

S6A). Following DTX treatment, levels of miR-9-5p, miR-203a-3p, and miR-195-5p were
significantly elevated in the EVs isolated from the sera of mice bearing MDA231, but

not MDA231/Rab27aKD tumors (Fig. 7E), which is consistent with the defective EV
secretion capacity of the latter. Our data from the MDA231 tumor model collectively suggest
that although ONECUT2 enhances tumor growth, its downregulation by chemo-EVs can
promote stemness-associated gene expression, contributing to therapeutic resistance. Lastly,
we compared ONECUT?2 levels in 12 primary human breast tumors before and after NT, and
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detected decreased tumor cell expression of ONECUT2 following chemotherapy treatment
(Fig. 7F; Fig. S6B).

Discussion

Here we show a mechanism through which chemotherapy-treated BC cells, by secreting
certain EV miRNAs, communicate with and reprogram nearby cancer cells to induce a CSC
phenotype. Given the established associations between CSCs and tumor refractoriness, this
may serve as a means for cancer’s self-adaptation to survive the therapy, and may contribute
to chemotherapy-induced tumor progression and metastasis. Indeed, previous studies have
shown that chemotherapy can induce stemness-related genes through various mechanisms
independent of EV secretion, such as by directly activating hypoxia-inducible factors and
Ca?" release in cancer cells exposed to the drugs (22), and by stimulating monocytosis
leading to systemic elevation of monocyte chemoattractant proteins (MCPs) (23). Our
current study adds another mechanism potentially mediating therapy-driven evolution of
cancer, and may represent a unique mode of EV adaptation in those cancer cells without
direct exposure to chemotherapeutic drugs due to the poor bio-accessibility of these drugs
to tumor tissues, as well as in cancer cells that do not express significant amounts of MCP
receptors.

We identified miR-9-5p, miR-203a-3p, and miR-195-5p as the EV cargo induced by
chemotherapy and in turn reprogramming BC cells through simultaneously targeting
ONECUTZ. These miRNAs have been previously reported to inhibit cell proliferation in BC
models by targeting MTHFDZ (miR-9-5p), BIRC5and LASPI (miR-203a-3p), and CCNE1
(miR-195-5p) (24-26). Their seemingly tumor suppressor-like function does not conflict
with the herein studied effect on inducing cancer stemness, as CSCs are known to be slowly
proliferating and the induction of these miRNAs could be transient in tumor as an acute
response to chemotherapy. Indeed, the function of these miRNAs during tumor growth and
progression is complex, likely depending on the cellular context and stage of tumor. miR-9—
5p is activated by MYC oncogene and promotes metastasis by targeting E-cadherin (27).

It also promotes vascular-like structure formed by BC cells (28), and has been associated
with BC local recurrence and poor survival (29,30). miR-203a-3p has also been shown to
promote hepatocellular carcinoma cell proliferation and metastasis by targeting 1L-24 (31).
Thus, the significance of these miRNAs as chemotherapy-responsive EV cargo may be
reflected by their combined effect, such as the induction of CSC properties shown in our
study.

The ONECUT family of transcription factors are highly conserved and play important roles
in organ development (32). Different ONECUT factors exhibit similar functions but their
expression patterns are under different spatial and temporal control to allow proper cell fate
specification during organogenesis. ONECUT2 expression is detected in developing liver,
pancreas, nervous system, and gut endoderm, exhibiting a developmental stage-specific and
tissue-restricted pattern (33). Overexpression of ONECUT?2 has been reported in a variety
of human cancers, including those of the prostate, ovaries, colorectum, and liver (34-37).

In these previous studies, ONECUT?2 plays a tumor-promoting role by stimulating cancer
cell proliferation and invasion. The function of ONECUT2 in BC hasn’t been characterized.
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In a study identifying five upregulated miRNAs (miR-30b-5p, miR-96-5p, miR-182-5p,
miR-374b-5p, and miR-942-5p) in the blood of BC patients, ONECUT2 was proposed as a
common putative target of the five miRNAs, and its lower expression was associated with
worse relapse-free survival of BC patients (38).

