1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Mol Cancer Res. Author manuscript; available in PMC 2019 November 11.

-, HHS Public Access
«

Published in final edited form as:
Mol Cancer Res. 2018 September ; 16(9): 1348-1360. doi:10.1158/1541-7786.MCR-17-0634.

Autophagy, Cell Viability and Chemo-resistance are Regulated
by miR-489 in Breast Cancer

Mithil SoniP, Yogin Patel2P, Eleni Markoutsa®, Chunfa Jied, Shou LiuaP, Peisheng Xu¢,
Hexin Chen&be

aDepartment of Biological Science, University of South Carolina, Columbia, SC 29208.
bCenter for Colon Cancer Research, University of South Carolina, Columbia, SC 29208.

¢Department of Drug Discovery and Biomedical Sciences, South Carolina College of Pharmacy,
University of South Carolina, Columbia, SC 29208, USA.

dMaster of Science in Biomedical Sciences Program, Des Moines University, Des Moines, 1A
50312.

Abstract

It is postulated that the complexity and heterogeneity in cancer may hinder most efforts that target
a single pathway. Thus, discovery of novel therapeutic agents targeting multiple pathways, such as
microRNAs (miRs), holds promise for future cancer therapy. One such miR, miR-489, is
downregulated in majority of breast cancer cells and several drug-resistant breast cancer cell lines,
but its role and underlying mechanism for tumor suppression and drug resistance needs further
investigation. The current study identifies autophagy as a novel pathway targeted by miR-489 and
reports Unc-51 like autophagy activating kinase 1 (ULK1) and lysosomal protein transmembrane 4
beta (LAPTMA4B) to be direct targets of miR-489. Furthermore, the data demonstrate autophagy
inhibition and LAPTM4B down-regulation as a major mechanism responsible for miR-489-
mediated doxorubicin sensitization. Finally, miR-489 and LAPTM4B levels were inversely
correlated in human tumor clinical specimens, and more importantly, miR-489 expression levels
predict overall survival in patients with 8922 amplification (the region in which LAPTM4B
resides).
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Introduction

Despite recent advances in chemotherapy and novel treatment strategies for breast cancer,
the development of broad-range treatments has been restricted due to the discrepancy in
transcriptional and genomic heterogeneity of the disease, and the complexity of resistance
mechanisms. Therefore, identification of a single therapeutic agent targeting multiple
oncogenic and pro-survival pathways would provide a promising future cancer therapy (1,2).
Since microRNAs (miRNAs) target multiple pathways and control gene expression of their
targets, they could offer considerable therapeutic options. miRNAs are small non-coding
RNAs that post transcriptionally regulate expression of their target genes (3). Because
miRNAs regulate many genes, their dysregulation have been shown to cause various
pathological conditions including cancer. Identifying such dysregulated miRNAs and their
targets might provide insights for the development of novel therapy.

Previously, we have established miR-489 as a tumor suppressor miRNA in breast cancer by
targeting HER2 signaling pathway (4). Since then, several groups have demonstrated its
tumor suppressive role in many different cancers including gastric cancer, lung cancer,
ovarian cancer, hepatic cancer, osteosarcoma and bladder cancer (4-12). Remarkably,
miR-489 has been reported to induce cell cycle arrest and apoptosis, inhibit metastasis and
epithelial to mesenchymal transition in context dependent manner. A thorough
understanding of miR-489 mediated tumor suppression in a specific cancer will be valuable
in evaluating the possibility of miRNA-489 based therapy. Hence, the current study was
aimed to identify novel pathways and molecular targets affected by miR-489 which will lead
to better understanding of miR-489 mediated tumor suppression.

Macroautophagy (referred to as autophagy now onwards) has recently received great
attention in the field of cancer and chemo-resistance due to its pro-survival role under
stressful conditions. Autophagy is a highly conserved process by which cells capture
intracellular proteins, lipids and organelles, and deliver them to the lysosomal compartment
for degradation (13). The role of autophagy in cancer remains controversial, as it exhibits
tumor suppressive and tumor promoting activity in context and molecular subtype dependent
manner. For example, autophagy has been shown to inhibit tumor initiation and progression
by protecting cells from ROS induced DNA damage and mutagenesis. Conversely, other
studies reported that autophagy protects cancer cells from metabolic stress such as starvation
or hypoxia (14). Due to its cytoprotective function it enables cancer cells to cope with
cytotoxic or other stress induced by treatment. Indeed, autophagy inhibition has been shown
to reverse resistance to several chemotherapeutic agents. Currently, chloroquine, an anti-
malarial drug, is under clinical trials for adjuvant therapy to reduce resistance via autophagy
inhibition in various cancers. Many miRNAs have also been shown to sensitize cancer cells
to chemotherapy by inhibiting autophagy. For example, miR-200b has been shown to reverse
autophagy mediated resistance to docetaxel by targeting ATG12 (15), while miR-140-5p
disrupts cancer stem cell growth in colorectal cancer via autophagy inhibition (16,17).
Understanding the role of miRNA in autophagy mediated cancer cell survival and resistance
may provide detailed insight on potential mMiRNA based therapies.
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In the present study, for the first time we reported that miR-489 inhibits autophagy by
affecting multiple genes involved in the process. We further found that miR-489 reduces
tumor cell survival and sensitizes tumor cells under metabolic stress induced by starvation
via inhibiting autophagosome degradation. Moreover, we found that miR-489 can also
sensitize breast cancer cells to doxorubicin via autophagy inhibition. From the combination
of our /n-vitro and in-vivo studies, we report that miR-489 inhibits autophagy by targeting
ULK1 and LAPTM4B and sensitizes tumor cells to doxorubicin by inhibiting doxorubicin
induced cytoprotective autophagy and LAPTM4B expression.

Materials and Methods

The detailed procedures about cell lines and reagents, plasmid construction, cell culture,
western blot, immunohistochemistry, gRT-PCR, Luciferase assay and MTT assay are
described in detail in Supplemental Experimental Procedures. All the primer sequences are
listed in Supplementary Table 1 (Table S1).

