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Abstract

Various microRNAs (miRNASs) play critical roles in the development and progression of solid tumors.
In this study, we describe the role of miR-204-5p in limiting growth and progression of breast cancer.
In breast cancer tissues, miR-204-5p was significantly downregulated compared to normal breast
tissues, and its expression levels were associated with increased survival outcome in breast cancer
patients. Overexpression of miR-204-5p inhibited viability, proliferation, and migration capacity in
human and murine breast cancer cells. Additionally, miR-204-5p overexpression resulted in a
significant alteration in metabolic properties of cancer cells and suppression of tumor growth and
metastasis in mouse breast cancer models. The association between miR-204-5p expression and
clinical outcomes of breast cancer patients showed a non-linear pattern that was reproduced in
experimental assays of cancer cell behavior and metastatic capacities. Transcriptome and proteomic
analysis revealed that various cancer-related pathways including PI3K/Akt and tumor immune
interactions were significantly associated with miR-204-5p expression. PIK3CB, a major regulator of
PI3K/Akt pathway, was a direct target for miR-204-5p, and the association between PIK3CB-related
PI3K/Akt signaling and miR-204-5p was most evident in the basal subtype. The sensitivity of breast
cancer cells to various anti-cancer drugs including PIK3CB inhibitors was significantly affected by
miR-204-5p expression. Additionally, miR-204-5p regulated expression of key cytokines in tumor cells
and reprogrammed the immune microenvironment by shifting myeloid and lymphocyte populations.
These data demonstrate both cell-autonomous and non-cell-autonomous impacts of tumor

suppressor miR-204-5p in breast cancer progression and metastasis.

Statement of significance

This study demonstrates that regulation of PI3K/Akt signaling by miR-204-5p suppresses tumor

metastasis and immune cell reprogramming in breast cancer.
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Introduction

MiRNAs are involved in various cellular and physiological processes such as cell proliferation and
differentiation, and the aberrant expression of miRNAs are associated with progression and
metastasis of various human tumors (1, 2). Genome-wide miRNAs expression studies of breast
cancers and normal tissues demonstrated the existence of breast cancer-specific mMiRNA signatures
(3) and subtype-related microRNA expression patterns (4, 5).

To identify and characterize the miRNAs involved in breast cancer progression, we performed
small RNA sequencing of breast cancer tissues and adjacent normal tissues, and found a substantial
number of differentially expressed miRNAs including miR-204-5p that was significantly downregulated
in breast cancer tissues. Several studies have shown that miR-204-5p is frequently downregulated in
various human tumor tissues compared with normal tissues, such as endometrial carcinoma,
colorectal cancer, glioma, and thyroid carcinoma, and has been suggested to act as a tumor
suppressor in most types of cancer (6-9). However, in breast cancer, the studies on the miR-204-5p
expression shows conflicting results suggesting a possible dual regulatory roles (10). While some
studies showed upregulation of miR-204-5p in breast cancer tissues and the pro-proliferative role of
miR-204-5p in breast cancer cells in vitro (11, 12), other studies suggested that decreased expression
of miR-204-5p caused by the frequent genomic loss in breast cancer was associated with worse
clinical outcome (13, 14).

In this study, we tried to provide a comprehensive understanding on the importance of miR-204-
5p in breast cancer, ranging from functional biology in regulating cell behavior and in reprograming
microenvironments to the clinical relevance of miR-204-5p and its downstream molecules in human
breast cancer tissues. Additionally, we examined the possibility targeting the miR-204-5p-dependent
signaling pathway and elucidate the dose-dependent, non-linear effects of miR-204-5p in breast

cancer.
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Materials and Methods

Clinical samples

The frozen tumor tissues were obtained from the IRB-approved breast cancer biospecimen
repository at Seoul National University Hospital (SNUH IRB number: 1405-088-580). The collection of
the clinical and pathologic data for tumors used for the small RNA sequencing in this study was
additionally approved by the institutional IRB (IRB number: 1205-017-408). All procedures were done
in accordance with the Declaration of Helsinki. For small RNA-seq, total RNA was extracted using
TRIzol reagent (Thermofisher), and then we prepared libraries using TruSeq Small RNA Library Prep
Kit (lllumina, Part# 15004197) according to manufacturer's protocols. In situ hybridization was
performed using double-digoxigenin labeled miRCURY LNA miRNA detection probe for miR-204-5p
(Qiagen) in 7 paraffin-embedded tissues of breast cancer (IRB number: 1712-141-909) according to
manufacturer’s protocol. Formalin-fixed paraffin-embedded tissues of 439 patients of breast cancer
were used to construct the tissue microarray (15). Slides were stained against PIK3CB and scored
positive based on intensity and localization. The slides were reviewed by two pathologists (H. S.R.

and M. S. J.).

Generation of miR-204-5p overexpressing cells

4T1 murine breast cancer cells and MDA-MB-231 human breast cancer cells (ATCC) were
cultured in RPMI 1640 or DMEM supplemented with 10% FBS and antibiotics/antimycotic,
respectively. Cells were periodically screened for mycoplasma contamination and MDA-MB-231 cell
was authenticated by short tandem repeat (STR) profiling from Korean Cell Line Bank (Seoul, South
Korea). To generate miR-204-5p overexpressing cells, control or overexpression plasmids for miR-
204-5p (Genolution Pharmarceuticals, Seoul, Korea) were transfected to cells using Lipofectamine
3000 (Invitrogen) according to the manufacturer’s instruction and stable clones were selected using

Zeocin.

TagMan miRNA assay and RT-PCR

Stem-loop gRT-PCR assays using TagMan miRNA probes (Applied Biosystems, assay ID:
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000508) were performed to quantify the levels of the miR-204-5p. Reverse transcription reaction was
prepared using TagMan MicroRNA Reverse Transcription Kit (Applied Biosystems) and real-time
gPCR was performed with TagMan Universal PCR Master Mix in an Applied Biosystems 7500 System.
For conventional qRT-PCR, the relative abundance of each transcript was assessed using SYBR

Green PCR Master Mix and primer information is in Supplementary Table S1.

