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MicroRNA-195 inhibits

proliferation, invasion and

“metastasis in breast cancer cells by
o targeting FASN, HMGCR, ACACA
~ and CYP27B1

Richa Singh, Vikas Yadav, Sachin kumar & Neeru Saini

De novo lipogenesis, a hallmark for cancers is required for cellular transformation. Further it is
believed that resistance to apoptosis and epithelial-to-mesenchymal-transition(EMT) facilitates
metastasis via over-expression of anti-apoptotic Bcl-2. Previously we demonstrated that hsa-
miR-195 targets BCL2, induces apoptosis and augmented the effect of etoposide in breast cancer

. cells. However, the mechanism behind its function remains elusive. Herein gene expression profiling

: was done in presence/absence of hsa-miR-195 in Breast cancer cells. IPA revealed mitochondrial

: dysfunction, fatty acid metabolism and xenobiotic metabolism signalling among the top processes

. being affected. For the first time we herein identified ACACA, FASN (the key enzymes of de novo

fatty acid synthesis), HMGCR (the key enzyme of de novo cholesterol synthesis) and CYP27B1 as

- direct targets of hsa-miR-195. We further showed that ectopic expression of hsa-miR-195 in MCF-7
and MDA-MB-231 cells not only altered cellular cholesterol and triglyceride levels significantly but
also resulted in reduced proliferation, invasion and migration. We further demonstrated that over
expression of hsa-miR-195 decreased the Mesenchymal markers expression and enhanced Epithelial
markers. In conclusion we say that hsa-miR-195 targets the genes of de novo lipogenesis, inhibits
cell proliferation, migration, and invasion which potentially opens new avenues for the treatment of
breast cancer.

Breast cancer is currently the leading cause of cancer death among women worldwide. ER* subtype
(Estrogen receptor or hormone receptor subtype) is the most vital discriminator of breast cancer,
accounting for nearly 75% of all breast cancer cases!. Therapy approaches include irradiation and sur-
gery, with chemotherapy considered an important strategy to treat breast cancer. It is believed that during
chemotherapy, drug resistance frequently develops and impairs the successful treatment of breast cancer.
In addition there is a need for new therapeutic targets as hormonal therapy is facing challenges against
ER patients as well as acquired drug resistance in ER* patients?.

Literature reveals that highly proliferating cancer cells need to synthesize fatty acids de novo for
membrane and energy production. De novo fatty-acid synthesis involves two key enzymes, acetyl-CoA
carboxylase (ACACA) and fatty-acid synthase (FASN). In normal tissues de novo fatty-acid synthesis

. is usually suppressed, and FASN expression is maintained at low levels whereas in cancer, the cells are
. highly dependent on the de novo synthesis®. Recently small-molecule BCL-2 inhibitors (ABT-737 etc)
: and FASN inhibitors such as cerulenin, C75 and orlistat have been shown to induce apoptosis in breast
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cancer cells both in vitro and in vivo but heterogeneity of tumor and complexity of signalling pathways
remains a major hurdle for effective cancer therapy. Hence there is an urgent need to identify a new
generation of anticancer agents*.

micro RNAs (miRNAs) have emerged as key therapeutic agents against cancers and sufficient evi-
dences are there to show that dysregulation of miRNAs also leads to drug resistance in different cancers
and correction of these miRNAs using miRNA mimics or antagomiRs can normalize the gene regulatory
network and signaling pathways and sensitize cancerous cells to chemotherapy and may provide exciting
opportunities for cancer therapy”®.

We and others previously reported that hsa-miR-195 negatively regulates BCL2 expression by binding
to its 3’ UTR>!%, Multiple studies have also shown that hsa-miR-195 regulates biological processes like
apoptosis, cell cycle and proliferation by targeting CDK4, CDK®, cyclin D1, cyclin E1, E2F3, E2F5 and
WEE1''-13, Yang G et al. recently showed that expression of miR-195 is low in breast cancer cells (and
multidrug-resistant breast cancer tissues) and upregulation of miR-195 increases the sensitivity of breast
cancer cells towards chemotherapeutic drug adriamycin'*.

Results of our study as well as the previous studies suggested the therapeutic potential of this miRNA
however despite these studies it remains unclear how the cell’s transcriptome responds to the presence/
absence of hsa-miR-195. To understand how hsa-miR-195 exerts regulatory effects we herein, per-
formed gene expression profiling using an Illumina microarray in MCF-7 and -231 cells in presence of
hsa-miR-195 or hsa-miR-195 inhibitor (antimiR-195).

In this study, we used two breast cancer cell lines MCF-7 cells (rapidly growing tumor cells that are
ER-positive, E-cadherin positive and noninvasive!> and MDA-MB-231 (invasive and metastatic tumor
cells) that are ER-negative and lacks E-cadherin'®. Herein, we identified and validated key genes of
the de novo lipogenesis as direct targets of hsa-miR-195. Over expression of hsa-miR-195 down regu-
lated and silencing of hsa-miR-195 by antimiR-195 up regulated the expression of ACACA, FASN and
3-Hydroxy-3-Methyl glutaryl CoA reductase (HMGCR), Cytochrome P450 family 27, subfamily B, poly-
peptide 1 (CYP27B1), a member of the cytochrome P450 superfamily respectively in breast cancer cells.
Over-expression of hsa-miR-195 in these cells reduced the cellular cholesterol and triglyceride levels
whereas inhibition of endogenous hsa-miR-195 enhanced these metabolites significantly. Our findings
provide evidence that microRNA-195 attenuates epithelial-mesenchymal transition (EMT) in breast can-
cer cells by targeting FASN, HMGCR, ACACA and CYP27B1 and strongly suggest that overexpression
of miR-195 may have therapeutic value in treating breast cancer.

