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Abstract

Duchenne muscular dystrophy (DMD) is characterized by progressive skeletal muscle
degeneration. No treatments are currently available to prevent the disease. While the muscle
enriched microRNA, miR-133b, has been implicated in muscle biogenesis, its role in DMD
remains unknown. To assess miR-133b function in DMD-affected skeletal muscles, we genetically
ablated miR-133b in the /max mouse model of DMD. In the absence of miR-133b, the tibialis
anterior muscle of P30 /max mice is smaller in size and exhibits a thickened interstitial space
containing more mononucleated cells. Additional analysis revealed that miR-133b deletion
influences muscle fiber regeneration, satellite cell proliferation and differentiation, and induces
widespread transcriptomic changes in /max muscle. These include known miR-133b targets as well
as genes involved in cell proliferation and fibrosis. Altogether, our data demonstrate that skeletal
muscles utilize miR-133b to mitigate the deleterious effects of DMD.
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Introduction

Duchenne muscular dystrophy (DMD) is the most prevalent of the muscular dystrophies,
primarily affecting boys, with symptoms arising between 3-5 years of age. While advances
in medical care have allowed DMD patients to live into adulthood, there is still no cure for
the disease (Guiraud et al., 2015). DMD is caused by loss of function of the dystrophin gene,
an X-linked gene important for maintaining the integrity of the muscle fiber sarcolemma
(Hoffman et al., 1987; Rybakova et al., 2000; McNally & Pytel, 2007; Guiraud et al., 2015)
through its association with dystroglycan and sarcoglycans (Ibraghimov-Beskrovnaya et al.,
1992; Lapidos et al., 2004; McNally & Pytel, 2007). While the initial formation of skeletal
muscles proceeds mostly unimpeded during development, muscle fibers rapidly degenerate
as individuals mature due to damages on the peripheral membrane caused by mechanical
stress associated with muscle contraction (McNally & Pytel, 2007; Guiraud et al., 2015). As
the disease becomes more severe, skeletal muscle progenitor cells, known as satellite cells,
fail to adequately proliferate and differentiate in order to replace damaged muscle fibers
(Almada & Wagers, 2016). DMD-pathogenesis is further exacerbated by chronic immune
cell infiltration and fibrosis (Kharraz et al., 2014) that results from deposition of collagens
and fat emanating from fibroblasts and adipocytes (Yin et al., 2013b; Kharraz et al., 2014;
Almada & Wagers, 2016). These pathological changes invariably impair the function and
stability of remaining muscle fibers, compromising voluntary movements and ultimately
causing death of affected individuals (Guiraud et al., 2015). Thus, it is important to continue
to explore the molecular basis for DMD progression.

The progressive nature of DMD (Guiraud et al., 2015) suggests that endogenous
mechanisms could be recruited to mitigate damages caused by DMD and to maintain
the regenerative capacity of skeletal muscles. Arguably, the most attractive endogenous
molecular mechanisms would be those that bolster the regenerative capacity of skeletal
muscles and endow muscle fibers with the ability to overcome fibrosis and inflammation
resulting from the loss of dystrophin (Chang et al., 2016). In this regard, microRNAs
have received attention as candidate molecules for modifying DMD-pathology because of
their functions in normal and disease-affected skeletal muscles and the relative ease with
which they can be packaged into vectors (Williams et al., 2009a; Sharma et al., 2014;
Horak et al., 2016; Ballarino et al., 2016). These ubiquitous small non-coding RNAs are
approximately 22 nucleotides in length and impact a wide range of cellular processes by
inhibiting translation of target mMRNAs (Meister, 2013; Ha & Kim, 2014).

There is ample evidence suggesting that the muscle-enriched microRNA, miR-133b, may
be a candidate for modifying DMD-pathogenesis. /n7 vitro studies have shown that targeting
miR-133b and its close relative, miR-133a, affect different stages of myogenesis, including
the proliferation of satellite cells (Chen et al., 2006; Cui et al., 2019) and myaoblasts (Feng
et al., 2013), the differentiation of satellite cells into either myoblasts or brown adipose
tissue (Yin et al., 2013a), and the formation of muscle fibers (Hak et al., 2006; Feng et al.,
2013; Cui et al., 2019). /n vivo, published data indicate that skeletal muscles upregulate
miR-133b during regeneration following injury (Liu et al., 2012) and may utilize miR-133b
to maintain homeostasis during cellular, functional and biochemical changes induced by
exercise (Russell et al., 2013) and denervation (Valdez et al., 2014) as well as in sarcopenia
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(lannone et al., 2020). Additionally, miR-133b was shown to accelerate muscle regeneration
following injury in young adult rats alongside miR-1 and miR-206 (Nakasa et al., 2010).
Importantly, there is evidence indicating that miR-133b is elevated in the serum and muscles
of dystrophin-null (/madXx) mice (Coenen-Stass et al., 2018) and in the serum of DMD
patients, however the latter study did not distinguish miR-133b from miR-133a (Cacchiarelli
et al., 2011). Despite these findings, the role of miR-133b in DMD remains unclear. This

is because miR-133b has yet to be examined independently of other non-coding RNAs in
DMD (Cesana et al., 2011; Boettger et al., 2014). In one published study, miR-133b was
proposed to collaborate with a long noncoding RNA, linc-MD1, to affect the timing and rate
of muscle fiber formation in DMD (Cesana et al., 2011). In another study, it was shown

that simultaneously deleting miR-133b and miR-206, another muscle enriched microRNA
found in the same long non-coding RNA as miR-133b, has no effect on DMD pathogenesis
(Boettger et al., 2014). Therefore, it remains unknown if and how miR-133b plays a role in
DMD.