Microarray analysis

T47D cells were seeded in 6-well culture dish, treated with 28nM scramble miRNA or
miR-489 mimic for 72hrs. RNA was extracted with Trizol reagent, followed by clean-up and
DNase | treatment with QIAGEN RNeasy mini kit in accordance with the prescribed
protocol provided with the kit. Quality control was performed with Agilent Bioanalyser
before performing microarray. The data were normalized using the default quantile
normalization with R/bioconductor package lumi version 3.2.2. The microarray data in this
manuscript is available on the GEO database (GSE99728). A subset of identified genes was
validated by g-PCR.

Autophagy and cell viability assays

Breast cancer cells were transfected with 28nM scr, mimic or inh, for 68hrs, and then treated
with Bafilomycin A1 (400nM) or DMSO for 4hrs. The levels of LC3B-I/ll and SQSTM1
protein expression were assayed by western blot. MDA-MB-231 cells were transfected with
scr, mimic or inhibitor for 24hrs and then treated with 3-MA for 48hrs. Autophagic flux was
then assessed by examining LC3B-II and p62 expression using western blot. MDA-MB-231
cells stably expressing mCherry-EGFP-LC3B fusion protein were transfected with scr or
mimic for 48hrs and assayed for co-localization of red and green punta using confocal
microscopy.

To study effect of miR-489 on cell survival, indicated cell lines were first seeded in 96 well
plate in triplicate and transfected with 28nM scr or mimic. Cell viability assay was
performed using MTT reagent at 72hrs. To assess effect of miR-489 under metabolic stress,
MDA-MB-231, HCC1954 or T47D cells were seeded in 96-well plate. Cells were
transfected with scr, mimic or inh in complete media or in low serum. Cell viability assay
was performed using MTT reagent at indicated time points. Expression of cleaved caspase 3,
LC3B and p62 was analyzed using western blot. To study role of autophagy in miR-489
induced sensitization under starvation, MDA-MB-231 cells were transfected with 9.3nM scr
or mimic in complete media or low serum in presence or absence of 3-MA, siATG5 or
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Bafilomycin Al followed by cell viability assay using MTT reagent and western blot
analysis to examine effect on autophagy and apoptosis. To examine effect of miR-489 on
doxorubicin induced cytoprotective autophagy, MDA-MB-231 and HCC1954 cells were
transfected with 28nM scr or mimic with or without doxorubicin. Protein was isolated 72hrs
post treatment and western blot was performed.

Chemo-sensitization Assays

To study doxorubicin localization, cells were treated with 28nM scr or mimic for 24hrs then
treated with 0.5uM doxorubicin for 48hrs followed by confocal microscopy. MDA-MB-231
cells were transfected with 9.3nM scr or mimic for 24 hours and treated with indicated
concentration of doxorubicin in presence or absence of 3-MA (5mM), siATG5 (50nM) or
Bafilomycin Al (50nM) for 48 hours and cell proliferation was measured by MTT assay to
examine role of autophagy inhibition in miR-489 mediated doxorubicin sensitization. To
assess lysosomal integrity, MDA-MB-231 cells were transfected with 28nM scr or mimic
and stained with Acridine orange (1pg/ml) for 20min followed by flow cytometry and
confocal microscopy.

miRNA-nanoparticles preparation

Liposomes were prepared as described elsewhere with slight modifications (53,54). Briefly,
cationic liposomes consisting of DOTAP and cholesterol (2:1 molar ratio) were prepared
using the thin-film hydration method. The film was hydrated with nuclease free water and
sonicated using probe sonicator for 15min. The lipid concentration adjusted at 10mg/ml. For
miRNA-nanoparticles preparation, 231.4uls of cationic liposomes and 90uls of miRNA were
mixed in final volume of 1 ml nuclease free water. The miRNA-liposomes were allowed to
stand at room temperature for 10 min. miRNA-nanoparticles were further decorated with
sodium hyaluronate by adding 128.56yls of 1mg/ml sodium hyaluronate solution and kept at
room temperature for another 10min. The samples were condensed using Millipore
centrifugal filter units.

Xenograft experiment

Six weeks old Athymic Female nude mice were purchased from Envigo. All mice were
handled and maintained under supervision of veterinarian in accordance with institutional
guidelines and under a University of South Carolina Institutional Animal Care and Use
Committee (IACUC) approved protocol. All mice were subcutaneously injected with 1 x 108
MDA-MB-231 cells left flank of each mice (n=5/group). Mouse were randomly distributed
in four groups when tumor size reached 50-100mms3. The mice were administered with
control nanoparticles or miR-489 loaded nanoparticles every third day. Doxorubicin
(4mg/kg) was administered day after injection of miRNA. Tumor volumes were calculated
by measuring length and width every third day. After 3 weeks, all mice were sacrificed and
tumors were extracted after euthanizing all animals. Tumor volumes were calculated by
modified ellipsoidal formula (1/2(Ixw2)).
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Clinical samples:

Human breast cancer tissue samples were obtained through the South Carolina Tissue Bank
with approval from the Institutional Review Board at the University of South Carolina.
Tissue samples were randomly collected from patients who were diagnosed with invasive
breast ductal carcinoma between 2003 and 2007. RNA was isolated from tumors samples
and expression of miR-489, ULK1 and LAPTM4B was analyzed by qRT-PCR.
Demographic and histopathology data of the patient samples are listed in Supplementary
table 2.

Statistical analyses

RESULTS

The statistical analyses were conducted with R and GraphPad software packages. A Student
t test or ANOVA test was used for comparison of quantitative data. The clinical effect of the
gene expression profiles of miR-489 in the patients with 8q22 gain/amplified tumor was
evaluated using a published data set containing 1302 breast cancer patients (38,39) The
median expression value was used as the cutoff to classify miR-489 expression as high or
low. Recurrence-free survival was estimated using the Kaplan-Meier method and compared
with log-rank test. The linear correlations between miR-489 and potential target genes
expression in primary breast cancer tissues were evaluated with Pearson correlation
coefficient analysis. Values of P < 0.05 were considered significant.