Results

Transcriptome profiling and Ingenuity Pathway Analysis identifies mitochondrial dysfunc-
tion and lipid metabolism as the most significant pathways influenced by hsa-miR-195 in
MCF-7 cells. Previously our lab has highlighted the therapeutic potential of hsa-miR-195 as an anti-
cancer agent. However, to fully establish its therapeutic function it is necessary to further characterize
hsa-miR-195. We herein performed genome-wide gene expression profiling of transfected (miR-195/
antimiR-195) and untransfected MCF-7 cells and MDA-MB-231 cells using Illumina HT12 v4 gene
expression beadchip. As shown in Fig. 1A, we first checked the endogenous levels as well as the over
expression and depletion efficiency of miR-195 in MCF-7 and MDA-MB-231 cells respectively. Consistent
to our previous findings'®, TagMan based real time PCR assay showed that hsa-miR-195 over expression
increases the levels of mature form of hsa-miR-195 by 2.5-fold (p value 0.03) and by 4.58-fold (p value
0.04) and significant decrease in the mature form of hsa-miR-195 after anti-miR-195 transfection in
MCEF-7 and MDA-MB-231 cells. We next performed illumina, as shown in schema (Fig. 1B). Analysis
of the array data of MCF-7 cells by Illumina Bead Studio software showed 1418 (622 downregulated,
mean fold change <0.66; 796 upregulated, mean fold change >1.5) differentially expressed genes (DEG)
after over expression of hsa-miR-195 and 428 (DEG) after inhibition of hsa-miR-195 (353 genes were
upregulated; mean fold change >1.5:75 genes downregulated; mean fold change <0.66) in MCF-7 cells
(Supplementary Figure). The data obtained have been deposited in NCBI's Gene Expression Omnibus
(GEO Series accession number GSE43656). Supplementary Table S2 and S3 show a list of differentially
expressed genes that were found in the presence or absence of hsa-miR-195 in MCF-7 cells. To iden-
tify functional relationships among the differentially expressed genes, datasets representing genes with
altered expression profile derived from microarray analysis were imported into the Ingenuity Pathway
Analysis tool (IPA Version 8.8). In IPA differentially expressed genes are mapped to genetic networks
available in the ingenuity database and then ranked by score. A network is a graphical representation of
the molecular relationships between molecules. Supplementary Table S5 and S6 shows the top associated
networks after over expression or inhibition of hsa-miR-195 in MCF-7 cells. Top Tox list tool of IPA was
used to identify the pathways and gene lists that were most significant in the dataset. Fisher’s exact test
was used to calculate a p-value, determining the probability that each toxicity list assigned to that dataset
is not random. Figure 1C (lower panel) shows the top Tox lists obtained from the IPA that were most
significant to the dataset of hsa-miR-195 over-expressed and depleted MCF-7 cells respectively. In our
analysis, IPA Tox list revealed a significant enrichment of mitochondrial dysfunction, mechanism of gene
regulation by peroxisome proliferators via PPAR-alpha, fatty acid metabolism, cholesterol metabolism
and xenobiotic metabolism signalling after over-expression or depletion of hsa-miR-195 in MCF-7 cells.
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Figure 1. Microarray profiling and transcriptome analysis after altered cellular hsa-miR-195 levels.

(A) Upper panel represents the endogenous levels and lower panel represents the cellular levels of hsa-
miR-195 after overexpression or depletion by transfecting pre-miR-195 clone (p195) or hsa-miR-195
inhibitor, antimiR-195 in MCF-7 and MDA-MB-231 cells as detected by Taqman based quantitative realtime
PCR. Graphs are representative of three independent experiments and represent mean fold changes in miR-
195 levels with respect to untransfected MCF-7 cells (mean =+ S.D). **p < 0.01 (B) Outline of study design.
(C) The top toxicological pathways with their respective log p-values which was predicted by Ingenuity
Pathway Analysis tool based on differentially expressed genes after miR-195 overexpression and miR-195
depletion in MCE-7 cells.

Simultaneously profiling was also done in MDA-MB-231 cells in presence and absence of miR-
195 and we found 300 (DEG) after over expression of hsa-miR-195 and 219 (DEG) after inhibition of
hsa-miR-195 (Supplementary Figure S2 and Supplementary Table S7-S8). Similar to MCF-7 cells, Tox list
of Ingenuity pathway analysis also revealed a significant enrichment of mechanism of gene regulation by
peroxisome proliferators via PPAR-alpha and cholesterol biosynthesis (data not shown).

Over-expression of miR-195 leads to mitochondrial dysfunction. Mitochondria is known to
play a central role in energy supply for normal cell function and also perform many important cellular
physiology tasks such as induction of apoptosis, cellular calcium level and redox homeostasis. Our ear-
lier study and current IPA analysis pointed towards mitochondrial dysfunction in hsa-miR-195 induced
apoptosis!’. To further confirm the role of hsa-miR-195 in regulating mitochondrial dysfunction we
first used the indicator TMRE (sensor of mitochondrial inner membrane potential), which is taken up
by the mitochondria in a membrane potential dependent manner. Our results demonstrated significant
decrease in orange-red fluorescence in hsa-miR-195 over-expressed MCF-7 and MDA-MB-231 cells as
compared to scrambled control transfected cells (Fig. 2Ai). Differential sensitivity of miR-195 overex-
pressing or anti-miR expressing cells towards the mitochondrial function inhibitors like oligomycin,
rotenone and sodium azide was also investigated and interestingly electron transport chain (ETC) inhib-
tiors augmented the effect of miR-195 whereas no change in the mitochodnrial membrane potential was
observed when MCF-7 and MDA-MB-231 cells were transfected with anti-miR-195 (Fig. 2Aii).

We further examined the effect of alterations of hsa-miR-195 on calcium levels. Breast cancer cells
were dual labelled with mitochondrial calcium specific dye, Rhod-2AM, and mitochondria specific dye
MitoTracker Green and as shown in Fig. 2B (Supplementary Figure S2 iii), over-expression of hsa-miR-195
led to significant increase in mitochondrial calcium as compared to control and antimiR-195 transfected
MCF-7 and MDA-MB-231 cells. Simultaneously, the cytosolic calcium levels were also measured using
Fluo-3AM dye as described in Materials and Methods and we found significant increase in Fluo-3 AM
fluorescence after hsa-miR-195 overexpression in MCF-7 and MDA-MB-231 cells, whereas antimiR-195
transfection showed insignificant change in the cytosolic calcium levels as compared to control (Fig. 2C).
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Figure 2. Hsa-miR-195 mediates mitochondrial dysfunction in MCF-7 and MDA-MB-231 cells. (A) (i)
TMRE staining was carried out to detect mitochondrial membrane depolarization status in hsa-miR-195
overexpressed/depleted breast cancer cells. 24h post transfection, cells were harvested and stained with
100nM TMRE as described in Material and Methods. The data is representative of the three independent
experiments. (ii) MCF-7 and MDA-MB-231 cells were pre-treated with or without 20nM rotenone, 150 uM
sodium azide or 1nM oligomycin for 1h followed by transfection of miR-195 (p195)/anit-miR-195 for 24h
and then the mitochondrial membrane potential was analyzed using TMRE. Bar graph represents mean 4 S.D
of three independent experiments with *p < 0.01. (B) Rhod-2 specific mitochondrial localization of calcium
ions after hsa-miR-195 overexpression and inhibition in MCF-7(i), and MDA-MB-231(ii) cell lines was
determined by fluorescence microscopy as described in Materials and Methods section. (C) Fluo3-AM
staining of cytosolic Ca*" jons in breast carcinoma cell lines was done as described in Materials and Methods
section. The cells were harvested 24 h post transfection and stained with 0.5pM Fluo-3-AM in HBSS buffer.
The data is representative of the three independent experiments with p < 0.05.

