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ABSTRACT

Cancer-induced skeletal muscle defects show sex-specific differences in severity with men
performing poorly compared to women. Hormones and sex chromosomal differences are
suggested to mediate these differences, but the functional skeletal muscle markers to
document these differences are unknown. We show that the myogenic microRNA miR-486 is
a marker of sex-specific differences in cancer-induced skeletal muscle defects. Cancer-
induced loss of circulating miR-486 was more severe in men with bladder, lung and
pancreatic cancers compared to women with the same cancer types. In syngeneic model of
pancreatic cancer, circulating and skeletal muscle loss of miR-486 was more severe in male
mice compared to female mice. Estradiol (E2) and the clinically used selective estrogen
receptor modulator toremifene increased miR-486 in undifferentiated and differentiated
myoblast cell line C2C12 and E2-inducible expression correlated with direct binding of
estrogen receptor alpha (ERa) to the regulatory region of miR-486 gene. E2 and toremifene
reduced the actions of cytokines such as myostatin, TGFp and TNFa, which mediate cancer-
induced skeletal muscle wasting. E2 and toremifene treated C2C12 myoblast/myotube cells
contained elevated levels of active AKT with corresponding decrease in the levels of its
negative regulator PTEN, which is a target of miR-486. We propose an ERa.:E2-miR-486-
AKT signaling axis, which reduces the deleterious effects of cancer-induced

cytokines/chemokines on skeletal muscle mass and/or function.
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Introduction

Sex-specific differences in severity of cachexia have been recognized for a number of
years and molecular basis for these differences are just beginning to be explored (1). Men
with cancer compared to women with the same cancer types show greater loss of grip
strength, skeletal muscle depletion and cancer-related fatigue as well as distinct
transcriptomic changes in skeletal muscle (1,2). These differences have clinical impact with
respect to progression free and overall survival. For example, male veterans with pulmonary
hypertension, often with cachexia or functional limitations, have poorer outcome than women
(3). Men with aggressive B cell lymphoma with accompanying sarcopenia have worse
outcome than women with the same disease and accompanying sarcopenia. These sex-
specific differences in cancer-induced skeletal defects -have been attributed to two factors:
hormonal and chromosomal factors (4,5). For example, sex dimorphism in immune response,
which can indirectly effect skeletal muscle function, is attributed to sex chromosomes (6).
The potential role of hormones in skeletal muscle function is just beginning to be addressed
(2). Most of our current knowledge is focused on the action of steroid and growth hormones
on skeletal muscle (7). For example, estradiol (E2) directly lowers mitochondrial membrane
microviscosity and improves bioenergetics function in skeletal muscle, independent of its
function as a ligand for the estrogen receptor (8), indicating the role of E2 in skeletal muscle

function (9).

Myogenesis is a tightly controlled process requiring coordinated activity of various
transcription factors that maintain stemness or trigger differentiation of skeletal muscle stem
cells (MuSCs) (10). MicroRNAs control the levels of myogenic transcription factors at
various steps of myogenesis cascade. For example, differentiation of myoblasts to myotubes
involves selective decrease in the expression of myocardin-related transcription factor A

(MRTF-A), which is mediated by the differentiated skeletal muscle-enriched miR-486 (11).
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Various diseases associated with skeletal muscle defects including Duchenne Muscular
Dystrophy (DMD) and cachexia are associated with deregulation of this tightknit myogenic
transcription factor-microRNA network. Short-term and long-term hindlimb immobilization
with accompanying muscle dysfunction and subsequent muscle reloading for recovery are
associated with reduction and regain of skeletal muscle miR-486 expression, respectively,
suggesting a critical role of miR-486 in skeletal muscle physiology (12). Reduction in
skeletal muscle miR-486 and amelioration of skeletal muscle defects upon restoration of
miR-486 expression have been reported in DMD models (13). For example, muscle-specific
transgenic overexpression of miR-486 in DMD and aged mice improves sarcolemmal
integrity, increases myofiber size, and enhances muscle performance such as increased
muscle contraction force and grip strength (14). Disruption in myofiber architecture,
decreased myofiber size, decreased locomotor activity, increased cardiac fibrosis, and
metabolic defects were observed in miR-486 knock-out mice (15) Thus, miR-486 is an
integral part of the myogenesis program (11,16). We had previously demonstrated selective
decrease in skeletal muscle miR-486 in transgenic models of breast cancer and
pharmacologic approaches to restore skeletal muscle miR-486 expression and overcome
cancer-induced skeletal muscle defects (17,18). Furthermore, we reported that reduced levels
of skeletal muscle miR-486 in cancer models correlate with reduced levels of circulating
miR-486 and proposed that circulating miR-486 can be used as a biomarker of cancer-

induced systemic effects (17,18).

DMD, which is a X-linked, recessive, muscle-wasting disease, predominantly affects
males. In experimental models of DMD, despite male and female mice having the same
genetic aberration, skeletal muscle defects were more severe in males compared to females at
six months age, but these defects were more severe in females than males at 20-months (19).

Thus, hormonal factors, independent of mutations in dystrophin gene, impact skeletal muscle
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function in DMD cases. Because of these observations in DMD models, known sex-specific
differences in severity of cancer-induced cachexia and our observation of loss of miR-486 in
skeletal muscle in cancer models, this study investigated whether there are sex-specific
differences in cancer-induced loss of miR-486 in skeletal muscle, which can be easily
recapitulated by measuring circulating miR-486 levels, and whether E2 plays any role in
regulating miR-486 expression. We demonstrate that miR-486 is an E2-regulated microRNA
and E2 or selective estrogen receptor modulator (SERM) toremifene can reverse cancer-
induced defects in skeletal muscle cells including restoring miR-486 expression and blocking

the actions of pro-cachectic cytokines such as TNFa, TGFf, and myostatin.