To directly test the role of miR-133b in DMD-pathogenesis, we generated max mice lacking
miR-133b. Analysis of these mice during various stages of disease severity revealed that
miR-133b does in fact play important roles in DMD. Loss of miR-133b decreased the

size of muscle fibers while increasing the area of the interstitial space and the presence of
nuclei within it in P30 max hindlimb muscles. These changes are partly due to alterations

in satellite cell abundance and changes in expression of myriad genes, including both
known targets of miR-133b and genes shown to be involved in cell cycle regulation and
promotion of fibrosis. Altogether, these findings strongly suggest that skeletal muscles
increase miR-133b levels to mitigate damages caused by DMD.

Ethical Approval and Animal Information

With the exception of the Pax7 antibody, a kind donation from Dr. Julia von Maltzahn,

all reagents were obtained from commercial vendors as described below. Dystrophin-null
DMD mice (madx, Jackson Labs 001801, RRID: IMSR_JAX:001801 (Bulfield et al., 1984))
were purchased from Jackson Laboratories (Bar Harbor, Maine) and miR-133b~/~ mice
were obtained from the Feng lab (Heyer et al., 2012). All mice were maintained on a

mixed genetic background. miR-133b™~ mice were crossed with /mdx mice to generate
madx;miR-133b*/~ mice which were subsequently bred to generate max;miR-133b*/* and
max,;miR-133b~/~ mice for experimental use. miR-133b™~ mice were also crossed with WT
mice to generate miR-133b*/~ mice which were subsequently bred to generate miR-133b*/*
and miR-133b~/" littermates for experimental use. Wild-type control mice used for gPCR
were age and sex-matched to max mice. Male and female mice were used for all /n vivo
studies and for primary cell culture experiments and the number of male and female mice
were balanced across genotypes for each individual experiment, with the exception of body
weight measurements. For comparisons between max;miR-133b*/* and madx;miR-133b~/~
muscle, mice were aged 30, 60, or 90 days as described in the results section. For
comparisons between miR-133b** and miR-133b™~ muscle, mice were aged 60 days. Mice
aged 15-21 days were used for primary cell culture. Prior to cardiotoxin administration,
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mice were anesthetized with a solution of ketamine (50 mg/kg IP) and xylazine (7.5
mg/kg) injected into the peritoneum. Sufficient anesthesia was checked with a hind foot
pinch and ophthalmic ointment was applied to the animal’s eyes. Respiration and arousal
were monitored throughout the procedure. All mice were sacrificed with a lethal dose of
isoflurane prior to tissue collection or tissue dissociation for primary cell culture. Animals
were housed in a 12 hour light/dark cycle with access to food and water ad libitum. No
animals died before the conclusion of experiments. Breeding, housing, and experimental
use of animals were performed in a pathogen free environment in accordance with 7he
Journal of Physiology animal ethics policy as well as the National Institutes of Health and
Virginia Tech Institutional Animal Care and Use Committee (Protocol# 18-148 and 18-176)
guidelines.

Immunohistochemistry (IHC): Whole mounted muscle

IHC: Muscle

Mice were anesthetized with isoflurane and perfused transcardially with phosphate buffered
saline followed by 4% paraformaldehyde. Following dissection, the extensor digitorum
longus (EDL) muscle was incubated with Alexafluor 555 conjugated alpha-bungarotoxin
(#B35451, Invitrogen, Carlsbad, CA) diluted 1:1000 in PBS for 2 h at room temperature,
washed 3 times with PBS for 5 minutes and mounted to a glass slide in Vectashield (\ector
Laboratories, Burlingame, CA).

Cross Sections

The tibialis anterior (TA) muscle was dissected from paraformaldehyde perfused mice, post-
fixed in 30% sucrose in PBS for 48 h at 4C, cross-sectioned at 16 um in Tissue Freezing
Medium (#TFM-5, General Data, Cincinnati, OH) with a cryostat, and mounted to gelatin
coated glass slides. For laminin IHC, TA sections were incubated in blocking buffer (5%
BSA, 3% goat serum, 0.1% Triton X-100 in PBS) for 1 h at room temperature, incubated
in primary antibody (Rabbit anti-laminin, #9393, RRID: AB_477163, Sigma-Aldrich, St.
Louis, MO) diluted 1:250 in blocking buffer overnight at 4C, washed 3 times in PBS,
incubated in Alexafluor 568 conjugated polyclonal goat anti-rabbit antibody (#A11036,
Invitrogen, Carlsbad, CA) diluted 1:1000 in blocking buffer for 1 h at room temperature,
washed twice in PBS, incubated in DAPI (#D1306, Fisher Scientific, Waltham, MA) diluted
1:1000 in PBS for 20 minutes at room temperature, and washed twice in PBS before
Vectashield (Vector Laboratories) mounting medium and coverslip application. Pax7 IHC
was performed according to (Mayerl et al., 2018), briefly, sections were incubated in
M.O.M. blocking buffer (#MKB-2213, Vector Laboratories, Burlingame, CA) for 1 h at
room temperature, incubated in mouse anti-Pax7 antibody (undiluted, RRID: AB_528428)
and rabbit anti-laminin (1:250, #9393, RRID: AB_477163, Sigma-Aldrich, St. Louis,
MO) overnight at 4°C, washed in PBS 3 times for 5 minutes, incubated in Alexafluor