Proliferation, 3D cell culture, migration, and invasion assays

Cells were directly counted using a TC20 Automated Cell counter (Bio-Rad). Cell proliferation
was measured with the CellTiter-Glo Luminescent Cell viability Assay (Promega). For 3D cell cultures,
cells were seeded onto growth factor reduced Matrigel (BD Biosciences). Spheroid growth was
monitored, and the dimensions were measured as described in (16). Spheroids were stained using
LIVE/DEAD® Viability/Cytotoxicity Kit (Molecular Probe) for microscopic visualization.

Cell migration and invasion were assayed using a Transwell inserts (8 um pore, Falcon) with or
without Matrigel. Cells were seeded in upper chambers and incubated for 24 hours. Migrated cells
were fixed and stained with 0.1% Crystal Violet. For quantification, the stained cells were extracted

with 10% acetic acid, and the absorbance was determined at 570 mm.

Animal experiments

Six-week-old female BALB/c and immune-deficient BALB/c Nude mice were purchased from
Orient (Seoul, South Korea) and NOD/scid IL2Rg (null) (NSG) were purchased from the Jackson
Laboratory. Cells (1-2x10°/mouse) were orthotopically injected into mammary fat pad, and then tumor
growth was monitored and volumes were calculated as 0.5xlengthxwidth?>. For experimental
metastasis, cells were intravenously injected into the tail vein. After 2 weeks, Bouin’s solution
(Sigma)-fixed tissues were inspected for the metastatic nodules. All experiments were approved by
the Institutional Animal Care and Use Committee in SNUH (IACUC approval no. 15-0284-C1A0).

Extracted tissues were analyzed for miR-204-5p expression and histologically evaluated with
H&E staining. Immumohistochemical (IHC) protocol for Ki67 (Cell Signaling), PIK3CB, CCL20 and

CD11b (Abcam) were performed at Pathology Core Facility in our institution. The IHC results were
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guantified using the Immunoratio plugin available for the ImageJ software package (17).

RNA-Sequencing and bioinformatics

For RNA-seq of MDA-MB-231 xenograft tumor tissues generated in NSG mice, RNA-seq libraries
were constructed using TruSeq Stranded mRNA Prep Kit (lllumina). Total RNA from 4T1
overexpressing miR-204-5p or control was purified and RNA-seq libraries were constructed using
TruSeq RNA library preparation kit (lllumina). RNA-seq data analysis were conducted as detailed in

Supplementary Data.

Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) measurements
Cells were plated in XF24 cell-culture microplates and the ECAR and OCR were assessed using
an XF24 analyzer (Seahorse Bioscience). These data was normalized to the total protein contents,

which were measured using a Bradford protein assay (Thermo Scientific).

Immunocytochemistry, Western blotting, and ELISA

To examine the morphological changes, cells were stained with CellTracker™ Green CMFDA
(Molecular Probe), followed by incubation with CytoPainter Phalloidin-iFluor 488 Reagent (Abcam)
after fixation. To check the PIK3CB levels, cells were stained with anti-PIK3CB (Abcam) and
observed under confocal microscope.

For Western blotting, total proteins were separated by SDS-PAGE and then transferred to PVDF
membrane. After blocking, the membrane was probed with specific antibodies against PIK3CB,
phospho-Akt (Ser473) and Akt (Cell Signaling Technology), and -actin (Santa Cruz) followed by the
treatment of horseradish peroxidase conjugated secondary antibodies. Target proteins were detected
using the Amersham Imager 600 (GE Healthcare) developed with enhanced chemiluminescent
substrate (Thermo Scientific). For ELISA, Cell culture supernatants were collected, and the levels of

CCL20 and VEGF-A was quantified using Qauantikine ELISA kit (R&D system).

Luciferase assay
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To clone the 3’-UTR region of PIK3CB, oligos corresponding to a 66-bp or 67-bp fragment from
the 3’-UTR of the murine Pik3cb and human PIK3CB were synthesized with Xhol at 5’-end and Notl at
3-end. The target sequence was predicted by miRNA target prediction program, miRDB

(http://mirdb.org/), listed in Fig. 4D. As a negative control, we also designed oligonucleotides

containing a mutated miR-204-5p target site, by replacing the seed regions of the target site with T
(18). These annealed oligonucleotides were purchased from Bionear Inc. (South Korea) and cloned
into psiCHECK-2 vector (Promega). For luciferase activity assay, cells were co-transfected with
negative control and miR-204-5p mimics along with psiCHECK-2 vector containing wild type or
mutated 3’'UTR of PIK3CB using Lipofectamine 3000. After 24 h of transfection, cells were reseeded
in 96-well plates, and luciferase activities were measured with Dual-Glo Luciferase Assay system

(Promega). Renilla luciferase activity was normalized to firefly luciferase activity.

RNA interference, overexpression, and inhibition of PIK3CB

To knockdown PIK3CB, cells were transfected with on-target plus non-targeting control siRNA
and siRNA for human PIK3CB (5291) (Dharmacon) using Lipofectamine RNAI MAX reagent (Thermo
Scientific). For overexpression of PIK3CB, pCMV hygro negative control vector or human PIK3CB
containing vector were used (Sino Biological Inc). Cells were transfected with control or PIK3CB
vector using Lipofectamine 3000. For PIK3CB inhibition, cells were treated with TGX-221 and

GSK2636771 (Selleckchem) for indicated time.

Flow cytometry of immune cells from tumor tissue

The cells from 4T1-tumor tissue were isolated as previously described with some modifications
(19). The anti-mouse antibodies (BioLegend) used for flow cytometry were as follows: CD45 (30-F11),
TCRpB+ (H57-597), CD4 (RM4-5), CD8 (53-6.7), NK1.1 (PK136), Foxp3 (MF-14), CD11b (M1/70),

F4/80 (BM8), CD11c (N418), CD206 (CD68C2), Gr-1 (RB6-8C5), Ly6G (1A8), Ly6C (HK1.4).