Taken together all these findings confirmed that over-expression of hsa-miR-195 leads to mitochondrial
dysfunction and calcium might play a role in it. Role of calcium in this needs further investigation.

Hsa-miR-195 plays an important role in regulating lipid homeostasis. To decipher the role of
hsa-miR-195 in regulating lipid homeostasis, we first examined the effect of hsa-miR-195 over-expression
or inhibition on the cellular levels of cholesterol and triglycerides. We observed statistically significant
decrease after overexpression of hsa-miR-195 and increase after antimiR-195 transfection (Fig. 3A) of
cholesterol as well as triglyceride levels in MCF-7 cells as compared to scrambled control transfected
cells.

We further asked how miR-195 regulated lipid homeostasis (cholesterol as well as triglyceride levels).
Several studies suggest that PPARSs, liver-X receptors (LXRs) and sterol-response element-binding pro-
tein (SREBP) transcription factors regulate lipid homeostasis'’~%. Simultaneously there are also reports
that SREBPs regulate the expression of genes involved in cholesterol biosynthesis (HMGCS1, HMGCR),
cellular uptake (LDLR) and cellular efflux (ATP-binding cassette transporters, ABCA1l, ABCG1 and
ABCG5)?. Hence, we next examined the transcript levels of PPAR-a, PGC1-a (PPAR gamma coactiva-
tor 1-alpha), RXR-a,, LXR-a,, LXR-3, SREBP2, HMGCS1, HMGCR, LDLR, ABCA1, ABCG1, ABCGS5,
ACACA, FASN and CYP27B1 after over-expression or depletion of hsa-miR-195 in MCF-7 cells using
real time PCR analysis (Fig. 3B). Interestingly, we observed significant decrease in the expression of
FASN (2 fold, p < 0.05) and HMGCR (p < 0.05) after over-expression of hsa-miR-195. Additionally we
observed an increase in the expression of SREBP2, ABCA1, ABCG1, LXR-3 and LDLR in MCF-7 cells
after anti-miR-195 treatment. There was no significant change in the expression of LXR-a and PPAR-o
respectively.

In the current study cytosolic lipid droplets were also stained with Bodipy and as shown in Fig. 4A,
we observed a significant decrease in cytosolic lipid droplets in hsa-miR-195 transfected MCF-7 cells as
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Figure 3. Validation of Microarray profiling and transcriptome analysis after altered cellular hsa-
miR-195 levels. (A) Cellular cholesterol levels and triglyceride levels were estimated in MCF-7 cells after
hsa-miR-195 overexpression and depletion as described in materials and methods section. Relative fold
changes as compared to Scrambled miRNA control (in case of miRNA) and scrambled antimiR control (in
case of antimiR) are plotted. Bar graphs represent mean =+ SD for three independent experiments. *p < 0.05.
(B) Realtime PCR analysis of selected regulatory genes involved in transcriptional regulation pathways
mediated via PPAR«, genes involved in cholesterol biosynthesis, uptake and efflux, fatty acid biosynthesis
and genes involved in Xenobiotic metabolism via CAR/RXR. 18S rRNA was used for normalization. Graphs
represent mean fold changes £ S.D with respect to respective controls i.e. scrambled control for miRNA and
scrambled antimiR control for antimiR. *p < 0.05.

compared to the cells transfected with scrambled control. On contrary, cytosolic lipid droplets increased
substantially when the endogenous levels of hsa-miR-195 were depleted by antimiR-195. The scramble
antimiR control did not show any significant changes. These results in addition to validating the analysis
confirmed that hsa-miR-195 plays an important role in regulation of lipid homeostasis. In addition we
also explored the effect of hsa-miR-195 on Caveolin-1 (CAV1), a scaffolding protein intimately involved
with intracellular cholesterol trafficking and whose expression is highly dependent on the availability
of cholesterol??%. In MCF-7 cells we observed that over expression of hsa-miR-195 led to a 2.3-fold
(P value=0.034) decrease in the expression of CAV1 protein (Fig. 4B,C) as compared to scrambled
transfected cells and antimiR-195 transfection rescued this effect. Literature reveals that CAV1 can have
both cell survival and pro-apoptotic characteristics but the role of CAV1 in hsa-miR-195 induced apop-
tosis/cholesterol regulation needs further investigation.