546 conjugated polyclonal goat anti-mouse 1gG antibody (#A-11010, RRID: AB_ 2534077,
Invitrogen, Carlsbad, CA) and Alexafluor 488 conjugated polyclonal goat anti-rabbit 1gG
(#A-110008, RRID: AB_143165, Invitrogen, Carlshad, CA) diluted 1:1000 in 5% horse
serum for 1 h at room temperature, washed twice in PBS, incubated in DAPI (1:1000 in
PBS) for 20 minutes at room temperature, and washed twice in PBS before Vectashield
mounting medium and coverslip application. Specificity of the Pax7 antibody in adult
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mouse skeletal muscle has been described previously (Von Maltzahn et al., 2013). The Pax7
antibody was a generous donation from Dr. Julia von Maltzahn.

Immunocytochemistry (ICC)

Cell cultures were fixed in 4% paraformaldehyde for 30 minutes at room temperature and
washed 3 times in PBS for 5 minutes. Pax7 immunocytochemistry was performed according
to Pax7 IHC protocol above. Myosin ICC was performed with mouse anti-myosin (1:100,
#MF20, DSHB, lowa City, 1A, RRID: 2147781) according to laminin IHC protocol above.

Imaging
Imaging was performed with a Zeiss LSM 710 laser scanning confocal microscope (Carl
Zeiss Microscopy, Berlin, Germany) using a 20x (0.8 numerical aperture) objective. Zeiss
Zen software (RRID: SCR_013672) was used for maximum intensity projections and
stitching of tile scans.

Muscle fiber cross sectional area and central nuclei analyses

Muscle fiber analysis was performed on four tile scan images of laminin/DAPI stained TA
cross sections. Cross sections of 16 um thickness were selected from the medial TA at

0.3 mm intervals. Muscle fibers were identified by laminin positive rings within muscle
tissue. Muscle fibers with central nuclei were defined by the presence of a DAPI-positive
nucleus within laminin positive rings that are not immediately adjacent to the laminin
positive staining. The fractionator method (Mouton, 2011) was used to randomly sample an
average of 290 muscle fibers per muscle. To achieve this, a grid was superimposed on the
images with ImageJ software (RRID:SCR_003070) and all muscle fibers located on a grid
point were selected for measurement. Muscle fiber CSA measurements were performed with
Imagel.

Necrotic Muscle Fiber Analysis

Analysis of necrotic muscle fibers was performed on laminin/Pax7/DAPI stained TA cross
sections as previously described (Bencze et al., 2019). Necrotic muscle fibers were identified
by intense labeling of immunoglobulin G (IgG) throughout the sarcolemma with Alexafluor
546 conjugated polyclonal goat anti-mouse 1gG antibody (#A-11010, RRID: AB_2534077,
Invitrogen, Carlsbad, CA), indicating muscle fiber permeability to this serum protein.
Additional morphological analysis of fragmented sarcoplasm and increased presence of
nuclei (Radley & Grounds, 2006) was used to confirm necrosis in IgG* muscle fibers. The
fractionator method (Mouton, 2011) was used to randomly sample an average of 195 muscle
fibers per muscle. To achieve this, a grid was superimposed on the images with ImageJ
software and all muscle fibers located on a grid point were selected for analysis. Counting
and sampling were performed on blinded images with ImageJ software.

Interstitial Nuclei Analysis

Interstitial nuclei counts were performed on laminin/DAPI stained 16 um TA cross sections
using the fractionator sampling method (Mouton, 2011). On average, 30 regions measuring
7800 pm?2 were randomly sampled across two cross sections collected from the medial
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TA. Interstitial nuclei were identified as DAPI positive nuclei located in areas of thickened
laminin deposition in the interstitial space and not immediately adjacent to muscle fibers.
Counting and sampling were performed on blinded images with ImageJ software.

Interstitial Space Analysis

Analysis of the area of the interstitial space was performed on laminin/DAPI stained

16 um thick TA cross sections using the fractionator sampling method (Mouton, 2011).
On average, 22 regions measuring 20,000 um? were randomly sampled across two cross
sections collected from the medial TA. Interstitial area was identified by the presence of
thick laminin staining occupied by nuclei in the interstices of muscle fibers. Sampling and
measurements were obtained from blinded images with ImageJ software and reported as a
percent of the total cross-sectional area sampled.