Materials and Methods

Human plasma sample processing and miRNA extraction.

The Indiana University Institutional Review board approved the use of human
sera/plasma samples. Plasma from healthy volunteers were obtained from the Susan G.
Komen for the Cure Normal Breast Tissue Bank (KTB) at the IU Simon Comprehensive
Cancer Centeras well as from Hoosier Cancer Research Network (HCRN) after obtaining
informed consent. Plasma samples from cancer patients were obtained from HCRN. All
samples were collected in accordance with standard operating procedure described in
websites of KTB and HCRN. Qiagen miRNeasy Serum/Plasma kit (Qiagen, Valencia, CA,
USA) was used to isolate miRNAs from 200 pL of human plasma. Complete miRNA

extraction procedure has been described in our previous publications (20,21).
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Animal model of pancreatic tumor and E2 pellet implantation.

National Institutes of Health regulations concerning the use and care of experimental
animals were followed while conducting animal studies and the Indiana University School of
Medicine animal use committee approved this study. KPC32908 cell line, derived from a
genetically engineered mouse model of pancreatic ductal adenocarcinoma (PDAC) (22), was
used to generate the orthotopic pancreatic tumors as described previously (23) with some
modifications. Briefly, 5 x 10* KPC32908 cells were injected into the pancreas of 15-week-
old wild-type C57BL/6 mice purchased from Jackson Laboratory. On day 15 post injection
when the mice reached the designated endpoint due to tumor growth and cachexia, blood and
tissues including skeletal muscles were collected and processed for microRNA analyses. The

sham-operated mice with the same age and sex were used as controls.

For E2 pellet implantation experiment, 5 males ~6-weeks old C57BL/6j mice were implanted
with 0.72mg 60-days slow release E2 pellet (Innovative Research of America, Cat# SE-121)
under the skin. At day 8 post implantation, mice were sacrificed for blood and tibialis anterior
skeletal muscle harvest, followed by RNA extraction and miR-486 qPCR quantification.

Control male mice of same age received similar implantation procedure without E2 pellets.
Cell culture and treatments.

Mouse myoblast C2C12 cells were maintained in high-glucose DMEM with 10%
FBS and 1% penicillin/streptomycin. To obtain differentiated myotubes, C2C12 cells were
allowed to reach 90% confluence, then switched to differentiation medium (high-glucose
DMEM with 2% horse serum and 1% penicillin/streptomycin) for seven days.
Undifferentiated C2C12 myaoblasts and differentiated myotubes were rinsed in PBS and
maintained in MEM (Minimum Essential Medium) with 5% charcoal-stripped serum (CSS)

and 1% penicillin/streptomycin for three days, then treated by vehicle, E2 (10° M),
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toremifene (Selleckchem, Cat# S1776; 10"° M) or combination of E2 and toremifene for
three, six, and 24 hours respectively. In the six hours treatment with E2 or toremifene,
myostatin (Millipore, Cat# 345762; 100ng/ml) was added 15 minutes prior to cell harvest for
protein analysis. For miR-486 level analysis, in the six hours treatment with E2 or
toremifene, myostatin (100ng/ml), TNFa (BD Pharmingen, Cat#554589; 20ng/ml) and TGFj
(R&D system, Cat#7666-MB; 20ng/ml) were added one hour after E2 or toremifene addition

to the media (five hours exposure prior to cell harvest).

In myotube formation study, C2C12 cells at 90% confluence were cultured for six
days in differentiation medium. TGFp (20ng/ml), E2 (10"°M) or toremifene (10°M) alone or
their combinations were added in the first three days only, or for all six days. To observe
maximum effects of E2 on myotube formation, we further modified the growth condition. In
the modified protocol, C2C12 cells at 90% confluence were cultured for three days in
differentiation medium, then switched to estradiol-free differentiation medium (phenol-red
free high glucose DMEM with 2% dextran-charcoal-stripped horse serum and 1%
penicillin/streptomycin) with added TGFp (20ng/ml), E2 (10°°M) or toremifene (10°M) alone

or their combinations for further three days.
Bindings of ERa to miR-486 regulatory region.

We used previously described ERa ChIP-seq data set generated using mouse
mammary gland (24) to determine ERa binding sites in the regulatory region of miR-486 as
well as Ank1 gene body where miR-486 gene is located. DNA sequence spanning mouse
chr.8: 23,139,501-23,141,502, which encompasses ERa binding site as per ChIP-seq and site
is closest to SANK1/miR-486 gene, was downloaded using UCSC Genome browser and five
sets of primers were designed for qPCR. ChIP 1, Forward: 5’-GGA CTT AGG ATG TCT