Hsa-miR-195 targets key denovo fatty acid biosynthesis genes, ACACA and FASN. To under-
stand the underlying molecular mechanism behind miR-195 mediated lipid homeostasis, we aimed to
identify direct downstream targets of miR-195 using in-silico algorithm. TargetScan 6.2 revealed that key
genes of denovo fatty acid biosynthesis, ACACA (ENST00000353139) and FASN (ENST00000306749)
have predicted binding sites for hsa-miR-195 in their respective 3'UTRs. ACACA is the crucial
rate-limiting enzyme in the fatty acid biosynthesis pathway catalysing the conversion of acetyl-CoA to
malonyl-CoA, the first step in fatty acid biosynthesis®. FASN is the holozyme generating the basic fatty
acid intermediate, palmitate, which is then processed into other longer chained fatty acids. Computational
analysis further showed complete complementarity between seed region (2-8 nt) of hsa-miR-195 and the
1231-1237 nt of ACACA 3'UTR and this site and it was found to be conserved across several species
(Supplementary Figure S1). Interestingly we also found that FASN has three predicted binding sites of
hsa-miR-195 in its 3'UTR and the interspecies homology search showed that the these were conserved
across different species of mammals (Supplementary Figure S1).
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Figure 4. Hsa-miR-195 regulates cellular lipid levels in MCF-7 cells. (A) (i) BODIPY staining of lipid
droplets. Hsa-miR-195 overexpressed and depleted MCF-7 cells were stained with BODIPY and observed
under confocal microscope for lipid droplets as described in Materials and Methods section. (ii) Fluorescence
intensity was calculated by averaging the optical density over at least six region of interests in each sample.
Bar graph shows mean fluorescence intensity (M.EI) £ S.D of BODIPY of three independent experiments.
**p < 0.01. here SAM means scramble anti-miR and AM means anti-miR. (B) Immunofluorescence assay
of CAV1 in MCF-7 cells. Cells were transfected with 195 or antimiR-195 and 24 h post-transfection cells
were fixed in 4% formaldehyde solution in PBS for 15min. Cells were incubated with primary antibody
(anti-CAV1 (Abcam, Cambridge, UK) for 2h followed by Alexa Fluor 488-conjugated secondary antibody
(Invitrogen) for 1h. The fluorescence images were captured using Nikon microscope (Ti Eclipse) at 40x
magnification under 488/519 nm excitation and emission wavelengths. Mean fluorescence intensity of CAV1
was calculated by averaging optical densities over six different regions of interest in each sample. Bar graph
represents relative mean fluorescence intensity (M.EI) £ S.D of three independent experiments. **P < 0.01.
(C) Western blotting for detection of protein levels of CAV1 after overexpression/depletion of hsa-miR-195
in MCEF-7 (ER-positive) cells. Bar graph in the lower panel shows mean fold change in CAV1 protein+ S.D
of three independent experiments. *P < 0.05.

To validate ACACA or FASN as directs targets of miR-195 we obtained reporter constructs with
luciferase coding sequence fused to 3'UTR of ACACA/FASN respectively and employed a dual luciferase
reporter assay in MCF-7 and —231 cells. Transfection analysis showed that overexpression of p195 led to
a 50-65% decrease and antimiR-195 transfection (100nM) led to 25%-35% increase of lucifease activity
of ACACA 3'UTR in these cells (Fig. 5A). A non-specific mimic (cel-miR-67) did not affect luciferase
activity of ACACA 3'UTR construct. Similarly Fig. 5B shows that overexpression of p195 reduced the
luciferase activity of FASN 3'UTR reporter construct by 45-40% in MCF-7 and MDA-MB-231 cells as
compared to only 3’ UTR transfected cells and this suppression was relieved by antimiR-195 transfection
in both the cells. There was no significant change in luciferase activity when non-specific mimic was
transfected.

The effect of miR-195 on protein levels of ACACA and FASN was also tested using western blot anal-
ysis. In agreement with the bioinformatic predcitions and luciferase results overexpression of p195 led to
2-fold decrease in protein levels of ACACA and 1.7-fold decrease in protein levels of FASN (Fig. 5C,D)
in MCEF-7 cells. The protein levels of ACACA and FASN increased when antimiR-195 was cotransfected
with p195. Simialr resutls were obtained in MDA-MB-231 cells (Fig. 5C,D). Taken together all these
results confirmed that hsa-miR-195 targets key genes of denovo fatty acid biosynthesis, ACACA and
FASN.
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Figure 5. Hsa-miR-195 targets key genes of fatty acid biosynthesis in breast carcinoma cell lines.

(A,B) Dual luciferase reporter assay of 3’ UTR construct of ACACA (A), and FASN (B), in breast cancer
cells. Cells were seeded in 24-well plates and co-transfected with 400 ng of either of luciferase reporter
vectors and either 400 ng of pre-miR-195 plasmid alone or in combination with 100 nM antimiR-195,
using Lipofectamine 2000 (Invitrogen) as described by the manufacturer. A non-specific mimic control
(corresponding to cel-67, which has minimal sequence identity with miRNAs in human, mouse and rat)
was used as negative control. Relative fold change with respect to UTR itself was plotted. The bar diagram
represent mean = SD for three independent experiments *p < 0.05. (C,D) Western blotting for detection of
protein levels of ACACA (C), and FASN(D), after hsa-miR-195 overexpression or depletion in MCF-7 (ER
positive) cells and MDA-MB-231 (ER-negative). Bar graphs below the blots represent fold change in protein
levels as mean= SD for three independent experiments. *p < 0.05.

HMGCR the rate-limiting enzyme in the biosynthesis of cholesterol is a potential target of
Hsa-miR-195. Target prediction using miRanda program identified an evolutionarily conserved bind-
ing site for hsa-miR-195 in 3'UTR of HMGCR, the enzyme catalyzing rate limiting step of cholesterol
biosynthesis?*. We further observed complete complementarity between the 1388-1394 nt of HMGCR
to 2-6 nt of hsa-miR-195 (Supplementary Figure S1). To assess whether HMGCR is a direct target of
hsa-miR-195, a dual luciferase reporter assay was performed. As shown in Fig. 6A, overexpression of
p195 in MCEF-7 cells led to a reduction in luciferase activity by 48% as compared to that of only 3'UTR
transfected cells and the antimiR-195 transfection rescued this downregulation in MCEF-7 cells. There was
no significant change in the luciferase activity when non-specific mimic was transfected. Similar results
were obtained in MDA MB-231.

Our western blot analysis demonstrated 1.4-fold decrease in the expression of HMGCR in p195 trans-
fected MCF-7 cells as compared to scrambled control (Fig. 6C). Cotransfection of antimiR-195 and p195
partially rescued this downregulation. Similar results were obtained in MDA-MB-231 (Fig. 6C). Our
results confirmed that hsa-miR-195 targets HMGCR.