Statistical analysis

In general, most data represent the mean + S.D and are representative of 3 independent
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experiments, except for 3D spheroid growth, in vivo tumor growth and pulmonary metastasis
experiments. GraphPad Prism was used for generating graphs and heatmaps and performing
statistical tests. P values were calculated from unpaired two-tailed Student's t tests, based on
comparisons with the appropriate control samples tested at the same time, *, ** or *** indicates
P<0.05, P<0.01, P<0.001 respectively. Kaplan-Meier survival curves with log-rank tests were
evaluated to analyze the time to progression and survival. The * and Fisher exact test were used to

analyze the association between PIK3CB and clinicopathologic variables.

Data Availability Statement

The small RNA-seq and RNA-seq data generated in the present study have been deposited in
NCBI Gene Expression Omnibus with the accession nhumber GSE109725. Additional information on
the clinical characteristics of the involved patients are available by contacting the corresponding

author.
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Results

Decreased expression of miR-204-5p in human breast cancer and its relationship with patient’s
survival

First, we identified 106 differentially expressed miRNAs between breast cancer tissues and
normal breast tissues by using RNA sequencing of tissues from 17 breast cancer patients (Fig. 1A;
Supplementary Fig. S1A and S1B). Among these, miR-204-5p was the most significantly
downregulated miRNA in all 17 breast cancer tissues (Fig. 1B; Supplementary Fig. S1C). The down-
regulation of miR-204-5p in breast cancer was validated in an independent cohort of 32 breast cancer
patients (Fig. 1C; Supplementary Fig. S1D). Next, we performed in situ hybridization against miR-204-
5p to determine the tissue expression patterns using breast tissues from seven breast cancer patients.
In five out of seven cases, normal mammary epithelial cells showed higher miR-204-5p expression
when compared to adjacent breast cancer cells (Fig. 1D; Supplementary Fig. 1E). Interestingly, two
cases showed topographic differences in miR-204-5p levels suggesting some tumors may have intra-
tumoral heterogeneity in miR-204-5p expression. Also, the miR-204-5p down-regulation was seen in
low grade in situ tumors suggesting the loss of miR-204-5p may occur during the early phase of
premalignant transition.

To further validate the decreased expression of miR-204-5p in breast cancer, we analyzed the
breast cancer (BRCA) miR-seq data from TCGA. When stratified by tumor stages and PAM50
subtypes, miR-204-5p expression was significantly decreased across all stages and subtypes
(Supplementary Fig. S1F; Fig. 1E). The down-regulation of miR-204-5p in tumor tissues was also
observed for most of the solid tumor types in TCGA datasets (Supplementary Fig. S1G). Human miR-
204-5p transcript arise from the intronic area of transient receptor potential melastatin-3 (TRPM3)
gene of which the mRNA expression level correlates the miR-204-5p level (Fig. 1F) (20). We
identified two CpG loci in TRPM3 gene (cg20555507 and ¢g21251785) which are likely to influence
the miR-204-5p expression (Fig. 1G). The cg20555507 locus was significantly hypermethylated in
breast cancer tissues across various subtypes (Fig. 1H). The ¢g21251785 locus showed significantly
higher degree of methylation that correlate the miR-204-5p expression only in basal subtype breast

cancer (Fig. 1l; Supplementary Fig. S1H). We also examined the copy number alterations of miR-204-
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5p-encoding region since 9p21.12 chromosomal region that encodes hsa-miR-204-5p is lost in up to
28% of breast cancers (14). A subset of TCGA cases showed copy number alterations at TRPM3
gene (Supplementary Fig. S1I and S1J), but even cases with TRPM3 copy number gain still showed
down-regulation of miR-204-5p.

When the TCGA cases were classified into two groups based on their miR-204-5p levels, tumors
with high miR-204-5p expression showed significantly better overall survival (p=0.0045, log-rank test;
Fig. 1J). Interestingly, when patients were classified into quartiles, we found that the group of third
guartiles whose tumors had intermediate miR-204-5p expression showed significantly better overall
survival (hazard ratio [HR]=0.4870, 95% CI: 0.2420-0.9790, p=0.041; Fig. 1K; Supplementary Fig.
S1K). In gene set enrichment analysis (GSEA), the third quartile group was enriched with pathways
involved in immune cell modulation and cytokine interactions when compared to other quartiles (Fig.
1L; Supplementary Fig. S2A). In contrast, the fourth quartile group with highest miR-204-5p was
enriched with Wnt/B-catenin signaling and TNFA signaling when compared to the third quartile group
(Supplementary Fig. S2B).

We also measured the miR-204-5p levels in paired tumor and metastasis samples obtained from
two patient-derived xenograft models of triple negative breast cancer (TNBC) cases that developed
spontaneous metastasis to liver and lung, respectively. MiR-204-5p levels did not show significant
difference between primary tumor and metastatic tissues (Supplementary Fig. S2C). Additionally, we
observed no significant difference between primary tumor and metastasis using seven TCGA cases
where sequencing data were available for both primary tumor and metastasis (Supplementary Fig.
S2D and S2E).

Taken together, these data indicate that miR-204-5p is down-regulated in human solid tumors
including breast cancer and its down-regulation is mostly resulting from TRPM3 hypermethylation in
tumor tissues. The level of miR-204-5p expression in tumor tissue showed non-monotonic association
with clinical features. In breast cancer, tumors with intermediate miR-204-5p expression showed
improved survival and were associated with molecular features of tumor-immune interactions. The
down-regulation of miR-204-5p in breast cancer seem to occur in early phase of malignant

transformation and was maintained during the process of metastasis.
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MiR-204-5p suppresses tumor growth and metastasis, and reprograms metabolic pathways in
breast cancer cells.

Based on the miRNA database (miRBase ver. 21), the sequences of the mature miR-204 from 10
different species are completely conserved from mammalian to fish (Supplementary Fig. S3A). To
examine the role of miR-204-5p in breast cancer progression, we first established a MDA-MB-231
human TNBC cell line that stably overexpress miR-204-5p (Supplementary Fig. S3B and S3C). MiR-
204-5p overexpression significantly reduced the growth rate (Fig. 2A) and the size of 3D-cultured
tumor spheroids (Fig. 2B and C) by inducing G2/M arrest (Supplementary Fig. S3D). Additionally, the
migratory activity of breast cancer cells was also decreased by miR-204-5p overexpression (Fig. 2D).
Next, we investigated the effect of miR-204-5p on in vivo tumor growth by injection of control and
miR-204-5p overexpressing cells into the mammary fat pads of NSG mice. Overexpression of miR-
204-5p effectively suppressed the xenograft tumor growth (Fig. 2E), and reduced the number of Ki67+
cells (Fig. 2F). The MDA-MB-231 xenograft tumors from control cells often developed metastases to
the lung and liver (Fig. 2G and H). However, the miR-204-5p overexpressing cells showed substantial
reduction in the incidence of metastasis (Fig. 2G and H).

