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miR-486 is a myogenic microRNA, and its reduced skeletal
muscle expression is observed in muscular dystrophy. Trans-
genic overexpression of miR-486 using muscle creatine kinase
promoter (MCK-miR-486) partially rescues muscular dystro-
phy phenotype. We had previously demonstrated reduced
circulating and skeletal muscle miR-486 levels with accompa-
nying skeletal muscle defects in mammary tumor models. To
determine whether skeletal muscle miR-486 is functionally
similar in dystrophies and cancer, we performed functional
limitations and biochemical studies of skeletal muscles of
MMTV-Neu mice that mimic HER2+ breast cancer and
MMTV-PyMT mice that mimic luminal subtype B breast can-
cer and these mice crossed to MCK-miR-486 mice. miR-486
significantly prevented tumor-induced reduction in muscle
contraction force, grip strength, and rotarod performance in
MMTV-Neu mice. In this model, miR-486 reversed cancer-
induced skeletal muscle changes, including loss of p53, phos-
pho-AKT, and phospho-laminin alpha 2 (LAMA2) and gain
of hnRNPA0 and SRSF10 phosphorylation. LAMA2 is a part
of the dystrophin-associated glycoprotein complex, and its
loss of function causes congenital muscular dystrophy. Com-
plementing these beneficial effects on muscle, miR-486 indi-
rectly reduced tumor growth and improved survival, which is
likely due to systemic effects of miR-486 on production of
pro-inflammatory cytokines such as IL-6. Thus, similar to dys-
trophy, miR-486 has the potential to reverse skeletal muscle de-
fects and cancer burden.
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INTRODUCTION
MicroRNAs (miRNAs) have emerged as minimally invasive bio-
markers of cancer progression and therapeutic response.1,2 Plasma
of patients with acute myeloid leukemia show low levels of miR-
92a compared with healthy controls despite high levels of this
miRNA in leukemic cells.3 Similarly, sera of ovarian cancer patients
show elevated levels of five miRNAs and decreased levels of three
miRNAs compared with healthy controls.4 In the sera of lung can-
This is an open access article under the CC BY-NC-
cer patients, 28 miRNAs are missing, and 63 new miRNA species
are detectable compared with healthy controls.5 In fact, lower levels
of circulating miR-486 in lung cancer patients are associated with
poor outcomes.6 In breast cancer patients, lower circulating levels
of miR-486 have been reported by us and others,1,7,8 which is
consistent with the findings in animal models of mammary tu-
mors.9,10 Recently, we demonstrated that miR-486 is an estradiol-
regulated microRNA, and decrease in its level in circulation is
more severe in men with cancer compared with women with the
same cancer type.11 We further showed that the NF-kB inhibitor di-
methylaminoparthenolide could restore circulating and skeletal
muscle levels of miR-486, depending on the model system, and
ameliorate cancer-induced functional limitations.9,10 On the basis
of these observations, we had proposed that circulating microRNAs,
particularly those whose levels are reduced in cancer compared with
healthy controls, likely reflect the systemic effects of cancer on mi-
croRNA biosynthesis and release from other organs such as skeletal
muscle, and these microRNAs could be used as biomarkers of can-
cer-induced systemic effects.9

miR-486 is an integral part of a myogenesis signaling network that in-
volves Pax7, MyoD, myostatin, and NF-kB.12–14 miR-486 is essential
for survival of cardiomyocytes, as it blocks PTEN to upregulate PI3K/
AKT.15 Loss of miR-486 is a major defect in Duchenne muscular dys-
trophy (DMD), and transgenic expression of miR-486 in muscle can
rescue DMD phenotypes in animal models.16,17 miR-486-knockout
mice show severe defects in skeletal muscle, including increased levels
of centralized myonuclei, elevated expression of miR-486 target genes
such as metallothionine 2 (MT2), and metabolic defects.18 The au-
thors of this study concluded that miR-486 is an epigenetic regulator
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 231
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2022.03.009
mailto:hnakshat@iupui.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2022.03.009&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


(legend on next page)

Molecular Therapy: Nucleic Acids

232 Molecular Therapy: Nucleic Acids Vol. 28 June 2022



www.moleculartherapy.org
of DMD pathologies. With respect to cancer-associated skeletal mus-
cle defects, miR-486 target MT2 levels are increased in cachectic, sar-
copenic, and atrophic skeletal muscle.19

Given the known role of miR-486 in skeletal muscle biology and its
deregulated skeletal muscle expression in both DMD and cancer, it
is ideal to investigate whether cancer-induced skeletal muscle de-
fects show similarity to skeletal muscle defects in DMD and, if so,
whether restoration of skeletal muscle expression of miR-486 can
overcome DMD-like skeletal muscle defects in cancer. To address
these questions, we crossed MMTV-PyMT and MMTV-Neu trans-
genic mammary tumor models with MCK-miR-486 transgenic mice
and characterized skeletal muscle. The MMTV-Neu (hereafter
Neu+) model is a tumor model that represents a HER2-amplified
intrinsic subtype of breast cancer, and animals with tumors survive
to �220 days.10 In contrast, MMTV-PyMT model (hereafter
PyMT+) is an aggressive mammary tumor model with tumors
resembling luminal B intrinsic subtype of breast cancer, and animals
need to be sacrificed by �110 days. Although only 25% of breast
cancer patients demonstrate classic cachexia-like symptoms,
skeletal muscle defects leading to functional limitations and toxicity
to chemotherapy are frequently observed in breast cancer pa-
tients.20–22 Therefore, understanding skeletal muscle biology in
breast cancer patients and developing appropriate therapeutic mo-
dalities is critical to improve quality of life. Although miR-486 over-
expression failed to overcome skeletal muscle defects in PyMT+
mice, miR-486 reversed skeletal muscle defects in Neu+ mice. Skel-
etal muscle of Neu+ mice demonstrated elevated phosphorylation of
the splicing factor SRSF10 (serine and arginine rich splicing factor
10) at the site typically phosphorylated by the SRSF protein kinases
(SRPKs)23 and Cdc2-like kinases such as CLK1-3,24 pre-RNA pro-
cessing factor hnRNPA0 (heterogeneous nuclear ribonucleoprotein
A0) at the site phosphorylated by the MAP kinase-activated protein
kinase 2 (MK2),25 and lower phosphorylation of laminin subunit
alpha2 (LAMA2) at the protein kinase A (PKA) consensus phos-
phorylation site. miR-486 overexpression abrogated all of these
Neu+ tumor-induced alterations in the skeletal muscle. Skeletal
muscle miR-486 controlled systemic inflammation as basal levels
of several circulating cytokines such as CCL4, CXCL10, G-CSF,
IL-4, IL-6, and TNF-a were lower in miR-486 transgenic mice
compared with wild-type mice and in double-transgenic mice
compared with tumor-bearing mice. Interestingly, skeletal muscle-
enriched expression of miR-486 reduced tumor burden and
improved survival of mice, suggesting that either miR-486 induced
changes in systemic cytokines or reciprocal skeletal muscle-tumor
interactions affecting skeletal muscle secretome have anti-tumori-
genic effects.
Figure 1. Animal model creation

