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Abstract The anti-diabetic drug metformin (1,1-
dimethylbiguanide hydrochloride) reduces both the incidence
and mortality of several types of cancer. Metformin has been
shown to selectively kill cancer stem cells, and triple-negative
breast cancer (TNBC) cell lines are more sensitive to the
effects of metformin as compared to luminal breast cancer.
However, the mechanism underlying the enhanced suscepti-
bility of TNBC to metformin has not been elucidated.
Expression profiling of metformin-treated TNBC lines re-
vealed fatty acid synthase (FASN) as one of the genes most
significantly downregulated following 24 h of treatment, and a
decrease in FASN protein was also observed. Since FASN is
critical for de novo fatty acid synthesis and is important for the
survival of TNBC, we hypothesized that FASN downregula-
tion facilitates metformin-induced apoptosis. Profiling studies
also exposed a rapid metformin-induced increase in miR-193
family members, and miR-193b directly targets the FASN 3’
UTR. Addition of exogenous miR-193b mimic to untreated
TNBC cells decreased FASN protein expression and increased
apoptosis of TNBC cells, while spontaneously immortalized,
non-transformed breast epithelial cells remained unaffected.
Conversely, antagonizing miR-193 activity impaired the abil-
ity of metformin to decrease FASN and cause cell death.
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Further, the metformin-stimulated increase in miR-193 result-
ed in reduced mammosphere formation by TNBC lines. These
studies provide mechanistic insight into metformin-induced
killing of TNBC.

Introduction

Fatty acids are fundamental to energy production and storage,
cellular structure, and as intermediates in the biosynthesis of
hormones and other biologically important molecules.
Metabolic dysfunction in human cancers has been well-
recognized for a century following discovery by Otto
Warburg, who postulated that anaerobic glycolysis was a
major driver of tumorigenesis in human cancers [1]. Tumor
cells frequently display alterations in lipid metabolism char-
acterized by reliance on de novo fatty acid biosynthesis [2, 3]
regardless of the availability of pre-formed extracellular lipids
derived from the diet or adipose stores in the body [4, 5]. Fatty
acid synthase (FASN), an enzyme required for de novo fatty
acid synthesis, catalyzes the formation of long-chain fatty
acids from acetyl-CoA and malonyl-CoA in an NADPH-
dependent manner. FASN expression is increased in a wide
range of tumors as compared to normal tissues and correlates
with increased tumor grade and severity of clinical outcome
(reviewed in [6]). The term “lipogenic switch” refers to over-
expression and hyperactivity of acetyl-CoA carboxylase
(ACACA), which generates malonyl-CoA. Silencing of
ACACA or FASN Kkills breast cancer cells while non-
transformed human breast epithelial cells are unaffected [7],
confirming the importance of lipogenesis in cancer cell sur-
vival [8]. These observations suggested that de novo fatty acid
synthesis provides a survival advantage to tumor cells and the
possibility that FASN could serve as a target for anti-cancer
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therapeutics [6, 9-12]. Indeed, the inhibition of FASN by the
obesity drug orlistat or analogues of cerulenin blocked prolif-
eration and induced apoptosis of tumor cells in culture
[13-15] and reduced growth of xenograft tumors in mice
[16, 17], but did not affect normal differentiated cells
in vitro [18]. More recently, various novel inhibitors of
FASN have also demonstrated anti-cancer activity [12,
19-21].

It is now well-recognized that the anti-diabetic drug met-
formin reduces the incidence and mortality of breast cancer
and other cancer types [22, 23]. The ability of metformin to
improve disease-free and overall survival of breast cancer
patients is currently being evaluated in phase III prospective
randomized clinical trials [24—26]. Metformin blocked the
ability of a high fat diet to stimulate growth of transplanted
colon cancer cells, decreased diet-induced increases in serum
insulin and phosphorylation of AKT, and was associated with
reduced expression of FASN in colon cancer cells [27].
Metformin action in this model was suggested to be mediated
by metformin-induced activation of AMP-dependent kinase
(AMPK) and phosphorylation of AMPK substrates such as
ACACA. More recently, the direct targeting of AMPK by
metformin was shown to decrease the ACACA/FASN-driven
lipogenic switch critical to self-renewal and pluripotency dur-
ing the induction of pluripotent stem (iPS) cells from somatic
cells [28, 29]. Recent studies by Thor and colleagues sug-
gested both direct and indirect effects of metformin on
breast cancer cells in vitro and in vivo [30-33] and impli-
cated additional signaling molecules such as Stat3 as po-
tential targets [34].

Triple-negative breast cancer (TNBC) is a subtype of breast
cancer with the lowest 5-year survival rate, for which there is
currently no effective targeted therapy. Intriguingly, metfor-
min reduced proliferation and increased death in TNBC
cells [30, 32—-34]. We previously demonstrated that in com-
parison to luminal A breast cancer cell lines, TNBC lines are
more sensitive to metformin with a tenfold lower IC50 [33].
Further, the response of TNBC cells to metformin is mod-
ulated by the concentration of glucose present in the culture
media, with the super-physiological concentrations present
in most media (15-17 mM) dampening the response of
TNBC cell lines to metformin [33]. Metformin is also
known to be particularly potent against breast cancer stem
cells (CSCs) [35, 36], and TNBC cell lines contain a higher
number of stem-like tumor-initiating cells [37, 38]. In order
to gain insight into the initiating events by which metformin
kills TNBC cells, we conducted global expression profiling
of messenger RNAs (mRNAs) and micro RNAs (miRNAs)
at early timepoints following metformin treatment of TNBC
cells. Here, we report that metformin causes a dramatic
reduction in FASN mRNA and protein that is facilitated
by metformin-mediated upregulation of a miRNA that tar-
gets the FASN 3'UTR.

Methods

Cell Culture and Treatments Human breast cancer-derived
cell lines or alternate cell lines MCF7 and T47D (luminal A),
MDA-MB-231, MDA-MB-468, BT-549, HCC70 (triple nega-
tive), MCF10A, and HEC50 were obtained from the American
Type Culture Collection (Manassas, VA) or University of
Colorado Cancer Center (UCCC) Tissue Culture Shared
Resource. The identity of all cell lines was authenticated by
analysis of short-tandem repeats by the UCCC DNA
Sequencing and Analysis Shared Resource. All cell lines were
confirmed to be free of mycoplasma contamination (using a
MycoAlert detection kit, (Lonza Walkersville Inc, Walkersville,
MD). All lines were maintained in DMEM; Nutrient Mix-F-12
(D-MEM/F-12 1:1; (Life Technologies/Invitrogen, Grand Island,
NY), supplemented with 5-10 % fetal bovine serum (FBS;
Sigma Aldrich Co., St. Louis, MO, or Thermo Fisher
Scientific, Waltham, MA) with 2.50 mM L-glutamine and
antibiotic/antimycotic solution containing 10,000 U/mL penicil-
lin and 10,000 pg/mL streptomycin and 25 pg/mL amphotericin
B (Hyclone™, Logan, UT). Media for BT-549 were additionally
supplemented with 100 ng/mL insulin. Cells were maintained at
37 °C in a humidified atmosphere containing 95 % air and 5 %
CO2. Cells were plated in 10 % FBS, then starved with glucose-
free medium (Invitrogen) DMEM/F12 media with 0-5 % FBS
for 24 h, then replenished with pure glucose supplemented at 5 or
17 mM/L glucose (Sigma Aldrich Co.). Metformin (1,1-
dimethylbiguanide hydrochloride) (MP Biomedicals LLC,
Solon OH) was dissolved in sterile water and used at the indi-
cated concentration for each specific study. Cerulenin (Cat No.
C2389) and C75 (Cat. No C5490) (Sigma) were dissolved in
DMSO and used at indicated concentrations.