GCT CTT ATT-3’; Reverse: 5’-CCA GAG AAG TAA GGG AGA GAA TG-3’. ChIP 2,
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Forward: 5’-CTG GGT CTT TCC CTT CTT CTA AC-3’; Reverse: 5’-GGC TCT GCT CTT
ACC TTC TTG-3’. ChIP 3, Forward: 5’-CCT CTG GGT CCT CTA CAA TCT-3’; Reverse:
5’-GAC TAG GGC TGT GTG TTT CAT-3’. ChIP 4, forward: 5’-GTT CAC CTC CCATTC
TGG ATA AA-3’; Reverse: 5°-TCT GAC TAT CGT GCC TCT ACA-3’. ChIP 5, Forward:
5’-GGG ATC TGG AAG CAG ATATTG AG-3’; Reverse: 5’-GCA ACC TGG AGC AAA
GTA GA-3’. ChIP assay for ERa has been described previously (25). ChIP quality ERa
antibody was from Santa Cruz Biotechnology (RRID:AB_631470 (26); Santa Cruz, CA, Cat#
sc-542). DNA amplification CT values with 1gG control antibody immunaoprecipitation was
normalized to one and relative amplification of DNA from ERa antibody immunoprecipitate
under vehicle or E2 treatment for one hour was calculated. We selected this time point for E2
treatment because previous studies have shown maximum ERa binding to the genome 45-60

minutes after E2 treatment in breast cancer cells (25).

Total RNA extraction.

Total RNA isolation from skeletal muscle and C2C12 cells has been described

previously (17,20).

Quantitative reverse transcription PCR (qQRT-PCR).

Tagman miRNA Reverse Transcription kit (Applied Biosystems, #4366597) was used
to synthesize cDNAs with 5pl of miRNAs (20-200 ng/ul) extracted from plasma, mouse
muscle or C2C12 cells. Bio-RAD iScript cDNA synthesis kit (#170-8891) was used to
reverse transcribe total RNAs (50-200 ng/ul) extracted from C2C12 cells to synthesize
cDNAs in a final volume of 20 puL. qRT-PCR was performed using Tagman universal PCR
master mix (Applied Biosystems, #4324018) and specific primers as described in our
previous study (17,27). miR-16, U6 small RNA, and miR-30d were used as normalization

controls for plasma, mouse muscle, and C2C12 cell microRNAs, respectively. Hsp90ab was
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used as a normalization control for Ankl (Tagman Cat# Mm00482889) and Srf (Tagman

Cat#Mm00491032) mRNA measurements in C2C12 cells.
Western blotting.

Harvested C2C12 cells were lysed in RIPA buffer with protease/phosphatase
inhibitors (CST, Cat#5872S). Thirty micrograms of proteins were used for western blotting.
Primary antibodies against SMAD2/3 (RRID:AB_10698742 (28); Cell Signaling Technology
(CST) Cat#3102S, rabbit), p-SMAD2/3 (RRID:AB_2631089 (29); S465/467; CST,
Cat#8828S, rabbit), p-SMADL/5 (RRID:AB_491015 (30);S463/465, CST, Cat#9516, rabbit),
SMADL (RRID:AB_2107780 (31); CST Cat#9743S, rabbit), PTEN (RRID:AB_2253290
(32); CST, Cat#9188, rabbit), p-AKT (RRID:AB_2315049 (33); S473, CST, Cat#4060,
rabbit) and AKT (RRID:AB_915783 (34); CST, Cat#4691, rabbit) were used for western
blots. Secondary antibody used for western blots was Anti-rabbit 1gG, HRP-linked antibody
(RRID:AB_2099233 (35); CST, Cat#7074). Quantification of western blotting was

performed using NIH image J software.
Imaging analysis.

C2C12 myoblast cells (~10* cells/ well) were seeded in six well plates. After six days
of differentiation with or without treatments, bright field images were captured with Keyence
Microscope BZ-x810. Cells were washed three times with PBS for two minutes each, fixed in
4% PFA for 10 minutes, and rinsed three times with PBS. Fixed cells were blocked and
permeabilized with blocking buffer (5% goat serum and 0.1% triton-X-100 in PBS) for one
hour at room temperature. After rinsing with PBS, fixed cells were incubated with MF-20
(RRID:AB_2147781 (36); Myosin Heavy Chain, DSHB, 1:500 dilution) primary antibody
solution containing 5% goat serum and 0.1% triton-X-100 in PBS overnight. Next day, cells

were rinsed with PBS three times and incubated with secondary antibody (RRID:AB_142495
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(37); Invitrogen, rabbit anti-mouse 1gG conjugated with Alexa fluor 488, 1:1000) solution for
one hour and rinsed with PBS three times. Stained cells were further incubated with 1:5000
Hoechst 33342 diluted in PBS for 10 minutes and rinsed with PBS three times. Finally, one
ml PBS was added to each well. Images were acquired with Keyence Microscope BZ-x810.

Cell count and measurement were processed with Keyence imaging analysis software.

Statistical analysis.

Data were analyzed using one-way ANOVA with Tukey’s multiple comparisons test.

A P value of <0.05 was considered statistically significant.

Results

Sex differences in cancer-induced loss of circulating miR-486.

Circulating microRNASs have been used as biomarkers to predict progression of
cancers (38,39). We are interested in determining the levels of skeletal muscle-enriched miR-
486 and inflammation-specific miR-146a in the circulating system as both have been reported
to be potential biomarkers for cancer-associated systemic effects (20,40-42). We extracted
total microRNAs from plasma of cancer patients and quantified microRNAs with gqRT-PCR.
CT values are presented as box plots in Fig. 1A. miR-486 and miR-146a levels in circulating
system among patients with lung cancer, pancreatic cancer, and bladder cancer were
normalized to miR-16 using the 2—AACt method (21) and then converted into fold changes.
When sex of patients was not taken into consideration, circulating miR-486 levels did not
show significant changes in the plasma of lung and bladder cancer patients compared to

healthy controls, although a significant decrease of miR-486 was observed in the plasma of
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pancreatic cancer patients (Fig. 1B). However, a significant decrease of miR-146a levels was
observed in the plasma of lung, pancreatic and bladder cancer patients compared to the

plasma from healthy individuals (Fig. 1B).