Transcriptome sequencing of the xenograft tumors showed that genes involved in Hippo
signaling and TGFpB signaling were most affected by miR-204-5p overexpression (Fig. 2I). The
differentially expressed Hippo signaling genes included MYC, YAP1, TAZ (Supplementary Fig. S3E-
S3G) which are known regulators of cell metabolism (21, 22). Additionally, GSEA using xenograft
RNA seq data showed miR-204-5p expression levels affect metabolism-related pathways such as
MTOR signaling or oxidative phosphorylation (Supplementary Fig. S3H). These findings led us to
examine the metabolic characteristics associated with miR-204-5p. When we compared the metabolic
phenotypes of control and miR-204-5p overexpressing MDA-MB-231, overexpression of miR-204-5p
significantly reduced in oxygen consumption rates as well as extracellular acidification rates (Fig. 2J
and 2K).

These results indicate that miR-204-5p inhibits tumor cell proliferation and migration in vitro and

tumor growth and metastasis in vivo. Overexpression of miR-204-5p in breast cancer cell resulted in
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perturbation in genes involved in cancer metabolism and significantly suppressed the metabolic

activities of cancer cells.

MiR-204-5p has biphasic effects on the suppression of tumor growth and metastasis

As we previously observed that miR-204-5p showed biphasic role in breast cancer survival
according to their expression levels from TCGA dataset, we hypothesized that miR-204-5p might also
have similar effects on tumor growth and metastasis in mouse breast cancer model. To test this, we
established stable 4T1 clones overexpressing different levels of miR-204-5p. The miR-204-5P
overexpressing clones, C#1 to C#4, showed fold increase of 17.7+1.2, 150.3+7.8, 525.0+62.1, and
1419.0+37.7 compared to control in terms of miR-204-5p expression (Fig. 3A). When injected into the
mammary fatpads of syngeneic BALB/c mice, C#3 cells showed significant reduction in tumor growth
and incidence of Ki67+ cells compared to control cells while the C#4 cells, which showed more than
twofold higher miR-204-5p expression than C#3, showed no such effect (Fig. 3B-D). The different
degrees of miR-204-5p in each clone were maintained in xenograft tumors (Fig. 3E). Furthermore, the
tumor weight of C#4 xenograft tumor was positively correlated with the miR-204-5p expression (Fig.
3F).

We next examined the effect of miR-204-5p on tumor metastasis by introducing tumor cells via
tail vein. After two weeks, control 4T1 cells showed extensive metastatic lesions in the lung, whereas
C#3 almost completely suppressed the lung metastasis (Fig. 3G and H). Interestingly, C#2, which
expressed moderate degree of miR-204-5p overexpression and failed to suppress orthotropic tumor
growth, also inhibited the lung metastasis in similar degree with C#3. However, C#4, which had
highest levels of miR-204-5p overexpression, did not show any suppressive effect on lung metastasis
development.

In concordance with the in vivo results, C#3 had most distinct reduction in the rate of cell growth
and the number of proliferating cells when compared to those of control cells in vitro (Fig. 3lI;
Supplementary Fig. S4A and S4B). Additionally, the C#2 and C#3 clones showed scattered cell
morphology compared to control cells while C#4 showed restoration of cell adhesion ability (Fig. 3J).

The in vivo and in vitro results showing the lack of tumor-suppressive effect of C#4 clone suggested
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possible mesenchymal-epithelial transition (MET) in cells expressing excessive levels of miR-204-5p.
Indeed, the mRNA and protein levels of E-cadherin were significantly upregulated in C#4 clone
compared to other clones (Supplementary Fig. S4C; Fig. 3K). These observations, along with above
analysis using TCGA dataset, suggest that miR-204-5p exerts dose-dependent biphasic effect on

tumor growth and metastasis formation in breast cancer.

MiR-204-5p regulates PI3K/Akt pathways in breast cancer via targeting PIK3CB

To understand the molecular mechanism of the miR-204-5p’s effect on cancer cells, we
performed transcriptome profiling of miR-204-5p overexpressing C#2 and C#3 cells using RNA
sequencing (Supplementary Fig. S5A). Pathway analysis using the differentially expressed genes
again showed that miR-204-5p was involved in various cancer-related pathways, such as
transcriptional misregulation in cancer, TNF signaling, focal adhesion, PI3K/Akt signaling, and tumor-
immune interactions (Fig. 4A; Supplementary Fig. S5B and S5C). The expression levels of genes that
are known to be involved in the various cancer-related pathways were further validated by RT-gPCR
(Supplementary Fig. S5D and S5E).

Next, to gain insights on miR-204-5p-related proteomic changes in signaling pathways, we
carried out an integrative analysis using TCGA datasets of miRNA-seq and RPPA (reverse phase
protein microarray). Various cancer-related proteomic pathways were associated with miR-204-5p
expression status including PI3K/Akt, TSC/mTOR, cell cycle, and apoptosis (Supplementary Fig. S6A
and S6B). Importantly, there were significant inverse correlations between miR-204-5p expression
and phosphorylation degree of Akt, mTOR, and other phosphoproteins in PI3K/Akt/mTOR signaling,
particularly in basal subtype (Fig. 4B; Supplementary Fig. S6C). Additionally, we observed a
significant negative relationship between the miR-204-5p expression and the PI3K/Akt signaling
activity as measured by the PI3K/Akt signature score (Fig. 4C) (23). Based on our RNA sequencing
data and TCGA proteomic data, we hypothesized that miR-204-5p might be a key regulator of
PI3K/Akt signaling pathway, especially in basal subtype breast cancers.