(A) Male MCK-miR-486 mouse in C57BL/6 background was backcrossed with female

ground. ResultingmiR-486 transgenic female was crossed with MMTV-Neu+malemice

miR-486+, Neu+, and miR-486+/Neu+ mice. (B) Confirmation of miR-486 transgene in

skeletal muscles and plasma after six generations of backcrossing; n = 2 per group. (E) C

mice. (F and G) Verification of transgenic miR-486 expression in skeletal muscles and p
RESULTS
Generation of animal models to study the influence of skeletal

muscle miR-486 on cancer-induced functional limitations

Transgenic MMTV-Neu and MMTV-PyMT female mice in FVB/N
background were used to characterize systemic impacts of mammary
tumors in mouse model of breast cancer as described in previous
studies.9,10 Double-transgenic mice of miR-486+/Neu+ and miR-
486+/PyMT+ in FVB/N background were generated to test the role
of functional biomarker miR-486 in overcoming cancer-induced sys-
temic effects. First, we backcrossed MCK-miR-486 transgenic mice in
C57BL/6 background to FVB/N background for six generations (Fig-
ure 1A). Genotype was monitored in each generation to ensure that
miR-486 gene was not lost during backcrossing (Figure 1B). Overex-
pression of miR-486 in skeletal muscles and resulting elevation of its
levels in plasma were determined after six-generation backcrossing
(Figures 1C and 1D). Next, crossbreeding of female miR-486+ mice
with male Neu+ mice in an FVB/N background enabled generation
of four groups of mice: miR-486�/Neu� (FVB/N), miR-486+/Neu�,
miR-486�/Neu+, and miR-486+/Neu+ mice (Figure 1A). Genotypes
were characterized (Figure 1E), and overexpression of miR-486 in skel-
etal muscles and its elevated levels in plasma of double-transgenic mice
were confirmed (Figures 1F and1G).Wedidnot observe anoverexpres-
sion ofmiR-486 in the heartmuscles ofmiR-486+ andmiR-486+/Neu+
mice compared with control mice (Figure S1). Only female transgenic
mice were used for further evaluation of tumor progression (tumor
onset time, size, and volume), body composition alteration (body
weight, body fat, lean mass, body free water, and total water), function
limitations (grip strength and rotarodperformance), and ex vivomuscle
contraction force studies.

miR-486 reduces Neu+ tumor-induced functional limitation of

skeletal muscle

Reduction of grip strength from front limbs was observed in tumor-
bearing Neu+ mice compared with wild-type mice, as previously re-
ported.10 At 24 weeks post-birth, Neu+ mice had 191 ± 3.99 g grip
strength, which was significantly lower than the 223 ± 2.42 g grip
strength demonstrated by age-matched FVB/N female mice (Fig-
ure 2A). Double-transgenic mice displayed a grip force of 219 ±

4.16 g, suggesting the ability of miR-486 to reverse the effects of tu-
mors on grip strength. Similarly, miR-486-mediated attenuation of
grip strength loss was maintained at 28 weeks post-birth, although
the effects were not as apparent as at 24 weeks (Figure 2A). Overex-
pression of miR-486 did not change grip strength in non-tumor-
bearing animals (Figure 2A). In the rotarod motor function test,
Neu+ mice walked on rod approximately 45 ± 9.8 s, compared with
control mice, which were on the rod for 102 ± 8.0 s. Double-trans-
genic mice were on the rod for 76 ± 6.4 seconds, which was
FVB/N mouse for six generations to obtain MCK-miR-486 mouse in FVB/N back-

in FVB/N background to generate four groups ofmice in FVB/N background: FVB/N,

FVB/N mice during backcrossing. (C and D) Verification of miR-486 expression in

onfirmation of miR-486 and Neu transgenes in miR-486+/Neu+ double-transgenic

lasma; (p < 0.05) n = 5 per group. *Significance by comparison with FVB/N group.

Molecular Therapy: Nucleic Acids Vol. 28 June 2022 233

http://www.moleculartherapy.org


Figure 2. Functional limitation and body composition studies

(A) miR-486 overexpression restored grip strength force in Neu+ mice (n =12/group; p= 0.0037). (B) Reduced rotarod performance in Neu+ mice was restored upon

overexpression of miR-486 in skeletal muscle (n =12/group; p < 0.0001). (C) Skeletal muscle of Neu+ mice displayed lower contraction force compared with age- and sex-

matched controls (p < 0.0001), and miR-486 overexpression restored contraction force (n = 6). (D) EDL muscle weight (n = 6 per group). (E) Mouse body weight (n = 12). (F)

Reduced body fat percentage in Neu+ mice with tumors (p = 0.0036; n = 12 per group). (G) Body lean mass within observation period (n = 12 per group). (H) Body total water

(n = 12 per group). (I) Body free water elevated in Neu+ tumors was reversed upon overexpression of miR-486 (p < 0.001; n = 12 per group). *Significance by comparison with

FVB/N group. #Significance by comparison with miR-486+ group. $Significance by comparison with Neu+ group.

Molecular Therapy: Nucleic Acids
significantly higher compared with Neu+ mice (p < 0001), indicating
the ability of miR-486 to improve motor function in tumor-bearing
mice (Figure 2B). Rotarod performance of FVB/N mice overexpress-
ing miR-486 was similar to that of wild-type mice (104 ± 11.5 s).
These results imply that miR-486 has the ability to prevent cancer-
associated muscle dysfunction in vivo, similar to previously reported
ability of miR-486 to reverse muscular dystrophy phenotypes.16,17

As a complementary to in vivo studies, we measured muscle contrac-
tion force of skeletal muscle ex vivo from all four groups of mice.
Extensor digitorum longus (EDL) muscle from Neu+ mice showed
significantly lower contraction force compared with EDL from
234 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
FVB/N mice or the double-transgenic mice (Figure 2C). Two-factor
(miR-486+ and Neu+) ANOVA showed that miR-486+ and Neu+
had strong interactions (p < 0.0001). miR-486+ had a significant
impact on contraction force of skeletal muscle isolated from dou-
ble-transgenic mice compared with Neu+ mice (p < 0.0001).
However, these differences in contraction force are unlikely due to
differences in weights of EDL muscles, as muscle weight was similar
in all four groups (Figure 2D).

miR-486 delays Neu+ mammary tumor-induced loss of body fat

It is well documented that cancer causes changes in body composi-
tions with consequential effects on skeletal muscle function.21



Figure 3. The effects of Neu+ and miR-486 overexpression on muscle structure and tumor burden

(A) Enhanced muscle shrinkage (arrows) and degeneration (insert) observed in Neu+ mice were attenuated upon overexpression of miR-486 (n = 6 per group). (B) Over-

expression of miR-486 ameliorated ECM accumulation in skeletal muscles of Neu+ mice (n = 6 per group). (C) Overexpression of miR-486 had no effect on mitochondrial

(legend continued on next page)
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Therefore, we next tested whether miR-486 overexpression affects
mammary tumor-associated body composition changes. Four groups
of mice did not differ in their body weight (Figure 2E). However, sig-
nificant reduction of body fat was observed in Neu+mice by 24 weeks,
and this reduction in body fat was delayed until 28 weeks of age in
miR-486+/Neu+ mice (Figure 2F). miR-486 had no effect on Neu+
tumor-induced changes in body lean mass (Figure 2G) and total
body water (Figure 2H). However, miR-486 overexpression reversed
the enhancements of body free water in Neu+ tumor-bearing mice
(Figure 2I). Interestingly, two-factor (miR-486+ and Neu+)
ANOVA showed that only Neu+ had significant a impact on mouse
body compositions (body fat, body free water, body total water, and
body lean mass; p < 0.05). The observation that miR-486 did not
have a significant impact on lean mass is consistent with observation
of a lack of effect of miR-486 on EDL muscle weight in mice with or
without mammary tumors. Thus, muscle-specific overexpression of
miR-486 may indirectly reverse few but not all cancer-induced
body composition changes.