Microarrays

mRNA MDA-MB-468 cells were seeded in DMEM medium
containing 0.5 % FBS with either 5 or 17 mM glucose, with or
without 10 mM metformin for 24 h. RNA was harvested using
Trizol (Life Technologies) as previously described [33]. The
integrity of the RNA was assessed and high quality RNA
(RNA integrity number >7.0) was used in accordance with
Affymetrix GeneChip© Whole Transcript (WT) sense target
labeling assay protocol (Affymetrix, Santa Clara, CA). rRNA
reduction, first round double strand-cDNA synthesis, ss-<cDNA
fragment, and labeling were performed as described by the
Affymetrix GeneChip© WT sense target labeling assay manual.
Affymetrix Human Exon 1.0 ST arrays were hybridized over-
night in accordance to manual guidelines and performed in the
University of Colorado Cancer Center Microarray Core Facility.
Signal intensity estimate and P value for each of the samples
were processed to determine the fold change in each cell line
between control and metformin-treated samples. Analysis was
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performed using Partek (St. Louis, MO) and/or Genespring
software (Agilent, Santa Clara, CA). Gene expression was
filtered on statistical significance (Student’s ¢ test, P<=0.05,
Benjamini Hochberg correction) and genes with fold changes
over control >2.0 or<—2.0 were accepted for further analysis.

miRNA MDA-MB-468, HCC70, T47D, and MCF7 cells
were grown in DMEM/F12 medium containing 5 % FBS with
either 5 or 10 mM glucose for 24 h, then treated with or
without 10 mM metformin for 6 h (n=3 replicates per group),
and harvested in Trizol. RNA quality was assessed as above,
and hybridizations to Affymetrix miRNA 2.0 arrays were
performed by the core facility listed above and subsequent
expression and statistical analysis performed as above.

Transfections Lipofectamine 2000 (Life Technologies/
Invitrogen) was incubated with miR-193b mimic or scram-
bled negative control (Life Technologies/Ambion) in serum-
free media for 20 min prior to addition to cells at a final
concentration of 50 nM. Cells were incubated at 37 °C for
4 h before the addition of FBS to a final concentration of 10 %.
Protein was harvested 48 h post transfection.

Stable Cell Lines Lentiviral vectors containing the miR-193b
antagonist miR-193b-Zip, or the scrambled control miR-Scr-
Zip (System Biosciences, Mountain View, CA), were pre-
pared by the transfection of 293FT cells and virus harvested
at 48 and 72 h. Filtered virus was added to MDA-MB-468,
MDA-MB-231, and BT-549 cells in the presence of 6 pg/ml
of polybrene, and stable cells were selected using 0.50 pg/ml
(MDA-MB-468) or 1 pg/ml of puromycin (MDA-MB-231 or
BT549) (Sigma Aldrich Co.).

Western Blot Whole cell protein extracts were prepared using
RIPA lysis buffer, 3050 pg of total protein was size-separated
on SDS-PAGE and transferred to PVDF. Blots were probed
with antibodies to FASN (Antibody #3189), phospho-ATP-
citrate lyase (Ser455; P-ACLY, Antibody #4331), ATP-citrate
lyase (ACLY; Antibody #43320), phospho-acetyl-CoA carbox-
ylase (Ser79; P-ACC, Antibody #3661), acetyl-CoA carboxyl-
ase (ACC; Antibody #3676), phospho-AMPK« (Thr172; P-
AMPK, Antibody #2531), AMPK«x (AMPK; Antibody
#2532), PARP (Antibody #9542), or IGF-I receptor f3
(IGF1R; Antibody #3018) which were all obtained from Cell
Signaling Technology, Inc. (Beverly MA). Antibodies to 3-actin
(AC-75), glyceraldehyde 3-phosphate dehydrogenase [GAPDH
(clone GAPDH-71.1)], and alpha tubulin (clone B-5-1-2) and
secondary antibody rabbit anti-mouse horseradish peroxidase
(HRP) were obtained from Sigma Aldrich Co. PSTAIR anti-
body was obtained from Abcam (Cambridge, MA). Goat anti-
rabbit HRP was obtained from MP Biomedicals. Goat anti-
mouse or rabbit immunoglobulin labeled with Alexa Fluor®
680 was obtained from Molecular Probes, (Eugene, OR). For
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quantitation, blots were scanned using an Odyssey Infrared
Imager (LI-COR Biosciences, Lincoln, NE), and FASN signal
normalized to GAPDH expression.

miRNA qRT-PCR MDA-MB-468 cells were treated with
10 mM metformin for indicated time points (0, 6, 12, or
24 h), and RNA was harvested using Trizol. For mature
miRNAs, the Tagman miRNA Reverse Transcription kit
(Applied Biosystems Inc., (ABI) Foster City, CA) was used
to generate complementary DNA (cDNA) from 50 ng of total
RNA, using miRNA-specific primers for miR-193a-3p, miR-
193b, and U6 (for normalization). MiRNA-specific reverse
transcription primers and probes were used for qRT-PCR. For
the pri-miRNAs, 1 pg of total RNA was treated with DNasel
(Life Technologies/Invitrogen) for 15 min at room tempera-
ture. RNA was reverse-transcribed into cDNA in a reaction
containing reaction buffer, 10 mM dNTPs, RNase inhibitor,
random hexamers (250 ng), and 50 U of MuLV-RT (ABI). The
reaction proceeded at 22 °C for 10 min, then at 37 °C for 1 h.
The miR-193b pri-tagman assay (Hs03303897 pri) and miR-
193a pri-tagman assay (Hs03303307 pri) containing probes
specific for these miRNAs were obtained from ABI and used
for qPCR. All gPCR was performed on the iQ5 cycler (Biorad,
Hercules, CA) using Tagman Universal PCR Master Mix (ABI
#4324018). The relative miRNA levels were calculated using
the comparative Ct method (AACt). Briefly, the Ct (cycle
threshold) values for U6 or 18S were subtracted from Ct values
of the miRNA to achieve the ACt value. The 2" was
calculated and then divided by a control sample to achieve
the relative miRNA levels (AACt). Reported values are the
means and standard errors of three biological replicates.