A recent study identified sex-biased expression of miRNA genes, which are
distributed across different chromosomes and chromosome 8 with ANK1/miR-486 genes
harbored several of these microRNAs (43). These observations along with the rationale
described in the introduction section prompted us to re-analyze data taking sex of patients
into consideration. Indeed, we observed significant decrease in circulating miR-486 in men
but not in women with lung, pancreatic or bladder cancer (Fig. 1C and 1D), despite relatively
small sample size. Cancer-induced reduction in circulating miR-146a was not influenced by
sex of patients, at least in pancreatic and bladder cancer cases, suggesting some level of

specificity in the effects of patient’s sex on circulating microRNAs.

Male compared to female mice with orthotopic pancreatic cancer show lower circulating

and skeletal muscle miR-486.

To further confirm sex-specific effects of cancer on miR-486 levels and the above
observations are not biased due to small sample size, we implemented syngeneic pancreatic
cancer model in mouse, and measured miR-486 and miR-146a levels in plasma and skeletal
muscles. This acute compared to chronic models is ideal to discern the effects of sex on
cancer-induced changes as our previous studies in chronic mammary tumor models have
shown loss of circulating and skeletal muscle miR-486 in mammary tumor bearing female
mice compared to control female mice (17,20,27). We found that male but not female mice
with pancreatic cancer contained lower levels of circulating miR-486 (Fig. 2A). Since
skeletal muscles are the major sources of miR-486 secreted into the circulating system (10),

we next examined the levels of miR-486 in the skeletal muscle. Skeletal muscles of male but
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not female mice contained lower levels of miR-486 compared to sex-matched control mice
(Fig. 2B). Interestingly, both circulating and skeletal muscle miR-146a were not different in
pancreatic cancer containing mice compared to control male and female mice (Fig. 2A and
2B). Thus, miR-486 is a specific marker of cancer-induced skeletal muscle defects, which is

further influenced by the sex of patients.

E2 increases circulating miR-486 levels in male mice.

Since miR-486 gene is located on chromosome 8 in both human and mouse but not in
X-chromosome, the above noted sex-specific effect of cancer on circulating and skeletal
muscle miR-486 levels is not a direct chromosomal effect. Female sex hormones are the
likely candidates and we focused on E2 because of its known role in skeletal muscle. We
implanted E2 pellet into male mice and examined the levels of circulating miR-486. Indeed,
exogenous E2 significantly elevated circulating miR-486 levels in male mice (Fig. 2C). There
was a modest increase in skeletal muscle miR-486 in E2 treated male mice, which did not
reach statistical significance. It is possible that E2 increases miR-486 expression in skeletal
muscle, but induced microRNA is released into circulation. Nonetheless, these results

indicate the role of E2 on miR-486 expression.

miR-486 is an E2-regulated microRNA.

To understand the underlying mechanisms of E2 action on miR-486 levels, we used
C2C12 myoblasts and their differentiated counterparts, which express Estrogen Receptor
alpha (ERa) and Estrogen Receptor beta (ERP) (44,45), to directly measure the effects of E2
on miR-486 expression. To increase translational potential of the study, we included the
SERM toremifene, which shows central anti-estrogenic effect but estrogenic activity in liver
(46). Toremifene has already been approved by FDA to prevent bone fractures in men with

prostate cancer on androgen deprivation therapy (47). In undifferentiated myoblasts, E2
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increased miR-486 with peak induction after 6 hours of E2 treatment (Fig. 3A and B).
Toremifene also increased miR-486 suggesting that this SERM has estrogenic action in

myoblasts (Fig. 3C).

The miR-486 gene is located within a small Ankyrin-1 (SANK1) gene and is regulated
by an alternative promoter immediately upstream of exon 39a of ANK1 (10,48). miR-486 and
SANK1 are co-expressed and co-regulated in muscle cells in vitro and skeletal muscles in
vivo (10,20). Therefore, we further tested whether E2 and toremifene affect the expression of
sAnk1 and found that sAnk1 is an E2 and toremifene-inducible gene (Fig. 3D). These results
are consistent with the observation that E2 upregulates Ank1 gene-in animals (49). It has been
reported that the Serum Response Factor (SRF) directly controls the transcription of miR-486
gene (10). However, whether E2 and toremifene affect Srf gene expression is unknown. Here,
we found that both E2 and toremifene promoted the expression of Srf mMRNA in C2C12
myoblasts, SRF could be indirectly responsible for miR-486 induction by E2 and toremifene

(Fig. 3D).

Differentiated myotubes express higher levels of miR-486 and expression of miR-486
in these cells is essential to maintain differentiated state (10,14). To determine whether E2
and toremifene regulate miR-486 expression in myotubes, we differentiated C2C12 cells
(Fig. 3E) and examined the effects of E2 and toremifene on miR-486 expression. Both E2
and toremifene significantly increased miR-486 expression in myotubes (Fig. 3F), indicating
E2 and toremifene are effective in increasing miR-486 in both C2C12 myoblasts and
differentiated myotubes. Thus, previously reported E2-mediated myoblast differentiation is

likely through miR-486 (11,16,50,51).
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ERa binds directly to the regulatory regions of miR-4806.