miR-486 protects skeletal muscle structural integrity in Neu+

mice

To examine whether the differences noted above regarding muscle
contraction force and functional limitations among the four groups
correlate with skeletal muscle structural changes, H&E-stained cross
sections of mouse quadriceps were analyzed blindly by a pathologist.
We did not observe significant difference in cross myofiber area
among four groups; the average area was 5,548 ± 385, 6,124 ± 635,
5,254 ± 408, and 5,966 ± 327 mm2 per cross myofiber in FVB/N,
miR-486+, Neu+, and miR-486+/Neu+ mice, respectively. However,
similar to our previous report,10 there was significant myofiber degen-
eration (Figure 3A, insert) and myofiber shrinkage (arrows) in Neu+
mice (Figure 3A). These defects were significantly lower in double-
transgenic mice (Figure 3A). The number of shrunk and degenerative
myofibers were 3.1 ± 0.2, 2.7 ± 0.3, 11.38 ± 2.3, and 4.6 ± 1.2 cells/
mm2 cross-sectional area in FVB/N, miR-486+, Neu+, and miR-
486+/Neu+mice, respectively. Extracellular matrix (ECM) accumula-
tion in skeletal muscles impedes muscle contraction by increasing
stiffness of the ECM network and the nonfunctional fibrotic part,26

which is a critical factor that contributes to muscle dysfunction in
cancer-associated cachexia and function limitations.10,27 Skeletal
muscle of Neu+ mice displayed significant deposition of ECM (Fig-
ure 3B), which occupied 22.4% ± 2.4% of muscle section area,
compared with 10.5% ± 1.1%, 9.2% ± 0.7%, and 12.1% ± 1.2% in
FVB/N, miR-486+, and miR-486+/Neu+ mice, respectively. The pre-
sent observation is consistent with our previous report,10 and this
ECM accumulation was not observed in double-transgenic mice (Fig-
ure 3B). However, no significant differences in mitochondria contents
in skeletal muscle, as measured using COX-IV staining, were noted
content as measured by COX-IV staining (n = 6 per group). (D) Overexpression of miR-48

(E) miR-486 overexpression reduced number of tumors per mouse (p < 0.05; n = 12 p

(p < 0.05; n = 12 per group). (G) miR-486 overexpression increased survival rates of Neu

Neu+ groups.
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among the four groups of mice (Figure 3C). The occupied area by
COX-IV labeling over sectioned muscle were 26.4% ± 3.0%,
26.3% ± 2.3%, 30.6% ± 3.9%, and 27.8% ± 2.3% in FVB/N, miR-
486+, Neu+, and miR-486+/Neu+ mice, respectively.

miR-486 inhibits mammary tumor occurrence and tumor growth

in Neu+ mice

Skeletal muscle is considered a secretory organ, and factors released
from skeletal muscle such as irisin display paracrine effects on meta-
bolic organs and anti-tumor activity.28,29 miR-486 secreted by skeletal
muscle can itself have anti-tumor effects in a paracrine manner, as tu-
mor-suppressor function of this microRNA has been reported.2 For
example, downregulation of miR-486 in non-small-cell lung cancer
promotes tumor growth and metastasis,1,30 and its overexpression in-
hibits tumor cell proliferation and invasion.31 Consistent with this
possibility, tumor phenotype in double-transgenic mice was different
compared with Neu+ mice (Figure 3D). By 20 weeks, approximately
14% of Neu+ mice developed mammary tumor, whereas no tumors
were observed in miR-486+/Neu+ mice. Approximately 44%, 62%,
89%, and 100% of Neu+ mice had tumors at 22, 24, 26, and 28 weeks
post-birth. In case of double-transgenic mice, approximately 22%,
51%, 71%, and 100% of mice developed tumors at 22, 24, 26, and
28 weeks post-birth, respectively (Figure 3D). When the tumors
were counted, we found that double-transgenic miR-486+/Neu+
mice had fewer tumors than Neu+ mice during the period of obser-
vation (Figure 3E). These results indicate that overexpression of
miR-486 in vivo inhibits mammary tumor occurrence. It is more
obvious that miR-486 inhibits mammary tumor growth, as tumor
burden per mouse was approximately 0, 0.5, 1.3, 1.7, and 2.4 cm3 at
20, 22, 24, 26, and 28 weeks post-birth, respectively, in double-trans-
genic mice compared with the tumor burden per mouse of 0.3, 1.1,
2.2, 2.6, and 4.1 cm3, respectively, in Neu+ mice (Figure 3F). As a
consequence of effects on tumor characteristics as well as beneficial
effects on skeletal muscle function, double-transgenic mice survived
longer than Neu+ mice (Figure 3G). These results suggest that
restoring miR-486 expression in skeletal muscle has multiple benefi-
cial effects, including improving skeletal muscle function and delay-
ing tumor growth. However, these effects of skeletal muscle-derived
miR-486 on tumor growth properties are unrelated to miR-486 levels
in tumors, as we did not find any difference in miR-486 levels in tu-
mors of Neu+ and miR-486+/Neu+ mice (Figure S1). Thus, there is
no inadvertent expression of transgene in tumors of miR-486+/
Neu+ mice.

miR-486 modulates molecular changes in skeletal muscles of

Neu+ tumor-bearing mice

PTEN is one of the downstream targets of miR-486 in skeletal
muscle.15 Thus, the ability of miR-486 to improve myogenesis and
6 in skeletal muscle delayed tumor onset in Neu+ mice (p < 0.05; n = 12 per group).

er group). (F) miR-486 overexpression in skeletal muscle resulted in smaller tumors

+ mice (p = 0.0075; n = 12 per group). *Significance between Neu+ and miR-486+/



Figure 4. Molecular changes in skeletal muscle upon overexpression of miR-486

TA skeletal muscles were harvested at the end of behavioral tests (�28 weeks old), stored at �80oC, and then processed for western blotting. Three samples per group

derived from different animals were loaded and are presented in (A)–(D). There were four groups of mice: FVB/N, miR-486+, Neu+, and miR-486+/Neu+ mice. (A) miR-486

overexpression restores skeletal muscle active AKT levels in Neu+ mice (n = 9 per group), as measured by an antibody that recognizes phosphorylated S473. (B) miR-486

overexpression did not change the levels of total AKT in skeletal muscles (n = 9 per group). (C) PTEN protein levels in skeletal muscles of mice of four groups (n = 9 per group).