Identification of novel miR-489 target genes involved in autophagy regulation in breast

cancer

Recent studies revealed that miR-489 is significantly down-regulated in various types of
cancer. Previously, through screening of miRNAs dysregulated by HER2, using two isogenic
cell lines MCF7-Vec and MCF7-HER2, we identified miR-489 as a novel tumor suppressive
miRNA regulated by HER?2 and reported double negative feedback loop between miR-489
and HER? (4,18). However, upon further investigation we found significant cytotoxic and
cytostatic effect of miR-489 on other types of breast cancer cell lines as well. (Fig. 1A). This
result suggests miR-489 targets other pathways involved in proliferation and survival besides
the HER?2 signaling pathway. Our gene expression analysis also revealed multiple pathways
affected by miR-489. We observed that several genes involved in autophagy were affected
by miR-489 reconstitution. (Fig. 1B). We utilized target prediction tools such as miRwalk
and TargetScan to identify potential miR-489 targets involved in autophagy. Consistent with
our microarray data, target prediction tools also suggested multiple genes involved in
regulation of autophagy such as ULK1, ATG4A, LAPTM4B, ATG4C, ATG2B, ATG3,
ATG5, ATG7, ATG12 and ATG14 as potential target of miR-489. (Fig. 1C). Interestingly,
miR-489 mediated cytotoxicity was associated with distinct morphological features,
including the appearance of dense intracellular vacuolar structures (Fig. 1D and S1A). This
further indicated a possible perturbation of autophagy. To investigate effect of miR-489 on
autophagy, we transfected breast cancer cell lines with non-targeting scramble miRNA (scr)
miR-489 mimic (mimic) and miR-489 inhibitor (inh) and monitored the effect on autophagy
marker LC3B using western blot. Conversion of non-lipidated soluble LC3B (LC3B-I) to
phosphatidylethanolamine-conjugated LC3B (LC3B-I1) serves as a sensitive indicator of
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autophagy (19). We found significant accumulation of LC3B-11 upon miR-489
overexpression, while inhibition of miR-489 completely reversed this deposition (Fig. 1E,
1F and S1B). We observed this effect in HER2 positive, estrogen positive and triple negative
breast cancer cells suggesting autophagy modulation by miR-489 is independent of breast
cancer subtype. In summary, we identified autophagy as a novel pathway modulated by
miR-489 expression.

miR-489 inhibits autophagy mainly by blocking maturation step

Autophagy is complex multistep process. Numerous assays have been developed to precisely
decipher the effect on basal autophagy or autophagic flux. Although change in LC3B-I and
Il is an indicator of change in autophagy flux, it fails to provide conclusive information
about autophagy activation or inhibition (19). Deposition of LC3B-I1 can be caused by
induction of autophagosome (AP) formation or blockage of autophagosome degradation via
fusion of autophagosome with lysosome (Autolysosome). To distinguish these two
possibilities, we first used Bafilomycin Al immunoblot. Bafilomycin Al is a lysomotropic
agent which inhibits the V-ATPase responsible for acidification of the lysosome, and
prevents fusion of autophagosomes and lysosomes (19). Comparison of LC3-I1 levels in the
absence and presence of Bafilomycin Al allows the effects of formation and degradation to
be uncoupled. As shown in Figure 2A, 2B and 2C, no significant difference was detected
between double treatment and lysomotropic agent alone at 48hrs and 72hrs time points,
suggesting that miR-489 might be blocking degradation of autophagosome. Moreover, our
finding on the clearance of cargo protein p62, another distinctive feature of autophagy, also
indicated blockage of autophagosome degradation (Fig. 2A to 2C, and S2A to S2D) (19,20).
These results suggest that miR-489 inhibits autophagy by blocking formation of
autophagosome and lysosome fusion (Autolysosome). We then examined protein levels of
some of the core autophagy genes using western blot and found significant downregulation
of ULK1 upon miR-489 overexpression (Fig.2D).

We then asked whether autophagy inhibitors that block autophagosome formation such as 3-
methyladenine (3-MA) can prevent miR-489 induced autophagosome deposition. Consistent
with previous observations, 3-MA indeed attenuated miR-489 induced p62 and LC3B-II
deposition (Fig. 2E). To further confirm that miR-489 inhibits formation of autolysosome
(AL) by blocking fusion of autophagosome and lysosome, we used common dual
fluorescent LC3B reporter, which expresses an N-terminal fusion of mCherry and GFP to
human LC3B (19). This reporter system enables real time monitoring of autophagic flux.
Since, low pH quenches GFP fluorescence, AL is seen as distinct red aggregates, while AP
appears as yellow aggregates due to overlap of red and green fluorescence. (Fig. 2F). If the
autophagy pathway is in flux, then these yellow aggregates will be transient as APs fuse
with acidic lysosomes to form ALs, in which the low pH quenches GFP fluorescence,
resulting in rapid accumulation of dense red aggregates. However, blockage of autophagy at
the fusion step results in accumulation of yellow puncta. Consistent with our earlier results,
miR-489 mimic transfected cells show presence of more yellow puncta compared to control,
further suggesting miR-489 causes accumulation of AP by blocking fusion step (Fig. 2G,
2H). We also examined the effect of miR-489 restoration on starvation-induced autophagy
and found substantial accumulation of p62 and LC3B-II. Interestingly, this accumulation

Mol Cancer Res. Author manuscript; available in PMC 2019 November 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Soni et al. Page 7

was comparable to that of Bafilomycin A1, which also blocks the fusion step (Fig. 21).
Together, these results indicate that miR-489 inhibits autophagy mainly by blocking the
fusion of APs to lysosome.

