Martin et al. Molecular Cancer 2014, 13:229
http://www.molecular-cancer.com/content/13/1/229

(. MOLECULAR
CANCER

~-b

RESEARCH Open Access

microRNA regulation of mammalian target of
rapamycin expression and activity controls
estrogen receptor function and RAD0O1 sensitivity

Flizabeth C Martin', Lyndsay V Rhodes', Steven Elliott!, Adrienne E Krebs', Kenneth P Nepheva, Erik K Flemingtorﬁ

Bridgette M Collins-Burow' and Matthew E Burow'**"

Abstract

Background: The AKT/mammialian target of rapamycin (mTOR) signaling pathway is regulated by 17a-estradiol (E2)
signaling and mediates E2-induced proliferation and progesterone receptor (PgR) expression in breast cancer.

Methods and results: Here we use deep sequencing analysis of previously published data from The Cancer
Genome Atlas to demonstrate that expression of a key component of mTOR signaling, rapamycin-insensitive
companion of mTOR (Rictor), positively correlated with an estrogen receptor-a positive (ERa™) breast tumor signature.
Through increased microRNA-155 (miR-155) expression in the ERa™ breast cancer cells we demonstrate repression
of Rictor enhanced activation of mTOR complex 1 (mTORC1) signaling with both gPCR and western blot.
miR-155-mediated mTOR signaling resulted in deregulated ERa signaling both in cultured cells in vitro and in
xenografts in vivo in addition to repressed PgR expression and activity. Furthermore we observed that miR-155
enhanced mTORC1 signaling (observed through western blot for increased phosphorylation on mTOR 52448) and
induced inhibition of mTORC2 signaling (evident through repressed Rictor and tuberous sclerosis 1 (TSC1) gene
expression). mTORC1 induced deregulation of E2 signaling was confirmed using gPCR and the mTORC1-specific
inhibitor RAD001. Co-treatment of MCF7 breast cancer cells stably overexpressing miR-155 with RAD00T and E2
restored E2-induced PgR gene expression. RAD0O1 treatment of SCID/CB17 mice inhibited E2-induced tumorigenesis
of the MCF7 miR-155 overexpressing cell line. Finally we demonstrated a strong positive correlation between Rictor
and PgR expression and a negative correlation with Raptor expression in Luminal B breast cancer samples, a breast
cancer histological subtype known for having an altered ERa-signaling pathway.

Conclusions: miRNA mediated alterations in mTOR and ERa signaling establishes a new mechanism for altered
estrogen responses independent of growth factor stimulation.
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Introduction

An important downstream mediator of growth factor
signaling is mammalian target of rapamycin (mTOR).
mTOR is a serine/threonine kinase which belongs to the
family of phosphatidylinositol 3-kinase-related kinase
protein family [1]. As a regulator of gene translation,
mTOR signaling is capable of eliciting a multitude of cel-
lular responses including the regulation of cell growth,
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proliferation, motility, autophagy, metastasis, and survival.
mTOR activation occurs through signaling pathways regu-
lated by insulin like growth factor (IGF), insulin, and nu-
trient signals [2-5]. The specific effects exerted by mTOR
signaling are dependent on the activation of the mTOR
complexes mTORC1 and 2, which form intricate negative
and positive feedback loops [1,4]. mMTORCI is a key trans-
lational regulator of proteins associated with cell prolifera-
tion, metabolism, and growth [1]. The main components
of mTORCI are comprised of regulatory associated pro-
tein of TOR (Raptor), proline-rich AKT substrate 40 kDA
(PRAS40), Dep domain containing mTOR-interacting
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protein (Deptor) and lethal with secl3 protein 8 (LST8)
[1,4,6]. Translation of pro-proliferative and cell growth
proteins is induced by mTOR through inhibition of 4E-
BP1 and activation of S6K1. mTORC?2 is composed of
mTOR, mLST8, Sinl, PRR5, Deptor, and Rictor [1,4,7].
Interestingly, many of the inhibitors of mTORC1 signaling
are activators of mTORC2 signaling. For instance TSC1/
TSC2 inhibits mTORC1 signaling through the inhibition
of the mTOR activator Ras Homolog Enriched In Brain
(Rheb); however, TSC1/TSC2 has been demonstrated to
activate mTORC2 signaling through direct contact with
mTORC2 [7,8]. In fact, clinical tumor samples demon-
strating a loss of functional TSC1/TSC2 also showed loss
of mTORC2 function [9]. In tumor samples, loss of TSC1/
TSC2 function resulted in subsequent loss of mTORC2
activity and mTORCI hyperactivation [10].

mTOR signaling activation by the IGF induced PI3K/
AKT pathway has been well described. Crosstalk be-
tween mTOR signaling and a number of other important
cancer associated signaling pathways, including AMPK/
p53, MAPK/ERK, and estrogen receptor-a (ERa) path-
ways were recently reported [11,12]. In breast cancer,
ERa/mTOR crosstalk is an important indicator of hor-
mone receptor status, as IGF-mediated mTORCI activa-
tion repressed progesterone receptor (PgR) expression in
the ER"/PgR™ breast cancer cell phenotype. This has
been characterized by enhanced IGF/mTOR signaling
[13,14]. In addition to regulation of PgR expression, one
effector of mTOR signaling, S6 kinase 1 (S6K1), was
shown to interact and phosphorylate ERa at serine 167
(S167) following IGF stimulation [15]. Although 17f-
estradiol (E2) treatment of breast cancer cell lines in-
duced cell proliferation in an mTOR dependent manner,
the molecular mechanism underlying mTOR-mediated
ERa signaling in breast cancer remains unclear [16,17].

Our analysis of TCGA breast tumor data revealed that
expression of the mTORC]1 activator Rheb strongly corre-
lated with the ERa™ phenotype and expression of the
mTORC2 signaling component Rictor, correlated with
ERa" breast tumor samples. Notably, we observed a posi-
tive correlation between Rictor expression and PgR ex-
pression levels in the Luminal B molecular subtype. Based
on these findings, we investigated the molecular role for
mTOR in ERa signaling regulation in breast cancer.