Hsa-miR-195 targets CYP27B1. TargetScan algorithm also identified hsa-miR-195 binding site in
the 3’UTR of CYP27B1 (ENST00000481739) and 342-348 nt of CYP27B1 3'UTR was found to have
perfectly complementary to the 2-8 nt seed region of hsa-miR-195 (Supplementary Figure S1). Dual
luciferase reporter assay showed that overexpression of p195 led to a 34% reduction in luciferase activity
(Fig. 6B) which was rescued in presence of antimiR-195. Our real time PCR data showed no significant
changes in CYP27B1 mRNA levels after hsa-miR-195 overexpression, but inhibition of hsa-miR-195 by
antimiR-195 led to a 1.6-fold increase in CYP27B1 levels in MCF-7 cells (Fig. 3B). Furthermore, our
western blot data showed 1.37-fold decrease in CYP27B1 protein levels after hsa-miR-195 overexpression
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Figure 6. Hsa-miR-195 targets HMGCR and CYP27B1 in breast carcinoma cell lines. (A,B) Dual
luciferase reporter assay of 3'UTR construct of HMGCR (A), and CYP27B1 (B), in breast cancer cells. Cells
were cotransfected with 3’UTR plasmid and p195 or antimiR-195 or both p195 and antimiR-195. A non-
specific mimic was also cotransfected with 3’ UTR construct as negative control. Luminscence was measured
24h post transfection as described in Materials and methods and relative fold change with respect to UTR
itself was plotted. The bar diagram represent mean & S.D for three independent experiments. **p < 0.01,

*p < 0.05. (C,D) Western blotting for detection of protein levels of HMGCR (C), and CYP27B1 (D), after
hsa-miR-195 overexpression or depletion in MCF-7 (ER positive) cells and MDA-MB-231 (ER-negative).
Bar graphs below the blots represent fold change in protein levels as mean & SD for three independent
experiments. *p < 0.05.

in MCF-7 cells (Fig. 6D). Similar results were obtained in MDA-MB-231 (Fig. 6B-D). Our findings sug-
gested that hsa-miR-195 also regulates CYP27B1 by directly binding to its 3’ UTR.

Overexpression of hsa-miR-195 inhibits cell proliferation, migration, invasion and attenu-
ates epithelial to mesenchymal transition in breast cancer cells. MCF7 and MDA MB-231 cells
transfected with miR-195 showed a significant reduction in cell proliferation at day 2 compared with cells
transfected with scrambled control (P < 0.05) as measured by CFSE cell proliferation kit. However, MCF7
and MDA-MB-231 cells treated with palmitate had a higher rate of cell proliferation than cells transfected
with miR-195 only (Fig. 7A, Supplementary Figure S3).

We next examined the effect of hsa-miR-195 on cell migration by wound healing assay. As expected
in the hsa-miR-195 expressing MCF-7 and MDA-MB-231 cells, the rate of cell migration decreased
considerably and the filling of the wound area was time dependent, thereby indicating that hsa-miR-195
treatment severely alters the migration ability of the cells (Fig. 7B, Supplementary Figure S4). The pres-
ence of palmitate reversed the miR-195 dependent changes in cell migration.

As shown in Fig. 7C the invasion ability of MDA MB-231cells was inhibited after transfection with
hsa-miR-195. On the contrary, the invasion ability of MDA MB-231cells increased after treatment with
palmitate (Supplementary Figure S5).

Previous studies have revealed that anticancer agents induce mesenchymal to epithelial transition
(MET) in cancer cells. After having identified four main downstream targets of miR-195, we further
examined which specific phenotype are regulated by miR-195 in breast cancer cells. We employed west-
ern blot to detect the expression of epithelial cell markers such as E-cadherin, ck8/18, claudin 1 and mes-
enchymal cell markers such as fibronectin, N-cadherin and p-vimentin. As shown in Fig. 7D, we found
expression levels of fibronectin, p-vimentin and N-cadherin to be significantly decreased in the breast
cancer cell lines after hsa-miR-195 overexpression. On contrary, the expression levels of E-cadherin,
ck8/18, claudin-1 were increased in the breast cancer cell lines after hsa-miR-195 overexpression.
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Figure 7. Antiproliferative function of hsa-miR-195 in breast cancer cells. (A) MCF-7 and MDA-MB-231
cells were transfected with miR-195 and treated with palmitate (100 M) for 24h. CFSE proliferation assay
was performed on Days 0 and 2, and proliferation was measured using flow cytometry. The representative
overlapped histogram is shown. The data is representative of the three independent experiments with p < 0.05.
(B) Migration assay in MCF-7 (i), and MDA-MB-231 cells (ii) after transfection of miR-195 and antimiR-195
in presence and absence of palmitate (100 uM). The number of cells migrating in the wound increased in
untransfected and antimiR-195 transfected cells, whereas fewer cells migrated in the wound area in hsa-
miR-195 over-expressed cells. Lower panel shows the graphical representation of quantitative values of the
wound size at different time points as determined by the WimScratch module of Wimasis online software.
Data shown are representatives of three independent experiments. The error bar represents s.d. from three
independent experiments. **p < 0.01, *p < 0.05. (C) Invasion Assay was performed as described in materials
and method in MDA-MB-231 cells in the presence or absence of miR-195, anti-miR-195 and palmitate
(100p.M). (D) Western blotting for detection of protein levels of epithelial and mesenchymal markers after
hsa-miR-195 overexpression or depletion in MCF-7 (ER positive) and MDA-MB-231 (ER-negative) cells. The
data is representative of the three independent experiments.

Together all these results demonstrated that the transient overexpression of hsa-miR-195 inhibited
cell proliferation, migration, invasion and attenuates epithelial to mesenchymal transition in MCF-7
(Tumorigenic but non-metastatic) and MDA-MB-231 (Tumorigenic with high metastatic potential).
Interestingly, in our array data also we found significant reduction of stemness-related genes such as
BMI-1, SOX-2, Twist-1, GLI-2, CXCR7 and ALDH1A3 after miR-195 overexpression thereby strongly
implicating role of hsa- miR-195 in inhibiting breast cancer stem cell-like self-renewal

However this molecular aspect of miR-195 needs further validation.

Discussion

Despite substantial progress in understanding the breast cancer signaling network, effective therapies
remain scarce due to tumor heterogeneity, insufficient disruption of oncogenic pathways, drug resistance
and drug-induced toxicity. Hence new and additional approaches are required for the treatment of breast
cancer.

High proliferation rate has been the characteristic feature of cancer cells which renders their need for
high levels of fatty acid as a substrate for energy production and membrane biogenesis®®. Cancer cells
prefer to derive their need for fatty acid via de novo lipogenesis in comparison to normal human tissues
which prefers to utilize exogenous lipids, as a consequence of which cancer cells harbor high levels of
FASN and ACACA. Comparatively among various cancer sub types, breast cancer cells significantly
nurture very high levels of these key enzymes owing to their high proliferation, aggressiveness and met-
astatic potential®.