Luciferase Assays To determine if miR-193b directly targets a
bioinformatically predicted site in the FASN 3’UTR, HEC50
cells (15,000 cells per well) were plated into a 96-well plate
and either transfected with 50 nM of a negative control mimic,
mimic for miR-193b, antagonist for miR-193b (193, Thermo
Scientific/Dharmacon, Pittsburg, PA) or a combination of the
mimic and antagonist. After 24 h, the complete FASN 3'UTR
cloned downstream of luciferase firefly reporter plasmid
pMIR-REPORT (Origene, Rockville, MD) (0.196 pg) and a
Renilla luciferase normalization plasmid pRL-SV40
(0.004 ng) were introduced using Lipofectamine 2000. Cells
were harvested 48 h later for analysis using the Dual Luciferase
Reporter assay system (Promega, Madison, WI).

Real-Time Quantitative Reverse Transcriptase-PCR (qRT-
PCR) for FASN MDA-MB-468, MD-MB-231, and BT-549
cells were seeded in medium containing 5 mM glucose for
24 h then treated with 5 or 10 mM metformin for 0-72 h, and
RNA was harvested using Buffer RLT RNeasy Mini kit
(Qiagen, Germantown, MD). For qRT-PCR analysis of
FASN, cDNA was created using Verso cDNA Synthesis Kit
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(Cat #AB-1453/A, Thermo Scientific, Houston, TX) and 1 ug of
total RNA. Pre-designed gene-specific primer and probe sets were
obtained from SA Biosciences (Valencia, CA), for human FASN
gene (Cat No#330001 PPHO1012B) NM 004104.4; and beta-
actin (ACTB) (Cat No#330001 PPH00073 G) NM_001101.3.
gRT-PCR synthesis of FASN was performed using DyNAmo
Flash SYBR Green qPCR kit (Cat No#F-415 L, ABI) according
to the manufacturer’s protocol on an ABI 7500 Fast Real-Time
PCR System. The relative mRNA levels were calculated using the
comparative Ct method (AACY). Briefly, the Ct (cycle threshold)
values for the BACTIN were subtracted from Ct values of the
FASN mRNA to achieve the ACt value. The 2" was calculated
and then divided by a control sample to achieve the relative
mRNA levels (AACY). Reported values are the means and stan-
dard errors of three biological replicates.

Apoptosis Assays

Vibrant Apoptosis Kit with YO-PRO®-1 and PI (Molecular
Probes) was used in accordance with the manufacturer’s pro-
tocol as described previously [39]. In brief, MDA-MB-231
and BT-549 cells were plated in 10 % FBS DMEM/F-12
medium, then starved with glucose-free DMEM/F12 media
(Invitrogen) with 0—-5 % FBS for 24 h, then replenished with
5 mM glucose (Sigma Aldrich Co.) in the presence or absence
of 5 or 10 mM metformin for 72 h. Cells were harvested after
the treatment period, washed with chilled PBS, and counted
for cell density of ~1x10° cells/mL in PBS in 1-mL assay.
Cells were then stained using Vibrant apoptosis assay, as per
manufacturer’s guidelines. Gated percentage of cells in region
A2 is representative of dead cells and is indicated with per-
centage of dead cells relative to the entire population of gated
cells, excluding debris. Total and dead cells were counted, and
the percentage of dead cells was calculated.

HOECHST 33342 Assay. MDA-MB-231 and BT-549 cells
were treated as outlined in Membrane Permeability/Dead Cell
Apoptosis kit and stained with Hoechst 33342 NucBlue® Live
Read Probes Reagent (Molecular Probes) as previously
described.

Live/Dead® Viability/Cytotoxicity kit. MDA-MB-231 and
BT-549 cells grown on sterile coverslips and treated as outlined
in Membrane Permeability/Dead Cell Apoptosis kit then
washed with PBS followed by fixation using 70 % methanol
for 30 min and stained with live/dead viability/cytotoxicity kit
for mammalian cells (Molecular Probes) as per manufacturer’s
guidelines and described in [40]. Experiments are representa-
tive of three independent experiments + SE.

Mammosphere Assay Transduced BT-549 or MDA-MB-231
cells expressing either miR-Scr-Zip or miR-193b-Zip or pa-
rental cell lines (MDA-MB-468, BT-549, MDA-MB-231)
were cultured in suspension in Mammocult™ complete me-
dium (Stem Cell Technologies Inc, Vancouver, BC, Canada)

at 1,000 cells/mL. The propagation of spheres in vitro was
conducted with gentle centrifugation and disassociation into
single cells to generate mammospheres, a procedure similar to
that described previously [41]. The day following plating,
cultures were treated with increasing concentrations of met-
formin (0—10 mM), cerulenin (0—10 uM), or C75 (0-15 uM)
for 7-10 days. Primary mammospheres were collected and
disassociated with 0.25 % trypsin into single cells, counted,
and re-seeded at 1,000 cells/mL in Mammocult™ complete
medium to generate secondary passage (2P) mammospheres.
On the day following plating the 2P cultures, we re-treated
cells with indicated concentrations of metformin, cerulenin, or
C75 for another 7-10 days. 2P mammospheres were counted
and imaged using a Nikon phase microscope at x10 power.
Mammospheres greater than 75 pm in diameter were counted.

Flow Cytometric Analysis Single-cell suspension from 2P
mammosphere cultures were obtained as described above.
Cells were washed once with phosphate-buffered saline
(PBS) and then harvested with 0.05 % trypsin/0.025 %
EDTA. Detached cells were washed with PBS containing
5 % BSA and resuspended with wash buffer at 10° cells/
100 pl. Combinations of fluorochrome-conjugated mono-
clonal antibodies obtained from BD Biosciences (San Diego,
CA) against human CD44 (FITC; cat. #555478) and CD24
(PE; cat.#555428) or their respective isotype controls were
added to the cell suspension at concentrations recommended
by the manufacturer and incubated at 4 °C in the dark for 30—
40 min. The labeled cells were then processed by Gallios
(Beckman Coulter, Danvers, MA) flow cytometry processor
at the University of Colorado Denver Flow Cytometry Shared
Resource. Aldehyde dehydrogenase (ALDH) positive cells
were quantitated using the ALDEFLUOR kit (Stem Cell
Technologies) described [42].