We used three approaches to determine whether ERa:E2 directly regulates miR-486.
First, we explored ENCODE database (52) to identify transcription factors that may bind to
regulatory region of human miR-486/sANK1. A binding site for ERa was observed in the
regulatory region along with binding site for the pioneer factor FOXAL, which facilitates
ERa binding to the genome (Fig. 4A) (53). Next, we used ERo ChIP-seq data of the mouse
mammary gland to identify ERa binding sites in the regulatory regions of the mouse miR-
486. Indeed, an ERa binding site was detected ~28 kB away from miR-486 gene (Fig. 4B).
Through ChIP-PCR for ERa, we verified bindings of ERa to this regulatory region. One
binding site likely located within 114 bases surrounding chr8:23,139,734 (ChlIP-1, Fig. 4C),
the other binding site likely located within 107 bases surrounding chr8:23,140,390 (ChIP-3,

Fig. 4D). Thus, it is likely that ERa directly regulates miR-486 expression.

E?2 and toremifene reverse myostatin, TNFa and TGFf-mediated inhibition of miR-486

expression.

We and others have previously shown that cytokines TNFa and TGFf inhibit miR-
486 expression and these two cytokines could be primary mediators of cancer-induced loss of
miR-486 expression in skeletal muscle (20,54,55). Myostatin is another cytokine associated
with muscle wasting in cancer (56-58). In C2C12 cells, myostatin reduces miR-486 and
myostatin knockout mice express higher levels of miR-486 (59) and this reduction in miR-
486 by myostatin requires activin receptor-like kinase (ALK) mediated phosphorylation of
transcription factors SMADZ2/3 (60). We examined whether E2 and toremifene can overcome
the inhibitory effects of myostatin, TNFa and TGFp on miR-486 expression in C2C12 cells.
C2C12 cells were pretreated with E2, toremifene or vehicle for one hour followed by five

hours treatment with TNFa or TGFp. Cells were harvested for miR-486 analysis. Consistent
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with the literature, myostatin, TNFo and TGFp reduced miR-486 expression in both
undifferentiated and differentiated C2C12 cells (Fig. 5A-C). However, in E2 or toremifene
pre-treated undifferentiated and differentiated C2C12 cells, myostatin, TNFa and TGFf3
failed to reduce miR-486 levels (Fig. 5A-C). Thus, E2 and toremifene can reverse the effects

of cancer-induced cytokines on miR-486 expression.

E2 and toremifene antagonize myostatin-mediated SMAD?2/3 activation.

Based on the literature, it is likely that TGFp or myostatin activates ALK, which then
phosphorylates SMADZ2/3 to orchestrate miR-486 gene repression (61,62). We examined
whether E2 alters myostatin-mediated activation of SMADZ2/3, which could potentially be a
mechanism responsible for reversing the effects of myostatin on miR-486 expression. C2C12
cells were pretreated with E2 and toremifene for six hours, then myostatin was added to
culture medium for 15 minutes. Cells were harvested for western blot analysis. We found that
myostatin enhanced SMAD2/3 phosphorylation significantly in both undifferentiated and
differentiated C2C12 cells (Fig. 5D and E). Pretreatment with E2 and toremifene greatly
reduced SMAD?2/3 phosphorylation levels in myostatin treated cells without altering the
levels of total SMADZ2/3 (Fig. 5D-F). Interestingly, E2 or toremifene did not alter myostatin-
induced SMAD1/5 phosphorylation or total SMADL1 (Fig. 5G and H). Thus, E2 and

toremifene specifically inhibit myostatin-induced SMAD?2/3 activation.

E2 activates AKT in C2C12 cells.

Previous studies have demonstrated that miR-486 increases AKT signaling in skeletal
muscles by negatively regulating PTEN (10,14,63). Recent study has shown that miR-486
expression is required to maintain AKT activation in C2C12 myaoblasts (59). It has been
postulated that cytokines such as myostatin activate SMADZ2/3, which inhibits AKT signaling

in skeletal muscle (61). Since E2 and toremifene increased miR-486, we next examined

16

120z AINr 1.z uo Jasn Areiqr [eaipsil Al uiny Ad €/612€9/211qebq/I00pUS/0LZ 1" 01/10p/30lIE-0UBAPE/OPUS W00 dNO"dIWSpEo.)/:SAY WO} POPEOJUMOQ



whether these agents demonstrate beneficial effects on skeletal muscle by increasing
phospho-AKT levels. C2C12 cells were treated for six hours with E2, toremifene or their
combination, then harvested for western blotting. Indeed, both E2 and toremifene increased
levels of both phosphorylated and total AKT1 (Fig. 6A, B and C) in both undifferentiated and
differentiated C2C12 cells. As expected, both E2 and toremifene reduced the levels of PTEN
in both undifferentiated and differentiated C2C12 cells (Fig. 6A, 6D). These results suggest
the existence of ERa:E2-miR-486-AKT signaling network in skeletal muscle which can ward
off deleterious effects of cytokines/chemokines and thus help to maintain muscle mass

(13,64,65).

E?2 and toremifene overcome TGFf-mediated inhibition of myotube formation.