Results

mTOR complex 2 signaling correlates with ERa positive
breast tumor samples

mTOR signaling is emerging as a prominent mediator of
cancer progression enhancing both proliferation and
metastasis [4,5]. Due to the divergent roles played by
mTOR signaling complexes mTORC1 and mTORC2 we
sought to determine the expression levels of key mTOR
signaling components in a cohort of breast cancer tumor

Page 2 of 13

samples. The Cancer Genome Atlas (TCGA) deep se-
quencing data of breast cancer invasive carcinoma gene
expression (IlluminaHiSeq) was analyzed and viewed in
the UCSC Cancer Genomics Browser [18-21]. The ER«a
gene signature was used to filter expression levels in
tumor samples (either ERa-positive or ERa-negative)
and the mTOR associated genes Rictor, Raptor, Rheb,
TSC1, TSC2, and mTOR were analyzed. Results demon-
strate that Rictor, TSCI1, and TSC2 (all activators of
mTORC?2 signaling) have higher expression levels in ERa"
tumor samples compared to ER™ (Figure 1A). Interest-
ingly, mTORCI1 signaling components had varied expres-
sion with respect to ERa expression. Rheb had high
expression levels correlating to ER™ tumors while Raptor
demonstrated higher expression levels in ERa" tumors
(Figure 1A). There was no observed correlation for mTOR
expression with either an ERa" or ERa™ breast cancer
phenotype. As both Raptor and Rictor show a positive
correlation with ERa expression we then used the Breast
Cancer Gene Expression Miner v3.0 and further examined
the correlation between Raptor or Rictor expression with
ERa expression [22]. Positive correlations for both Rictor
and Raptor with ERa expression were observed, however
there was a stronger correlation between Rictor and ERa
(Pearson’s correlation coefficient r=0.32) than Raptor
and the ERa (Pearson’s correlation coefficient r = 0.20)
(Additional file 1: Figure S1A and Additional file 1:
S1B). As TSC1/TSC2 complex is an activator of
mTORC2 signaling and a repressor of mTORC1 and
Rheb is an activator of mTORCI signaling, this data
suggests that mTORC2 signaling may be more promin-
ent in ERa" and mTORC1 signaling may be more
prevalent in ERa” breast carcinomas.

We previously demonstrated that miRNA expression
was a target of IGF/AKT signaling [23] suggesting a po-
tential for miRNA crosstalk in the regulation of mTOR
signaling. This led us to next test if miRNAs could rep-
resent regulators of the differential expression profiles of
the mTORC signaling components. To examine the mo-
lecular mechanism underlying loss of Rictor and Raptor
expression observed in ERa” breast tumors, putative
miRNA target sites in the 3’UTR of both genes were an-
alyzed using TargetScan6.0. Analysis of highly conserved
miRNAs demonstrated that while several binding sites
for multiple miRNAs were apparent in the 3'UTR of Ric-
tor, Raptor appeared to be targeted by only five highly
conserved miRNAs (Additional file 2: Tables S1 and
Additional file 3: Table S2). Due to the potential for
more miRNAs to target Rictor, we therefore investigated
miRNAs predicted to target Rictor in an ERa" breast
cancer cell line. The miRNAs (miR-203, miR-194, miR-
98, let-7 g, and miR-155) predicted to have seed sites in
the 3’'UTR of Rictor were stably over expressed in the
ERa" MCEF-7 cell line and screened by qPCR for Rictor
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Figure 1 mTORCI1 activation is Associated with an ER Negative Breast Tumor Phenotype. Deep sequencing data obtained from TCGA data
portal was analyzed with respect to ERa (either ERa positive or negative) status for expression of (A) mTOR associated gene sets (mTOR, TSC1,
TSC2, Rheb, Rictor, Raptor, Rheb) and (B) miR-155 host gene (HG) expression. Heat mat depicts high expression (red, +1) and low expression
(green, —1). Platform analyzed was TCGA breast invasive carcinoma gene expression llluminaHiSeq n = 1032. Analysis was sorted based on ERa
gene Signature where positive for ER = orange and negative for ER = blue. (C) MCF-7-vector and —-miR-155 cells were harvested for gPCR analysis
for mTOR associated genes Rictor, TSC1, Deptor, Rheb, Raptor, and p70s6 kinase. Ct values were normalized to 3-actin and MCF-7-vector cells
designated as 1. * p < 0.05 for n>3. (D) MCF-7-vector and —miR-155 cells were harvested for western blot analysis for total and phospho-mTOR
(52448) and mTOR associated proteins Rictor, Raptor, TSC1, and p-70 s6 kinase. Expression normalized to RHO-GDIq, n> 3. (E) MCF-7-vector and
miR-155 cells were harvested for western blot analysis for phosphorylation of downstream mTORC1 associated proteins p-elF4B (5422), p-56
ribosomal protein (5235/236), p-p70s6 kinase (Thr389), p-eEF2K (5366). Expression was normalized to RHO-GDIa, n = 2. (F) gPCR of MCF-7-vector
and miR-155 cells for downstream mTORC2 regulated gene PKCa, normalization was to (3-actin and vector designated as 1, n=3.
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expression levels. Of these five miRNAs, only miR-155, a
miRNA well known for playing various roles in cancer,
was capable of significantly inhibiting Rictor expression
(Additional file 4: Figure S2A).

miR-155 enhances mTOR activity by targeting members
of AKT/mTOR signaling pathway