(D) miR-486 reversed Neu+ tumor-induced loss of p53 in skeletal muscles (n = 9 per group). (E) Quantification of proteins p-AKT, AKT, PTEN, and p53 in skeletal muscles of

mice by ImageJ (p < 0.05; n = 9 per group). (F) Down-regulation of p53 andHey1 but notMdm2mRNA in skeletal muscles of Neu+mice and miR-486 reversed the effects of

tumor on their expression (p < 0.05; n = 6 per group). *Significance by comparison with FVB/N group.
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to restore muscle function in DMD models likely involves inactiva-
tion of PTEN and consequently activation of AKT.15,16 To determine
whether a similar miR-486-PTEN-AKT signaling axis is operational
in our model system, we next examined phospho-AKT (S473) levels
in skeletal muscle of animals in all four groups. As expected, phospho-
AKT levels were lower in the skeletal muscle of Neu+ mice compared
with control mice, although total AKT levels were not different
(Figures 4A and 4B). However, pAKT levels in double-transgenic
mice were higher than in Neu+ mice, suggesting the ability of miR-
486 to restore skeletal muscle pAKT levels. Unlike the previous re-
ports on miR-486-PTEN axis in skeletal muscle,15 the effect of over-
expressed miR-486 on PTENwas modest (Figure 4C), suggesting that
miR-486 targets other components of the PI3K-PTEN-AKT pathway
to activate AKT in vivo. In this regard, as per the miRDB database,32
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 237
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PIK3R1, which controls PIK3CA-dependent activation of AKT and
whose loss of expression is associated with AKT activation,33 is one
of the targets of miR-486.

A previous study reported a Notch-Hey1-Mdm2 axis controlling the
levels of p53 in skeletal muscle, and the Notch-p53 signaling axis
plays an important role in skeletal muscle stem cell survival during
activation, and this signaling axis declines with age.34 We reported
down-regulation of p53 in the skeletal muscle of Neu+ mice and sug-
gested that Neu+ tumors accelerate skeletal muscle aging.10 To
examine relationship between miR-486 levels and p53 levels, we
measured p53 levels in skeletal muscle of all four groups of mice.
Reduced p53 levels in the skeletal muscle of Neu+ mice compared
with control mice were observed (Figure 4D). Overexpression of
miR-486 significantly reversed the tumor-induced loss of p53 in skel-
etal muscle, as p53 levels in the skeletal muscle of double-transgenic
mice rebounded (Figure 4D). Interestingly, miR-486 overexpression
in non-tumor-bearing mice did not alter skeletal muscle p53 levels,
suggesting the existence of fine-tuned regulatory mechanism that
controls p53 levels in skeletal muscle. Densitometric scanning results
of all western blots are shown in Figure 4E.

The effects of tumor on skeletal muscle p53 are at transcriptional level
as mRNA levels of p53 were lower in skeletal muscle of Neu+ mice,
which was partially reversed in double-transgenic mice (Figure 4F).
It was previously reported that activation of Notch leads to upregula-
tion of its downstream target Hey1, which increases p53 in skeletal
muscle by repressingMdm2.10Hey1mRNA levels were lower in skel-
etal muscle of Neu+ mice compared with control mice, and its levels
were partially restored in double-transgenic mice (Figure 4F). How-
ever, we did not observe an effect of tumor ormiR-486 overexpression
onMdm2 levels. Thus, it is likely that although cancer causes deregu-
lated Notch signaling, miR-486 is required for optimal Notch
signaling in skeletal muscle to maintain p53 levels.

Global proteomics and phospho-proteomics reveal new targets

of Neu+ tumors in skeletal muscle

To further reveal the effects of Neu+ tumors on skeletal muscle, which
are reversible by miR-486, we isolated skeletal muscle myofibers from
the fresh hindlimb muscles of mice from all four groups and per-
formed global and phospho-proteomics. In global proteomics,
1,951 proteins and 14,566 peptide groups were identified. Among
them, 1,791 master proteins were quantified (Table S1). Compared
Figure 5. Global and phospho-proteomics analyses of skeletal muscle fibers o

Approximately 1 g fresh skeletal muscle tissue from the hindlimb from each group (n = 3

analyzed. (A) Distribution of significantly altered proteins in the skeletal muscle fibers of Ne

altered proteins in miR-486+ mice compared with FVB/Nmice. (C) Distribution of signific

group). (D) Heatmap of significantly altered proteins in the skeletal muscle fibers of Neu+

Neu+ mice. (E) Selected proteins that changed significantly in the Neu+ group but were

significantly altered phosphorylated proteins in the skeletal muscle fibers of Neu+ mice (

per group), respectively, compared with FVB/N group. (I) Heatmap of significantly altered

486+, andmiR-486+/Neu+ groups. (J) Selected phospho-proteins that changed signific

group). *Significance by comparison with FVB/N group.
with FVB/N control group, levels of 18 proteins were elevated and
six proteins were decreased in the skeletal muscle of Neu+ mice (Fig-
ure 5A). miR-486 overexpression in skeletal muscle resulted in in-
crease of two proteins and the decrease of 25 proteins (Figure 5B).
In double-transgenic mice compared with control mice, 81 proteins
were decreased, and seven proteins were increased in myofibers (Fig-
ure 5C). Among 24 proteins that were altered in Neu+ mammary tu-
mor-bearing mice compared with control mice, expression levels of
17 proteins were restored to levels detected in control mice upon
miR-486 overexpression (Figure 5D). For example, Neu+ mammary
tumors caused approximately eight-, three-, two-, and two-fold in-
creases in fructose-bisphosphate aldolase C (ALDOC), keratin, type
I cytoskeletal 18 (KRT18), non-histone chromosomal protein
HMG-14 (HMGN1), and keratin, type II cytoskeletal 8 (KRT8),
respectively, in skeletal muscle compared with control mice (Fig-
ure 5E). Co-overexpression of miR-486 with Neu+ in vivo reversed
the Neu+ tumor-induced changes in these proteins.

In phospho-proteomics analysis, a total of 4,237 phosphopeptides
were identified, and 3,869 were quantified (Table S2). Eight phospho-
peptides were increased and 18 phosphopeptides were decreased in
Neu+ tumor-bearing mice compared with FVB/N mice (Figure 5F).
miR-486 overexpression in skeletal muscle itself caused increased
levels of 31 phosphopeptides and decreased levels of 12 phosphopep-
tides compared with skeletal muscle of FVB/N mice (Figure 5G). In
double-transgenic mice, 24 phosphopeptides were increased and 91
phosphopeptides were decreased (Figure 5H). These results suggest
the effects of cancer- and muscle-specific overexpression of miR-
486 on post-translational modifications of proteins in skeletal muscle.
Among 26 significant changes caused by Neu+ mammary tumors, 16
phosphorylation activities were normalized (p > 0.5) upon overex-
pression of miR-486 (Figure 5I).

Proteins whose phosphorylation were altered in Neu+ tumor-
bearing mice include heterogeneous nuclear ribonucleoprotein A0
(hnRNPA0), nucleolar GTP-binding protein 2 (GNL2), zinc finger
transcription factor Trps1 (TRPS1), serine/arginine-rich splicing
factor 10 (SRSF10), and laminin alpha 2 (LAMA2) (Figure 5J). Over-
expression ofmiR-486 normalized phosphorylation of these proteins
similar to that in FVB/Nmice (Figure 5J). InNeu+ tumor-containing
mice, increased hnRNPA0 phosphorylation occurred at serine 84, a
known site for phosphorylation by the kinase MK2.25 SRSF10 phos-
phorylation occurred at sites S199 and/or S201, which are known to
f mice from four groups: FVB/N, miR-486+, Neu+ and miR-486+/Neu+ mice

) was collected at the end of behavioral tests with matched age (�28 weeks old) was

u+mice compared with FVB/Nmice (n = 3 per group). (B) Distribution of significantly

antly altered proteins in miR-486+/Neu+mice compared with FVB/N mice (n = 3 per

mice (n = 3 per group), compared with proteins in FVB/N, miR-486+, andmiR-486+/

normalized in miR-486+/Neu+ mice (p < 0.05; n = 3 per group). (F–H) Distribution of

n = 3 per group), miR-486+ mice (n = 3 per group), and miR-486+/Neu+ mice (n = 3

phosphorylated proteins in Neu+mice (n = 3 per group) compared with FVB/N, miR-

antly in Neu+ group but were normalized in miR-486+/Neu+mice (p < 0.05; n = 3 per
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Figure 6. Skeletal muscle miR-486 regulates circulating cytokine/chemokines