Recent studies have shown that TGFp inhibits myoblast contacts in vitro and prevents
muscle regeneration in vivo by modulating cell fusion (66,67). Whether E2 and toremifene
have the ability to overcome TGFp inhibition on muscle regeneration remains unknown.
Since we observed the ability of E2 and toremifene to overcome the effects of TGF3 on
miR-486 expression (Fig. 5B, C), we next examined whether E2 and toremifene can
overcome the deleterious effects of TGFf3 on myotube formation. C2C12 myoblasts were
treated with recombinant TGFf chronically for six days in 2% horse serum containing
differentiation medium with vehicle, E2 or toremifene. Without TGFf addition, C2C12
myoblasts fused into elongated myotubes under this growth condition. However, in the
presence of TGFp, size of myotubes was shorter (Fig. 7A, left column). These results were
further confirmed by immunofluorescence staining of myosin heavy chain (MHC) protein
(Fig. 7A., right column). These data indicate that TGFp inhibits myotube formation, which is
consistent with recent reports of TGFf inhibiting myoblast fusion (66,67). E2 and toremifene

treatment partially reversed the effects of TGFf, as myotubes in TGFB+E2 or
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TGFp+toremifene treated conditions were longer than under TGFf alone treated condition
but still remained thinner than under vehicle treated condition (Fig. 7A, right column). The
diameters of differentiated myotubes were 44+1.9 um, 46£2.2 um, 44+1.8 um, 15£1.1 um,
2942 um, and 28+1.5 um, respectively, in vehicle, E2, toremifene, TGFB, TGFB/E2 and

TGFp/toremifene treated group.

We next determined whether the effects of TGF3 on myotube is reversible and E2 or
toremifene accelerates this reversal. C2C12 myoblasts were treated with TGFp for 3 days in
2% horse serum containing differentiation medium with vehicle, E2 or toremifene and then
switched to differentiation medium without TGFp, E2 or toremifene for further 3 days for full
differentiation. We found that C2C12 myoblasts had converted into well-developed myotubes
even under 3 days of TGFp treatment followed by TGFf withdrawal, although the size of
myotubes were still smaller than vehicle control group (Fig. 7B). E2 or toremifene co-
treatments greatly improved myotube size and branching compared to conditions with TGFj
treatment alone (Fig. 7B). The diameters of differentiated myotubes were 46£2.1 um, 46+1.5
pm, 44+1.7 pym, 24+1.1 um, 35+1.4 um, and 36+1.7 um, respectively, in vehicle, E2,
toremifene, TGFp, TGFB/E2, and TGFp/toremifene treated group. These data indicate that
the effects of TGFB on muscle regeneration in vitro are reversible and E2 or toremifene can

accelerate this recovery.

Considering that regular medium has phenol red, which has weak estrogen-like effects
(68), and regular serum contains significant levels of E2 to activate ERa, we modified growth
conditions to document maximum effects of E2 on myotube formation. C2C12 myoblasts were
grown in regular differentiation medium (Phenol red containing medium with 2% normal
horse serum) for three days, then switched to phenol red free differentiation medium with 2%

dextran-charcoal-stripped horse serum for further three days differentiation. Prolonged
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maintenance in this medium was deleterious to cells. TGFp, E2, toremifene or their
combinations were added after three days of culturing in regular differentiation medium.
MHC immunofluorescent analysis revealed that vehicle, E2 or toremifene treated C2C12
myoblasts differentiated into well-developed myotubes (Fig. 7C, right column). However,
TGFp treatment alone greatly reduced the size and length of myotubes. Longer myotubes
were observed in E2/TGFf and toremifene/TGFp treated C2C12 cells compared to TGFf3
treatment alone (Fig. 7C, right column). The lengths of differentiated C2C12 myotubes were
491+61 pum, 497+£74 um, 460£47 um, 288+42 pum, 469+63 um, and 434150 pm,
respectively, in vehicle, E2, toremifene, TGFP, TGFB/E2 and TGFp/toremifene treated
group. The diameters of differentiated myotubes were 41+2.1 um, 43+1.9 pm, 45+2.0 pm,
38+1.8 um, 43+1.9 um, and 44+2.5 um, respectively, in vehicle, E2, toremifene, TGFf,
TGFB/E2 and TGFp/toremifene treated group. These results indicate that TGFp inhibits
myoblasts to myotube differentiation and E2 or toremifene can reverse the negative effect of

TGFpB on myogenic differentiation.
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Discussion

Altered cytokine levels derived from host immune cells in response to tumors and/or
by the tumor itself contribute to functional limitations and muscle wasting with eventual
clinical manifestation as cachexia (69,70). High plasma levels of TNFo and TGF have been
observed in both tumor-bearing animals and cachectic cancer patients (17,20,71,72). TGFp
and its family members contribute to muscle wasting by activating SMAD2/3 via ALK
(61,62). A primary target of SMAD2/3 is AKT, which is a critical signaling node in skeletal
muscle (73). Activated AKT contributes to myogenesis and muscle mass homeostasis (10).
Skeletal muscle enriched miR-486 maintains active AKT levels by downregulating PTEN.
Therefore, it is not surprising that cancer-induced skeletal muscle wasting involves loss of
miR-486 expression (Fig. 8, left panel). Studies by multiple groups including us
demonstrated a role for cancer-induced cytokines in reducing skeletal muscle miR-486 (20).
In our search to identify agents that can reverse cancer-induced loss of skeletal muscle miR-
486, we had previously reported the ability of the NF-kB inhibitor
dimethylaminoparthenolide in reversing cancer-induced loss of miR-486 and restoring
skeletal muscle function (17,27). In present study, we report two other agents, one natural and
one synthetic, for their ability to increase miR-486 levels in skeletal muscle and potentially
overcome the deleterious effects of cancer on skeletal muscle as shown schematically in Fig.
8. Levels of cancer-induced TNFa and TGFB1 and physiologic levels of E2, which can be
affected by menopausal status or chemotherapy treatment for cancer, ultimately determine
degree of cancer-induced changes in myogenesis (51). In our model system, E2 and
toremifene could not completely reverse the actions of cytokines on miR-486 expression
(Fig. 5). This could be due to convergence of multiple cytokine-activated signaling pathways
on miR-486/sANK1 regulatory regions and E2 and toremifene may antagonize few but not all

of these signaling pathways.
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Identification of E2 as an agent that can increase miR-486 levels provides an
explanation as to why cancer-induced skeletal muscle defects are much more severe in men
compared to women. Although E2 therapy for men with cancer may have side effects such as
feminization, toremifene with similar activity on miR-486 expression but tissue specific ERa
agonistic and antagonistic activities and lower side effects than E2, can be used to reduce

cancer-associated skeletal muscle defects.