Results

Metformin Decreases Expression of FASN and Many
Other Genes Encoding Proteins Involved in Fatty Acid
and Cholesterol Biosynthesis

Gene expression profiling revealed that the expression of
FASN decreased 8.2-fold in MDA-MB-468 cells treated with
10 mM metformin for 24 h. Interestingly, seven of the top ten
genes decreased by metformin (Table 1) are involved in fatty
acid and cholesterol biosynthesis. The change in FASN ex-
pression was the second highest, with the greatest change
being an 8.9-fold decrease in squalene epoxidase (SQLE).
SQLE catalyzes the first oxygenation step in sterol biosynthe-
sis and is a rate-limiting enzyme in this biosynthetic pathway.
The third most highly decreased gene was HMGCSI
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Table 1 Top 15 Genes downregulated by 10 mM metformin treatment
for 24 h in MDA-MB-468 cells at 5 mM glucose

Table 2 Top fatty acid biosynthetic and lipid metabolic/biosynthesis
processes altered by metformin in MDA-MB-468 cells

Gene name  Description Fold Gene Description Fold
change name change

SQLE Squalene epoxidase -8.9 FASN* Fatty acid synthase -8.2

FASN* Fatty acid synthase -8.2 HMGCS1 3-Hydroxy-3-methylglutaryl-CoA synthase 1 -8.0

HMGCS1 3-Hydroxy-3-methylglutaryl-CoA synthase 1 ~ —8.0 ACAT2 Acetyl-CoA acetyltransferase 2 =55

TF Transferrin -6.7 SCD Stearoyl-CoA desaturase —4.31

LSS?* Lanosterol synthase -6.7 ACLY ATP-citrate lyase —4.26

INSIGI Insulin-induced gene 1 6.1 ACSL1 Acyl-CoA synthetase long-chain family member 4 —2.69

SKA2 Spindle and kinetochore-associated -6.0 PC Pyruvate carboxylase —2.40
complex subunit 2 ACSL4  Acyl-CoA synthetase long-chain family member 4 —2.18

HISTIH3A  Histone cluster 1, H3a =5.7

HISTIHIA  Histone cluster 1, Hla —5.6 #These genes were also significantly down regulated in MDA-MB-231

ACAT2 Acetyl-CoA acetyltransferase 2 55 treated with 10 mM metformin at 5 mM glucose

MVD Mevalonate (diphospho)decarboxylase =53

HMGCR 3-Hydroxy-3-methylglutaryl-CoA reductase -53 . .

PCSK9 Proprotein convertase subtilisin/kexin type 9~ —5.3 detectable as early as 4 h fOllF)W}n'g' metformin treatment, of

DHCR24 24-Dehydrocholesterol reductase 50 MDA-MB-fl68 cells and that mhlblthn of FASN expression

L29RAD Interleukin 22 receptor, alpha 2 50 was maintained over a 72-h period (Fig. 1a). Consistent data

?These genes were also significantly downregulated in MDA-MB-231
treated with 10 mM metformin at 5 mM glucose

(decreased by eightfold), which encodes an enzyme involved
in cholesterol biosynthesis that condenses acetyl-CoA with
acetoacetyl-CoA to form HMG-CoA. LSS, which encodes
lanosterol synthase (2,3-oxidosqualene-lanosterol cyclase)
that catalyzes the first step in the biosynthesis of cholesterol,
steroid hormones, and vitamin D, was downregulated by 6.7-
fold. INSIG1 (insulin-induced gene 1 protein), downregulated
by 6.1-fold, is an insulin-induced gene encoding an endoplas-
mic reticulum membrane protein that serves a critical role in
regulating the transcription of genes involved in fatty acid and
cholesterol biosynthesis by binding to the sterol-sensing do-
mains of SREBP cleavage-activating protein (SCAP). ACAT2
(acetyl-coenzyme A acetyltransferase 2) (5.5-fold downregu-
lated by metformin) encodes an enzyme involved in lipid
metabolism and MVD (5.3-fold downregulated), which en-
codes the mevalonate pyrophosphate decarboxylase, catalyzes
the conversion of mevalonate pyrophosphate into isopentenyl
pyrophosphate in the early steps in cholesterol biosynthesis.
Additionally, we list the top fatty acid biosynthetic, lipid met-
abolic, and lipid biosynthetic processes altered by metformin in
MDA-MB-468 cells (Table 2). In summary, the top genes
decreased by metformin are involved in cholesterol biosynthe-
sis and lipid metabolism (Table 3). In this study, we specifically
focus upon the mechanisms regulating the changes in FASN
expression since it was strongly decreased by metformin and is
a critical enzyme required for de novo fatty acid synthesis.

To validate results obtained by gene expression profiling,
gRT-PCR for FASN mRNA was performed, and results indi-
cated that the metformin-induced decrease in FASN mRNA is
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were observed in two additional TNBC cell lines, BT-549 and
MDA-MB-231 (Fig. 1a). The decrease in RNA levels was
reflected at the protein level, where metformin treatment caused
a decrease in FASN protein at 24 and 48 h (Fig. 1b). The
decrease in FASN protein level was quantified in the lower
panels shown in Fig. 1b and is significant at 48 h.

We previously demonstrated that TNBC lines are more sen-
sitive to metformin with an IC50 tenfold lower than that ob-
served in luminal A cell lines and that the super-physiological
concentrations of glucose present in most media (15-17 mM)
dampen the response of TNBC cell lines to metformin [33].
Therefore, we decided to examine how varying glucose concen-
trations affected the ability of metformin to downregulate FASN
protein. MDA-MB-468 cells were glucose starved for 24 h prior
to supplementation with medium containing either 17 or 5 mM
glucose for 24 h. Cells were then treated with or without met-
formin for 24 h, and the amount of FASN protein was quantitated
by immunoblot analysis, along with other components of the
fatty acid synthesis pathway and signaling proteins of interest.
Metformin-induced decrease in FASN protein was detectable in
cells cultured in 5 mM glucose, but not in the presence of 17 mM
glucose. ACC was also decreased in metformin-treated cells in
5 mM, but not at 17 mM glucose (Fig. 1c). In contrast, total
ACLY was not altered in BT-549 cells by metformin treatment at
either glucose concentrations, but is altered in MDA-MB-468
cells. Phosphorylation of both ACC and ACLY was decreased
by metformin when glucose was present at 5 mM but not at
17 mM (Fig. 1¢). The amount of AMP-dependent protein kinase
(AMPK), which is known to be activated by metformin [43],
was increased by metformin in the presence of either 5 or 17 mM
glucose (Fig. 1c). The amount of the insulin-like growth factor 1
receptor (IGF1R) was also significantly decreased by metformin
treatment in a glucose concentration-dependent manner (Fig. 1c).
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Table 3 Genes down regulated by 10 mM metformin that are predicted targets for miR-193b in MDA-MB-468 cells