(A) Skeletal muscle miR-486 reduced basal circulating levels of pro-inflammatory CCL4, CXCL10, G-CSF, IL-4, IL-6, and TNF-a. Mammary tumors increased the levels of

several of these cytokines/chemokines in plasma, which were reversed in most cases upon miR-486 overexpression. (B) miR-486 reduced mammary tumor-induced up-

regulation of VEGF in plasma. (C) miR-486 did not affect circulating levels of IL-13, CXCL2, and IL-1a. n = 9 per group (p < 0.05) for all cytokine analysis. *Significance by

(legend continued on next page)
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be phosphorylated by a family of kinases called SR protein-specific
kinases, and SRPK3 among them is expressed specifically in skeletal
muscle.23 These sites are also phosphorylated by CLK1-3.24 Reduced
phosphorylation of LAMA2 in Neu+ mice occurred at a consensus
phosphorylation site for protein kinase A (RRQS).35

In order to reveal the interactions of altered proteins in the skeletal
muscles noted above, we explored the network connections of pro-
teins using the STRING protein-protein networks database.36 We
found that these proteins are functionally connected with one another
either directly or indirectly (Figure S2). SRSF3 and SRSF10 directly
interact with splicing protein SNRPD2 and nuclear ribonucleoprotein
HNRNPA0, which is involved in post-transcriptional regulation of
cytokine mRNAs.37 These proteins also interact with multiple ribo-
somal proteins (i.e., RPLP2, RPS3, RPS17, and RPL23) involved in
the translation of proteins associated with myogenesis, myofiber
growth, and muscle contraction (i.e., TTN, DMD, MyoD, and
PAX7), mainly via p53 andH3F3A (Figure S2). Additionally, proteins
that regulate muscle energy (i.e., ALDOC, CKMT2, and ATP2A1) are
involved in the network of skeletal muscle function. Therefore, Neu+
tumor-derived factors may affect the network of nuclear proteins
(Figure S2, red oval), proteins that are involved in myogenesis, myo-
fiber growth, and muscle contraction (Figure S2, blue circle), and pro-
teins that are involved in muscle energy regulation (Figure S2, green
circle).

Skeletal muscle miR-486 has a systemic effect on circulating

cytokines

We had previously reported that tumors cause changes of circulating
cytokines/chemokines, and few of them can be normalized by treat-
ment with NF-kB inhibitors.9,10 To determine whether miR-486
can similarly normalize tumor-induced cytokines/chemokines, we
measured plasma cytokines/chemokines in four group mice
(Table S3). miR-486 displayed two distinct effects on plasma cyto-
kines and chemokines. One effect was on overall cytokine/chemokine
levels under healthy conditions and consequently reduction in their
levels under tumor-bearing conditions. This effect appears to be
dominant, as the levels of six cytokines/chemokines (CCL4,
CXCL10, G-CSF, IL-4, IL-6, and TNF-a) were lower in miR-486
transgenic mice compared with control mice (Figure 6A). Levels of
several of these cytokines were elevated in Neu+ transgenic mice
compared with control mice, and double-transgenic mice displayed
levels intermediate to those of Neu+ and control mice. The second ef-
fect was only on cytokines/chemokines that are aberrantly expressed
in tumor-bearing mice. For example, mammary tumors resulted in
the increase of VEGF in plasma but was normalized upon overexpres-
sion of miR-486 in skeletal muscles (Figure 6B). The effect of miR-486
on cytokines/chemokines showed some level of specificity, as the
comparison with FVB/N group. #Significance by comparison with Neu+ group. (D) Sch

Skeletal muscle overexpression of miR-486 had direct and paracrine effects on skele

improvement of muscle integrity, muscle contraction, and functional performance such

muscle, increased miR-486 through circulating system inhibited tumor occurrence and

gulating circulating cytokines and chemokines.
levels of IL-13, CXCL2, and IL-1a were unaffected (Figure 6C).
Thus, skeletal muscle miR-486 has an influence on systemic inflam-
mation as well as tumor-induced changes in circulating factors
(Figure 6D).

Specificity in the ability of miR-486 in limiting cancer-induced

functional limitations

We had previously reported differences in cytokines and chemo-
kines released by tumors on the basis of genomic aberrations.7 For
example, cell lines created from tumors in Neu+ and PyMT+ mice
released distinct cytokines,7 which may partly contribute to distinct
differences in tumor latency and survival in two models (220 day
survival in Neu+ versus 110 days in PyMT+). We also noted that
lower skeletal muscle and circulating levels of miR-486 with accom-
panying functional limitations are consistent across both models,
and pharmacologic inhibition of NF-kB overcomes functional limi-
tation in both models. However, NF-kB inhibitor restored circu-
lating and skeletal muscle levels of miR-486 only in the Neu+
model.10 These observations promoted us to investigate whether
the ability of miR-486 to restore skeletal muscle function is tumor
type dependent. To address this possibility, we generated mice
that are double-transgenic for PyMT and miR-486. The presence
of both transgenes in double-transgenic miR-486+/PyMT+ mice
was validated by genotyping (Figure 7A). Reductions of grip strength
and rotarod performance were observed in PyMT+ mice with tu-
mors, which is consistent with previous report,9 but overexpression
of miR-486 did not restore muscle function (Figures 7B and 7C).
Unlike in Neu+ tumors, we observed an increase of miR-486 levels
in tumors of miR-486+/PyMT+ mice compared with miR-486 levels
in tumors of PyMT+ mice despite modest differences in tumor
growth properties between two groups (Figure S1). We currently
do not have an explanation as to why miR-486 levels in tumors of
miR-486+/PyMT+ mice are higher compared with tumors in
PyMT+ mice, but it could involve differences in tumor vasculature,
as miR-486 is expressed in hematopoietic cells.38 PyMT+ tumor
associated weight gain (most likely due to tumor mass), body lean
mass, body total and free water percentages, and body fat loss
were unaffected by miR-486 (Figures 7D–7H). miR-486 overexpres-
sion, however, delayed tumor onset, as evident from lower tumor
numbers in double-transgenic mice at 8 weeks of age compared
with PyMT+ mice, but this delay is short-lived and ultimately did
not have an effect on the number and volume of tumors or survival
(Figures 7I–7L). These results imply that cancer-specific genomic
aberrations and consequently degree of tumor aggressiveness influ-
ence the ability of skeletal muscle-derived miR-486 to affect tumor
growth patterns and to overcome cancer-induced defects in skeletal
muscle function. However, further investigation is needed to reveal
the underlying mechanisms.
ematic summary of the role of miR-486 in cancer-associated functional limitations.

tal muscles, resulting in changes in p-AKT, p53, and p-LAMA2 levels, leading to

as grip strength and rotarod walking. Complementary to these effects on skeletal

tumor growth, then reduced the impact of tumors on muscle function via downre-
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Figure 7. miR-486 overexpression had limited effects on skeletal muscle phenotype of PyMT+ mice