There are at least three potential mechanisms by which E2 can regulate miR-486
expression (Fig. 8). ERa:E2 can bind directly to the regulatory region of miR-486/SANK1
gene as shown in Fig. 4. Since toremifene could also increase miR-486, it is likely that this
agent functions as an agonist in skeletal muscle cells and utilizes ERa to activate miR-486
expression. We also observed SRF as an E2-inducible gene, which is required for miR-486
expression. The third possibility is through inhibition of NF-kB. Cancer-induced cytokines
are suggested to inhibit miR-486 by activating NF-kB and we had previously reported the
ability of ERa:E2 to repress NF-xB activity (74). Therefore, E2 can induce miR-486 through

multiple mechanisms (Fig. 8).

E2 or toremifene treatment increased phospho-AKT levels with corresponding
decrease in PTEN levels. We also found elevated levels of total AKT1 in E2 and toremifene-
treated cells, which could be an indirect consequence of phosphorylation mediated
stabilization of AKT or E2 directly inducing AKT1 expression, which consequently increases
phospho-AKT levels. Although less is known about E2:ERa. directly regulating AKT1 in
human cells, AKT1 in hens is directly regulated by E2:ERa. (75). Depending on cell types,
E2 may increase phospho-AKT levels through rapid non-genomic action (76,77). However,
time course studies exclude such a possibility. We favor the possibility that in addition to

direct AKT1 regulation, E2 or toremifene increases miR-486, which leads to elevated
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phospho-AKT because of lower PTEN levels. Although overexpression studies with anti-mer
to miR-486 can examine this hypothesis, we found manipulating miR-486 levels through
both anti-mers and overexpression in C2C12 cells to be extremely difficult. Whatever the
mechanism of E2-mediated upregulation of miR-486 is, our results have important
implications on how cancer-induced skeletal muscle wasting can be managed. Chemotherapy
typically causes ovarian dysfunction and ovarian suppression is actively pursued to reduce
recurrence in premenopausal breast cancer patients (78). Thus, E2 levels in premenopausal
women undergoing cancer treatment could be similar to levels in men and these women could
potentially face devastating skeletal muscle dysfunction similar to men. Toremifene, which
has shown strong safety profile in clinical trials could be used.in these women to overcome
treatment-induced skeletal muscle defects (79). Collectively, our studies reveal miR-486 as a
sex-specific functional biomarker of cancer-induced systemic effects and its levels can be

therapeutically manipulated with existing agents to improve outcome in cancer patients.
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Figure legends

Figure 1: Lower levels of circulating miR-486 in patients with different types of cancer.
Total miRNAs were extracted from human plasma and amplified by gRT-PCR for miR-486
and miR-146a. A. Box plot shows distribution patterns of CT values. B. Analysis of miR-486
and miR-146a levels in human plasma. miR-16 was used as a hormalization control. miR-486
was significantly downregulated in plasma of pancreatic cancer patients, but not in lung and
bladder cancer patients compared to plasma of healthy donors. Circulating levels of miR-
146a were lower in all cancer patients compared to healthy donors. C. Subset analysis of
plasma from only women healthy donors and cancer patients. D. Subset analysis of plasma
from only men healthy donors and cancer patients. Circulating miR-486 and miR-146a levels
were lower in all men with cancer compared to healthy donors. * indicates significance

between healthy group and cancer group (¥p<0.05, **p<0.005, ***p<0.0005).

Figure 2: Reduced levels of miR-486 in plasma and skeletal muscles of mice with orthotopic
KPC32908 cell line derived pancreatic cancer. A. Circulating miR-486 levels were
significantly lower in male, but not in female, mice with pancreatic cancer compared to sex-
matched healthy mice. miR-146a levels were unaffected. B. miR-486 was lower in
quadriceps skeletal muscle of male, but not in female, mice compared to quadriceps of
control mice. miR-146a was unaffected in both male and female mice. * indicates
significance between healthy group and tumor cell implantation group (**p<0.005,
***p<0.0005). C. Healthy male mice implanted with E2 pellets show elevated circulating
miR-486. Circulating levels of miR-486 was elevated in male mice implanted with E2 pellet
compared to sham-treated age matched control mice (*p=0.0156). E2 had modest/non-
significant effect on skeletal muscle miR-486, potentially due to release of miR-486 from

skeletal muscle to circulation.
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Figure 3: E2 increases miR-486 expression in C2C12 cells. A. Phase contrast image of
undifferentiated C2C12 cells. B. Time course analysis of miR-486 expression in C2C12
myoblasts treated with E2 (n=6). C. Both E2 (10"°M) and toremifene (10"°M) induced miR-
486 expression. D. mRNA levels of Ank1 and Srf in C2C12 myoblasts six hours after
treatment with E2 and toremifene. E. Phase contrast images of differentiated C2C12 cells. F.
Both E2 and toremifene increased miR-486 expression in C2C12 myotubes six hours after
treatment. * indicates significance between vehicle group and treated group (*p<0.05,

*##p<0.005, ***p<0.0005).