miR-489 directly targets ULK1 and LAMTM4B genes

After establishing role of miR-489 in autophagy, we sought to identify direct targets of
miR-489 involved in the process. Our microarray and target predication algorithm analyses
revealed multiple genes directly involved in autophagy pathway such as ATG4A, ULK1,
ATGAC, LAPTM4B, EIG121, VMA21, WIPI1, ATP6V1C1 and EI24 (Fig. 1B, 1C). To
validate our microarray results, we performed qRT-PCR after transient transfection of mimic
or scr in indicated breast cancer cell lines (Fig. 3A, Fig S3A and S3B). As shown in Figure
3A, the expression of four out of six genes were greatly diminished upon miR-489
reconstitution in multiple breast cancer cell lines. The expression of the other two genes was
reduced in a cell line-dependent manner (Fig. S1A). To further confirm, we performed
western blot analysis and found downregulation of LAPTM4B and ULK1 but not EI24 in all
three cell lines (Fig. 3B). We were also interested in investigating whether knockdown of
endogenous miR-489 would affect target genes expression. Indeed, miR-489 inhibitor
efficiently increased the amounts of ULK1 and LAPTM4B (Fig. 3B). We then performed
3’UTR luciferase assay to identify direct targets. Our assay revealed that ULK1 (35%
reduction, p-value = 0.0184) and LAPTM4B (40% reduction, p-value = 0.0038) are direct
target of miR-489 while ATG4A might be an indirect target (Fig. 3C and 3D). Because
ULK1 and LAPTM4B are positive regulators of autophagy, these results further suggest that
miR-489 negatively regulates the autophagy.

miR-489 reduces tumor cell survival and sensitizes tumor cells under metabolic stress
induced by starvation via inhibiting autophagosome degradation

Previous experiments suggest that overexpression of miR-489 may result in increased
sensitivity of tumor cells to insults that induce autophagy as survival mechanism. Since
starvation is a fairly common insult that requires autophagy for survival, we examined if
miR-489 over expression can reduce tumor cell survival under starvation. We selected
MDA-MB-231 cells for this study as previous study has showed that MDA-MB-231 cells
are more resistant to starvation compared to other breast cancer cell lines. Study also showed
that this aggressive cell line is sensitive to autophagic induction and additionally possesses
the ability to proliferate following nutrient deprivation (21). Consistent with this study we
also observed that MDA-MB-231 cells were much more resistant to starvation compared to
T47D and HCC1954 cells. (Fig. 4A, 4B, S4B and S4E). We transfected MDA-MB-231 cells
with scr, mimic or inh under complete media or starvation and performed cell survival assay
at indicated time points. We found that miR-489 over expression significantly reduced
survival under starvation (p-value = 0.0001) (Fig. 4A and 4B). miR-489 over expression
caused more than 20% growth inhibition after 72hrs of transfection under starvation
compared to nutrient rich condition (Fig. 4C). Interestingly, this cytotoxic and cytostatic
effect began as early as 24hrs under starvation. While this was not observed until 48hrs in
nutrient rich medium. Consistent with previous observations, starvation indeed induce
autophagy and miR-489 restoration showed stronger autophagy inhibition under starvation
as indicated by increased accumulation of LC3B-11 and p62 in western blot analysis (Fig.
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4D). Western blot results also showed significant increase in cleaved caspase 3 upon
miR-489 over expression under starvation. We also performed similar experiment on T47D
and HCC1954 cells (Fig. S4A to S4F). Both cell lines were significantly affected under
starvation. We tested whether miR-489 inhibition can protect these cells under stress induced
by starvation. miR-489 inhibition marginally increased survival under starvation in
HCC1954. Interestingly, this protective effect was more prominent in T47D cells (Fig. S5C,
p-value=0.0017) that possesses higher endogenous miR-489 (Fig. S5).

To examine whether cytotoxic effect of miR-489 is mediated through autophagy inhibition,
we blocked autophagy at different stages using pharmacological and RNA interference
approach under nutrient rich condition and under starvation and assessed effect of miR-489
on autophagic flux and cell viability. We observed that blocking early stages of autophagy
by 3-MA or siATGS5 resulted in significant attenuation of cytotoxic effect of miR-489 (Fig.
4E, 4F). This rescue effect was more pronounced under starvation (Fig. 4G). In fact, 3-MA
and siATG5 treatment almost completely prevented miR-489 induced apoptosis as
evidenced by western blot analysis of cleaved caspase 3 (Fig. 4H). However, autophagy
blockage at later stage by Bafilomycin Al did not rescue cells from miR-489 induced death.
Rather, it mildly synergized the growth inhibition. These results suggest that increased
autophagosome accumulation by miR-489 may account for its cytotoxic effect on these
cells. Previous reports have shown that autophagosome accumulation confers cytotoxicity in
cancer cells and blocking autophagosome synthesis by chemical inhibitor or by genetic
ablation alleviates this cytotoxicity (22,23). Starvation is known to induce autophagosome
formation. Hence, restoring miR-489 under starvation resulted in pronounced increase in
autophagosome accumulation. This might explain why miR-489 further sensitized cells
under starvation. We also observed greater rescue from miR-489 induced death under
starvation upon blocking autophagosome synthesis by 3-MA or siATG5. Further confirming
the idea that miR-489 induced autophagosome accumulation is crucial for its cytotoxic
effect. Previous studies have also reported similar observations where perturbation of earlier
stages of autophagy attenuated effect of autophagy inhibitors that block later stages (24).

In summary, these data suggest that miR-489 mediated autophagosome accumulation is at
least partially responsible for its cytotoxic effect and it further sensitizes cancer cell death
under metabolic stress induced by starvation due to further increase in autophagosome
accumulation.

miR-489 acts as a therapeutic sensitizer in breast cancer cells by inhibiting doxorubicin
induced cytoprotective autophagy and directly targeting LAPTM4B

We next tested whether miR-489 could sensitize breast cancer cells to certain front-line
chemotherapeutic agents. Few studies have demonstrated that miR-489 is severely down
regulated in cisplatin and doxorubicin resistant breast cancer cell lines and tumors (12,25).
We hypothesized that restoring miR-489 can sensitize breast cancer cells to these
chemotherapeutic agents. Using MTT based cell viability assay, we found miR-489
restoration sensitized MDA-MB-231, MDA-MB-468, HCC1954 and MDA-MB-453 to
cisplatin and doxorubicin (Fig. 5A and S6A). We observed substantial sensitization of
doxorubicin upon miR-489 restoration, while only a mild sensitization effect was observed
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with cisplatin. Remarkably, double treatment of miR-489 and doxorubicin resulted in almost
complete death of MDA-MB-231 and MDA-MB-453 cells (Fig. 5A).