To identify the potential target genes of miR-204-5p, we compared differentially expressed genes

with miR-204-5p candidate target genes predicted by TargetScan and miRDB (Supplementary Fig.
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S7A and S7B). Among the overlapping genes, we selected PIK3CB, a catalytic subunit of
phosphatidylinositol-4,5-bisphosphate 3-kinase encoding p110B, for further experiments as the
PI3K/Akt signaling pathway was the major pathway influenced by the miR-204-5p expression. Using
the luciferase reporter assay, we observed that PIK3CB is indeed a direct target of miR-204-5p (Fig.
4D and E, Supplementary Fig. S7C-F). Also, ectopic expression of miR-204-5p resulted in decreased
expression levels of PI3BKCB mRNA and protein, and affected the downstream Akt phosphorylation in
breast cancer cells (Fig. 4F-H, and Supplementary Fig. S7G). Moreover, the immunohistochemical
staining activities of PIK3CB from tumors that overexpress miR-204-5p were significantly lower than
that of control tumors (Fig. 4l), and relatively weaker intensity of phospho-mTOR was observed in
tumor tissues by miR-204-5p overexpression compared to control (Supplementary Fig. S7H). These
results indicate that PIK3CB is a direct target of miR-204-5p that mediates miR-204-5p’s effects on
PI3K/Akt signaling activities.

To delineate the functional importance of PIK3CB in breast cancer cells, we silenced PIK3CB
expression in MDA-MB-231 cells using siRNA against PIK3CB (Fig. 5A). siPIK3CB treatment resulted
in downregulation of phospho-Akt (Fig. 5B), and inhibition of cell proliferation, 3D tumor growth, and
migratory activity as seen in miR-204-5p overexpressing cells (Fig. 5C-E; Fig. 2A-D). In contrast,
PIK3CB overexpression resulted in increased cell proliferation and cell migration in breast cancer
cells (Fig. 5F-H). However, PIK3CB overexpression in miR-204-5p-overexpressing cells failed to
induce such changes possibly due to the inhibitory effect of miR-204-5p on PIK3CB protein levels (Fig.
5F-H).

We further tested whether PIK3CB inhibition can show anti-tumor effects by using PIK3CB
inhibitor, TGX-221 and GSK-2636771. Several breast cell lines (MCF10A, HCC70, MDA-MB-468)
showed response to both PIK3CB inhibitors while MDA-MB-231 cells showed minimal responses
(Supplementary Fig. 8A). However, ectopic expression of miR-204-5p in MDA-MB-231 cells resulted
in an increased sensitivity to both PIK3CB inhibitors (Fig. 51 and J; Supplementary Fig. 8B). Since
PI3K/Akt signaling pathway has been reported to be widely involved in chemotherapeutic resistance
(24), we tested the response to various chemotherapeutic agents in miR-204-5p overexpressing cells.

Breast cancer cells overexpressing miR-204-5p showed increase sensitivity to doxorubicin, taxanes,
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and bortezomib when compared to control cells (Fig. 5K).
These data suggest that miR-204-5p is an important regulator in PI3K/Akt signaling via inhibiting
PIK3CB. Overexpression of miR-204-5p confers increased sensitivity to PIK3CB inhibitors and to

cytotoxic chemotherapeutic agents.

Clinical implications of miR-204-5p and its target gene, PIK3CB, in breast cancer

Next, we investigated the clinical significance of PIK3CB in breast cancer using human breast
cancer tissues and TCGA breast cancer datasets. PIK3CB mRNA expression levels were significantly
increased in breast cancer tissues compared to adjacent normal tissues (Fig. 6A -C). The PIK3CB
MRNA levels were significantly correlated with miR-204-5p levels (Fig. 6D and E; Supplementary Fig.
S9A). The negative relationship between PIK3CB and miR-204-5p was highly significant in the basal
subtype (Supplementary Fig. S9B; Fig. 6F and G). In breast cancer cell lines, we observed strong
PIK3CB expression mostly in cells with basal characteristics such as MDA-MB-157, MDA-MB-231,
and Hs578T suggesting the potential activity of PIK3CB in basal breast cancer (Fig. 6H;
Supplementary Fig. S9C).

We further analyzed the TCGA dataset for the possible association between PIK3CB expression
and survival outcome. As expected, patients with higher expression of PIK3CB had worse 10-year
overall survival compared with that of patients with lower PIK3CB expression (Fig. 61, Supplementary
Fig. SO9D and S9E). Our TCGA dataset analysis indicate that, in human breast cancer, the PIK3CB
expression is significantly correlated with miR-204-5p levels and is associated with differences in
survival outcomes.

Since Kumar et al (25) have suggested the importance of the intracellular localization of PIK3CB,
we evaluated the clinical importance of subcellular PIK3CB localization in a breast cancer tissue
microarray (TMA) comprising samples from 438 patients. We categorized the PIK3CB staining results
as negative (n=285), cytoplasmic PIK3CB (n=117), and nuclear PIK3CB (n=36) (Fig. 6J). The
expression status of PIK3CB in breast cancer tissue was significantly associated with various
important clinical parameters such as histologic grade, ER/PR status, and HER2 overexpression

(Supplementary Table 2; Supplementary Fig. S9F). Often, the tumors showing cytoplasmic
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expression of PIK3CB was more likely to carry poor prognostic factors such as higher histologic grade
and ER negativity. However, PIK3CB was not an independent prognostic factor when adjusted for

other factors (Supplementary Fig. S9G and Supplementary Table 3).

MiR-204-5p reprograms immune microenvironment in breast cancer

During the in vivo xenograft experiments, we noticed that the spleens of the mice harboring
control MDA-MB-231 cells showed spleen enlargement. Interestingly, mice bearing miR-204-5p
overexpressing tumors had significantly reduced spleen volumes and showed less alterations in
splenic structures (Fig. 7A and 7B). As splenomegaly has been reported to be correlated with the
amounts of myeloid cells (26), we stained the spleen with CD11b, a pan-myeloid marker, and
observed a significant reduction of splenic CD11b+ myeloid cells in mice bearing the miR-204-5p
overexpressing tumors (Fig. 7C).