Gene symbol RefSeq Fold-change p value prediction algorithm  Description

(g5 met vs. g5) (g5 met vs. g5)
AFAP1-AS NR_026892 —2.89766 1.61E-06 MiRanda AFAPI antisense RNA (non-protein coding)
ARPC4 NM 005718 —2.06384 5.77E-05 MiRanda Actin-related protein 2/3 complex, subunit 4, 20 kDa
CCDC71 NM_ 022903 —2.01874 0.0025781 MiRanda Coiled-coil domain containing 71
CCM2 NM 031443 —2.18803 1.50E-06 MiRanda Cerebral cavernous malformation 2
CLSTNI1 NM_001009566 —2.1818 2.83E-06 Target Scan Calsyntenin 1
CNOT6 NM_015455 —2.25598 4.71E-07 Target Scan CCR4-NOT transcription complex, subunit 6
CREB3L4 NM_130898 —3.35141 2.39E-05 MiRanda cAMP responsive element binding protein 3-like 4
FASN NM_004104 —8.19682 1.75E-08 MiRanda Fatty acid synthase
FEN1 NM 004111 —2.42731 7.58E-08 MiRanda Flap structure-specific endonuclease 1
HNIL NM_ 144570 —2.40156 1.10E-07 Leivonen et al. 2011  Hematological and neurological expressed 1-like
HNRNPUL2 NM 001079559 —2.55145 7.07E-09 Target Scan Heterogeneous nuclear ribonucleoprotein U-like
IDI1 NM_004508 —3.94434 1.34E-10 Target Scan Isopentenyl-diphosphate delta isomerase 1
IGSF3 NM_001542 —2.20126 9.90E-06 Leivonen et al. 2011  Immunoglobulin superfamily, member 3
IVD NM 002225 —3.21389 5.95E-06 MiRanda Isovaleryl-CoA dehydrogenase
KIT NM_000222 -3.11623 7.14E-06 MiRanda Kit Hardy-Zuckerman 4 feline sarcoma

viral oncogene homologue

KRT19 NM_002276 —2.18542 5.94E-07 Leivonen et al. 2011  Keratin 19
LETMI NM_ 012318 —2.16657 1.13E-05 Leivonen et al. 2011  Leucine zipper-EF-hand-containing transmembrane protein 1
MAP3KI11 NM 002419 —2.50877 5.11E-06 MiRanda Mitogen-activated protein kinase kinase kinase 11
MRPL28 NM_ 006428 —2.76247 7.05E-06 MiRanda Mitochondrial ribosomal protein L28
MUCI1 NM 001018016 —3.7317 1.29E-06 MiRanda Mucin 1, cell surface associated
NCAPD2 NM_014865 —2.0363 5.16E-07 Leivonen et al. 2011  Non-SMC condensin I complex, subunit D2
NSDHL NM_015922 —2.25004 1.65E-06 Leivonen et al. 2011  NAD(P)-dependent steroid dehydrogenase-like
ODC1 NM_002539 —2.25215 6.14E-07 MiRanda Ormnithine decarboxylase 1
QPRT NM 014298 —2.19681 2.52E-05 MiRanda Quinolinate phosphoribosyltransferase
RBM14 NM_006328 —3.15718 5.21E-07 MiRanda RNA binding motif protein 14
RFT1 NM_ 052859 —2.03807 0.0002474 Target Scan RFT1 homologue (S. cerevisiae)
SCNNIA NM_001038 —2.86166 1.56E-06 MiRanda sodium channel, non-voltage-gated 1 alpha
SDF2L1 NM_022044 —2.11541 9.90E-05 MiRanda Stromal cell-derived factor 2-like 1
SH3TC2 NM 024577 —2.21405 0.0001689 MiRanda SH3 domain and tetratricopeptide repeats 2
SLC23A2 NM_005116 —2.12693 0.00058 Target Scan Solute carrier family 23 (nucleobase transporters), member 2
SLC39A7 NM_006979 —2.54712 2.56E-06 MiRanda Solute carrier family 39 (zinc transporter), member 7
ST6GALNAC2 NM_006456 —2.15331 7.38E-05 Leivonen et al. 2011  ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-galactosyl-1,3)-N-ac
SURF4 NM 033161 —2.21445 2.40E-08 Leivonen et al. 2011  Surfeit 4
TM7SF2 NM_003273 —3.63654 1.69E-08 Leivonen et al. 2011 Transmembrane 7 superfamily member 2
TMED2 NM_006815 —2.05481 5.36E-06 MiRanda Transmembrane emp24 domain trafficking protein 2
TXLNA NM_175852 —2.08624 5.46E-06 Leivonen et al. 2011  Taxilin alpha
WDRS82 NM_025222 —2.57578 1.34E-05 Target scan WD repeat domain 82

The following table outlines the top genes that were down regulated by 10 mM metformin in glucose 5 mM medium (G5) for 24 hrs in MDA-MB-468
cells. The top genes down regulated by metformin had a fold change value less than 2.0 with a p value greater than 0.0001. The top genes down regulated
metformin were queried against prediction miRNA193b algorithms or published paper (Leivonen SK, Rokka A, Ostling P, Kohonen P, Corthals GL,
Kallioniemi O, Perdld M. Identification of miR-193b targets in breast cancer cells and systems biological analysis of their functional impact. <http://
www.ncbi.nlm.nih.gov/pubmed/21512034> Mol Cell Proteomics. 2011 Jul;10(7):M110.005322).

Metformin Upregulates miR-193a-3p and miR-193b
in TNBC Cells

miRNA expression profiling of breast cancer cells treated with
metformin for 6 h demonstrated that members of the miR-193
family were significantly increased in TNBC cell lines

(Fig. 2a). The increase in miR-193a-3p and miR-193b follow-
ing 12 and 24 h of metformin treatment was confirmed using
qRT-PCR (Fig. 2b, c, left panels). Further, the primary
miRNAs that give rise to miR-193a-3p and miR-193b (pri-
mir-193a and pri-mir-193b) also increased significantly as
early as 6 h post metformin treatment (Fig. 2b, c, right panels),
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Fig.1 Metformin decreases FASN mRNA and protein in TNBC cell lines.
a MDA-MB-468, BT-549, and MDA-MB-231 cells were treated with
either 5 mM (BT-549 and MDA-MB-468) or 10 mM (MDA-MB-231)
metformin for 072 h in 5 mM glucose, and qRT-pCR for FASN was
performed. Shown are the averages of triplicate values, normalized to [3-
actin expression. *P<(0.01, ***P<(.001, ****P<(0.0001, ANOVA with
Tukey’s multiple comparisons test. b TN cell lines (HCC70 and MDA-
MB-468) were plated in media containing 10 % FBS and changed to media
with 5 % FBS, 5 mM glucose the next day. After 24 h, 10 mM metformin
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was added and cells harvested 24 and 48 h later. Immunoblots were probed
for FASN protein. Blots were scanned and quantitated using an Odyssey
infrared imager (bottom). **P<0.01, ANOVA with Tukey’s multiple com-
parisons test. ¢ MDA-MB-468 cells were glucose starved for 24 h, then
replenished with media containing 5 or 17 mM glucose for 24 h and treated
with or without 5 mM metformin for 24 h. Whole cell protein extract were
prepared and the level of FASN, P-ACC, ACC, P-ACLY, ACLY, P-AMPK,
AMPK, IGFIR, and f(-actin determined by immunoblot analysis.
Experiments are representative of three individual experiments