Doxorubicin has been previously shown to induce cytoprotective autophagy (26,27). We
examined autophagic flux upon miR-489 restoration in doxorubicin treated MDA-MB-231
and HCC1954 cells (Fig. 5B). Consistent with previous results, we found that doxorubicin
indeed increased autophagic flux. This cytoprotective autophagy was blocked by miR-489 as
indicated by increased LC3B-II levels (Fig. 5B). Previous studies have demonstrated that
autophagy inhibition sensitizes breast cancer cells to doxorubicin (26—28). Consistent with
these results, we observed sensitization with autophagy inhibitor Bafilomycin Al and
SIATGS (Fig. 5C, 5D). Several studies have demonstrated that autophagy inhibition at later
stage is more effective in sensitizing tumor cells against chemotherapy (29-31). Consistent
with these results, we observed only mild sensitization with siATG5 while miR-489 and
Bafilomycin Al resulted in higher sensitization compared to sSiATG5. Interestingly, we
observed greater sensitization with miR-489 compared to Bafilomycin Al. We then seek to
examine role of autophagy in miR-489 mediated doxorubicin sensitization. Blocking
autophagy at early step by siATG5 attenuated miR-489 induced drug sensitization while
blocking late stage autophagy by Bafilomycin Al further showed mild sensitization at
higher doxorubicin concentration (Fig. 5C). Furthermore, although ATG5 knockdown
attenuated sensitization by miR-489, it failed to completely prevent this sensitization (see
Fig. 5C, 0.5uM Dox. treatment). These data suggest that miR-489 may also inhibit
additional pathway besides autophagy that render cells resistant to doxorubicin. Apart from
inducing autophagic flux, LAPTM4B has been shown to promote chemoresistance (32-35).
Therefore, we seek to examine role of LAPTM4B in miR-489 mediated doxorubicin
sensitization.

To directly access role of LAPTM4B, we stably overexpressed LAPTM4B in MDA-MB-231
cell lines (Fig. 6A). As suggested by previous studies, LAPTM4B restoration increased
autophagic flux and attenuated miR-489 induced autophagy inhibition (Fig. 6C).
Surprisingly, LAPTMA4B restoration increased survival by 23% (p-value = 0.0005) upon
miR-489 overexpression (Fig 6B). LAPTM4B overexpression not only rescued cells from
miR-489 induced apoptosis but also increased survival by 17% (p-value = 0.0175) upon
doxorubicin treatment and 33% (p-value = 0.001) upon combination treatment (Fig. 6D). To
validate this result, we performed western blot analysis to monitor apoptotic marker cleaved
caspase 3 and detected significant reduction in cleaved caspase 3 in LAPTM4B
overexpressing cell line (Fig. 6E). LAPTM4B has been shown to sequester doxorubicin in
lysosomes preventing their entry into nucleus thereby rendering it less effective
(32,33,36,37). We tested whether miR-489 can induce redistribution of doxorubicin in
MDA-MB-231 cells and found that miR-489 indeed increased doxorubicin localization in
nucleus (Fig. 6F, Fig. S6B). We then assessed effect of miR-489 on lysosomal integrity. We
utilized Acridine orange dye which specifically stains lysosomal-endosomal organelles red.
Our flow cytometry and confocal microscopy results showed reduction in red fluorescence
upon miR-489 restoration (Fig. 6G, 6H). These results indicate that miR-489 affects
lysosomal integrity and that this may be one of the mechanism through which miR-489
sensitizes cell to doxorubicin. We also examined role of ULK1 in miR-489 induced
doxorubicin sensitization. ULK1 overexpression provided mild but significant rescue from
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the cytotoxic and cytostatic effect of miR-489 (Fig. S7A and S7B), but it could not rescue
cells from doxorubicin (Fig. S7C). A modest rescue was observed in double treatment which
may be due to rescue from the effect of miR-489. Collectively, these results indicate that
miR-489 sensitizes MDA-MB-231 cells to doxorubicin via inhibiting doxorubicin induced
cytoprotective autophagy and through doxorubicin redistribution induced by LAPTM4B
downregulation.

mMiR-489 sensitizes breast cancer cells to chemotherapy in vivo

Given the /in-vitro findings and clinical significance, we tested whether miR-489 could
sensitize tumors to doxorubicin /in-vivo. To explore the possibility of using miR-489 for
therapy, we developed a nanoparticle delivery system to deliver miR-489 into tumor cells
(4). In-vitrotreatment with miR-489 packaged nanoparticle inhibited target genes (Fig.
S8A), indicating that nanoparticles can effectively deliver miR-489 into tumor cells. Our
gRT-PCR analysis on tumor samples confirmed successful delivery of miR-489 and down
regulation of ULK1 and LAPTM4B mRNA (Fig. S8B, S8C and S8D). Consistent with our
in-vitro data, miR-489 indeed sensitized cells to doxorubicin /n-vivo (Fig. 7A). Tumor
growth in mice treated with doxorubicin alone was moderately reduced compared to control,
while mice treated with miR-489 exhibited a significant reduction in tumor growth
compared to control (p-value = 0.0441) and doxorubicin (p-value = 0.0284). Tumor growth
in mice treated with the combination of doxorubicin and miR-489 was significantly reduced
compared to control (by more than 75%; p-value = 0.0066), monotherapy with doxorubicin
(by more than 40%; p-value<0.0001), or miR-489 alone (by more than 20%; p-value =
0.0326) (Fig. 7A). Our immunohistochemistry data revealed reduced cytoplasmic staining of
LAPTM4B and significant reduction in number of Ki-67-positive cells in combination
treatment when compared to the control tumors (Fig. 7B, 7C, p-value<0.0001). Western blot
of tumor samples indicated autophagy inhibition and down-regulation of ULK1 and
LAPTM4B (Fig. 7D). Together, these data demonstrated that miR-489 delivered through
nanoparticles inhibits tumor growth and sensitizes tumor cells to doxorubicin in xenografts.

miR-489 and LAPTM4B expression are inversely correlated in breast cancer tissues

To further define the clinical relevance of our findings, we examined miR-489 and
LAPTM4B expression in breast tissues from breast cancer patients (n=14). We found
significant inverse correlation between expression of miR-489 and LAPTM4B (Fig.7E).
Similarly, /n-silico analysis on primary tumors revealed a strong inverse correlation between
miR-489 and LAPTM4B expression with a p-value of 0.0000413 (Fig. 7F). In the clinical
dataset, although statistically not significant, we found patients with higher miR-489 possess
lower ULK1 expression (Fig.S9A).