We and others have previously reported that hsa-miR-195 negatively regulates BCL2 expression and
we also demonstrated that over-expression of hsa-miR-195 not only caused an increase in apoptosis but
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also augmented the death inducing effect of etoposide in breast cancer MCF-7 cells'. In the current
study we show that hsa-miR-195 targets key enzymes of the de novo lipogenesis pathways e.g., ACACA,
FASN, HMGCR and CYP27B1 by binding to their respective 3'UTRs.

ACACA and FASN are highly expressed in cancers and small molecules targeting these enzymes are
being considered as potential therapeutic agents for therapy?”’~?. FASN a multifunctional enzyme plays a
key role in biosynthesis of fatty acid and ACACA is known to specifically interact with the protein coded
by one of the major breast cancer susceptibility genes BRCA1%*. Furthermore, FASN is highly elevated
in 30% of HER2 over-expressing breast cancers and considerable interest has developed in searching
for novel FASN inhibitors as therapeutic agents for treatment of HER2-overexpressing breast also®'. In
the current study we observed significant down regulation of ACACA and FASN after over-expression
of hsa-miR-195 in MCF-7 and MDA-MB-231 cells. Recently Mao et al. have shown that miR-195 also
inhibits cell invasion and migration by down-regulating FASN in osteosarcoma cells*. Similar to Mao
et al. in the current study we also observed that over expression of hsa-miR-195 in breast cancer cells
inhibited cell migration, invasion and cell proliferation. We also observed that transient overexpres-
sion of hsa-miR-195 inhibited cell invasion in MDA-MB-231 cells. Simultaneously our work also iden-
tifies hsa-miR-195 as a regulator of cholesterol metabolism. We observed that hsa-miR-195 targets the
rate-limiting enzyme of the mevalonate pathway, HMGCR, by binding to its 3'UTR and down regulat-
ing its protein levels. Our experimental findings showed that antimiR-195 treatment not only leads to
increase in HMGCR and HMGCS1 mRNA levels but also leads to significant increase in the cholesterol
levels. Several recent studies show that aberrant regulation of cholesterol homeostasis has been associ-
ated with multiple types of cancer and literature also reveals that statins originally developed as choles-
terol lowering drugs that target HMGCR are currently being investigated as potential anticancer agents
including breast cancer®*,

Our study also identified CYP27BI to be a novel target of hsa-miR-195. CYP27B1 is a cytochrome
P450-containing hydroxylase expressed in kidney and other tissues that generates active vitamin-D [1a,
25(0OH),D;] from an inactive vitamin-D precursor 25-hydroxycholecalciferol [25(OH)D;] and plays an
important role in calcium homeostasis, steroid biosynthesis, xenobiotic metabolism etc®. Interestingly
recently Lopes N et al. observed that CYP27B1 is upregulated in breast tumours as compared with
normal tissue®. In our study we not only observed significant down regulation of CYP27B1 at the tran-
scriptional as well as translational levels but also significant increase in the mitochondrial calcium levels
in MCF-7 and MDA-MB-231 cells after over-expression of hsa-miR-195. Furthermore Ingenuity Pathway
Analysis of our microarray data (GEO accession number GSE43656) showed CAR/RXR activation after
antimiR-195 treatment and we show here that antimiR-195 treatment led to an increase in the expression
of constitutive androstane receptor (NR113, CAR) and its target gene CYP2B6 at the transcriptional lev-
els in MCF-7 and MDA-MB-231 cells. Since, CAR, a xenobiotic-activated transcription factor is found
to be highly expressed in ERalpha-positive breast tumors; future studies in this direction may provide
conclusive answers.

In conclusion, we hereby present a model (Fig. 8) which reveals that over-expression of hsa-miR-195
leads to a decrease in cholesterol and fatty acid biosynthesis and vice versa by targeting key regulatory
genes of both of these pathways. We also speculate that changes in the hsa-miR-195 levels might also
change the expression of the genes involved in xenobiotic and vitamin D metabolism. Further studies in
this direction may provide a conclusive answer.

The role of pro-apoptotic hsa-miR-195 in inhibiting de novo lipogenesis via targeting genes overex-
pressed in breast cancer (BCL-2, FASN, ACACA, HMGCR, CYP27B1) makes hsa-miR-195 an effective
anticancer molecule. The therapeutic potential of hsa-miR-195 for breast cancer is further strengthened
by our migration/wound healing, cell proliferation assay and EMT immunoblot assay. The results in cur-
rent study provide a detailed insight into functional role of hsa-miR-195 and we believe that hsa-miR-195
can be used as therapeutics for breast cancer. Still these findings remain open for investigation and
future in vivo studies in this direction may provide conclusive answers. In addition our characterization
of hsa-miR-195 enhances our understanding of intricate regulatory networks of cholesterol and fatty
acid biosynthesis also. Although our findings point to the basic and translational relevance of miRNA,
therapeutic in vivo manipulations of hsa-miR-195 are warranted.

Methods

Cell culture and transfections. Human Estrogen Receptor (ER)-positive MCF-7, (ER)-negative
MDA-MB-231 breast cancer cells were procured from National Centre for Cell Sciences (NCCS), Pune,
India and passaged in the lab. The cell lines were not reauthenticated by the authors. Cells were main-
tained in DMEM containing 10% (v/v) fetal calf serum, 100 Units/ml penicillin, 100 pg/ml streptomycin,
0.25pg/ml amphotericin at 37°C in a humidified atmosphere at 5% CO,. Transfections were done using
Lipofectamine 2000/Lipofectamine LTX-Plus (Invitrogen, CA, USA) reagent according to manufacturer’s
protocol.

Over expression and knock down of hsa-miR-195. For over-expression of hsa-miR-195, a 237bp
region harbouring pre-miR-195 was cloned in pSilencer 4.1 vector (Ambion, Austin, TX, USA) and
called p195 throughout the manuscript. Scramble control is a pSilencer 4.1 plasmid containing a scram-
bled sequence (which has limited homology to known human or mouse sequences) was used as negative
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Figure 8. Schematic representation showing various regulatory functions of hsa-miR-195. Model
showing different regulatory functions of hsa-miR-195. As per the model when hsa-miR-195 levels rise, the
cholesterol and fatty acid biosynthesis processes decrease due to targeting of key regulatory genes of both of
these pathways. Our previous study had shown BCL2, an apoptosis regulator, to be a target of hsa-miR-195.
Additionally we observed that alterations in hsa-miR-195 levels also lead to changes in expression levels
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control in the experiments. For experiments with antimiR-195, anti-miR™ miRNA inhibitor of miR-195
was purchased from Ambion (Austin, TX). An antimiR miRNA inhibitor negative control (AM17010)
(Ambion, Austin, Texas) having a random sequence validated to produce no identifiable effects on
known functions of miRNAs was used and was called SAM. 24h post transfection cells were harvested
by trypsinization and used.