To better evaluate a role for miR-155 expression with re-
spect to mTOR signaling and the ERa gene signature,
we next analyzed expression of the miR-155 host gene
(miR-155HG) across TCGA tumor data. In opposition to
Rictor expression, the miR-155HG, which encodes the
mature miR-155 sequence, correlated with an ERa™ sta-
tus in TCGA breast tumor samples and mature miR-155
expression correlated with an ERa” status in breast can-
cer cell lines (Figure 1B and Additional file 4: Figure
S2B). As miR-155 expression correlated an ERa™ pheno-
type and Rictor expression correlated with ERa" tumors,
we next investigated whether the observed high levels of

miR-155 expression in ERa™ breast cancers was a driving
force for the repression of Rictor. The MDA-MB-157
breast cancer cell line demonstrated the highest levels of
miR-155 expression (Additional file 4: Figure S2B), so
we chose this cell line and transfected a doxorubicin
inducible red fluorescent protein (RFP)-miR-155sponge
designed to inhibit miR-155 expression. Following trans-
fection and RFP induction, we performed qPCR to deter-
mine Rictor expression levels. qPCR was performed and
results demonstrated an increase (p < 0.06) in Rictor ex-
pression levels following miR-155 inhibition (Additional
file 4: Figure S2C). In order to investigate the relation-
ship between miR-155, mTOR, and ERa signaling; we
used the ER" MCF-7 cell line transfected with miR-155
as this cell line demonstrated repressed Rictor expres-
sion levels and expressed levels of miR-155 equivalent to
that of ER™ cell lines (Additional file 4: Figure S2A and
S2D respectively). To better understand the relationship
between miR-155 expression and the mTOR signaling
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cascade, we uploaded all miR-155 predicted targets using
Pathway Interaction Database (PID) [24] and obtained
network maps for predicted miR-155 target genes and
pathways (Table 1). Strikingly, many of these pathways
were mediated by PI3K signaling or growth factors,
which have been shown to crosstalk with mTOR signal-
ing and indeed many components of both mTOR signal-
ing complexes (mMTORCI1 and 2) were, predicted targets
of miR-155 (Table 1) [25].

Given that the TCGA tumor data demonstrated an in-
verse relationship between the loss of Rictor expression
and miR-155HG expression in relation to ERa status
and that Rictor expression was repressed in our MCF7-
miR155 cell line, we next sought to determine the effects
of miR-155 on mTOR signaling. By combining our in-
house Seedfinder program (identifies isoform specific
seedsites across the genome for miR-155) with previ-
ously published deep sequencing data for MCF-7 cells
and the UCSC Genome Browser [26,27]. Appropriate
miR-155 targets were chosen for further investigation
based on evaluation of isoforms with 3'UTR being
expressed in MCF-7 cell line (Table 2). We determined
that the p70s6K 3'UTR possessed an 8-mer site its
3UTR and the 3’'UTRs of Deptor, Rheb, and TSC1 each
possessed 7-mer sites (Table 2). Based on this, gPCR
was performed for Deptor, Rheb, TSC1, Raptor, and
p70s6K. Results demonstrate that in MCF-7-miR-155
cells, significantly increased p70s6 kinase expression
was observed (Figure 1C), and significantly decreased

Table 1 Pathways Predicted to be altered by miR-155
Target Regulation

Pathway p value
PDGFR-beta signaling pathway 2.77E-11
TGF-beta receptor signaling 1.74E-09
Signaling events mediated by hepatocyte 6.00E-09
growth factor receptor (c-Met)

IL4-mediated signaling events 9.61E-08
CXCR4-mediated signaling events 2.22E-08
mTOR signaling pathway 4.37E-08
IGF1 pathway 7.71E-08
Regulation of retinoblastoma protein 9.30E-08
Signaling events mediated by stem cell 2.75E-07
factor receptor (c-Kit)

AP-1 transcription factor network 2.76E-07
ErbB1 downstream signaling 3.70E-07
Neurotrophic factor-mediated Trk receptor signaling 5.56E-07
Direct p53 effectors 5.80E-07
FGF signaling pathway 6.75E-07
GMCSF-mediated signaling events 7.06E-07

p value determined by size of miR-155 target data set, number of molecules in
a pathway, and number of molecules in database. Determines probability that
miR-155 targets are biased towards a particular pathway.
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Table 2 mTOR Associated miR-155 Target Sequences
Expressed in MCF-7 Brest Cancer Cells

Gene Isoforms  MCF-7 isoforms  8-mer 7-mer1A  7-mer8
with miR-155 sites  sites sites
target sites

Rheb 1 1 0 1 0

TSC1 8 3 0 1 0

p70s6K 6 5 1 0 1

Rictor 5 3 1 0 1

PRKAA2 1 1 1 0 1

PML 17 3 0 0 1

EEF2 1 1 0 1 0

Deptor 2 2 0 1 0

EIF4E 4 3 0 1 0

ULK2 2 1 0 1 0

YWHAE 4 4 0 0 1

expression of the mTOR repressor Deptor was seen
(Figure 1C). Western blot analysis further confirmed
increased mTOR activity demonstrated through the in-
creased total and phospho-mTOR (S2448) in MCF-7-
miR-155 cells (Figure 1D). In addition, decreased Rictor
and TSC1 protein levels were observed in MCF-7-miR-155
cells (Figure 1D). The combined loss of Rictor (a critical
mTORC2 component) and TSClan mTORC2 activator
and mTORC1 suppressor) suggests that miR-155 induced
mTOR signaling through the mTORC1 complex. Evalu-
ation of downstream targets of mTORC1 and mTORC2
were next evaluated. Western blot demonstrated enhanced
phosphorylation of p-eEF2K and p-elF4B downstream tar-
gets of mTORCI1 (Figure 1E), there was however no no-
ticeable change in p-p70s6K or p-S6 ribosomal protein.
mTORC2 is known to enhance PKCa expression, so we
next evaluated PKCa gene expression and saw repressed
expression of PKCa in the MCF-7-miR-155 cell line
(Figure 1F).