In addition to the difference in size change and myeloid cell recruitment in spleens, our RNA seq
data has also shown that pathways regulating tumor-immune interactions including cytokine-cytokine
receptor interaction were significantly dysregulated in miR-204-5p-overexpressing human and mouse
breast cancer cells (Fig. 4A). Several genes within the immune-related pathways including Ccl20,
Vegf-a/c, Pdfgb, and Csfl showed significant association with the miR-204-5p expression status.
(Supplementary Table 4). Furthermore, miR-204-5p expression was highly associated with immune
pathways in TCGA dataset (Supplementary Fig. S2A). These findings led us to hypothesize that miR-
204-5p may regulate the tumor-immune interactions within the tumor microenvironment. The
downregulation of above cytokines in the cells overexpressing miR-204-5p were experimentally
validated in both 4T1 and MDA-MB-231 cells (Fig. 7D-F), and the decreased expression of Ccl20, the
most downregulated cytokine by miR-204-5p, was further verified in tumor tissues at protein levels
(Fig. 7G and H). Moreover, the degree of CD11b+ myeloid cell infiltration was significantly reduced in
tumors with miR-204-5p overexpressing breast cancer cells (Fig. 7G and H). Next, we extracted
mouse RNA expression data from the MDA-MB-231 xenograft tumor RNA sequencing experiment by
obtaining sequence reads aligned to the mouse genome. Mouse RNA expression data showed that

miR-204-5p overexpression in human cancer cells resulted in significant alteration in the mouse
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microenvironment cells. MiR-204-5p expression induced up-regulation of genes involved in the
cytokine-cytokine receptor interaction along with other immune-related pathways in the
microenvironment cells (Fig. 71 and Supplementary Fig. S10A and S10B)

To gain a more comprehensive understanding of the miR-204-5p-induced reprogramming of the
immune microenvironment, we collected the allograft tumors overexpressing miR-204-5p in a 4T1
syngeneic mouse model and performed immune profiling using polychromatic flow cytometry. When
compared to the control tumors, the miR-204-5p overexpressing tumors (C#3) showed substantial
shifting in the composition of various immune cells in the tumor microenvironment (Fig. 7J;
Supplementary Fig. S10C and S10D). There were significant reductions in MDSC (myeloid derived
suppressor cell), macrophages, and NK cells in the miR-204-5p overexpressing tumors. On the other
hand, the CD4+ T cells and CD8+ T cells including regulatory T cells showed significantly increased
prevalence in the microenvironment of the miR-204-5p overexpressing tumors. We also characterized
the immune cell composition of the paired spleen of the syngeneic mouse models and observed a
significant reduction in myeloid cell population including MDSCs (Fig. 7K; Supplementary Fig. S10E
and S10F). Taken together, our data suggest that miR-204-5p can be a key regulator of the tumor
immune microenvironment by mobilizing different types of the myeloid and T cells in addition to its

role in controlling cancer cell autonomous behaviors such as proliferation and metastasis.
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Discussion

Here, we performed a genome-wide approach to discover deregulated miRNAs in breast cancer
tissues versus adjacent normal tissues, and identified a substantial number of differentially expressed
miRNAs including miR-204-5p. By overexpressing miR-204-5p in triple negative breast cancer cell
lines, we show that miR-204-5p expression was significantly associated with various in vitro cell
behaviors such as proliferation, migration, and metabolic properties. Furthermore, the mouse
xenograft models and metastasis models showed that miR-204-5p critically regulates the process of
breast cancer growth and metastasis in vivo. The levels of miR-204-5p in human breast cancer
tissues were significantly associated with prognosis and tumor characteristics.

Many studies have previously suggested that decreased expression of miR-204-5p is linked to
tumorigenesis in various human tumors by controlling cell growth, apoptosis, epithelial-mesenchymal
transition, angiogenesis and chemotherapeutic sensitivity (6-9, 27-29). Li et al (13) have
demonstrated that miR-204 was down-regulated in breast cancer and its expression had prognostic
importance. However, in other reports, miR-204-5p was shown to exert a pro-proliferative effect in
breast cancer cells and prostate cancer cells suggesting possible dual regulatory roles of miR-204-5p
(10, 12). In the present study, we observed that there is a non-monotonic association between miR-
204-5p expression and survival outcome of breast cancer patients. Furthermore, using a series of
stable clones which ectopically overexpress miR-204-5p to different levels, we provide evidences that
miR-204-5p possesses biphasic dose responses on breast cancer cell growth and metastasis.

A non-linear or biphasic dose response is commonly observed in various biological processes
including gene expression regulations (30). Several studies have also suggested that the efficacy of
target inhibition by miRNAs often show non-linear characteristics which make miRNA the fine-tuners
of gene expression (31-35). For examples, miR-17-92 cluster affected cell viability in a dose-
dependent and nonlinear fashion due to the dose-dependent target selection (32). The regulation of
glioma cell proliferation and invasion by miR-9 is biphasic (34), and miR-96 can promote or inhibit
autophagy by inhibiting its target genes depending on its expression levels (35). Here, by using the
syngeneic 4T1 murine allograft breast cancer model, we show that the ability to grow tumor and to

metastasize differs significantly among the various miR-204-5p overexpressing clone that carries
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different levels of expression. Along with our observation of differential prognostic implication of miR-
204-5p in TCGA dataset, our data provides evidence that the biological role of miR-204-5p may
depend on the optimal saturation levels which can explain the inconsistent reports on the role of miR-
204-5p in the previous reports (36). However, further studies are required to understand the complex
roles of miR-204-5p in breast cancer progression, along with its target genes selectivity or binding
affinity based on the expression level.

Our study also demonstrates that miR-204-5p significantly influence various cancer-related
signaling pathways of breast cancer including PI3K/Akt pathway especially in basal subtype. Our
results are in consistent with the previous studies showing the association between miR-204-5p and
PI3K/Akt/Racl signaling or STAT3/BCI-2/survivin pathway in cancer cell lines (14, 27). Furthermore,
we show evidence that miR-204-5p directly regulates the expression of PIK3CB which is an important
regulator of the PI3K signaling activity (37, 38). Crowder et al (39) have shown that PIK3CB is highly
expressed in luminal B subtype breast cancer tissues and carries important survival role in ER
positive breast cancer cells. Our study demonstrates that PIK3CB is an important regulator of miR-
204-5p-dependent PI3K/Akt signaling activity in basal breast cancer as well.