Real-time PCR. Total RNA was extracted with the Trizol reagent (Invitrogen, USA) and reverse tran-
scribed using M-MuLV reverse transcriptase as per the manufacturer’s instructions (Fermentas, USA).
TagMan microRNA assays (Applied Biosystems, CA, USA) that include specific RT primers and TagMan
probes were used to quantify the expression of mature miR-195 (AB Assay ID 000494), as described
by the manufacturer. 18S rRNA (AB Assay ID 4333760F) was used for normalization. Primers used
for detection of expression levels of ACACA, FASN, HMGCR, CYP27B1, HMGCS1, SREBP1, SREBP2,
PGCl-a, PPAR-a, LXR-a, RXR-«, IDII, SQLE, LDLR, ABCA1l, ABCG1, ABCG5, NR1L3 (CAR),
CYP2B6 and 18S rRNA are listed in Supplementary Table S1. The real-time PCR data was analyzed
using Pfaffl’s method?.

lllumina microarray and Ingenuity pathway analysis. Genome-wide expression profiling was
performed using Illumina HumanHT-12 v4 BeadChips (Illumina, CA, USA) representing 47231 human
transcripts in three biological replicates of untransfected, miR-195 over expressed and miR-195 depleted
(100nM antimiR-195) MCF-7 and MDA-MB-231 cells as described previously®. Data was normalized by
rank invariant method and the genes which crossed the threshold of detection p value < 0.05 among all the
samples and differential score p value < 0.05 among the test samples were considered to be differentially
expressed genes and selected for further investigation. The data obtained has been deposited in NCBI’s
Gene Expression Omnibus and is accessible through the Gene Expression Omnibus Series accession
number GSE43656. Datasets representing genes with altered expression profile derived from microar-
ray analyses were imported into the Ingenuity Pathway Analysis Tool (IPA Tool; Ingenuity®Systems,
Redwood City, CA USA; http://www.ingenuity.com) and analysed as described previously®.

Tetramethylrhodamine ethyl ester (TMRE) staining for mitochondrial membrane poten-
tial. Mitochondrial membrane potential was measured using TMRE (Molecular Probes, OR, USA)
according to the manufacturers’ protocol. TMRE is a cell permeant, positively charged, red-orange dye
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that readily accumulates in active mitochondria due to their relative negative charge. Depolarized or
inactive mitochondria have decreased membrane potential and fail to sequester TMRE. Consequently,
mitochondrial depolarization is indicated by a decrease in the red fluorescence intensity. Briefly, trans-
fected or untransfected cells were stained with TMRE dye at a final concentration of 100nM for 20 min
in dark at 37°C and then harvested by trypsinization. Cells were washed with 1x PBS and then the
red fluorescence was measured by flow cytometry and analysed as done previously (Guava Easycyte,
Millipore)*. A total of 5,000 events were counted. Wherever indicated Electron transport chain (ETC)
inhibitors, such as rotenone (a complex I inhibitor), sodium azide (a complex IV inhibitor), and oligo-
mycin (a complex V inhibitor) were also used.

Cytosolic and mitochondrial calcium estmation. The change in calcium ion concentration in the
cytosol was determined using Fluo-3 AM (Santa Cruz Biotechnology, CA USA). Fluo-3 acetoxymethyl
(AM) ester is a cell permeable analog of Fluo-3. After crossing the membrane, the product is quickly
metabolized by cytoplasmic esterases to the membrane impermeant Fluo-3 a fluorescence chelator which
when excited by visible light (~488nm) emits a green fluorescence (~525nm) upon binding with cal-
cium ions. It does not emit fluorescence unless bound to calcium ions. The cells grown in 12-well plates
were washed three times with ice-cold HEPES-buffered Hank’s balanced salt solution (HBSS) and were
loaded with 0.5pM Fluo-3 AM in HBSS for 20 min at 37°C in the dark. After the incubation, twice the
volume of HBSS was added to it and cells were further incubated for 40 min. The cells were then washed
with HBSS and kept at 37°C for 10 min. Following this, the cells were trypsinized and fluorescence was
detected using Flow cytometer (Guava Technologies, Hayward, CA USA). A minimum of 5,000 events
were counted™.

To detect mitochondrial calcium levels, Rhod-2 AM (Invitrogen, CA USA) dissolved in DMSO was
used. MCF-7 and MDA-MB-231 cells were incubated with fresh medium containing 2 M of Rhod-2 AM
for 30 min in dark and then after two washings of 10min each a further counterstaining with 200 nM
MitoTracker Green (Invitrogen, CA USA) was done at 37°C for 10min. Fluorescence images were
obtained by fluorescent microscopy (Nikon Inc., NY USA) at 60x magnification under corresponding
excitation and emission wave lengths.

BODIPY staining of lipid droplets. Cytosolic lipid droplets were stained using BODIPY 493/503
(4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora-3a,4a-Diaza-s-Indacene) (Molecular Probes, Invitrogen, CA
USA) according to the manufacturers’ protocol. Cells were then mounted using Prolong Gold Anti-fade
reagent (Invitrogen) and observed under 63x in Carl Zeiss LSM510 Meta confocal microscope. Images
were acquired using Zen2000 software.

Cellular cholesterol and triglycerides levels quantitation. Cholesterol and triglyceride content
was determined using cholesterol quantitation kit (Biovision, CA, USA) and Triglyceride quantification
kit (BioVision) as mentioned earlier*!. In brief, 10° cells were lysed and lipids were extracted by homog-
enization with 200pl of chloroform: isopropanol: Triton X-100 (7:11:0.1). These lipid extracts were vac-
uum dried for 30 min and the residues were dissolved in 200 pl cholesterol Reaction Buffer provided with
the kit. Cholesterol was estimated by spectrophotometry at X\ =570nm in a 96 well plate according to
the manufacturer’s instructions. For triglycerides levels quantitation, ~10 million cells were lysed in 1ml
solution containing 5% NP-40 in water and slowly heated to 80-100°C. This extract was then used for
fluorometric estimation at Ex/Em = 535/590 nm. Cholesterol and triglycerides content were normalized
by total protein concentration.