In Vivo Satellite Cell Counts

Counting of Pax7* satellite cells was performed on blinded images obtained from Pax7/
laminin/DAPI stained TA cross sections of 16 pum thickness using the fractionator sampling
method. Four cross sections were selected from the medial TA at 0.3 mm intervals. Pax7+
cells were identified by the presence of a Pax7*/DAPI* nucleus located immediately
adjacent to a laminin*™ muscle fiber.

Satellite Cell Proliferation Analysis

Satellite cell proliferation analysis was performed on blinded images of satellite cell
enriched cultures using the fractionator sampling method. Following muscle dissociation
from a single mouse, cells were seeded to two chamber slides. The first slide was fixed
immediately after the cells attached to the slide (4-16 h post-seed) and the second slide

was fixed at 72 h post-seed. The cell cultures were stained with Pax7/DAPI, imaged, and
satellite cells were identified by the presence of a Pax7*/DAPI* nucleus. One replicate
represents 3 technical replicates derived from the dissociation of skeletal muscles of a single
miR-133b*"* mouse or its miR-133b~/~ littermate. Data are presented as the average fold
change in the number of Pax7+ cells at 72 h post-seed relative to the number of Pax7* cells
immediately after seeding for a given replicate.

Myotube Size

Myotube size analysis was performed on blinded images of primary muscle cultures
derived from miR-133b*/* and miR-133b™/" littermates that were fixed at 2 or 5 d post-
differentiation and stained with myosin/DAPI. Myotubes were identified by the presence of
myosin and at least two nuclei. Area measurements were obtained by outlining the myosin®
area of a myotube using ImageJ software.

Cardiotoxin Injury

Cardiotoxin from Naja melanoleuca (#v9000, Sigma-Aldrich, St. Louis, MO) was diluted in
sterile PBS to a final concentration of 70 ug/mL. Following anesthesia of P60 miR-133b*/*
and miR-133b~/~ littermates with ketamine (50 mg/kg IP), 50 uL of cardiotoxin solution was
delivered to the belly of the TA muscle with a 31 gauge needle.
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Primary Myoblast Culture

Hindlimb muscles were collected from p15-p21 miR-133b** and miR-133b™" littermates.
After removal of connective tissue and fat, muscles were cut into 5 mm? pieces with
forceps and digested in 2 mg/mL collagenase 11 (Worthington Chemicals, Lakewood, NJ)
for 1h at 37°C. Muscles were further dissociated by mechanical trituration in high glucose
Dulbecco’s modified eagle medium (DMEM, #11965118, Life Technologies, Carlsbad, CA)
containing 10% horse serum (Life Technologies #16050122) and passed through a 40 um
filter to generate a single cell suspension. Excess debris was removed from the suspension
by centrifugation in 4% BSA followed by a second centrifugation in 40% Optiprep solution
(Sigma-Aldrich, St. Louis, MO) from which the interphase was collected. Cells were washed
in 10% horse serum in DMEM and seeded to laminin (#23017015, Life Technologies,
Carlsbad, CA) coated chamber slides (NUNC Permanox, #160005, NUNC, Rochester, NY)
in growth media consisting of 20% fetal bovine serum (#FP-0500-A, Atlas Biologicals,
Fort Collins, CO), 0.1% penicillin/streptomycin (Life Technologies, Carlsbad, CA), 2 mm
glutamine (Life Technologies, Carlsbad, CA), and 0.1% Fungizone (Life Technologies,
Carlsbad, CA) in high glucose DMEM. For analysis of satellite cell proliferation, cells were
seeded at a density of 20,000 cells per well. For analysis of myotube formation, cells were
seeded at a density of 100,000 cells per well. Once cells were 100% confluent, growth
medium was replaced with differentiation medium consisting of 2% horse serum (Life
Technologies, Carlsbad, CA) and 0.1% penicillin/streptomycin in high glucose DMEM to
induce myotube formation. Myotube cultures were fixed with 4% PFA at 2 and 5 d after
addition of differentiation media. Cell cultures were maintained at 37°C and 5% CO,.

mMRNA Isolation and qPCR

RNA-seq

RNA was extracted from the TA muscle using Trizol reagent (Life Technologies, Carlsbad,
CA) and the Aurum Total RNA Mini Kit (Bio-Rad, Hercules, CA) and treated with DNase.
Reverse transcription of RNA was performed with iScript™ Reverse Transcription Supermix
(Bio-Rad, Hercules, CA). gPCR was performed with iTAQ SYBR Green Supermix (Bio-
Rad, Hercules, CA) using the CFX Connect Real Time PCR System (Bio-Rad, Hercules,
CA). Primers were used at a concentration of 300 nM, primer sequences used in this study
are listed in Table 1. To distinguish expression of miR-133a from miR-133b and miR-1
from miR-206, primers were designed to amplify the unique sequences of the precursor
miRNAs. Primer specificity and genomic contamination were evaluated by comparisons

of melt curves between samples and no reverse transcriptase and no template controls.