HORM CANC (2014) 5:374-389

381

Fig. 2 Metformin upregulates A
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suggesting that the upregulation of these miRNAs was medi-
ated at the transcriptional level.

miR-193b Targets FASN and Kills Breast Cancer Cells,
But Not Normal Cells

Endogenous levels of mature miR-193b as quantified by
qRT-PCR were higher in luminal A cell lines compared to
TNBC cell lines (Fig. 3a), and this corresponded with our
previous findings [44]. Treatment of BT-549 cells with a
miR-193b mimic caused a dramatic decrease in FASN
protein levels (Fig. 3b) in a dose-dependent manner
(Fig. 3c). The decrease in FASN protein coincided with
a marked increase in PARP cleavage, indicating the in-
duction of apoptosis (Fig. 3b, c). In contrast, the transfec-
tion of miR-193 mimic into normal immortalized mam-
mary epithelial cell line MCF10A had no effect upon
PARP cleavage (Fig. 3d).

Bioinformatic prediction analysis revealed a putative miR-
193 target sequence in the FASN 3'UTR located between
nucleotides 514 and 520 (Fig. 4a). To show that miR-193
directly targets the FASN transcript, we performed a luciferase
reporter assay in which the region of the 3'UTR of FASN

containing the putative miR-193b binding site was placed down-
stream of the luciferase reporter gene. Cells were either mock-
transfected or transfected with a negative control miRNA mimic,
a miR-193b mimic (193), a miR-193b antagomiR (x193), or a
combination of the mimic and antagomiR (193+x193). These
cells were subsequently transfected with a transfection control
Renilla luciferase vector in addition to either the empty vector
(EV) or FASN 3'UTR. A dual luciferase assay was performed
48 h later. Luciferase activity from the empty vector was not
affected by any of the mimics, antagomiR, or the combination of
both (Fig. 4b). However, the expression of luciferase from the
FASN 3’ UTR construct was significantly decreased in the
presence of the miR-193b mimic, demonstrating direct targeting
of the FASN 3" UTR by miR193 (Fig. 4b). When miR-193b
activity was blocked with antagomiR, luciferase activity was
restored to the same level observed in the negative control,
demonstrating that the effect is specific to miR-193b.

Inhibition of miR-193b Reduces the Ability of Metformin
to Decrease FASN Protein and Kill TNBC Cells

Based upon the above observations, we postulated that the
upregulation of miR-193 family members might mediate the
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Fig. 3 MiR-193b targets FASN and induces apoptosis of TNBC cells,
but not normal mammary epithelial cells. a Mature miR-193b levels are
assessed in luminal A and TN breast cancer cells by qRT-PCR. b
Transfection of miR-193b mimic into BT-549 cells for 72 h decreases
FASN protein and increases apoptosis as detected by PARP cleavage. ¢

downregulation of FASN by metformin. To gain functional
insight into the role of miR-193 in metformin action, stable cell
lines were engineered that express a miR-193b antagomir (miR-
193b-Zip) to inhibit the activity of miR-193b or a non-targeting
control (miR-Scr-Zip) in MDA-MB-468 and BT-549 cells.
These stable cell lines were treated with 5 or 10 mM metformin
for 24 h. In the miR-Scr-Zip cells, metformin treatment caused a
dramatic downregulation of FASN, ACC, and IGF1R and de-
creased phosphorylation of ACC and ACLY (Fig. 4c). In cells
expressing the miR-193b-Zip, in which miR-193b activity was
repressed, the metformin-induced downregulation of FASN was
dampened (Fig. 4c). This result indicated that the suppression of
miR-193b activity overcomes the ability of metformin to upreg-
ulate this miRNA and thereby affects the degree to which
metformin decreases the expression of proteins in the fatty
acid synthesis pathway as well as IGFIR in TNBC. Similar
results were shown in an additional TNBC line, MDA-MB-
231 (Supplemental Fig. 1).

We next examined the proliferation and induction of apo-
ptosis in this same panel of stable cell lines to determine if
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Transfection of a miR-193b mimic into BT-549 cells for 72 h causes a
dose-dependent decrease in FASN and induction of apoptosis. d No
apoptosis is observed when miR-193b is transfected into MCF10A
(normal immortalized) cells

blocking miR-193 affected the ability of metformin to kill
TNBC cells. Metformin treatment reduced the proliferation
of miR-Scr-Zip cells, but had no effect on proliferation in the
miR-193-Zip cells (Supplemental Fig. 2). Treatment of BT-
549 cells expressing miR-Scr-Zip with metformin induced
apoptosis as detected by YO-PRO1/PI staining with the
Hoechst and LIVE/DEAD Viability/Cytotoxicity kit
(Fig. 5a). Metformin-treated miR-Scr-Zip cells significantly
increased the percentage of dead cells, as indicated by Yo-
Prol staining by 13.8 % (or 1.4 fold difference), whereas miR-
193b-Zip cells show no change in percentage of dead cells
(Fig. 5a). Metformin treatment increased the percentage of
Hoechst staining in miR-Scr-Zip cells, whereas the inhibition
of 193b did not (Fig. 5b). Lastly, metformin-induced apopto-
sis, assessed by the uptake of ethidiumD1 (EthD1) staining,
was dramatically lower in the miR-193b-Zip cells compared
to miR-Scr-Zip control cells which had high levels of EthD1
marking apoptotic cells and low calcein-AM staining (mark-
ing live cells). In other words, in the presence of the miR-
193b-Zip, which inhibits miR-193b activity, metformin was
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Fig. 4 MiR-193b directly targets FASN, and the inhibition of miR193b
reduces metformin-mediated reduction of FASN. a MiR-193b is predict-
ed to target a sequence in the 3'UTR of FASN. b Cells were transfected
with transfection reagent alone (mock), negative control mimic, miR-193b
mimic, a 193b antagomir (x197), or combination antagomir and mimic.
Twenty-four hours later, reporter vector containing the FASN 3'UTR
downstream of the luciferase gene or an empty vector (EV) and renilla
luciferase vector (as a loading control) were transfected. Dual luciferase
reporter assay was performed 24 h later. Shown are relative luciferase units
(luciferase divided by the renilla values) normalized to the mock condition.
For FASN 3'UTR compared to EV, *P<0.05, two-way ANOVA with
Dunnett’s multiple comparisons test. ¢ MDA-MB-468 (leff) and BT-549
(right) cells stably expressing a miR-193b antagonist (miR-193b-Zip) or a
scrambled control (miR-Scr-Zip) were seeded in 5 mM glucose prior to
5 mM metformin treatment for 24 h. Immunoblot analysis on whole cell
lysates was performed for FASN, P-ACC, ACC, P-ACLY, ACLY, AMPK,
and IGFIR, with {3-actin shown as a loading control. Data is representative
of three independent experiments

unable to induce the marked cell death (detected using the
LIVE/DEAD Viability kit) observed in the miR-Scr-Zip ex-
pressing cells (Fig. 5c). Similar results were obtained in
MDA-MB-231 cells (Supplemental Fig. 3).