Stable expression of miR-155 disrupts ERa signaling in
MCF-7 breast cancer cells

As crosstalk between mTOR signaling and ERa has been
reported [13,14], it was of interest to investigate a pos-
sible role for miR-155 in ERa signaling. We performed
qPCR with an ERa-responsive and breast cancer associ-
ated genes qPCR gene array. Aberrant basal expression
of ERa-regulated genes was observed in the MCF7-miR-
155 cell line compared to vector. Altered genes included
PgR (a known target of ERa and mTOR signaling) and
PLAU (both decreased) and BCL2, ERBB2, TFF1, and
SERPINA3 (all increased) (Figure 2A and Figure 2B
respectively). This striking divergent expression of
ERa-regulated genes suggested that miR-155 acts as a
possible regulator of estrogen-mediated signaling. To
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Figure 2 Overexpression of miR-155 selectively alters estrogen stimulated gene expression of ER-regulated genes in vitro. (A-B) Gene
panel array for ER regulated and cancer associated genes, n = 2. (A) Down regulated genes and (B) up regulated genes (logarithmic scale) in
MCF-7-miR-155 cells compared to vector control. Results represent average fold change + SEM. (C-F) QPCR was performed for genes, n=5

(C) PgR, (D) SDF-1, (E) BCL2, and (F) SERPINA3. Cells were grown in 5% CS phenol free DMEM for 48 hours before treatment with DMSO or E2
(1nM) for 24 hours. Cycle number was normalized to beta actin and MCF-7-vector control cells treated with DMSO scaled to 1. Bars represent

further investigate this possibility, cells were serum
starved for 48 hours, treated with 17-a estradiol (E2, 1
nM) or vehicle for 24 hours, and ERa target genes
(PgR, SDF-1, BCL2, and SERPINA3) were analyzed by
qPCR. As previously observed in our gene panel array,
significantly decreased basal PgR mRNA levels were
observed in MCF-7-miR-155 cells compared to MCF-7-
vector (Figure 2C). Basal expression of SDF-1 was also
significantly lower in our MCEF-7-miR-155 cell line
(Figure 2D). Basal expression levels of BCL2 and SER-
PINA3 were significantly increased in MCF-7-miR-155
cells and E2 treatment further induced expression of
both genes compared to MCEF-7-vector cells (Figure 2E
and Figure 2F respectively). E2 stimulation failed to in-
crease PgR expression levels in MCF-7-miR-155 cell
line to that of basal levels observed in the MCEF-7-
vector cell line. It should be noted that PgR, along with
SDE-1, BCL2, and SERPINA3 were all increased following
E2 stimulation; however, PgR alone remained significantly

repressed following E2 stimulation. Based on these results,
we conclude that overexpression of miR-155 in ERa"*
breast cancer cells disrupted E2 signaling but did not
completely inhibit the cellular response to hormone.

miR-155 induced mTOR/ERa crosstalk is not through
direct mTOR induced phosphorylation of ERa

Since PgR was the only E2 responsive gene that
remained significantly repressed and mTOR is a known
mediator of ER signaling both directly and indirectly, we
next set out to further define the effects of miR-155 ex-
pression on mTOR/ERa crosstalk by evaluating ERa ex-
pression levels and PgR protein levels and function.
Following qPCR, there was no difference in basal ERa
mRNA or protein levels observed between the MCEF-7-
miR-155 cells versus control (Additional file 5: Figure
S3A and S3B respectively). As mTOR signaling is known
to activate ERa phosphorylation at S167 we next sought
to evaluate ERa phospho-levels for S167. Western blot
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demonstrates a loss of ERa phosphorylation at S167
(Additional file 5: Figure S3B), suggesting mTOR acti-
vation is not increasing ERa activity directly. Western
blot revealed basal PgR protein levels were decreased
in MCF-7-miR-155 cells compared to -vector cells
(Additional file 5: Figure S3B). To assess PgR functional
activity, a progesterone response element (PRE)-luciferase
assay was performed. MCF-7-vector and -miR-155 cells
were transfected with a PRE-luciferase construct and
treated with progesterone in a dose dependent manner.
The doses of progesterone (100 nM, 1 uM, 10 pM but not
10 nM) significantly increased PRE activity in MCEF-7-
vector cells. MCF-7-miR-155 cells demonstrated lower
levels of PRE activity both basally and after 10 nM pro-
gesterone treatment compared to MCE-7-vector cells
(Additional file 5: Figure S3D). PRE-activity in MCF-7-
miR-155 cells was similar to that of basal unstimulated
levels of MCF-7-vector cells for the 100 nM, 1 puM,
10 pM doses of progesterone. Stimulation of PgR with
10 nM E2 for 24 hours prior to treatment with proges-
terone was similar to progesterone alone, with MCF-7-
miR-155 cells demonstrating a loss of PgR activity
(Additional file 5: Figure S3E). Given the loss of func-
tional PgR in MCF7-miR155 cells compared to -vector
and no observed increase in phospho-ERa (S167) in the
MCEF-7-miR-155 cell line, we suggest that miR-155-
induced ERa signaling regulation was due to the loss of
Rictor expression rather than direct ERa-mTORC]1 cas-
cade interactions with ERa.