A sample was considered to be not detected if it did not produce a cycle threshold (Ct)
value after 40 PCR cycles or if it produced a Ct value and/or a melt peak temperature that
resembled either the NTC or the NRT control samples. Expression values are normalized to
B2 Microglobulin using the 272ACT method.

RNA sequencing was performed by the Genomics Sequencing Center at Virginia Tech using
an mRNA-stranded Seq library prep (Illumina, San Diego, CA) and NextSeq High Output
75SR sequencing (Illumina, San Diego, CA). Following sequencing, data were trimmed for
both adaptor and quality using a combination of ea-utils and Btrim (Kong, 2011; Aronesty,
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2013). Sequencing reads were aligned to the genome using HiSat2 (Kim et al., 2015)

and counted via HTSeq (Anders et al., 2015). QC summary statistics were examined to
identify any problematic samples (e.g. total read counts, quality and base composition
profiles (+/- trimming), raw fastq formatted data files, aligned files (bam and text file
containing sample alignment statistics), and count files (HTSeq text files). Following
successful alignment, mRNA differential expression was determined using contrasts of and
tested for significance using the Benjamini-Hochberg corrected Wald Test in the R-package
DESeq (Love et al., 2014). Signaling pathway analysis was generated through the use

of IPA (QIAGEN Inc., https://www.giagenbio-informatics.com/products/ingenuity-pathway-
analysis). RNA seq data are deposited at NCBI GEO, (https://www.nchi.nlm.nih.gov/geo/,
accession # GSE156267).

Statistical analysis

Results

Unpaired Student’s T-tests and unpaired Student’s T-test with Welch’s correction were

used to make comparisons between 2 means. Two-way ANOVA with Bonferroni post-hoc
analysis was used to make comparisons between 4 means. Kolmogorov-Smirnov test was
used to compare muscle fiber CSA distributions. Statistical analyses performed with the
Microsoft Excel (RRID:SCR_016137) Data Analysis plugin and GraphPad Prism (RRID:
SCR_002798) software. For /n vivo experiments, an n is defined as one animal. For /n vitro
experiments, an n is defined as a cell culture generated from dissociation of skeletal muscles
from one animal. Data are expressed as mean * standard deviation.

miR-133b is induced in dystrophin-deficient mice

Although miR-133 is elevated in the serum of DMD patients (Cacchiarelli et al., 2011) and
adult max mice (Coenen-Stass et al., 2018), its expression in DMD-afflicted muscle is less
clear. Previous studies have shown that miR-133 (without distinction between miR-133a and
miR-133b) or miR-133b is upregulated, downregulated, or unchanged in various hindlimb
skeletal muscles of young adult madx mice (Greco et al., 2009; Coenen-Stass et al., 2018).
Additionally, the temporal relationship between miR-133b levels and severity of DMD in
skeletal muscles remains unknown. To answer these questions, we examined miR-133b
expression in the tibialis anterior (TA) muscle at postnatal day 30 (P30), an age at which
muscle fiber degeneration is typically pronounced in madx hindlimb muscles, and at P60, an
age at which subsequent pathology remission is typical (McGeachie et al., 1993; Willmann
et al., 2009; Duddy et al., 2015). Since one nucleotide distinguishes mature miR-133b from
miR-133a, we designed primers against the unique sequences of the precursor miRNAs (pre-
miRNAS) to evaluate expression using qPCR (Table 1). Our analysis revealed that miR-133b
is increased at P30 and P60 in madx mice compared to control mice (Fig. 1A). While
miR-133b was not detected in the TA of adult control mice (Fig. 1A), it is possible that it

is present at levels that are too low to be detected by our assay. In max mice, miR-133b
expression is significantly higher in the severe period of dystrophy (P30) as compared to

the subsequent period of remission (P60) in the TA. This expression pattern was specific

to miR-133b, as compared to miR-133a, which was expressed at similar or lower levels in
max TA muscle (Fig. 1B). It also differed from other muscle-enriched microRNAS in madx
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muscle. While miR-206 was significantly higher at both ages in malx versus control muscle,
it was expressed at higher levels at P60 compared to P30 in max TA (Fig. 1C). Levels of
miR-1 were similar at P30 and somewhat decreased at P60 in the TA muscle of madx mice
compared to control mice (Fig. 1D), confirming previous reports (Roberts et al., 2012).

Deletion of miR-133b exacerbates DMD-pathogenesis in skeletal muscles of mdx mice

To date, the role of miR-133b in DMD pathogenesis remains debated mainly because it

has yet to be examined independently of the precursor long-noncoding RNA in which both
miR-133b and miR-206 are encoded (LINCMD1) (Eisenberg et al., 2009; Williams et al.,
2009a). Previous work has demonstrated directly opposing myogenic functions of miR-206,
miR-133b and other regions of the LINCMD1 gene (Cesana et al., 2011). While deletion

of miR-206 alone exacerbates DMD-related pathology (Liu et al., 2012), the simultaneous
deletion of mir-133b and miR-206 has no effect on it (Boettger et al., 2014). To examine
the function of miR-133b independently of miR-206 in DMD, we analyzed mice lacking
only miR-133b (miR-133b™/"). First, we examined muscles lacking miR-133b (Heyer et
al., 2012) in otherwise healthy young adult mice (Fig. 2A-B). Analysis of pre-miR-133b
levels in miR-133b™'~ TA muscle with gPCR confirmed deletion of miR-133b in this mouse
line (Fig. 2C). We found that deletion of miR-133b did not cause obvious changes in body
weight (Fig. 2D) or skeletal muscles (Fig. 2E-I). There were no differences in TA muscle
mass (Fig. 2E), average muscle fiber cross-sectional area (CSA, Fig 2A, B, F), distribution
of muscle fiber size (Fig. 2G), numbers of mononucleated cells occupying the interstitial
space (Fig. 2H), or numbers of Pax7* satellite cells (Fig. 21) between miR-133b*/* and
miR-133b~/~ mice.