(A) Confirmation ofmiR-486 and PyMT transgenes inmice. (B) Overexpression of miR-486 did not reverse PyMT+ tumor-induced reduction in grip strength (p < 0.005, control

and miR-486+ versus PyMT+ and miR-486+/PyMT+; n = 12 per group). (C) Overexpression of miR-486 did not reverse PyMT+ tumor-induced reduction in rotarod per-

formance (p < 0.005, control and miR-486+ versus PyMT+ and miR-486+/PyMT+; n = 12 per group). (D) Overexpression of miR-486 did not affect body weight in PyMT+

mice (n = 12 per group). (E) miR-486 did not affect body fat in PyMT+mice (n = 12 per group). (F) miR-486 did not affect body lean mass in PyMT+ mice (n = 12). (G) miR-486

did not affect body total water in PyMT+mice (n = 12/group). (H) miR-486 did not affect body free water in PyMT+mice (n = 12/group). (I) miR-486 overexpression resulted in

delayed development of tumors in PyMT+ mice (p < 0.005 at 8 weeks post-birth; n = 12 per group). (J and K) miR-486 did not ameliorate tumor burden in PyMT+ mice. (L)

PyMT+ and miR-486+/PyMT+ mice displayed similar survival rates (n = 12 per group).
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DISCUSSION
In this study, we demonstrate the role of miR-486 in attenuating can-
cer-induced skeletal muscle defects in a tumor subtype-dependent
manner (Figure 6D). This study extends our previous observations
that established biomarker potential of miR-486 in identifying breast
cancer-induced functional limitations. This report further demon-
strates functional consequences of reduced skeletal muscle miR-486
expression and the ability of miR-486 overexpressed in skeletal mus-
cle to overcome cancer-induced functional limitation in at least one
breast cancer subtype. Approximately 20% of breast cancers are
HER2 positive, and in a model representing this breast cancer sub-
type, miR-486 was able to reduce cancer-induced functional limita-
tions.10 Elevating skeletal muscle miR-486 itself was able to reduce
aggressiveness of mammary tumor, suggesting that myokines or
miR-486 secreted by skeletal muscle or the paracrine effects of skeletal
muscle miR-486 on systemic inflammation can exert anti-tumor ac-
tivity (Figure 6D). In this regard, irisin is a skeletal muscle-derived
factor induced upon exercise with anti-tumor activity,29 and its circu-
lating levels are lower in breast cancer patients compared with healthy
controls.39 A recent study has identified musclin (also called osteoc-
rin), a myokine, as a skeletal muscle-derived factor that prevents car-
diac fibrosis and heart failure.40 Musclin also has anti-inflammatory
properties.41 It is possible that miR-486-mediated restoration of mus-
cle function enhances production and release of these myokines from
the skeletal muscle. However, new model systems, such as inducible
expression of miR-486 in skeletal muscle, need to be developed to
delineate whether tumor-suppressor function of miR-486 is respon-
sible for improved skeletal muscle function or miR-486-mediated
improvement in skeletal muscle function is responsible for reduced
tumor growth in double-transgenic mice.

The biological role of miR-486 has been studied extensively, as its
expression is lower in skeletal muscle of DMD patients and its skeletal
muscle-specific overexpression in skeletal muscle could overcome
muscular defects in DMDmodels.16,17 As miR-486 was able to rescue
the skeletal muscle defects in Neu+ tumors, at the molecular level,
there could be some similarity in skeletal muscle defects in Neu+ tu-
mors and various forms of muscular dystrophy. Results of global and
phospho-proteomics analyses suggest such a possibility. For example,
we observed elevated phosphorylation of hRNAPA0 at S84, which is
typically phosphorylated by MK2. MK2 is activated downstream of
p38 kinase, and elevated MK2 activity in skeletal muscle is observed
in DMD models.42 We observed lower levels of LAMA2 phosphory-
lation at a PKA consensus site in the skeletal muscle of Neu+ mice.
Lower PKA activity is observed in dystrophic skeletal muscle.43 How-
ever, at present, it is unclear whether phosphorylation at this site is
required for LAMA2 function and reduced phosphorylation dimin-
ishes its function. LAMA2 is a cell surface-anchored protein that is
connected to cytoplasmic dystrophin through dystroglycans to
generate dystrophin-associated glycoprotein complex.44 Mutational
inactivation of this protein is associated with a spectrum of muscular
dystrophy ranging from severe congenital muscular dystrophy type
1A to less severe later onset dystrophy, which is largely due to death
of immature myofibers.45
Neu+ tumor-mediated changes in SRSF10 and hRNAPA0 phosphor-
ylation clearly indicate the effects of tumor on mRNA splicing and
mRNA stability in skeletal muscle. MK2 phosphorylated hnRNPA0
stabilizes GADD45a, which mediates skeletal muscle atrophy.46

GADD45a levels are elevated during the early phase of DMD.47

Thus, elevated activated hRNPA0 in skeletal muscle of Neu+ mice
could promote muscle atrophy through GADD45a, which needs
further investigation. It has been reported that SRSF10 is critical for
myoblast differentiation and glucose production via the PGC1a
pathway.48 SRSF10 is phosphorylated by both the SRPK family and
CLK family of kinases, and CLK1 inhibitors have been suggested as
potential therapy for DMD49. Alternative splicing is the major mech-
anism of proteome diversification in skeletal muscle,23 and cancer-
induced factors could influence this process by elevating the activity
of SRSF10. Phosphorylated SRSF10 is an activator of alternative
splicing, and its targets in skeletal muscle include the transcription
factorsMef2A, FMR1 autosomal homolog 1, leucine-rich repeat inter-
acting protein 1, and F-actin capping protein subunit beta.23 Mef2A
undergoes extensive alternative splicing in myotonic dystrophy.50

Thus, there appears to be substantial parallel between skeletal muscle
defects observed under Neu+ tumor conditions and various muscular
dystrophies.

Metabolic pathway alterations in cachectic skeletal muscle have been
reported previously,51 and a recent study demonstrated the effects of
miR-486 knockout on metabolic pathway.18 Thus, cancer-induced
metabolic pathway alterations in skeletal muscle could be due partly
to reduced levels of miR-486. Consistent with this possibility, skeletal
muscle of Neu+ mice contained higher levels of ALDOC, and this in-
crease was attenuated upon miR-486 replenishment.18 ALDOC is
involved in the carbohydrate catabolic process that contribute to
the generation of small amounts of ATP (energy) and NADH
(reducing power), and gluconeogenesis.52 Alterations in carbohydrate
metabolism have been reported in canine models of DMD53 and in
cancer cachexia.54 Whether ALDOC plays a functional role in can-
cer-induced skeletal muscle dysfunction needs further investigation.
In addition, we observed an effect of miR-486 on body fat. Although
Neu+ animals with tumors displayed lower body fat compared with
control animals, this body fat loss was delayed in double-transgenic
mice. Elevated circulating miR-486 levels were found in children
with obesity55,56 and patients with metabolic syndrome.57 These
changes in circulating miR-486 levels are significantly associated
with the percentage of body fat mass and clinical measures related
to obesity.58 High glucose increases miR-486 expression that regulates
adipogenic differentiation in human adipose tissue-derived mesen-
chymal stem cells.59 Additionally, miR-486 can inhibit the transcrip-
tion factors such as FOXO1,60 which play a role in insulin resistance
and triglyceride metabolism.61 Therefore, miR-486 might be directly
or indirectly involved in energy metabolism, which is consistent with
observations in miR-486-knockout mice.18

We also observed an effect of Neu+ tumors on HMG-14 expression in
skeletal muscle, which was mitigated upon miR-486 overexpression.
HMG-14/HMGN1 is a high mobility group nucleosome binding
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protein, and its expression is downregulated during myogenesis.
However, its functional role in myogenesis remains controversial.62

It is also unknown whether upregulation of this protein in skeletal
muscle in cancer has an impact on functional limitations or cachexia.
Further studies are needed to determine the impact of this gene in
cancer cachexia.