miR-155 augments E2-stimulated proliferation in vitro and
in vivo

Because miR-155 altered basal ERa-mediated gene ex-
pression (Figure 2A and Figure 2B) and maintained sup-
pression of the E2 responsive gene PgR (Figure 2C), we
sought to determine the biological consequence of miR-
155-altered E2 stimulation. MCF-7-miR-155 and —vector
cells were serum starved for 48 hours prior to stimula-
tion with 1 nM E2 for 72 hours. Cell proliferation was
assessed using crystal violet assays. Treatment with E2
stimulated proliferation of both the MCF-7-vector and
MCEF-7-miR-155 cell lines (Figure 3A); however, E2-
stimulated proliferation was significantly greater in MCE-
7-miR-155 cells versus MCF-7-vector cells (52 +11.94%
versus 12.8 + 2.62%). To determine if the enhanced E2 re-
sponse increased tumorigenesis in vivo, ovariectomized
CB-17/SCID female mice were inoculated with either
MCE-7-vector or -miR-155 cells in the mammary fat pad
(MEFP) in the presence of exogenous E2 (0.72 mg pellet,
60 day release) versus placebo. At necropsy (day 28 post
cell injection), final tumor volume was significantly greater
for MCF-7-mir-155 tumors (791.96 + 137.45 mm3) com-
pared to vector tumors (306.12 + 44.85 mm3) (Figure 3B).
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These results together demonstrated in vivo and in vitro
that miR-155 expression enhances estrogen response.

miR-155 inhibition of PgR expression is regulated
through mTORC1 activation

Given that miR-155 induced enhanced E2 stimulated
tumorigenesis and proliferation while simultaneously
repressing PgR we next set out to investigate whether
miR-155 activation of mTORCI leads to the suppression
of PgR. qPCR analysis was conducted after treatment of
MCEF-7-miR-155 with 1 nM E2 and the mTORC1 spe-
cific inhibitor RAD001 (20 nM). qPCR results revealed a
significant increase in PgR expression in MCF-7-miR-
155 cells following the combined RADOO01/E2 treatment
and PgR levels were equal to that of MCE-7-vector cells
treated with E2 only (Figure 3C). Additionally, induction
of PgR in MCF-7-miR-155 cells by RAD001 and E2 was
significantly greater than E2 only treatment (Figure 3C).
PgR expression in MCF-7-vector cells treated with both
RADO01 and E2 was not significantly different compared
to E2 treatment alone (data not shown). Collectively, the
data indicated that miR-155 induced regulation of
mTORCI1 activity in MCF-7-miR-155 cells inhibited PgR
expression. To validate the activity of RAD001, we per-
formed western blot analysis for the eukaryotic transla-
tion initiation factor 4E binding protein (4E-BP1) and
Akt (S473) phosphorylation levels, downstream effector
and target proteins of the mTORC1 complex. MCEF-7-
vector and MCF-7-miR-155 cells were treated with the
mTORC1 specific inhibitor RADO001. As anticipated,
phosphorylation of 4E-BP1 was decreased and Akt, which
is inhibited by mTORC1 activity, was increased in MCE-
7-miR-155 cells following treatment with RADO001
(Additional file 6: Figure S4).

As mTOR signaling is known to require E2 induced
proliferation we next sought to determine if mTOR sig-
naling was involved in the heightened E2 induced
tumorigenesis observed in our MCF-7-miR-155 cells. To
test this CB-17/SCID ovariectomized mice were inocu-
lated with MCF-7-miR-155 cells in the presence of E2
(0.72 mg pellet, 60 day release). Mice were administered
5 mg/kg/day of RADOO1 or vehicle daily following palp-
able tumor formation (day 7 post cell injection), and
tumor size was recorded every two to three days until
necropsy on day 25. The inhibitory effect of RAD001
was apparent by day 10 post injections, MCF-7-miR-
155 tumors in vehicle-treated animals increased to
364.15% + 65.07% mm3 at Day 25 from Day 7 (100%).
In contrast, treatment with RADOO1 rapidly decreased
tumor size (78.23% + 13.77% mm3; Figure 3D), and sig-
nificant inhibition of E2-stimulated tumorigenesis con-
tinued through day 25 post injection (study terminated
due to the large tumor size of the vehicle control group
per approved animal protocol). Taken together these
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were implanted with an E2 pellet (0.72 mg) at day of cell injection. Points represent average tumor volume + SEM. (C) MCF-7-vector and -miR-155 cells
were harvested for total RNA extraction and PCR was performed for PgR following treatment with E2 (1nM), RAD0OO1 (20nM) + E2, or vehicle control
(DMSO), normalized to MCF-7-vector treated with E2 (1nM). Bars represent fold change + SEM, n 2 3. * Significantly different from MCF-7-vector + E2

p < 0.05. (D) Tumor volume for ovariectomized CB-17 SCID female mice injected bilaterally with 5X1 0% MCF-7-miR-155 cells + E2 + RADOO1 vs.
MCF-7-miR-155 + E2 given placebo, n = 7. Points represent normalized tumor volume =+ SEM. * p < 0.05, ** p < 0.01.
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results further support a role for miR-155 induced
mTOR-ERa crosstalk in vitro and in vivo.

Luminal B molecular subtypes divergent expression of
mTOR signaling components and PgR expression

As increased activation of mTORC1 is known to medi-
ate PgR expression and we demonstrated that loss of
Rictor expression correlated with an ERa” breast cancer
phenotype, we next sought to determine if there was a
clinical correlation between Rictor or Raptor expression
and loss of PgR expression. Genomic data obtained
through the Breast Cancer Gene Expression Miner v3.0
was analyzed for mTOR signaling components (Rictor,
Raptor, and Rheb), ERa, and PgR[22]. Rheb expression
was included in this analysis as it is an activator of
mTORCI1 signaling and demonstrated high expression
levels in the TCGA ERa breast cancer tumors (Figure 1A).
No correlation between Rictor and PgR expression was
observed in either the ERa* luminal A or basal-like tumor
profiles (Figure 4A and Figure 4B). However, since
MCEF-7-miR-155 cell line maintained an ERa" pheno-
type with altered ERa signaling (evident through loss of
PgR and high levels of TFF1, Figure 2A and Figure 2B),
we next sough to determine the correlation between
Rictor and PgR in a luminal B tumor subtype. As seen
in Figure 4C, Rictor expression significantly correlated

with PgR expression (Pearson’s correlation coefficient r = 54)
and was inversely related to Raptor expression (Pearson’s
correlation coefficient r = —-0.41) in breast cancers possessing
a luminal B subtype.