Fig. 5 Inhibition of miR-193b impairs the ability of metformin to kill »>
TNBC lines. BT-549 cells stably expressing miR-193b-Zip and miR-Scr-
Zip were starved of glucose for 24 h prior to replenishing with medium
containing 5 mM glucose for an additional 24 h. Cells were treated with
5 mM metformin for an additional 48 h prior to harvesting for apoptosis
assays. a Cells were stained with YO-PRO1/PI stain and processed by
flow cytometry. Data shown is representative of triplicate samples. Cells
shown in region (A2) are indicative of dead cells, and percentage is
representative of total cells harvested. Percent of apoptotic cells are
quantified (right), normalized to miR-Scr control cells, error bars are
SEM. *¥*P<0.01, two-way ANOVA with Dunnett’s multiple comparisons
test. b Cells were stained with HOECHST dye, and apoptotic cells are
indicated with white arrows. Percent of apoptotic cells are quantified
(right), normalized to miR-Scr-Zip control cells. Error bars are SEM.
***%P<0.0001, two-way ANOVA with Dunnett’s multiple comparisons
test. ¢ Cells were processed for immunofluorescent analysis with
LIVE/DEAD Viability/Cytotoxicity kit. Membrane-permeant calcein
AM is cleaved by esterases in live cells resulting in bright green
fluorescence, and membrane-impermeant to ethidium homodimer-1
labels nucleic acids of membrane compromised cells resulting in a
bright red color

Attenuation of miR-193b Abrogates Metformin-Mediated
Inhibition of Mammosphere Formation

It is now well-accepted that a population of breast cancer stem
cells (CSCs) exist in the heterogenous cell population that
exists in most TNBC cell lines including BT-549 cells. These
CSCs have a robust self-renewal and tumor-initiating capac-
ity, and these cells are largely resistant to conventional che-
motherapy. In recent years, metformin has been shown to
suppress self-renewal of CSCs in vitro using mammosphere
assays as well as using in vivo assays, although the direct
mechanism of this inhibitory action is poorly understood [35,
36]. A study by Pandey and colleagues found that resveratrol
suppressed the growth of CSCs by inhibiting FASN activity
[45]. Specifically, resveratrol downregulated FASN protein
levels and significantly reduced cell viability and
mammosphere formation. We hypothesized that since metfor-
min induced the upregulation of miR-193b, which decreased
FASN expression and protein levels, that metformin would
also cause a reduction in mammosphere formation by induc-
ing apoptosis in CSCs. To test this hypothesis, we examined
the ability of BT-549 cells expressing miR-193b-Zip to form
mammospheres. Metformin reduced mammosphere forma-
tion in miR-Scr-Zip controls; however, the metformin effect
on mammosphere formation was significantly reduced with
miR-193b-Zip construct (Fig. 6a, b, Supplemental Figs. 4-6).
Comparison between miR-Scr-Zip vs. miR-193b-Zip treated
with 5 mM metformin show that miR-193b-Zip attenuates
metformin-mediated inhibition of mammospheres (45.17+
0.9, n=6 (miR-193b-Zip + 5 met) vs. 18.3+1.8, n=6 (miR-
Scr-Zip + 5 met) p<0.0001). Furthermore, when second pas-
sage (2P) mammospheres were stained to quantitate the pres-
ence of CD24"°Y" CD44"€"* cells by flow cytometry, we
found that antagonizing miR-193b reduced metformin
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Fig. 6 Inhibition of miR-193b reduces metformin-mediated inhibition of
mammosphere formation. a BT-549 cells stably expressing miR-193b-
Zip and miR-Scr-Zip were seeded in non-adherent conditions in
Mammocult medium for 24 h prior to dose-response treatment (0—
5 mM) of metformin. Second passage mammospheres (2P) counted from
six biological replicates (n=6). b Images of the mammospheres were
taken using Nikon phase-contrast microscope with either 5 mM metfor-
min or vehicle control treatment. ¢ (fop) Generated mammospheres were
then collected and stained with CD24/CD44 then processed by flow
cytometry. Flow cytometric profiles are shown for 5 mM metformin or

vehicle control treated cells. (bottom) Bar graph is representative of
triplicate repetitions of experiment for gated population of cells express-
ing CD247°" and CD44™M" 4 Mammospheres were processed for
Aldefluor expression using ALDEFLUOR assay. Flow cytometric profile
of Aldefluor®™ cells were quantified by calculating the percentage of
fluorescent cells compared with a DEAB staining reaction. Bar is repre-
sentative of triplicates +/— SE. Experiments are representative of three
independent experiments. Error bars are SEM. **P<0.01, ***P<0.001,
two-way ANOVA with Dunnett’s multiple comparisons test
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-mediated inhibition of CD24'°" CD44"&"* expression
(Fig. 6¢). Relative to miR-Scr-Zip control cells, metformin
causes a reduction in the CD24"°*/CD44 & population from
93.56+0.3 % (n=3) to 83.01+£0.6 % (n=3), P=<0.0001. In
other words, metformin decreased CD24 °%V/CD44"Meh cSC
population by 10.55 %. In contrast, in cells transfected with miR-
193b-Zip construct (inhibiting the activity of miR-193b), met-
formin did not show a statistically significant change when
compared to vehicle ((93.16+0.32 % (n=3) vs. 94.53+1.24 %
(n=3), P=0.125, NS). These data provide the first evidence that
the attenuation of miR-193b activity reversed the metformin-
mediated reduction in CD44 positivity and mammosphere for-
mation, suggesting that metformin-induced upregulation of miR-
193b at least partially mediated the ability of metformin to reduce
FASN protein expression and to reduce mammosphere forma-
tion. Cells from the 2P mammospheres were also examined for
expression of ALDEFLUOR, and we found that metformin
reduced ALDH expression relative to DAB-treated controls from
8.4+0.38 % (n=3) (miR-Scr-Zip vehicle control) ALDHP*®
population to 2.1+0.86 % (n=3) (miR-Scr-Zip 5 mM metfor-
min) (P=0.0026) ALDHP®® population. In contrast, metformin
treatment of cells expressing miR-193b-Zip cells did not signif-
icantly change the percentage of ALDHP* cells (7.7+£0.21 %
(n=3) (miR-193b-Zip control) to 6.9+0.26 % (n=3) (miR-193b-
Zip 5 mM metformin), P=0.76, NS) (Fig. 6d). Similar
results were shown using MDA-MB-231 transfected cells with
miR-Scr-Zip and miR-193b-Zip (Supplemental Figs. 4-6).