We next examined skeletal muscles from max mice lacking miR-133b, following crossing
of the miR-133b™~ and /madx mouse lines (herein referred to as max;miR-133b~/"). To start,
we examined the histopathology of TA muscle cross sections at P30, an age at which the
hindlimb muscles of madx mice typically experience severe DMD pathology, characterized
by elevated levels of muscle fiber damage and regeneration (McGeachie et al., 1993;
Willmann et al., 2009; Duddy et al., 2015). This analysis revealed that the CSA of the entire
TA muscle (Fig. 3C) as well as the CSA of the muscle fibers within the TA (Fig. 3A, B,

D) were decreased in max;miR-133b~~ mice compared to max;miR-1336"* mice. Further
analysis of muscle fiber CSA distribution revealed that this reduction in muscle fiber CSA is
due to fewer muscle fibers with large CSAs and more muscle fibers with small CSAs (Fig.
3E). Interestingly, the number of muscle fibers with centralized nuclei, a characteristic of
regenerating juvenile and adult muscle fibers, was somewhat decreased in max;miR-133b~/~
muscle, however this difference was not statistically significant (Fig. 3F, p = 0.0808).
Despite alterations in indices of muscle fiber regeneration, the abundance of necrotic muscle
fibers was roughly similar in max TA with and without miR-133b (Fig. 3G). Analysis of

the interstitial space revealed a larger laminin-positive area (Fig. 3H), indicative of increased
ECM deposition. This was accompanied by elevated numbers of mononucleated cells within
the interstitial space (Fig. 31), suggestive of an increased presence of fibroblasts, immune
cells, or adipocytes (Uezumi et al., 2010; Kharraz et al., 2014; Almada & Wagers, 2016).
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In consideration of the high degree of sequence similarity between miR-133b and miR-133a,
we analyzed pre-miR-133a levels in P30 madx;miR-133b~/~ TA using gPCR. We observed a
trend towards increased pre-miR-133a levels in P30 max muscle lacking miR-133b (Fig. 3J,
p = 0.0612), suggestive of compensatory expression. In addition to the observed differences
in the TA muscle, P30 max;miR-133b~~ mice had reduced body weight (Fig. 3K) but did
not display other differences in outward appearance when compared to max;miR-133b*/*
mice. Altogether, these data suggest that miR-133b deletion impacts the severity of muscular
dystrophy by altering both muscle fiber maturation and interstitial space composition but not
the rate of muscle fiber degeneration in max mice.

We next assessed the effect of miR-133b deletion in madx TA muscle at P60 and P90,

ages at which remitting DMD pathology is typical in the hindlimb muscles of max mice
(McGeachie et al., 1993; Willmann et al., 2009; Duddy et al., 2015). At P60, TA muscle
mass (Fig. 4C) and whole muscle CSA (Fig. 4D) were similar between madx;miR-133b*/*
and madx;miR-133b™~ mice. Likewise, the average TA muscle fiber CSA was similar
between madx littermates with and without miR-133b (Fig. 4A, B, E). However, a muscle
fiber CSA distribution analysis revealed a slight, but statistically significant, shift towards
increased abundance of muscle fibers with smaller CSAs in madx;miR-133b™~ versus
madx;miR-133b*"* mice (Fig. 4F). We also observed an uptick in muscle fibers with
centralized nuclei (Fig. 4G) alongside a trend towards reduced presence of necrotic muscle
fibers in max;miR-133b~/~ mice (Fig. 4H, p = 0.1208). Other histopathological indices
were similar in the TA muscle at P60 between /max;miR-133b*/* and max;miR-133b~/~
mice, including the laminin-positive areas within the interstitial space (Fig. 41) and the
number of interstitial nuclei (Fig. 4J). Additionally, miR-133a levels were similar between
madx;miR-133b*"* and madx;miR-133b~/~ mice (Fig. 4K). Deletion of miR-133b also did not
affect the body weight (Fig. 4L) or overall outward appearance of P60 max mice. At P90, all
histopathological differences between madx;miR-133b~/~ and madx;miR-133b*/* muscle were
absent in our observations. We found no difference in the overall TA muscle CSA (Fig. 5C),
muscle fiber CSA (Fig. 5A, B, D, E) and numbers of muscle fibers with central nuclei (Fig.
5F). The interstitial area (Fig. 5G), numbers of interstitial nuclei (Fig. 5H), and presence of
necrotic muscle fibers (Fig. 51) were also similar in the TA muscle of P90 mdx;miR-133b~/~
compared to max;miR-133b™* mice. These results suggest that the effects of miR-133b
deletion become less pronounced with the continued remission of DMD pathology that is
typical of skeletal muscles in P60 and P90 max mice (Willmann et al., 2009).