Discussion

The luminal B breast cancer subtype is classified as
ERa’; however, altered ER signaling is commonly ob-
served along with loss of PgR expression. Additionally
this subtype represents a more aggressive stage of dis-
ease than the luminal A subtype and has the potential to
progress to endocrine resistance and hormone inde-
pendence [13,28,29]. Here we demonstrate a clinical cor-
relation between the mTORC2 signaling component
Rictor and receptor status where Rictor expression cor-
relates positively with expression of both ERa and PgR
expression. Additionally like others, we demonstrate a
link too receptor status and miR-155 expression [30].
Through miR-155 overexpression in the ER* MCF-7
breast cancer cell line we demonstrate alterations in the
mTOR signaling cascade can result in the loss of PgR
expression without prior growth factor stimulation.
Previous studies have shown loss of PgR expression in
clinical samples is used as an indicator of aberrant
growth factor signaling and the IGF induced AKT/
mTOR signaling pathway is commonly associated with
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the repression of PgR in breast cancer systems. Add-
itionally inhibition of mTOR signaling has been shown
by others to result in a loss of ERa-mediated gene tran-
scription [15]. While these studies have demonstrated
activation of mTORCI1 signaling by IGF as a regulatory
mechanism for PgR repression, our results suggest that
both miR-155 and Rictor may be important mediators
of mTORCI1 activity and PgR expression irrespective of
growth factor stimulation. In support, others have
shown loss of Rictor enhanced signaling of mTORC1
while increased expression of Rictor led to in inhibition
of mTORC1-mediated signaling. It was suggested that
these results are due to a change in the availability of

the mTOR protein for mTORC complex assembly
[31,32]. Our data suggests that loss of Rictor may in-
duce mTORC1 activity and thus PgR suppression, as
we see mTORCI signaling-dependent inhibition of PgR
expression. This is evident through our in vitro and
in vivo experiments using the mTORCI specific inhibi-
tor to induce PgR expression following treatment with
E2 and to inhibit E2-stimulated tumorigenesis. Current
studies show a link between mTOR and E2-induced
tumorigenesis and cellular proliferation where RAD001
is capable of suppressing E2-induced tumor growth and
cellular proliferation [15,33]. Additionally a synergistic
relationship exists between treatment of ER" breast
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cancers with endocrine therapies and mTOR inhibitors
in breast cancer cell lines.

Taken together, our data demonstrate a role for a miR-
155-mTOR-ERa signaling axis in the progression of breast
carcinomas towards a hormone independent phenotype
evident through the loss of PgR (Figure 5). Numerous
studies have recently shown that miRNAs can act as me-
diators of ERa signaling, either by direct targeting of ERa
for degradation or through inhibition of molecules pertin-
ent to the ERa pathway [34-36]. Additionally it has re-
cently been demonstrated by Zhang et al. that E2 is a
positive regulator of miR-155 expression in the MCF-7
breast cancer cell line [37]. miR-155 is a frequently
deregulated miRNA in human breast cancers and in-
creases cellular proliferation in breast cancer cell lines
[38]. Our data and others demonstrate increased miR-155
expression correlates with an ERa™ status in human
breast tumor subtypes as well as breast cancer cell lines
[30,39,40]. We extend previous studies by showing that
miR-155 expression alters hormone receptor signaling
and expression of the ERa regulated gene, PgR, through
alterations in the mTOR signaling pathway. While pre-
vious studies have demonstrated miR-155 to be an in-
hibitor of mTORCI signaling through the suppression
of Rheb in macrophages [41], we do not see loss of
Rheb expression in our breast cancer cell line and
instead see an inhibition of mTORC2 signaling com-
ponents. miR-155 has recently be shown to target
multiple aspects of the mTOR signaling cascade, in-
cluding mTORC2 component Rictor; however, our re-
sults are the first to demonstrate miR-155 induced
mTOR/ER crosstalk through enhanced mTOR signaling

Page 9 of 13

and Rictor suppression [42]. Additionally our study
shows miR-155 expression induces increased phosphor-
ylation of downstream mTORCI proteins associated
with translation but not through the classically activated
mTOR/p70s6k pathway. Taken together this suggests miR-
155 inhibition and activation of mTOR components to be
cell line specific. Finally our analysis of clinical data shows
a strong correlation between mTOR and ERa signaling
cross talk in luminal B breast cancer, as this subtype
showed a positive correlation for Rictor and PgR expres-
sion, supporting the need for further molecular studies on
the inverse relationship between Raptor and Rictor in
breast cancer.

Materials and methods

Cells and reagents

MCEF-7, MDA-MB-157, and BT-549 human breast cancer
cell lines were acquired from American Type Culture Col-
lection (Manassas, VA). Liquid nitrogen stocks were made
upon receipt and maintained until the start of study. ERE—-
luciferase and/or qPCR for ER and PgR were used to con-
firm MCF-7 sustained estrogen responsiveness. Morphology
and doubling times were also recorded regularly to ensure
maintenance of phenotype for all cell lines. Cells were used
for no more than 6 months after being thawed. Cells were
maintained as previously described [43]. RAD0O1 was pur-
chased from Selleck Chemicals LLC, and 17-beta Estradiol
(E2) from Sigma (Sigma-Aldrich St. Louis, MO).

Animals
4—6 wks. old ovariectomized SCID/CB17 female mice
(Charles River Laboratories; Wilmington, MA) were

L mRNA
Transcription

induced regulation of MTOR/ER crosstalk.