The effect of skeletal muscle expression of miR-486 on systemic cyto-
kines/chemokine levels is one of surprising observations of this study.
HowmiR-486 effects these specific cytokines or the cell types in which
miR-486 alters their expression is unknown. As per miRDB database,
miR-486 targets multiple transcription factors and chromatin modi-
fiers such as FOXO1, ZNF331, MRTFA, ARID4B, and HAT1 and few
of these transcription regulators could control the expression of these
cytokines/chemokines. miR-486 less likely effects cytokine/chemo-
kine production by the tumor microenvironment as miR-486 levels
in tumors of Neu+, PyMT+, miR-486+/Neu+, and miR-486+/
PyMT+ mice did not show consistent pattern (Figure S1). Moreover,
IL-6 levels in miR-486+ mice without any tumors were lower
compared with control mice, suggesting that a tumor-independent
systemic effect of skeletal muscle miR-486 is responsible for differ-
ences in levels of at least few of the circulating cytokines/chemokines.
Whatever the mechanisms involved, the ability of miR-486 to reduce
specific cytokines/chemokines should have an impact on skeletal
muscle biology. Elevated IL-6 in plasma causes skeletal muscle atro-
phy via STAT3/5 pathways, and IL-6 receptor inhibition suppresses
muscle MuRF1 expression and attenuates muscle atrophy.63 Circu-
lating IL-6 levels are also elevated in DMD patients, and anti-IL-6
therapies are suggested in these patients.64 Similar to Neu+ model,
CXCL10 levels are elevated in serum of DMD patients.65 CXCL10
is an essential inflammatory mediator, which together with other cy-
tokines such as IL-6, causes chronic myopathies in cancer condi-
tions.66 Although its primary clinical application is for immunodefi-
ciency, particularly in neutropenia, G-CSF has recently gained more
attention for its role in myopathies. Elevated circulating G-CSF levels
were reported in mdx mice,67 similar to our observation in Neu+ tu-
mor-bearing mice. In IL-6-null mice, macrophages produce less G-
CSF,68 indicating the integrations of IL-6 and G-CSF signaling during
the disease conditions of cancer, similar to DMD.

In summary, this study provides compelling evidence for the role of
miR-486 in reversing skeletal defects observed in certain cancer types
(Figure 6D). As miR-486 expression did not affect skeletal muscle de-
fects in a PyMT+model, cancer genome and consequently aggressive-
ness of the disease have a direct influence on the type and severity of
skeletal muscle defect and the ability of miR-486 to overcome these
defects. Better understanding and therapeutic targeting of cancer-
induced skeletal muscle defects, therefore, requires integration of can-
cer genomics with skeletal muscle biology.

MATERIALS AND METHODS
Animals and functional tests

Animal protocols were approved by the Institutional Animal Care
and Use Committee at the Indiana University School of Medicine
244 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
and were in accordance with guidelines from the National Institutes
of Health regarding the use and care of experimental animals. Male
MCK-miR-486+ mice (hereafter miR-486+ mice) in the C57BL/6
background have been described previously17 and then backcrossed
into FVB/N background for six generations (Figure 1). Male Neu+
and PyMT+ mice on FVB/N background were purchased from
Jackson Laboratory. To generate double-transgenic mice, female
miR-486+ mice were crossed with male PyMT+ or Neu+ mice.
Only female mice were used for further evaluation of tumor progres-
sion (tumor onset time, size, and volume), body composition alter-
ation (body weight, body fat, lean mass, body free water, and total
water), and functional limitation studies (grip strength, rotarod per-
formance in live animals, and ex vivo muscle contraction studies).

Body composition, behavioral tests, and tumor reading were per-
formed as described in our previous studies.9,10 Briefly, the quantifi-
cation of body fat, lean mass, body free water, and total water was per-
formed using small-animal EchoMRI-100 (EchoMRI, Houston, TX).
Animals were physically restrained in a test tube when measurements
were taken, and all measurements were normalized to the percentage
of mouse body weight. To evaluate whole-body strength in mice, the
absolute grip strength (peak force expressed in gram force) was re-
corded by means of a grip strength meter (Bioseb In Vivo Instru-
ments, Pinellas Park, FL) by placing mice on a wire mesh connected
to a test meter, pulling the tail directly back parallel to the mesh sur-
face, and then recording the amount of force. Three trials of each test
were performed with minimum 5min intervals, and the average value
from the three recordings was presented. In the case of Neu+ mice,
body composition and grip strength were measured at 4 week inter-
vals starting at 16 weeks post-birth, before mammary tumor occur-
rence. However, in the case of PyMT+ mice, tests were performed
at 2 week intervals starting at 6 weeks post-birth. Rotarod perfor-
mance (Harvard Apparatus) was measured to evaluate muscle func-
tion and muscle fatigue at the end of the experiment. The time a
mouse was able to stay on a rotating rod at 10 rpm was recorded three
times at minimum 5 min intervals, and the average from the three re-
cordings was presented. The cut-off time was 3min.Mammary tumor
number per mouse and tumor size were monitored periodically, and
tumor volume was calculated as (length) � (width)2/2.

Blood and tissues were collected at the time of sacrifice for miRNA,
mRNA, and protein preparation or for histological analysis. Time
of sacrifice in survival test was based on recommendation of eutha-
nasia by the attending veterinarian. Statistical analysis was performed
by one-way ANOVA or nonparametric t test using GraphPad Prism
at each time point, and data are presented as mean ± SEM. A p value
of %0.05 was considered to indicate statistical significance.

Ex vivo skeletal muscle-specific force measurements

Skeletal muscle contraction force studies using intact extensor digito-
rum longus muscles from four groups of mice were performed as
described previously,10 as the EDL is commonly studied during can-
cer-induced muscle dysfunction, particularly in affected glycolytic
muscles.69,70 Briefly, at the end of experiment (�28-week-old
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mice), intact isolated extensor digitorum longus muscles from four
groups of mice were attached to an isometric force transducer (model
407A; Aurora Scientific) between platinum stimulating electrodes in a
glass chamber containing modified Tyrode solution. A force-fre-
quency relationship was determined by measuring muscle contrac-
tion force at a range of frequencies (1–200 Hz; model 701C; Aurora
Scientific) to obtain a maximum tetanic force plateau. An endurance
protocol to measure fatigue was run by inducing a tetanic response
(70 Hz, 300 ms) and repeating for 50 cycles (EDL). Stimulation was
controlled by Dynamic Muscle Control software and analyzed using
Dynamic Muscle Analysis software ( dmc version 5.300, dma version
5.010; Aurora Scientific). The specific force (millinewtons) was calcu-
lated at various stimulating points from individual EDL muscle and
averaged by group.