Loss of miR-133b does not directly affect NMJs in mdx mice

Although we previously showed that neuromuscular junctions (NMJs) are unaffected in
miR-133b null mice (Valdez et al., 2014), it is possible that NMJs afflicted with DMD
require miR-133b, due to the high rate of NMJ denervation and reinnervation associated
with muscle fiber turnover (Pratt et al., 2015). To address this possibility, we examined
NMJs in the extensor digitorum longus (EDL) muscle of madx;miR-133b~/~ mice following
labeling of nicotinic acetylcholine receptors (nAChRs) with fluorescently-tagged alpha-
bungarotoxin (fBTX). As a hindlimb muscle located adjacent to the TA with similar muscle
fiber type composition, the EDL was selected for analysis due to the relative ease with
which NMJs can be imaged as compared to the TA. This analysis showed that loss of
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miR-133b resulted in diminished endplate area (Fig. 6A, B, C) and postsynaptic area,
marked by nAChRs, (Fig. 6D). These differences in P30 max;miR-133b~/~ mice may be
due to a reduction in muscle size, as shown for the TA (Fig. 3), and not from direct

changes in the number of NMJs or their architecture. In support of this hypothesis, we
found no difference in post-synaptic fragmentation of NMJs between P30 madx;miR-133b~/~
and max;miR-133b** mice (Fig. 6E). Furthermore, NMJs were indistinguishable at P60
between max;miR-133b~/~ mice and max;miR-133b™* mice (Fig. 6F-J). These findings are
also in line with the muted effect of miR-133b deletion on skeletal muscles of madx mice at
P60.

Impact of miR-133b deletion on satellite cells in mdx mice

In vitro studies have uncovered important roles for miR-133b in satellite cell proliferation
and differentiation (Horak et al., 2016; Mok et al., 2017; Cui et al., 2019), raising the
possibility that loss of miR-133b exacerbates DMD-pathogenesis by affecting satellite cells.
To address this possibility, we examined the number of Pax7* satellite cells in TA muscle
cross sections of P30, P60, and P90 max;miR-133b*/* and madx;miR-133b~/~ mice. We did
not observe a statistically significant difference in numbers of Pax7* satellite cells in the

TA of max;miR-133b~/~ as compared to madx;miR-133b*/* mice during the initial stage of
muscle regeneration at P30 (Fig. 7A, B, G, p = 0.1474). However, fewer Pax7* satellite cells
were observed in max;miR-133b~/~ compared to mdx;miR-133b** muscle with increased
age, at both P60 (Fig. 7C, D, H) and P90 (Fig. 7E, F, I). These results suggest that miR-133b
deletion affects the proliferative response of satellite cells in DMD-afflicted muscle.

Deletion of miR-133b moderately affects muscle regeneration in acutely stressed skeletal
muscles in healthy young adult mice

The results above raised the prospect that miR-133b also plays a critical role in the repair of
skeletal muscles affected by other stressors. We thus asked if miR-133b must be present for
muscle fibers to regenerate properly and in a timely fashion following an acute injury. For
this, we administered cardiotoxin (CTX), which causes muscle fibers to rapidly degenerate
(Duchen et al., 1973, 1974), to the TA muscle of healthy miR-133b*/* and miR-133b~/~
littermates. We found that as muscle fibers begin to reform, at 7 days (7d) post-CTX
injection, the average muscle fiber CSA was lower (Fig. 8A, B, G) and there were fewer
muscle fibers with larger CSAs (Fig. 8E) in miR-133b™/~ as compared to miR-133b*/* mice.
This trend towards impaired muscle regeneration continued at 14d post-CTX injection (Fig.
8C, D). We observed a downward shift in muscle fiber CSA distribution (Fig. 8F) and an
overall decrease in average muscle fiber CSA (Fig. 8G) in miR-133b~/~ TA, suggesting

that regenerating muscle fibers mature at a slower rate in the absence of miR-133b. These
differences do not appear to result from changes associated with the interstitial space since
the number of interstitial nuclei was similar in miR-133b~/~ versus miR-133b** muscle at
both 7d and 14d post-CTX (Fig. 8H). The slower rate of muscle fiber regeneration also
does not seem to be caused by a lower abundance of Pax7* satellite cells (Fig. 81). Thus,
miR-133b does not have an obvious impact on satellite cells or mononucleated cells in

the interstitial space in transiently stressed skeletal muscles. This is in stark contrast to
chronically stressed skeletal muscles in the max TA, where miR-133b must be present to
minimize the accumulation of pathological features.
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Deleting miR-133b accelerates satellite cell proliferation but slows the formation of

myotubes

To determine if loss of miR-133b directly impacts satellite cell proliferation and their
ability to generate new myofibers, we isolated and cultured satellite cells from p15-p20
miR-133b*/* and miR-133b /" littermates. In order to assess rates of proliferation, satellite
cells were seeded at a low density so that proliferation could be observed before the