Figure 5 mTORC1 induced repression of PgR is regulated by miR-155 independently of growth factor stimulation. Schematic for miR-155
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allowed a period of adaptation in a sterile and pathogen-
free environment with food and water ad libitum. Cells
were harvested in the exponential growth phase using a
PBS/EDTA solution and washed. Viable cells (5 x 10°)
in 50 pl of sterile PBS suspension were mixed with
100 pl Reduced Growth Factor Matrigel (BD Biosci-
ences, Bedford, MA). Injections were administered into
the mammary fat pad using 27 % gauge sterile syringes.
Animals were divided into treatment groups of five
mice each: MCF-7 control vector, MCF-7 control vec-
tor plus E2, MCEF-7 cells transduced to overexpress ma-
ture miR-155, MCF-7 cells transduced to overexpress
mature miR-155 plus E2. Placebo or E2 pellets (0.72 mg
of estradiol-17a, 60-day release; Innovative Research of
America; Sarasota, FL) were implanted subcutaneously
in the lateral area of the neck using a precision trochar
(10 gauge). All procedures in animals were carried out
under anesthesia using a mix of isofluorane and oxygen.
RADOO1 (Everolimus) (Selleck Chemicals LLC, Houston
TX) was administered as a micro emulsion dissolved in
sugar water as 5 mg/kg/day. Tumor size was measured
every 2—3 days using digital calipers. The volume of the
tumor was calculated using the formula: 4/3m LS2
(L =larger radius; S=shorter radius). Animals were
euthanized by cervical dislocation after exposure to
CO,. Tumors were removed and frozen in liquid nitro-
gen or fixed in 10% formalin for further analysis. All
procedures involving these animals were conducted in
compliance with State and Federal laws, standards of
the U.S. Department of Health and Human Services,
and guidelines established by Tulane University Animal
Care and Use Committee. The facilities and laboratory
animals program of Tulane University are accredited by
the Association for the Assessment and Accreditation
of Laboratory Animal Care.

RNA Extraction and Quantitative Real Time RT-PCR

MCE-7-vector and MCF-7-miR-155 cells were harvested
for total RNA extraction using Qiagen RNeasy RNA
purification system or for microRNA miRNeasy purifica-
tion system per manufacturer’s protocol (Qiagen, Valencia,
CA). Quantity and quality of the RNA and miRNA were
determined by absorbance at 260 and 280 nm using the
NanoDrop ND-1000. 2 ug of total RNA was reverse-
transcribed using the iScript kit (BioRad Laboratories,
Hercules, CA) and qPCR was performed using SYBR-
green (Bio-Rad Laboratories, Hercules, CA). p-Actin, PgR,
ERqa, BCL-2, SDF-1, SERPIN3A, Rictor, TSC1, Raptor,
Deptor, p70s6 kinase, and Rheb genes were amplified
n > 3. E2 stimulation experiments, cells were grown in
5% DMEM for 48 hours prior to treatment with 1 nM
E2 or DMSO for 24 hours. RADOO1 in vitro experiments
cells were pre-treated for 30 minutes with 20 nM RAD001
followed by 100 pM E2 or DMSO. miRNA was reverse—
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transcribed using the SABiosciences RT?> miRNA first
strand kit (Qiagen, Valencia, CA) and qPCR was per-
formed using SABiosciences SYBR green, miR-155 pri-
mer, U6 primer, and SA- Bioscience RT? cancer miRNA
array plate (MAH-102A) were purchased from Qiagen
(Valencia, CA). Data was analyzed by comparing rela-
tive target gene expression to B-actin for mRNA and
U6 for miRNA. Relative gene expression was analyzed
using 2-AACt method [44].

Transfection of Cell Lines

miR-155 and vector plasmid were generated as previ-
ously described[45]. MCEF-7 cells were transfected with
pre-mir-155 or vector plasmid using Lipofectamine 2000
at lug/ul OPTI-MEM (Invitrogen, Grand Isles, NY) as
per manufacturer’s protocol. Parental MCF-7 cells were
grown in a 100 mm dish. 5ug pre-mir-155 or vector
plasmid was added to 100 ul serum free opti-MEM then
15 ul Lipofectamine was added. Following 30 minutes
opti-MEM containing plasmid was added to MCEF-7 cells.
The following day cells were treated with 300 ng/ml puro-
mycin. Cells were maintained in 10% DMEM and treated
with 300 ng/ml puromycin every two days for 2 weeks.
Colonies were pooled and verification of mature miR-155
overexpression was confirmed using qPCR for mature
miR-155. Stable pools were maintained in 10% DMEM as
described above. For generation of miR-155 sponge, miR-
155 sponge sequence was taken from pMSCV-puro-GFP-
miR155SPONGE as previously described [46] and inserted
downstream from the RFP sequence in the TRIPz-RFP
vector backbone. Sponge was transfected through lenti-
viral transfection as previously described [47] and retro-
virus packing was performed following the manufacturer's
instructions (Thermo ScientificBio, Pittsburgh PA).

Crystal Violet Assay

MCE-7-vector and MCF-7-miR-155 cells grown in 5%
phenol free DMEM for 24 hours and then plated in 48
well plates (7000 cells per well) for 24 hours prior to a
one time treatment with 1 nM E2 or DMSO. After
72 hours cells were washed once with PBS and fixed and
stained using 0.1% Crystal Violet (in 20% methanol) for
10 minutes. Cells were washed with water and lysed with
1% SDS. Gene5 plate reader was used to read absorb-
ance at wavelength 630. Each cell line was normalized to
its respective DMSO treated group.