However, we do not observe inverse correlation between miR-489 and ULK1 in breast
tissues from breast cancer patients (n=19) (Fig.S9B).

Considerable clinical evidences suggest that LAPTM4B over-expression promotes
autophagy and chemoresistance (32,33). One study show that this over-expression is through
amplification of the gene. The gene resides on 8922 region, which is amplified in 20% of
breast cancer patients (32). Therefore, we evaluated the clinical effect of the gene expression
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profiles of miR-489 in the patients with 8922 gain/amplified tumor using a published data
set containing 1302 breast cancer patients (38,39). Intriguingly, we found that 8q22
amplified patients with high miR-489 have a significantly better survival as compared to low
miR-489 (p-value = 0.0005) (Fig. 7H) These results indicate potential application of
miR-489 as prognostic biomarker in 8g22 amplified breast cancers.

Discussion

In this study, we show that miR-489 inhibits autophagy in multiple subtypes of breast cancer
cell line. Restoration of miR-489 reduces viability of MDA-MB-231 under stress induced by
starvation. Lastly, we show miR-489 can sensitize breast cancer cell lines to doxorubicin /-
vitro and in-vivo. miR-489 imparts these phenotypic effects partly by directly targeting
LAPTM4B and ULK1.

Our gene expression analysis reveals downregulation of many autophagy related genes upon
miR-489 reconstitution. Although, we observe that miR-489 affects multiple genes involved
at different stages of autophagy, we conclude that miR-489 restoration is mainly associated
with defective maturation that leads to AP accumulation. The defect at this fusion step
caused by miR-489 is supported by three independent experiment. First, miR-489 restoration
leads to concomitant accumulation of LC3B-1I and cargo protein p62. Upon completion of
the autophagic process, p62 and LC3B-I11 are degraded via fusion with lysosome. However,
blockage at maturation step prevents this degradation and results in simultaneous
accumulation of both proteins. Second, no further significant accumulation of LC3B-11 was
observed in combination treatment of miR-489 and Bafilomycin Al. Last, miR-489
increases AP as shown by more yellow punta demonstrated by microscopic analysis of
fluorescent mCherry-EGFP-LC3B reporter. Reduced ULK1 expression levels are commonly
associated with decreased autophagic flux due to reduced autophagosome formation. In
contrast to this notion, we observed accumulation of AP. However, it is worth to note that
while ULK1 is involved in the initiation stage of the autophagy, it is not essential for
activation of the LC3 conjugation machinery. Studies show that ULK1 and ULK2 (homolog
of ULK1) possess redundant roles in autophagy (40,41). and indeed, it takes a double
knockout of UlkZ and UlkZto completely block amino acid starvation-induced autophagy in
mouse embryonic fibroblasts (42). This could be one of the reason why, despite ULK1
downregulation by miR-489, collective effect is observed at maturation stage. LAPTM4B is
a lysosomal transmembrane protein that has been shown to affect maturation of
autophagosome. Studies show that knockdown of LAPTM4B results lysosomal membrane
permeabilization (43) and increases lysosomal pH which inhibits lysosome and
autophagosome fusion (36). This results in accumulation of autophagosome with
simultaneous deposition of LC3B-I1 and p62. Together, these results indicate that miR-489
inhibits autophagy mainly through inhibiting autophagosome maturation.

Autophagy has a contentious role in tumorigenesis. Loss of autophagy promotes oxidative
stress, activation of the DNA damage response and genome instability which are known
cause of cancer initiation and progression. (44). However, autophagy has also been seen to
promote tumor cell survival. Being a pro-survival mechanism, it allows cell survival under
stressful conditions such as starvation and hypoxia. Due to excessive proliferation rate, these
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conditions are fairly common among tumors (45). Autophagy, in such established tumors,
promotes survival of cancer cells and inhibition of autophagy leads to tumor growth
inhibition. Furthermore, genotoxic stress induced by various chemotherapeutic agents also
induces cytoprotective autophagy. Several studies have reported that inhibiting autophagy in
such cases leads to tumor growth inhibition and chemo-sensitization. However, impact of
autophagy inhibition on tumor cell survival and chemo-sensitization depends on at which
stage autophagy in blocked. Studies show that blocking autophagy at later stage have
pronounced cytotoxic effect and sensitization. In fact, few studies suggested that blocking
early stage autophagy might promote survival and attenuate effect of chemo-therapeutic
agent. One such report explained that this contrasting response of autophagy inhibition at
different stages is because this toxic effect is attributed to autophagosome accumulation
(22). Since, inhibition of early stage of autophagy inhibits autophagosome synthesis, it
alleviates cytotoxicity induced by autophagosome accumulation. Consistent with this result,
blocking early stage of autophagy by 3-MA and siATG5 blunted miR-489 induced cell
death. These results suggest application of miR-489 in tumors with increased autophagic
flux or autophagy dependency. Few studies demonstrate higher basal autophagic flux and
increased dependency of TNBC cells on autophagy for their survival (46). Intriguingly, we
observed significant cytotoxic effect of miR-489 in TNBC cells compared to cell lines of
other breast cancer subtypes. TNBC cell line MDA-MB-231 is sensitive to autophagic
induction and additionally possesses the ability to proliferate following nutrient deprivation
(21). In the current study, we also observed MDA-MB-231 cells are more resistant to
starvation compared to estrogen positive T47D cell line and HER2 positive HCC1954 cell
line. miR-489 under these conditions can provide useful therapeutic approach to target such
resistant and aggressive tumor cells. Interestingly, several groups including us, have shown
that miR-489 is significantly down regulated in TNBC patients and cell lines, which might
contribute to increased autophagic flux observed in this subtype (4,25). All these evidences
suggest a notion that loss of miR-489 in this subtype might play an important role for their
survival. It will be interesting to explore if miR-489 mediated severe cytotoxic effect on
these cells is specifically due to their increased sensitivity to autophagy inhibition or if
miR-489 shuts down other pro-tumorigenic pathways aberrantly overexpressed in this
subtype.