RNA extraction and quantitative reverse transcription PCR

Mouse bloodwas collected at the time of sacrifice in aK2EDTA-coated
tube, then centrifuged at 2,000 rpm for 15min at 4�C, and supernatant
was transferred into a clean Eppendorf tube for storage at �80�C. A
Qiagen miRNeasy serum/plasma kit (#217184; Qiagen) was used to
isolate miRNA from 200 mL stored plasma. Tibialis anterior (TA)
and gastrocnemius muscles from the hindlimb of the mouse were har-
vested, snap-frozen, and stored at �80�C. A Qiagen miRNeasy Mini
Kit (#217004) or Qiagen RNeasy Mini Kit (#74106) was used to isolate
miRNA or total RNA from �30 mg of stored muscle following the
manufacturer’s instructions.

Five microliters of miRNAs extracted from plasma (20 ng/mL) were
used for cDNA synthesis using a TaqmanmiRNA Reverse Transcrip-
tion Kit (Applied Biosystems). Total RNA from muscle tissues
(200 ng) was reverse transcribed into cDNAs using the Bio-Rad iS-
cript cDNA synthesis kit in a final volume of 20 mL. Quantitative
PCR (qPCR) was performed using Taqman universal PCR mix
(Applied Biosystems) and specific primers. miRNA primers for U6
(#001973), miR-486 (#001278), and miR-202 (#002579) and mRNA
primers for HSP90ab (#Mm00833431-g1), p53 (#Mm01354484-
m1), Mdm2 (#Mm01233138_m1), and Hey1 (#Mm00468865_m1)
were purchased from Applied Biosystems. Each amplification reac-
tion was performed in duplicate in a final volume of 20 mL with
4 mL cDNA. The expression levels of miR-486 were normalized to
miR-202 (mouse plasma) andU6 (skeletal muscle) using the 2�DDCt
method, as described in a previous study.7 The expression levels of
mRNAs were normalized to HSP90ab.

Western blotting

We used tibialis anterior muscle to determine cancer-induced
signaling pathway alterations in skeletal muscle, as changes in TA
muscle function are frequently observed in models of cancer
cachexia.71 TAmuscle (�30 mg fresh tissue) was lysed in RIPA buffer
with protease/phosphatase inhibitors (catalog no. 5872S; Cell
Signaling Technology) and then homogenized using Qiagen Tissue
Lyser LT with metal beads at a speed of 50 Hz for 3 min, followed
by 10 s of sonication. Thirty micrograms of proteins in 25 mL volume
were used for western blotting, as described previously.10 Primary an-
tibodies against AKT (catalog no. 4691, rabbit; Cell Signaling Tech-
nology), p-AKT (S473; catalog no. 4060, rabbit; Cell Signaling Tech-
nology), PTEN (catalog no. 9188, rabbit; Cell Signaling Technology)
and p53 (catalog no. 32532, rabbit; Cell Signaling Technology) were
used for western blots. Anti-rabbit IgG conjugated with horseradish
peroxidase (HRP) (catalog no. 7074S; Cell Signaling Technology)
was used as a secondary antibody, and the blot was developed using
the substrate solution as per the manufacturer’s instructions (catalog
no. 32106; Thermo Fisher Scientific). Autoradiograms were scanned
and quantified by using NIH ImageJ software. Protein levels were
normalized to total proteins in lysates by Ponceau S staining.10 Fig-
ure S3 provides copies of original unprocessed western blots of all
figures.

Histology and immunohistochemistry

TA and gastrocnemius muscles were fixed with 10% buffer formalin
and stored in a cold room. For H&E staining, formalin-fixed tissues
were paraffin-embedded, sliced, stained in the pathology lab, and
analyzed by a pathologist. For immunofluorescence, formalin-fixed
tissues were transferred to 20% sucrose in PBS for 24 h, sliced
with cryostat at 10 mm, mounted on positively charged slides, then
washed with PBS three times and incubated with COX-IV antibody
(1:1,000; #ab16056; Abcam). The next day, sections were washed
three times with PBS and subsequently incubated with goat anti-rab-
bit IgG (H&L) and Alexa Fluor 488 (catalog no. 32731; Invitrogen)
secondary antibody for 1 h at room temperature. After a final wash
with PBS, sections were sealed by mounting media with DAPI and
viewed and imaged under a Keyence BZ-X800 fluorescent micro-
scope (Keyence, Farmington Hills, MI). For ECM histochemical ex-
amination, formalin-fixed, frozen sliced sections were washed with
PBS three times and then incubated with Texas red-conjugated
wheat germ agglutinin (WGA; 1:1,000; #W21405; Invitrogen) for
1 h at room temperature, followed by wash with PBS three times,
then viewed and imaged with a Keyence BZ-X800 fluorescent micro-
scope. COX-IV and WGA staining was quantified by measuring
labeled area using NIH ImageJ software. The area occupied by stain-
ing was expressed relative to the total area of the muscle cross
section.

Analysis of global proteins and post-translational modifications

Approximately 1 g fresh skeletal muscle tissues was dissected from the
hindlimb of eachmouse at the end of behavioral tests withmatched age
(�28 weeks old) and digested with mouse muscle dissociation kit
(#130-098-305;MASC) for 30 min at 37�C in water bath, then dissoci-
ated with C tube (#130-093-237; MASC) using m_muscle_01_01 pro-
gram set in GentleMACS Dissociator (#130-093-235). After another
30 min incubation in 37�C water bath with shaking every 5 min, di-
gested tissue was diluted with DMEM medium and centrifuged at
200 rpm for 30 s. Top supernatant was transferred to a Petri dish,
and large fiber debris was removed under light microscope. Next, su-
pernatant underwent a series of steps, including washing and blood
cell lysis, as described in the mouse muscle dissociation kit (#130-
098-305; MASC). Following final centrifuge, the top supernatant was
discarded, and themyofiber pellets were saved for the analysis of global
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proteins and post-translational modifications. In brief, samples were
lysed in 8 M urea and 50 mM Tris (pH 8.5). Following reduction in
5 mM TCEP, alkylation with 10 mM CAM, protein digestion with
trypsin/LysC, 25 mg from each sample was used for global analysis,
and 3,000 mg protein from each sample was used for phosphopeptide
enrichment. Global and enriched phosphopeptides were separately
TMT-labeled (TMTpro lot VJ316536) and offline high-pH fraction-
ated. Finally, samples were run on Eclipse Orbitrapmass spectrometer
with FAIMS pro (Thermo Fisher Scientific) and searched against re-
viewed and unreviewedMusmusculusUniProt database plus common
contaminants on PD 2.5 (additional details in Supplementalmethods).
Proteome data are deposited with ProteomeXchange Consortium
(project accession number PXD028554).

Plasma cytokine profiling

Circulating cytokines and chemokines were profiled and analyzed as
described previously.9,10 Briefly, circulating cytokines were measured
using 100 mL plasma and a MILLIPLEX MAP Mouse Cytokine/
Chemokine Magnetic Bead Panel (MCYTMAG-70K-PX32; Milli-
pore) that measures 32 cytokines/chemokines from limited samples.
TGF-b1, TGF-b2, and TGF-b3 were measured separately. Each group
contained plasma samples from nine animals. Those samples with no
detectable values were given a score of zero for the analyses.

Statistical analysis

Data were analyzed using two-factor (miR-486+ and Neu+) analysis
of variance or one-way ANOVA with Tukey’s multiple-comparisons
test for comparisons between multiple groups with GraphPad Prism
version 9 software (GraphPad, San Diego, CA). Unpaired parametric
t tests were used for comparisons between two groups. A p value
of <0.05 was considered to indicate statistical significance.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtn.2022.03.009.
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