A recent study identifies ONECUT?2 as a master regulator in metastatic castration-resistant
prostate cancer, where ONECUT2 suppresses the expression of androgen receptor (AR) and
binds to the promoters of AR target genes to suppress their expression—but only in the
presence of AR ligand dihydrotestosterone (39). In this cellular context, ONECUT?2 also
activates genes associated with neural differentiation and cancer progression. Here in BC
models, we found that ONECUT?2 negatively regulated the CSC phenotype and stemness-
associated genes including NOTCH1, SOX9, NANOG, OCT4, and SOX2. In addition,
KLF4, LMOZ2, and POUG6F2 have been reported to be regulated by ONECUT2 in embryonic
retinas (19). These genes showed increased expression following chemo-EV treatment or
ONECUT?2 knockdown (Fig. S4; Fig. 4C) and decreased expression when ONECUT2 was
overexpressed (Fig. 5C), and have all been implicated in the regulation of CSCs or tumor
aggressiveness. KLF4 is found to be highly expressed in CSCs of mouse mammary tumors
and BC cell lines, and is required for tumorigenesis through maintaining the stem/progenitor
cell population and NOTCH1 expression likely through binding to the proximal NOTCH1
promoter (40,41). In embryonic stem cells, KLF2, KLF4, and KLF5 are coordinately
upregulated and required for the cells’ self-renewal through regulating the promoter of
NANOG gene and targets of NANOG, whereas simultaneous depletion of the KLF genes
results in cell differentiation (42). Similarly, LMO?2 is highly expressed in patient-derived
glioma stem cells and is required for tumorigenicity through transcriptional regulation

of NOTCH signaling (43). In basal-type BC, LMO2 promotes tumor cell invasion and
metastasis, and its high expression is associated with lymph node metastases in patients (44).
Upregulation of POU6F2 has been associated with mammary adenocarcinoma metastases
to lungs (45). Thus, it is possible that ONECUT?2 regulates the gene expression program
associated with CSCs through these previously reported mechanisms.

It was noted that the MDA231/Rab27aKD cells, when cultured /n vitro, exhibited reduced
expression of ONECUT2 (Fig. 7A). Although this might be related to altered secretion

of exosomal miRNAs and proteins, we did not observe a significant difference in
ONECUT?2 expression in pre-treatment xenograft tumors formed from these cells compared
to the MDA231 tumors, possibly suggesting the presence of other mechanisms and
factors in the tumor microenvironment that can regulate ONECUT?2 expression. Several
miRNAs, including miR-9, miR-429, and miR-218, have been previously reported to
target ONECUT?2 (34,35,46-48). In embryonic stem cells, the promoter of ONECUTZ2

is simultaneously marked with histone H3 trimethyl-lysine 4 (K4me3) and histone H3
trimethyl-lysine 27 (K27me3), a pattern known as bivalent domains, which silence
developmental genes while keeping them poised for activation during differentiation (49).
Bivalent domains are associated with genes coding for transcription factors critical for
embryonic development and lineage specification. In differentiated cells, these domains
adopt either an active or repressed state to maintain lineage-specific expression or
repression (49). Chromatin regions exhibiting bivalency, including ONECUTZ promoter,
constitute a major group of cancer-associated promoters in gastric adenocarcinomas (50).
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Thus, repression of ONECUTZ and other bivalent genes via miRNA targeting and other
mechanisms would reprogram the levels of gene expression towards a pluripotent state.
Future studies deciphering the spatiotemporal pattern of ONECUT2 expression and its
regulation during tumor development, progression, and treatment may provide novel insights
into the dynamic control of CSC-like population towards improved cancer management.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Findings reveal a critical mechanism of resistance to chemotherapy by which breast
cancer cells secrete miRNA-containing extracellular vesicles to stimulate cancer stem

cell-like features.

Significance:
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Fig. 1. EVs and their cargo RNA secreted by chemotherapy-treated BC cells induce a CSC
phenotype.
(A,B) MDA231 cells were treated with PBS or an equal amount of EVs from either

MDAZ231 or MCF10A cells that had been exposed to PBS, docetaxel (DTX; 4 nM), or
doxorubicin (DOXO; 125 nM) for 48 h before EV collection. EV-treated MDA231 cells
were analyzed at 48 h by sphere formation assay (A) and at 72 h by ALDEFLUOR assay
(B). (C) MDA231 cells pre-treated with indicated EVs from either PBS- or drug-treated
MDAZ231 cells for 48 h were injected into the mammary fat pads of female NSG mice