miR-489 has long been reported in drug resistance. (12,25,47,48). Various drug resistant cell
lines, such doxorubicin resistant cell line, tamoxifen resistant cell line and cisplatin resistant
cell line, display significantly reduced miR-489 expression. A study showed that
MCF7/ADR cells have significantly higher basal autophagy level and inhibition of
autophagy leads to sensitization of these resistant cells to doxorubicin(49). Interestingly,
restoration of miR-489 leads to significant sensitization towards doxorubicin. A study
reported that miR-489 sensitizes MCF7/ADR cells by inhibiting epithelial to mesenchymal
transition (50) through SMAD3 downregulation (48). Several studies showed cells that
underwent EMT require autophagy activation to survive during the metastatic spreading(51).
Furthermore TGF-B, a master regulator of SMAD3 and EMT, has also been shown to induce
autophagy and knockdown of SMAD3 attenuates TGF-p induced autophagy (52). However,
on the other side autophagy has also been shown to contrast the activation of the EMT
mainly by selectively destabilizing crucial mediators of this process (51). It will be very
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interesting to explore cross talk between miR-489, autophagy and EMT to gain better
understanding of miR-489’s role as therapeutic sensitizer.

Restoration of miR-489 in some of these cell lines showed sensitization to specific
chemotherapeutic agent (12,25,47,48). Many mechanisms exist for drug resistance. The fact
that miR-489 sensitizes cells to multiple chemotherapeutic agents indicates that miR-489
regulates several pathways involved in drug resistance. One study showed miR-489 can
sensitize doxorubicin resistant cell line via targeting SPIN1-PI3K-Akt pathway (25). In the
current study, we establish miR-489-LAPTM4B-Autophagy pathway as an additional
mechanism involved in doxorubicin resistance. Our findings are consistent with previous
studies that show role of LAPTM4B in increased autophagy and anthracycline resistance.
Our clinical analysis found patient with 8g22 amplification, who have higher miR-489
expression, have better survival (p-value =0.0005) than patient with lower miR-489
expression. These data indicate potential clinical significance of miR-489 in 8q22 amplified
patients, where it can mitigate effects of amplified LAPTM4B and sensitizes patients to
doxorubicin. Together, these data suggest a possible application of using miR-489 as a
potential biomarker or therapeutic sensitizer in a defined subgroup of resistant breast cancer
patients.
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Implications

These findings expand the understanding of miR-489-mediated tumor suppression and
chemo-sensitization in and suggest a strategy for using miR-489 as a therapeutic
sensitizer in a defined subgroup of resistant breast cancer patients.

Mol Cancer Res. Author manuscript; available in PMC 2019 November 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Soni et al.

% Survival

Page 18

C.

ER ER-HER2 HER2 TNBC

B Scramble
B miR-489

E_ T47D MDA-MB-231 HCC1954
Scr Mimic Inh  Scr Mimic Inh Scr Mimic Inh

LC3B-ll
[ e =]

GAPDH

F. T47D MDA MB 231 HCC 1954
x

i

3
LC3BVLC3BA

- N W
LC3B-VLC3B-I
oON H» O ®
; i:
LC3B4VLC3B4
© AN W A
E :

rep1 rep2 rep3 repl rep2 rep3
Scramble Mimic-489 []
L & o“
&N

{0 ¢
P S
'R *\
Bow I e

%

Fig. 1. miR-489 inhibits breast cancer cell growth and modulates multiple genesinvolved in
autophagy.
A. MTT based cell proliferation/viability assay measuring viability of indicated breast

cancer cell lines at 72hrs post transfection with 28nM scramble control miRNA (Scr) and
miR-489 mimic (Mimic). **, p < 0.01; *** p < 0.001. Data are representative of three
independent experiments. B. Heatmap analysis of microarray data for the genes associated
with autophagy. Genes were selected based on their differential expression between the scr
transfected cells and mimic transfected cells. Red and blue indicate high and low gene
expression, respectively. C. Hypergeometric analysis was performed using microarray data
and putative targets identified using microRNA target-predicting software. D. Bright-field
microscopy images of Scr or Mimic transfected cells. Arrow indicates intracellular
endosomal, possibly vacuolar structures. Data are representative of three independent
experiments. E. Indicated breast cancer cell lines were transfected with scr, mimic or
miR-489 inhibitor (Inh). Protein was collected 72hrs post transfection and subject to western
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blot analysis of autophagy markers. GAPDH was used as a loading control. F. Quantification
of LC3B-I and LC3B-II ratio.
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Fig. 2. miR-489 inhibits autophagy mainly by blocking maturation step.

A-C. Bafilomycin Al blots after reconstituting cells with miR-489. T47D (A.), MDA-
MB-231 (B.) and HCC1954 (C.) cell lines were transfected with 28nM scr or mimic, for 48
or 72hrs and p62 and LC3B-II protein expression was assayed by western blot in presence or
absence of Bafilomycin Al (BafAl) (400nM). GAPDH was used as a loading control. D.
Western blot analysis of core autophagy genes after 72hrs post transfection. Cells were
transfected with 28nM scr or mimic, for 72hrs, and then treated with BafAl for 4hrs.
GAPDH was used as a loading control. E. Western blot analysis of autophagic flux after
reconstitution of scr or mimic with or without autophagy inhibitor 3-MA. Cells were
transfected with 28nM scr or mimic, for 24hrs, and then treated with 3-MA for 48hrs.
Autophagic flux was then analyzed using western blot. GAPDH was used as a loading
control. F. Schematic diagram of mCherry-EGFP-LC3B reporter. G. Confocal microscopy
of autophagy maturation. MDA-MB-231 cells stably expressing mCherry-EGFP-LC3B
fusion protein were transfected with 28nM scr or mimic for 48hrs or Bafilomycin for 4hrs
and assayed for co-localization of red and green punta using confocal microscopy. H.
Quantitative analysis of red and yellow punta in MDA-MB-231 cells at 48hrs post-
transfection of scr or mimic I. miR-489 blocks starvation induced autophagy. MDA-MB-231
cells were transfected with 28nM scr or mimic for 68hrs and treated with EBSS for last 4hrs
to induce autophagy. Bafilomycin Al was used as a control. GAPDH was used as a loading
control. **, p < 0.01; ***, p < 0.001. Data are representative of three independent
experiments.
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Fig. 3. miR-489 directly targets ULK 1 and LAMTM4B genes.
A. MDA-MB-231 and T47D cell lines were transfected with 28nM scr or mimic. RNA was