Western blot analysis

MCE-7-vector and —miR-155 cells grown 10% FEBS
DMEM supplemented. Cells were washed with PBS and
lysed with M-Per lysis buffer supplemented with 1% pro-
tease inhibitor and 1% phosphatase inhibitors (I/II)
(Invitrogen, Grand Isles, NY). Supernatant containing
protein extracts was obtained through centrifugation at
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12,000 RPM for ten minutes at 4 degrees Celsius. Protein
extracted per sample was determined by absorbance at
260 and 280 nm using the NanoDrop ND-1000. Proteins
were heat denatured and 40ug of protein were loaded per
lane on Bis-Tris-nuPAGE gel (Invitrogen, Grand Isles NY).
Protein transfer to nitrocellulose through iBlot and iBlot
transfer stacks as per manufacturer’s protocol (Invitrogen,
Grand Isles, NY). Nonspecific binding was blocked by
incubation in 5% BSA in 1% TBS-T for 1 hour. Over-
night incubation of membrane with primary antibody for
total mTOR, p-mTOR(S2448), Rictor, Raptor, TSC1, total
p70s6kinase, p-4E-BP1(S65), AKT(S473), p-p70s6kinase
(Thr389), p-S6 ribosomal protein (S235/236), p-elF4B
(5422), p-eEF2K (S366) diluted 1:1,000 (Cell Signaling
Technology, Beverly MA) and PgR and ERa (Santa Cruz
Biotechnology, Santa Cruz, CA) diluted 1:250 at 4 degree
Celsius followed by three fifteen minute washes in 1%
TBS-T. Membrane was incubated for 1 hour in secondary
antibody 1:10,000 dilution (LiCor Bioscience, Lincoln NE)
followed by three ten minute washes in 1% TBS-T. Band
density was determined by LiCor gel imager. Normalization
was to Rho GDIa Santa Cruz Biotechnology, Santa Cruz,
CA) and images were cropped in Microsoft Photoshop.

PRE-luciferase assay

Cells were plated in 24-well plates at a density of 5 x 10°
cells/well and allowed to attach overnight. After 18 hours,
cells were transfected for 5 hours in serum free DMEM
with 300 ng of PRE-luciferase plasmid, by using 6 to | of
Effectene transfection reagent (QIAGEN, Valencia, CA)
per microgram of DNA. After 5 hours, the transfection
medium was removed and replaced with phenol red-free
DMEM supplemented with 5% CSFBS containing vehicle,
progesterone (100 nM, 50 nM, or 10 nM), or pretreated
with 1 nM E2 for 30 minutes before treatment with
progesterone (100 nM, 50 nM, or 10 nM) and incu-
bated at 37°C. After 18 h, the medium was removed,
and 100 ul of lysis buffer was added/well and incubated
for 15 minutes at room temperature. Luciferase activity
for the cell extracts was determined using luciferase sub-
strate (Promega, Madison, WI) in an Auto Lumat Plus
luminometer (Berthold, Oak Ridge, TN).

Breast cancer data sources
Breast cancer gene expression deep sequencing was viewed
through the University California Santa Cruz (UCSC)
Cancer Genomics Browser and compiled by The Cancer
Genome Atlas (TCGA) research network [18-21]. The
TCGA dataset used was the breast invasive carcinoma and
it was analyzed for gene expression aligned through the
[luminaHiSeq system with total tumor samples n = 1032
and gene signature used was receptor status (ERa).
Targeted gene expression correlation analysis for ER,
PgR, Rictor, Rheb, and Raptor was derived from pooled
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breast cancer samples obtained from BC-GenExMiner-
v3.0. Correlation maps were then generated based on
breast cancer molecular subtype luminal A, Luminal B,
and Basal-like. “Pooled” data refers to all data sets which
were merged from all studies and converted to a com-
mon scale with normalization as per BC-GenExMiner-
v3.0 designation [22,48].

Statistical analysis

Statistical Analysis was performed using Graph Pad Prism 5.
Students ¢ test was used to determine p values and statisti-
cally significant values had a p values of <0.05.

Additional files

Additional file 1: Figure S1. Pearson’s pairwise correlation for all breast
cancer patients with a positive estrogen receptor status. Results obtained
from Breast Cancer Gene-Expression Miner v3.0. (A) ERa and Rictor. N = 1,195
Pearson’s correlation coefficient (r) = 0.32 (B) ERa and Raptor. N = 1,220.
Pearson'’s correlation coefficient (r) = 0.20.

Additional file 2: Table S1. Conserved miRNA predicted to target 8mer
seed site in Rictor 3'UTR.

Additional file 3: Table S2. Conserved miRNA predicted to target 8mer
seed site in Raptor 3'UTR.

Additional file 4: Figure S2. miR-155 Regulates Rictor Expression in
breast cancer cell lines (A) QPCR for Rictor expression levels in MCF-7 cells
stably transfected with miRNA predicted to target 3'UTR of Rictor. (B)
gPCR for miR-155 expression in ER™ breast cancer cell lines, y-axis scaled
to log scale. (C) gPCR for Rictor expression following stable transfection
of miR-155 sponge or pmscv-vector in MDA-MB-157 cell line. (D)

gPCR for miR-155 expression in MCF-7 cells stably transfected with
pmscv-miR-155 or vector plasmid, y-axis scald to log scale. Error bars
represent SEM. ** p < 0.001.

Additional file 5: Figure S3. mTOR regulation of ER signaling in
MCF-7-miR-155 cell line is not through direct phosphorylation of ERa
MCF-7-miR-155 and MCF-7-vector cells were harvested for (A) gPCR for ERa
expression levels and (B) western blot analysis of total ERa, phospho-ERa
S167 and total PgR. Values normalized to Rho GDla. Blot representative of
three. (C) PRE-Luciferase was performed for MCF-7-vector and -miR-155 cells
were treated with vehicle (DMSO) or progesterone in a dose dependent
manner for 18 hours. (D) PRE-luciferase of MCF-7-vector and MCF-7-miR-155
cells pretreated with E2 (10 nM) for 30 minutes prior to 18 hours of
stimulation with progesterone in a dose dependent manner. Bars
represent fold change + SEM of triplicate experiments. *, p < 0.05.

Additional file 6: Figure S4. Rad001 inhibition of mTOR signaling in
MCF-7-miR-155 cells. Western blot analysis of MCF-7-miR-155 for p-4E-BP1
and p-Akt $473 following 6hrs treatment with RAD0O1 (20 nM) or vehicle
(DMSO). Blot representative of four.
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