at the indicated numbers for limiting-dilution transplantation. Tumor incidence (out of 8
injections) after 25 days was shown. The estimated TIC frequency per 10,000 cells was
determined by ELDA at the confidence level of 0.95 and indicated in brackets. Pairwise test
for difference: TPr(>ChiSq)<0.001, *Pr(>ChiSq)<0.01 compared to the PBS EV group. (D)
Total RNA was extracted from MDA231 cells treated as in A, and subjected to RT-gPCR
for levels of indicated genes using 18S rRNA level for normalization. (E) MDA231, MCF-7,
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and BT474 cells were treated with PBS or EVs from the same BC cell line or MCF10A
cells that had been exposed to PBS, DTX, or DOXO as in A-C. EV-treated BC cells were
analyzed at 48 h by Western blots for indicated protein levels. (F) EVs collected from
MDAZ231 cells were treated with RNase A (100 pg/mL) and Proteinase K (200 pug/mL) for 2
h or left untreated (as control), washed with PBS, and then used to treat MDA231 cells for
ALDEFLUOR assay analyzed at 72 h. (G,H) Total RNA extracted from the MDA231- and
MCF10A-derived EVs examined in A-C were transfected into MDA231 cells (200 ng RNA
added to 108 cells), which were subsequently analyzed at 72 h by ALDEFLUOR assay (G)
and at 48 h by Western blots (H). **P<0.01, ***P<0.001. Numbers below Western images
indicate quantification after normalization to GAPDH with the first lane set as 1.
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Fig. 2. BC-derived, EV-encapsulated miR-9-5p, miR-203a-3p, and miR-195-5p are induced by
chemotherapy and required for CSC regulation.
(A,B) Total RNA was extracted from an equal amount of EVs (A) or cell lysates (B) of

PBS- or chemotherapy-treated MCF10A, MDA231, MCF-7, and BT474 cells. RT-gPCR
was performed to determine levels of miR-9-5p, miR-203a-3p, and miR-195-5p using

a cel-miR-39-3p spike-in control (for EV miRNA levels) or U6 internal control (for
intracellular miRNA levels) for normalization. (C,D) MDA231, MCF-7, and BT474 cells
were transfected with anti-miR-9-5p, anti-miR-203a-3p, anti-miR-195-5p oligonucleotides
or mismatch control (25 pmol per 2x10° cells), and treated with EVs from the indicated
producer cells for 48 h, before being analyzed by Western blots. *P<0.05, **P<0.01,
***P<0.001. Numbers below Western images indicate quantification after normalization

to GAPDH with the first lane set as 1.
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Fig. 3. Mimics of miR-9-5p, miR-203a-3p, and miR-195-5p promote CSC-associated properties
and downregulate ONECUT2.

(A) MDAZ231, MCF-7, and BT474 cells were transfected with indicated miRNA mimics or
a 1:1:1 mixture of miR-9-5p, miR-203a-3p, and miR-195-5p mimics, or with a negative
control mimic. A total of 25 pmol miRNA mimics were used to transfect 2x10° cells seeded
on 6-well plates one day prior to transfection. After 48 h, cells were collected for sphere
formation assay. (B) ALDEFLUOR assay of MDA231 cells transfected with indicated
miRNA mimics for 72 h. (C) RT-gPCR-determined RNA levels of indicated genes in various
BC cells at 48 h following transfection with indicated miRNA mimics. (D) Western blots
showing the expression levels of indicated proteins in BC cells at 48 h following transfection
of indicated miRNA mimics. *P<0.05, **P<0.01, ***P<0.001. Numbers below Western
images indicate quantification after normalization to GAPDH with the first lane set as 1.
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Fig. 4. ONECUT?2 is a negative regulator of CSC-associated properties.
(A) MDA231, MCF-7, and BT474 cells were transfected with siRNA against OVECUTZ2

(GeneSolution/GS including equal mixture of 4 preselected siRNAs, or individual SIRNA
#1 and #2), or a control siRNA, or with PBS. After 48 h, cells were collected for sphere
formation assay. (B) ALDEFLUOR assay of MDA231 cells transfected with siRNA as
indicated for 72 h. (C) RT-qPCR-determined RNA levels of indicated genes in various