Immunofluorescence analysis. Cells were seeded and grown on 25 x 25-mm cover slips in 6-well
tissue culture plates. Next day, cells were transfected with p195 or antimiR-195 and 24 h post-transfection,
the cells were fixed in 4% formaldehyde solution in PBS for 15min. Cells were permeabilized for 5min
in 0.1% Triton X-100 followed by 3 washes with 1x PBS. Cells were incubated in blocking buffer (1%
BSA and 0.1% Triton X-100 in 1x PBS) for 1h, primary antibody anti-CAV1 (Abcam, Cambridge, UK)
for 2h followed by Alexa Fluor 488-conjugated secondary antibody (Invitrogen) for 1h. The fluorescence
images were captured using inverted microscope Nikon ECLIPSE Ti (Nikon Corporation, Tokyo, Japan
at 40x magnification under 488/519 nm excitation and emission wavelengths.

Luciferase reporter assay. 3'UTR reporter clones for ACACA, FASN, HMGCR and CYP27B1 were
obtained from Origene (SC218496, SC210244, SC216360 and SC210195 respectively) and luciferase
activity was measured using dual luciferase reporter assay system (Promega, Madison, WI, USA) as
described previously*2.

Protein preparation and Western blotting. Cells were trypsinized and lysed with modified RIPA
buffer (50 mM Tris-HCI, pH 7.4, 150mM NaCl, 1% NP40, 0.25% Na-deoxycholate, 1 mM EDTA) con-
taining protease inhibitors (1 pg/ml aprotinin, 1pg/ml leupeptin, 1ug/ml pepstatin, 1 mM PMSE, 1 mM
sodium orthovanadate and 1 mM sodium fluoride) for 30 minutes on ice. The lysates were centrifuged at
16000 x g for 30 minutes at 4 °C and the supernatant was collected. Protein concentration was determined
by BCA (Sigma, USA) method. Equal amount of proteins (30-501g) were separated on 12-15% sodium
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dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membrane
(Mdi; Advanced Microdevices, India). Membrane was blocked using 5% skimmed milk for 1h at RT
and incubated with respective antibodies in 1% skimmed milk for 2-3h followed by incubation with
proper secondary antibody for 1h. Primary antibody for FASN, Fibronectin, E-cadherin, N-cadherin
were obtained from Santa Cruz (Santa Cruz Biotechnology, CA, USA). ACACA, CYP27B1, HMGCR,
CAV1 were from Abcam (Cambridge, UK), claudin-1, CK8/18, p-Vimentin were from Cell signalling
Tech (USA). 3-actin and GAPDH were from Sigma (Sigma, USA). 3-actin/GAPDH was used as normal-
izing controls. The primary antibody for (3-actin was purchased from Sigma (Sigma, USA). The second-
ary antibodies were HRP-linked and blots were developed using enhanced chemiluminiscence (Pierce,
Amersham). Integrated density values were calculated using Alphalmager 3400 (Alpha InnoTech, San
Leandro, CA, USA). These values were then normalized to (3-actin. All experiments were repeated at least
three times; representative results are presented*.

Palmitate-BSA Conjugate and cell treatment. Sodium palmitate (Sigma, MO, USA) was dissolved
in 0.1M NaOH by heating at 70°C for 20 min. Solution was then diluted with 10% fatty acid free-BSA
(dissolved in autoclaved MilliQ water) and allowed to conjugate for 15min at 55°C. Palmitate-BSA con-
jugate solution was filter sterilized and stored at —20°C for future use but were allowed to activate at
55°C for 10 min prior to use in cell culture. In all the experiments palmitate was used at a concentration
of 100 uM.

Cell proliferation assay. To detect proliferation rate, MCF7 and MDA-MB-231 cells were transfected
with p195 and in presence or absence of palmitate cells were labelled with 5pM Carboxyfluorescein
Diacetate (CFSE) dye (CellTrace™ CFSE Cell Proliferation Kit, C34554, Invitrogen) for 10 min at 37°C
and the staining was ended by adding 5 volumes of ice-cold culture media to the cells. CFSE prolifera-
tion assay was performed on Days 0 and 2, and proliferation was measured using flow cytometry. The
representative overlapped histogram is shown.

Wound healing assay. MCF7 and MDA-MB-231 cells were plated on a six-well tissue culture plate.
The next day, cells were transfected with p195 or antimiR-195. After 24h, the wound was artificially cre-
ated by scraping with a sterilized pipette tip and the fresh media (in presence or absence of 100 pm pal-
mitate) was added to the cells after washing with PBS respectively. The wound area was monitored for the
next 2 days at an interval of 24h. The microscopy images of the cells migrating in the wound area were
taken at 10x magnification by Nikon Eclipse Ti microscope (Nikon, Tokyo, Japan). The quantitative val-
ues of the wound size were determined by web-based WimScratch module of Wimasis online software**.

Cell invasion assay. Cell invasion assay was performed using BioCoat™ Matrigel Invasion Chamber
(6-well Boyden chamber) procured from BD Biosciences and were hydrated with Serum-free medium
for 2h prior to seeding of the cells. Briefly, cells were transfected with miR-195 or AntimiR-195 for 24h
and then serum-starved for 6h. Following suspension in serum-free media, cells were introduced in
top chambers (~ 30,000 per well) and incubated at 37°C, 5% CO, incubator for 24h. Lower chamber
contains serum-loaded medium as attractant. Upon termination of the incubation, non invasive cells
were removed carefully with a cotton swab and invasive cells were fixed with ethanol and stained using
0.05% Crystal Violet. After visualization through Nikon upright microscope, cells were lysed in 200 L
extraction buffer (Cell Biolab) and incubated for 10 min on an orbital shaker. Color developed thereafter
was measured at 560 nM.

Statistical analysis. Results are given as mean of 3 independent experiments+ SD. An independent
Student’s two-tailed t test was performed using replicate values. Values of P < 0.05 were considered sta-
tistically significant.
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