Our study also provides interesting observation that the miR-204-5p can alter the nature of
immune microenvironment in breast cancer. Our data show that miR-204-5p expression was
significantly associated with regulation of genes involved in TNF signaling pathway and cytokine-
related pathway. Overexpression of miR-204-5p resulted in down-regulation of immune-related
cytokines and resulted in a significant shift in microenvironmental immune cell compositions including
reduction in MDSC, macrophage, and NK cells. Recent studies have revealed the complex
interactions between the cancer cells and the surrounding immune microenvironment (40), and
miRNA can contribute a critical regulatory role in shaping immune and inflammatory
microenvironments in solid tumors (41). The reduction of myeloid cells in miR-204-5p-expressing
tumor microenvironment may explain the metastasis-suppressing effect of miR-204-5p since myeloid
cells in primary tumor and peripheral lymphoid organs not only promote metastasis process but can
also orchestrate the development of pre-metastatic niche (42, 43). The potential roles for miR-204-5p

during the dynamic process of tumor-microenvironment interactions that warrant further researches.
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Also, the possibility of immune-modulating effect of miR-204-5p via PI3K signaling should be explored
since PI3K pathways can influence the dynamic tumor-stroma interactions including angiogenesis and
inflammation in solid tumors (44, 45).

Our study has several important limitations. First of all, our in vitro and in vivo studies have
focused on the role of miR-204-5p in basal breast cancer cells. Although the TCGA dataset show
highest correlation between miR-204-5p and downstream PI3K signhaling pathways in basal subtype
of breast cancer, it is still possible that miR-204-5p plays pivotal roles in other molecular subtypes
considering similar degree of differential expression of miR-204-5p in tumor and normal tissues.
Future studies investigating the roles of miR-204-5p are needed in other breast cancer subtypes with
distinctly different biology. Second, despite the biochemical evidence of miR-204-5p targeting PI3KCB,
we cannot exclude other key genes that may contribute to the tumor-suppressive role of miR-204-5p.
It is possible that miR-204-5p has complex regulatory effect on diverse genes since silencing PIK3CB
resulted in less phenotype changes when compared to that of miR-204-5p. While the PIK3CB
overexpression showed concordant results in control cells, the PIK3CB rescue did not induce
significant increase in PIK3CB protein levels in miR-204-5p overexpressing cells which might be due
to the inhibitory effect of the miRNA. Another limitation is that our analysis on the mouse
microenvironment mRNA profiles in MDA-MB-231 xenograft tumors might not fully represent the
human microenvironment since we used severely immunocompromised mice. Lastly, we could not
describe more comprehensive profiling of tumor microenvironment related to the different levels of
miR-204-5p. Further characterization of immune microenvironment in response to miR-204-5p
including characterization of diverse immune cell infiltration is needed to obtain more clear roles of
miR-204-5p in breast cancer progression.

In conclusion, our results show that the miR-204-5p, which is a highly down-regulated gene in
breast cancer tissue, is a tumor suppressor miRNA and regulates the process of tumor growth and
metastasis in breast cancer. MiR-204-5p directly controls the expression of PIK3CB and downstream
PI3K/Akt signaling activities, and the expression levels of miR-204-5p and PIK3CB are significantly
associated with treatment outcome and pathologic features of human breast cancer. Additionally, the

immune microenvironment of the allograft tumors showed substantial degrees of reprogramming in
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miR-204-5p overexpressing tumors. Further understanding of the biologic role of miR-204-5p in
breast cancer can provide novel insights of the complex process of breast cancer progression and

metastasis.
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Figure Legends

Figure 1.

MiR-204-5p in breast cancer tissues and clinical outcomes. A, A heatmap of small RNA-seq results of
the differentially expressed miRNAs between primary breast tumors and paired normal mammary
tissues from 17 patients (three Luminal A, seven Luminal B, two HERZ2, and five TNBC). [logFC] = 1.5,
FDR <0.05, logCPM >0.05. FC, fold change; FDR, false discovery rate; CPM, counts per million. B,
MiR-204-5p levels from small RNA-seq. C, miR-204-5p levels by gPCR in 32 pairs of breast cancer
patients. D, In situ hybridization of miR-204-5p in breast cancer tissues. Scale bars, 100 um. E, MiR-
204-5p levels in breast cancer subtypes from TCGA BRCA miR-seq data, RPM, reads per million. F,
Correlation between TRPM3 mRNA and miR-204-5p in TCGA dataset, TRPM3, transient receptor
potential melastatin-3; RSEM, RNA-seq by expectation maximization. G, Methylation levels of two
CpG loci in TRPM3 gene. H and |, The subtype-specific methylation levels of cg20555506 (H) and
€g21251785 loci (1). J and K, Kaplan-Meier curves with (J) median and quartiles (K) of miR-204-5p
expression from TCGA BRCA miRNA-seq (n=889). P values are determined by log-rank test. L,
GSEA of KEGG pathway upregulated in the third quartile group compared to the other quartiles. Error

bars denote means + SD. P < 0.005, P < 0.001, ~'P < 0.0001.

Figure 2.

MiR-204-5p-induced phenotypes in breast cancer cells. A and B, MiR-204-5p overexpression and
breast cancer cell growth measured by CellTiter-Glo assay (A) and 3D spheroid growth at day 10 (B).
C, Representative microscopic images of spheroids at day 10 (upper) and viability assay using
LIVE/DEAD® Viability/Cytotoxicity Kit (lower). D, Transwell cell migration results at 24hr. E, Control
and miR-204-5p overexpressing MDA-MB-231 cells were injected into the fatpads of NSG mice (n=3
mice/group). F, Representative images of H&E and Ki67 staining of tumors. The proliferation index
was measured from 6 different images at 200x. G and H, Metastatic nodules in lung and liver stained
with Bouin’s solution (G) and H&E staining (H). |, KEGG pathways analysis of DEGs ([log,FC] 21,
mean FPKM 21, adjusted p < 0.05) of human RNA expression data extracted from MDA-MB-231

xenograft tumor RNA-seq. Red dotted-line indicates the P value<0.05. J, oxygen consumption rates
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(OCR) measured by sequentially treating cells with oligomycin (1 pm), FCCP (0.5 um),
rotenone/antimycin A (1 um). K, Extracellular acidification rates (ECAR) measured by adding glucose
(10 mM), oligomycin (1 um), and 2-DG (50 nM). Scale bars, 100 pm (C and D) and 50 uym (F and H).