BC cells at 48 h following transfection with indicated siRNA. (D) Western blots showing
the expression levels of indicated proteins in BC cells at 48 h following transfection of
ONECUT2 siRNA-GS or control siRNA. (E) MDA231 cells were transfected with indicated
SiRNA and seeded at an equal number on day 0. DTX (10 nM) or DOXO (500 nM)

was added on day 1, and replenished every 24 h. On day 3, cell viability (left) and

cell number (right) were determined by MTS assay and cell counting, respectively, and
compared to the PBS treatment group. (F) RT-gPCR of indicated genes in MDA231 cells at
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72 h after transfection with indicated siRNA. *P<0.05, **P<0.01, ***P<0.001 compared to
control siRNA or as indicated. Numbers below Western images indicate quantification after
normalization to GAPDH with the first lane set as 1.
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Fig. 5. Downregulation of ONECUT2 is required for chemo-EV-induced CSC properties.
(A,B) MDA231 cells stably expressing a mammalian expression plasmid of human

ONECUTZ cDNA or the empty vector were exposed to PBS or EVs from PBS/DTX/
DOXO-treated MDA?231 cells for 48 h before being analyzed by sphere formation assay
(A) and Western blots (B). (C) RT-qPCR-determined RNA levels of indicated genes in
MDAZ231 cells stably expressing ONECUT2 or vector. (D) MDA231, MCF-7, and BT474
cells transfected with the ONECUT?2 expression plasmid or empty vector were analyzed by
Western blots. (E) MDA231 cells stably expressing ONECUT?2 or vector were seeded at

an equal number on day 0. DTX (10 nM) or DOXO (500 nM) was added after 6 h, and
replenished every 24 h. Cell viability (left) was measured by MTS assay every 24 h and
cell number (right) was determined by cell counting on day 3. Data were normalized to

the PBS control group. (F) RT-gPCR of indicated genes in MDA231 cells stably expressing

Cancer Res. Author manuscript; available in PMC 2022 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Shen et al.

Page 22

ONECUT?2 or vector. *P<0.05, **P<0.01, ***P<0.001. Numbers below Western images
indicate quantification after normalization to GAPDH with the first lane set as 1.
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Fig. 6. miR-9-5p, miR-203a-3p, and miR-195-5p target the 3’'UTR of ONECUT2.
(A) A schematic representative showing putative binding sites of miR-9-5p, miR-203a-3p,

and miR-195-5p in the 3’'UTR of human ONECUTZ2and the regions cloned into the
luciferase reporter plasmid constructs. (B) MDA231 cells were transfected with psiCHECK?2
reporter plasmids containing indicated ONECUTZ2 3’UTR region or with the psiCHECK?2
vector (2 g DNA per 2x10° cells). After 12 h, transfected cells were exposed to

PBS or EVs from PBS/DTX (4 nM)/DOXO (125 nM)-treated MDA231 cells for 48 h
before luciferase activities were measured. Ratio between Renilla luciferase and firefly
luciferase activities (Rluc/Fluc) is shown. (C) MDA231 cells were co-transfected with
indicated psiCHECK2 reporter plasmids (2 ug DNA per 2x10° cells) and miRNA mimics
(individually or with a 1:1:1 mixture of miR-9-5p, miR-203a-3p, and miR-195-5p mimics
for a total of 25 pmol). Luciferase activities were analyzed at 48 h. *P<0.05, **P<0.01,
***pP<0.001.
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Fig. 7. ONECUT?2 level in tumor is regulated by chemotherapy through EV secretion and affects
therapeutic response.
(A) Left: Western blots showing modified expression of Rab27a and Onecut2 in indicated

cell lines. Right: nanoparticle tracking analysis of EVs from an equal number of producing
cells showing reduced EV secretion by MDA231/Rab27aKD cells. (B-E) Xenograft tumors
were established in NSG mice by injecting 2x10° of indicated cells into the #4 mammary fat
pad. When tumor size reached ~300 mm3, mice were treated weekly with DTX (15 mg/kg)
for 3 weeks. (B) Tumor onset and volume. The time of DTX treatments were indicated

by arrows. (C) Western blots of indicated proteins using tumors collected before and after
DTX treatment. Numbers below Western images indicate quantification after normalization
to GAPDH with the first lane set as 1. (D) RT-gPCR analysis of indicated genes using
tumors collected before and after DTX treatment. (E) EVs were prepared from the sera

of indicated mice before and after the 3-week DTX treatment. Levels of miRNAs were
determined by RT-qPCR using a cel-miR-39-3p spike-in control for normalization. (F)
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Twelve pairs of pre- and post-NT human breast tumors were analyzed by IHC to determine
the ONECUT2 expression levels in tumor cells. Wilcoxon test was performed. *P<0.05,
**P<0.01, ***P<0.001.
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