isolated 72hrs post transfection and gRT-PCR was performed to examine expression level of
indicated genes. Data are means of three replicates £ SEM. B. Western blot showing
expression of potential targets upon transfection of 28nM scr, mimic or inh in indicated cell
lines. GAPDH was used as a loading control. C. A schematic representation of the target
mRNA with putative miR-489 binding site in the 3° UTR by S fold database, where the seed
region is highlighted in red. D. HEK293T cells were co-transfected with miR-489
expressing vector or empty vector and renilla expressing vector for 72hrs. Firefly luciferase
was measured for each condition and normalized with renilla luciferase. Normalized
luciferase activity was compared with WT-3’UTR and Mutant 3° UTR of target mRNA.
Data are means of three replicates + SEM.
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Fig. 4. miR-489 reduces tumor cell survival and sensitizestumor cellsunder starvation by
inhibition autophagosome matur ation.

MDA-MB-231 cells were transfected with 28nM scr, mimic or inh in complete media (A) or
low serum (B). Cell viability assay was performed at indicated time points (0, 24, 28 and
72hrs) using MTT. *, p < 0.05; **, p < 0.01; *** p < 0.001. Data are means of three
replicates + SEM. C. Relative inhibition by mimic under both conditions at indicated time
points. D. MDA-MB-231 cells were transfected with 28nM scr, mimic or inh in complete
media or low serum for 72hrs and western blot was performed to investigate expression of
cleaved caspase 3 and autophagy markers. GAPDH was used as a loading control. E-J.
MDA-MB-231 cells were transfected with 9.3nM scr or mimic in complete media or low
serum with or without 3-MA (5mM), siATG5 (50nM) or BafAl (10nM) treatment and cell
viability assay (E, G, |) and western blot analysis (F, H, J) was performed to examine
autophagic flux and apoptosis *, p < 0.05; **, p < 0.01; ***, p < 0.001. Data are means of

three replicates + SEM.
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Fig. 5. miR-489 sensitizes breast cancer cellsto doxorubicin induced cell death by inhibiting
doxor ubicin induced cytoprotective autophagy.

A. Indicated breast cancer cell lines were transfected with 28nM scr or mimic for 72hrs in
presence of doxorubicin (0.75uM) for 48hrs and cell proliferation was measured by MTT
assay. Data are representative of three independent experiments. *, p < 0.05; **, p < 0.01;
*** p<0.001. B. MDA-MB-231 and HCC1954 cells were transfected with scr or mimic for
72hrs in absence or presence of doxorubicin and autophagy marker LC3B-1 and LC3B-II
were monitored to examine autophagic flux. C. MDA-MB-231 cells were transfected with
9.3nM scr or mimic with or without siATG5 for 24hrs and treated with indicated
concentration of doxorubicin for 48hrs and cell proliferation was measured by MTT assay.
D. MDA-MB-231 cells were transfected with 9.3nM scr or mimic with for 24hrs and treated
with indicated concentration of doxorubicin in presence or absence of Bafilomycin Al
(50nM) for 48hrs and cell proliferation was measured by MTT assay. Data are representative
of three independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Fig. 6. miR-489 sensitizes breast cancer cellsto doxorubicin partly by targeting LAPTM4B.
A. Western blot indicating stable over expressing LAPTM4B. GAPDH was used as a

loading control for western blot analysis. B-C. MDA-MB-231 cells stably expressing
LAPTM4B were transfected with 28nM scr or mimic. Cell viability assay (B.) and western
blot (C.) was performed 72hrs post transfection to examine autophagic flux and apoptosis.
D-E. MDA-MB-231 cells stably expressing LAPTM4B were transfected with 28nM scr or
mimic with or without doxorubicin followed by cell viability assay (D.) and western blot
analysis (E.) F. Microscopy analysis of subcellular localization of doxorubicin. Confocal
microscopy was performed 72hrs after MDA-MB-231 cells were treated with 28nM scr or
mimic with doxorubicin. Data are means of three replicates = SEM. Data are representative
of three independent experiments. G. MDA-MB-231 cells were transfected with 28nM scr
or mimic and stained with Acridine orange (1mg/ml) for 20min and flow cytometry was
performed to examine lysosomal integrity. H. Confocal microscopy of MDA-MB-231 cells
after transfection with scr or mimic and staining with Acridine orange (Lmug/ml) for 20min.
Data are representative of three independent experiments.
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Fig. 7. Nanoparticle-delivered miR-489 inhibitstumor growth and sensitized cells against
doxorubicin in vivo.

A. miR-489 inhibits tumor growth and sensitized cells against doxorubicin in xenograft
animals. After the tumors were palpable, the animals were randomly assigned into four
groups (n=5 per group). All animals were injected with miR-489 or control encapsulated in
nanoparticle every third day. The treatment starting day was referred to as ‘Day zero’ in the
figure. B. IHC analysis revealed reduced expression of LAPTMA4B and Ki67 in tumors
treated with miR-489 encapsulated nanoparticles. C. Quantification of Ki-67 positive cells in
tumors of all four groups. D. Western blot analysis of tumors revealed down regulation of
ULK1, LAPTM4B and autophagy inhibition by miR-489. GAPDH was used as a loading
control. E. miR-489 and LAPTM4B expression was measured in breast tissues form breast
cancer patients (n=14) using qPCR. F. Correlation of miR-489 and its potential target gene
expression in primary breast cancers. The linear dependence between miR489 and its
potential target genes expression was evaluated by Pearson analysis of a published breast
cancer data set (38). G. miR-489 expression predict overall survival of breast cancer patients
with 8q22 gain/amplified tumors. Patient survival was estimated using the Kaplan-Meier
method and compared with log-rank tests. The Y axis represents the probability of overall
survival. *, p < 0.05; **, p < 0.01; ***, p <0.001.
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