Figure 4: ERa binds directly to regulatory regions close to miR-486/SANK1 gene. A.
Schematic view of human miR-486/sANK1 gene with potential transcription factor binding
sites annotated using the ENCODE database. ERa binding site is indicated. B. ERa binding
sites close to miR-486/Ank1 gene in mouse. ERa ChIP-seq data from mouse mammary gland
(GSE130032) with two replicates were used to identify ERa binding sites. C. Validation of
ERa binding to regulatory region of miR-486 in C2C12 cells using ChIP primer set 1 (n=5).
D. Validation of ERa binding to regulatory region of miR-486 in C2C12 cells using ChIP
primer set 3 (n=5). ChIP-DNA enrichment in IgG control immunoprecipitates was
normalized to one and relative differences in ERa ChIP with and without E2 treatment are

shown. Two motifs within 2000 base long regulatory region showed ERa binding.

Figure 5: E2 (10™°M) and toremifene (10°M) reversed inhibitory actions of myostatin
(100ng/ml), TNFa (20ng/ml) and TGFp (20ng/ml) on miR-486 expression. A.
Undifferentiated C2C12 myoblasts and differentiated C2C12 myotubes were treated with
vehicle, E2 or toremifene for one hour, then myostatin or vehicle was added to the culture
medium for five hours (n=6). B. Undifferentiated C2C12 myoblasts and differentiated C2C12

myotubes were treated with vehicle or E2 for one hour, then TNFa, TGFp or vehicle were
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added to the culture medium for five hours (n=6). C. Undifferentiated C2C12 myoblasts and
differentiated C2C12 myotubes were treated with vehicle or toremifene for one hour, then
TNFa, TGFp or vehicle were added to the culture medium for five hours (n=6). * indicates
significance between vehicle group and treated group (**p<0.005, ***p<0.0005). D. E2 and
toremifene reduce myostatin-induced phosphorylation of SMAD2/3, particularly in
differentiated myotubes. Phospho-SMAD?2/3 and SMAD2/3 blots are from two different gel
electrophoresis but from the same batch of extracts. SMADZ2/3 blot reprobed for BActin is
shown. Phospho-SMAD1/5 and SMAD1/5 were also analyzed similarly. E. Quantitative
analysis of SMADZ2/3 phosphorylation by image J. F. Quantitative analysis of total
SMAD?2/3. G. Quantitative analysis of phospho-SMAD1/5 H. Quantitative analysis of total

SMADL1. * indicates significance between vehicle group and treated group (*p<0.05,

**p<0.005; n=3). *indicates significance between myostatin alone group and myostatin plus

E2/or toremifene treated group (#p<0.05).

Figure 6: E2 induces AKT phosphorylation. A. Protein expression levels of AKT and PTEN
in C2C12 cells with E2 and toremifene treatments. B. Quantitative analysis of phospho-AKT.
C. Quantitative analysis total AKT1. D. Quantitative analysis of PTEN. * indicates
significance between vehicle group and treated group (*p<0.05, **p<0.005, ***p<0.0005;

n=3).

Figure 7: E2 and toremifene overcome inhibitory effects of TGF3 on myogenic
differentiation and myotube formation. A. C2C12 cells were allowed to differentiate for six
days in high glucose DMEM medium with 2% horse serum. The media were supplemented
with vehicle, TGFp (20ng/ml), E2 (10"°M) or toremifene (10°M) alone, or their combinations
for all six days. Bright field view (left column) and immunofluorescent labeling of myosin

heavy chain in differentiated myotubes (right column). B. C2C12 cells were cultured six days
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in high glucose DMEM medium with 2% horse serum, but TGFp (20ng/ml), E2 (10°°M) or
toremifene (10°M) alone, or their combinations were applied only for the first three days in
the culture media. Bright field views (left column) and immunofluorescent labeling of
myosin heavy chain in differentiated myotubes (right column) are shown. C. C2C12 cells
were cultured three days in high glucose DMEM medium with 2% horse serum, then
switched to phenol red free high glucose DMEM medium with charcoal stripped 2% horse
serum for further three days. Vehicle, TGFf (20ng/ml), E2 (10°M) or toremifene (10°°M)
alone, or their combinations were added during subsequent three days in culture. Bright field
views (left column) and immunofluorescent labeling of myosin heavy chain in differentiated

myotubes (right column) are shown.

Figure 8: A model depicting ERa.:E2:miR-486:AKT signaling axis in skeletal muscle and its
sex-specific role in controlling cancer-induced skeletal muscle defects. (Left panel) In
patients with cancer, tumors or host cells in response to tumors release cytokines and
chemokines (e.g. myostatin, TNFa and TGFf), which activate SMAD?2/3 in skeletal muscle.
Activated SMAD2/3 inhibits AKT activity, skeletal muscle protein synthesis and skeletal
muscle function, which ultimately results in lower levels of miR-486 and delayed myogenic
differentiation. (Right panel) In women with cancer, sex hormone E2 binds to ER and then
directly or indirectly via SRF acts on SANK1 gene transcription regulatory regions. As a
consequence, transcripts levels of SANK1 and miR-486 are increased. miR-486 then induces
AKT phosphorylation by reducing the levels of PTEN leading to enhanced skeletal muscle
function, muscle mass and myogenesis. As a feed-forward loop, E2-mediated restoration of

muscle functions may lead to further elevated levels of miR-486.
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