To test whether the direct inhibition of FASN reduces CSCs
in TNBC cell lines, we used two direct chemical modulators
of FASN that antagonize FASN activity. Cerulenin
forms an epoxy group that directly reacts with the
ketoacyl synthesis domain of FASN [46, 47]. In addition, we
used another FASN inhibitor, C75. We used these potent
FASN inhibitors to test the ability of the direct inhibition of
FASN to attenuate mammosphere formation as compared to
metformin (Supplementary Fig. 7). Our results show that
metformin displayed similar reduction in mammosphere
number similar to cerulenin and C75 FASN inhibitors
(Supplementary Fig. 7 a,b,c). Compare to vehicle control, all
compounds significantly reduced mammosphere formation as
observed by Nikon image of mammospheres formed
(Supplementary Fig. 7d).

Discussion

Epidemiological evidence from the Nurse’s Health Study and the
Women’s Health Study provided evidence that women taking
metformin for the control of type 2 diabetes had a lower inci-
dence of breast cancer and that women on metformin that did
develop breast cancer had better outcomes than those not on
metformin [48—50]. These observations have led to a dramatic
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increase in the number of studies investigating the effect of
metformin upon breast cancer as well as the initiation of clinical
trials involving metformin [25, 51]. TNBC has a worse prog-
nosis than other breast cancer subtypes and lacks any effective
targeted therapy. Intriguingly, metformin preferentially kills
TNBC cell lines as compared to the luminal subtype [30, 32,
34]. This suggests that TNBC cells have unique features that
render them more sensitive to metformin action. Interestingly,
CSCs have increased expression and reliance on lipogenic
enzymes, including FASN [28, 29, 52, 53]. The ACACA/
FASN-driven lipogenic switch couples the Warburg Effect to
anabolic metabolism and enables conversion of somatic cells to
stem cells [28]. Since TNBC have a much higher proportion of
CSCs [38], the ability of metformin to target FASN could
explain why TNBC are more sensitive to metformin [32, 33],
if CSCs are more reliant on FASN.

Although perturbations in the metabolism of tumor cells,
including aberrant expression of FASN, may be an early event
in carcinogenesis [6, 54], FASN is tightly hormonally regulated
by estrogen and progesterone receptors [55—64] in luminal es-
trogen receptor positive breast cancers cells. In several different
types of cancer, aggressive features such as migration/invasion,
metastasis, and chemoresistance are dependent on FASN and
lipogenesis [65—67]. These features are prominent in TNBC, and
consequently targeting FASN with an agent such as metformin
may impact TNBC more than other subtypes of breast cancers.

The molecular signaling pathways activated by metformin
treatment have been largely elucidated in liver and muscle cells
[68-70]. Metformin causes an activation of AMPK signaling,
with downstream effects on mTOR, the ribosomal protein S6
kinase, and eI[F4EBP1 [36]. As a result, one of the main effects of
metformin treatment is an overall decrease in protein synthesis
[71]. The ability of super-physiologic concentrations of
glucose (glucose greater than 5 mM) to block metformin action
likely reflects the activation of molecules such as AKT and
mTOR by a glucose-dependent mechanism, which is not
blocked by metformin-mediated activation of AMPK. Chronic
energy excess, as defined by an increased level of glucose, can
alter metformin efficacy as described previously [33]. Here, we
assessed the effects of metformin on TNBC cell lines in
supraphysiological (17 mM) versus normal glucose (5 mM)
and found that high glucose diminishes the metformin-
mediated abrogation of FASN and phosphorylation of other
components of the fatty acid synthesis pathway.

‘We cannot rule out additional effects related to greater flux of
carbon through metabolic pathways that contribute to metformin
resistance. There is evidence that the function of drugs that
activate AMPK, including metformin, is dependent on their
ability to repress key lipogenic enzymes [72]. Metformin causes
a decrease in lipogenesis by also targeting ACC and the tran-
scription factor SREBP-1 in normal cells [73]. Activation of
AMPK through means other than metformin also causes a time
and dose-dependent decrease in FASN expression in TNBC cells
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[74]. Our results demonstrate that FASN is significantly reduced
in TNBC cells by 10 mM metformin. Interestingly, seven of the
top ten genes decreased by metformin are components of the
fatty acid and cholesterol biosynthesis pathways.

Relatively few studies have examined the consequences of
metformin treatment on miRNA expression in cancer cells
[75-77]. Here, we report that the expression of the miR-193
family is rapidly increased by metformin treatment and facil-
itates metformin-induced downregulation of FASN by directly
targeting the FASN 3'UTR. Furthermore, the downregulation
of FASN is integral to the ability of metformin to induce
apoptosis and decrease mammosphere formation in TNBC.
Our data are the first to show that direct inhibition of FASN
activity can attenuate CSCs in TNBC cell lines. Our results
indicate that direct inhibition of FASN with either cerulenin or
C75 can reduce CSCs and metformin is similarly capable of
reducing mammosphere formation through direct suppression
of lipogenesis by reducing FASN levels. Since there are
toxicities associated with FASN inhibitors, for instance C75
caused drastic weight loss and decreased food intake in vivo
[78], using metformin may be a better strategy to reduce
FASN and consequent mammosphere formation with limited
in vivo toxicity.

Metformin was recently found to positively regulate ex-
pression of Dicer [76], the enzyme responsible for the final
maturation step in miRNA biogenesis. We previously demon-
strated that TNBC express Dicer at much lower levels than
luminal breast cancers [44]. Several miRNAs have been iden-
tified as targeting FASN either directly or indirectly [79-82].
Our data demonstrate that metformin-induced upregulation of
miR-193b and targeting of FASN by this miRNA facilitates
the ability of metformin to decrease FASN protein. Our data
demonstrate that the metformin-dependent increase in the
expression of miR-193 is involved in its ability to downregu-
late FASN, increase apoptosis, and reduce mammosphere
formation in TNBC. Downregulation of FASN is clearly an
important component of metformin action, although our gene
expression profiling data also suggest that metformin reduces
many other genes in the fatty acid and cholesterol synthesis
pathways (illustrated in Supplemental Fig. 8). This study
establishes that FASN is a critical target of metformin in
TNBC cells and that downregulation of FASN is, at least in
part, facilitated by miR-193b.
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