Error bars denote means + SD. ‘P < 0.005, "P < 0.001, P < 0.0001.

Figure 3.

Biphasic effects of miR-204-5p on breast cancer cells. A, The levels of miR-204-5p on four stable
clones and control 4T1 measured by gPCR. B and C, Cells (2x10°) stably expressing miR-204-5p or
the control were injected into bilateral mammary fatpad (n=6 mice/group), and tumor volumes (B) and
weights (C) were measured. D, H&E and Ki67 staining of 4T1 tumors. E, Levels of miR-204-5p in
tumor tissues obtained from control 4T1 and four stable clones. (n=10~12 for control, C#2, and C#3,
n=6 for C#1 and C#4). F, Correlation between tumor weight and miR-204-5p expression in C#4. G
and H, Lung metastasis at two weeks after injecting cells (2x10°) into tail vein (n=8-10 mice/group,
except n=4 for C#4). |, The relative growth rate of control and miR-204-5p overexpressing 4T1 clones.
J, Cells under confocal microscopy after staining with CellTracker (green) and F-actin (red). K,
Western blot of E-cadherin in 4T1 clones overexpressing miR-204-5p. Scale bars, 200 ym (D, H;
middle panel), 50 um (H; lower panel) and 100 pm (J). Error bars denote means + SD. 'P < 0.005, P

<0.001, P < 0.0001.

'Figure 4.

Regulation of PIK3CB by miR-204-5p. A, Pathways enrichments analysis of differentially expressed
genes ([FC] >1.5, p <0.05) using KEGG database. B and C, Association of miR-204-5p and the
degree of protein phosphorylation (B) or PI3K/Akt signature (C) in basal-like breast cancer (n=89). D,
The putative miR-204-5p binding sites; the wile-type and mutant (Mut) sequence of 3’-UTR of Pik3cb
(mmu-ST1 and mmu-ST2), PIK3CB (hsa-ST1). E, Luciferase assay in HEK293FT cells co-transfected
with various reporter vector constructs (50 ng) with control or miR-204-5p mimics (50 nM). F and G,
Expression level of PIK3CB mRNA in 4T1 and MDA-MB-231 overexpressing control and miR-204-5p.

H, Western blot of PIK3CB and phosphor-Akt in 4T1 and MDA-MB-231 cells. |, Representative
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images of PIK3CB staining of tumors derived from 4T1 and MDA-MB-231 and the percentage of

PIK3CB positive cells. Scale bars, 50 um. Error bars denote means * SD. “P <0.001, P < 0.0001.

Figure 5.

Effects of PIK3CB on breast cancer cells. A-B, mRNA (A) and protein (B) level of PIK3CB after
siPIK3CB treatment. C-D, On day 3 after transfection, cell proliferation was examined with CellTiter
Glo (C) and 3D Matrigel assay (D). E, Transwell migration assay of transfected cells. F, Western blots
of PIK3CB after PIK3CB overexpression in control and miR-204-5p-overexpressing MDA-MB-231
cells. G-H, Results of CellTiter Glo proliferation assay (G), and migration assay (H). I, Viability of
control and miR-204-5p overexpressing MDA-MB-231 cells treated with TGX-221. J, Viability of cells
treated with TGX-221 (10 uM) or GSK2636661 (10 uM) for 24 h. NTC, not treated control. K, Cell
viability with doxorubicin (0.3 uM), bortezomib (10 nM), paclitaxel, (100 nM) docetaxel (10 nM), and 5-
FU (1 uM) for 24 h. The relative growth rate or viability after drug treatment was measured by

CellTiter Glo reagent (I-K). Error bars denote mean + SD. P < 0.001. "P < 0.005, "'P < 0.0001.

Figure 6.

PIK3CB in breast cancer tissues and cells. A and B, The mRNA levels of PIK3CB in breast cancer
tissue in 17 cases including six paired normal tissues quantified by gPCR. L, Luminal; T, TNBC. C,
PIK3CB levels in 112 paired TCGA cases. D-G, Expression and correlation analysis of miR-204-5p
and PIK3CB from TCGA data. PIK3CB expression was compared based on miR-204-5p expression
levels in all breast cancer cases (D and E) and in basal subtype cases (F and G). H, Breast cancer
cell lines stained with CellTracker (green), PIK3CB (red), and DAPI (blue). I, Kaplan-Meir survival plot
showing overall survival according to PIK3CB levels. J, Histologic images of PIK3CB expression
pattern; negative, cytoplasmic, and nucleus PIK3CB positive TMA tissues. Scale bars, 50 um. Error

bars denote means + SD. P < 0.0001.

Figure 7.
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Immune microenvironment reprogramming by miR-204-5p. A, Spleen weights from BALB/c nude mice
bearing MDA-MB-231 xenografts. B and C, Representative images of H&E and CD11b staining of
spleens and the percentage of CD11b positive cells. D and E, Expression levels of CCL20, VEGF-A
and CSF1 mRNA in 4T1 (D) and MDA-MB-231 (E) cells. F, Secreted CCL20 and VEGF-A levels in
4T1 cells. G and H, Immunohistochemical staining against CCL20 and CD11b in mouse 4T1 tumors
(G) and in MDA-MB-231 tumors (H). I, Top 20 upregulated KEGG pathways using DEGs ([log,FC] =1,
mean FPKM 21, adjusted p < 0.05) in mouse RNA expression data extracted from MDA-MB-231
xenograft tumor RNA-seq. J and K, Summary of FACS analyses of immune cell populations in tumors
(J) and spleens (K) derived from control and miR-204-5p-overexpressing 4T1 (C#3). Results are
shown as a percent of total CD45+ cells in tumors and total cell numbers in spleen. Scale bars, 500
um (B; left panel) and 50 pym (B; right panel, C, and G). Error bars denote means + SD. P < 0.005, P

< 0.001, “'P < 0.0001.
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