culture approached confluency. After 72 h in vitro, Pax7* satellite cells lacking miR-133b
proliferated faster compared to miR-133b*/* controls (Fig. 9A-C). To determine whether
miR-133b impacts satellite cell differentiation and fusion into myotubes, we seeded satellite
cells at a high density and treated with differentiation media. At both 2 (Fig. 9D, E) and 5
(Fig. 9F,G) days post-differentiation we observed smaller myosin*™ myotubes in miR-133b~~
versus miR-133b*/* cultures (Fig. 9H), suggesting an impairment of myotube formation

in the absence of miR-133b. Taken together, these results show that miR-133b functions

to control satellite cell proliferation and formation of myofibers, which are two cellular
processes altered in in max;miR-133b~/~ muscle.

Molecular signatures associated with loss of miR-133b in mdx mice

The increased DMD-pathogenesis in /madx;miR-133b~/~ mice indicates that miR-133b
impacts expression of protein-coding genes with important functions in DMD-afflicted
skeletal muscles. To identify genes altered in the TA muscle lacking miR-133b,

we compared the transcriptome between wild type (miR-133b*/*), miR-133b~/",
max,miR-133b*"*, and max;miR-133b™~ mice using RNA seq. Genes with an absolute log,
fold change greater than 1 and adjusted p-value less than 0.01 were deemed differentially
expressed between genotypes. This analysis revealed the following: 1) very few genes were
differentially expressed between healthy miR-133b*/* and miR-133b~/~ mice (Fig. 10A),
partly corroborating cellular analysis showing that loss of miR-133b has no obvious effect
on otherwise healthy skeletal muscles (Fig. 2) and NMJs (Valdez et al., 2014); 2) myriad
genes were significantly altered in the TA muscle of max compared to wild type control
mice (Fig. 10B); 3) deletion of miR-133b further altered the transcriptome of the TA muscle
in max mice (Fig. 10C).

To gain insights into the signaling pathways that miR-133b alters to exacerbate DMD-
pathology in max mice, we used Ingenuity Pathway Analysis (IPA). This revealed several
pathways with particular relevance to DMD pathogenesis that were closely associated
with deletion of miR-133b in madx mice (Fig. 10D) including STAT3, IL-6, and Apelin.
STAT3 has been shown to be expressed by satellite cells where it plays a pivotal role

in myogenesis by promoting satellite cell proliferation and inhibiting the formation of
myotubes (Guadagnin et al., 2018). Recent studies have demonstrated that IL-6 is closely
associated with infiltrating cells of the interstitial space and is downregulated in response
to glucocorticoid treatment in DMD patients (Guadagnin et al., 2018). Apelin has been
characterized as an exercised-induced signaling molecule that prevents sarcopenia, improves
muscle regeneration, and decreases inflammation in aging muscle (Vinel et al., 2018).
Modulation of these pathways by miR-133b may serve to protect muscle from DMD
pathogenesis.
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Genes involved in inflammation, TGF-p signaling, and other aspects of DMD pathology
were prominent among those upregulated in /madx;miR-133b~/~ muscle. This list of genes
included a number of known miR-133b targets that were identified using miRTarBase (Hsu
etal., 2011) (Table 2). These included RhoA, a well characterized target of miR-133b (Qin
et al., 2012) that is associated with myoblast fusion, muscle regeneration, fatty infiltration
and effectiveness of glucocorticoid treatment in max mice (Hosoyama et al., 2009; Doherty
etal., 2011; Hindi et al., 2013; Mu et al., 2013, 2017). It also included members of the TGF-
B signaling pathway (Table 3), which promotes fibrosis in DMD-afflicted muscle (Juban et
al., 2018). Specifically, the TGF-p receptor, TGF-B-induced factor homeobox 1 (TGIF1),
SMAD3, and SMAD5 were found upregulated in max;miR-133b~/~ muscle (Table 3)
(Wotton et al., 1999; Burks & Cohn, 2011). We confirmed trends in expression patterns that
are suggestive of heightened inflammation using qPCR. In particular, we observed decreased
expression of latent TGF-B binding protein 4 (LTBP4) in max;miR-133b~/~ muscle (Fig.
10E). LTBP4 inhibits TGF-B by sequestering it in the extracellular matrix and it is one of

a handful of genes known to affect disease progression in DMD patients (Flanigan et al.,
2013; Juban et al., 2018). TNFa induced protein 2 (TNFAIP2) is induced in response to
TNFa signaling (Jia et al., 2018) and has been shown to influence epithelial to mesenchymal
transition (EMT) (Niwa et al., 2019). Given the role of TNFa in inflammation, increased
levels of TNFAIP2 in max;miR-133b~/~ mice may be indicative of a heightened M1
inflammatory response (Jia et al., 2018). This difference was statistically significant in the
RNA seq data, however it was not statistically significant in the gPCR results (Fig. 10F, p

= 0.0629) despite a similar trend. Similarly, the decreased levels of CD55, a complement
inhibitor that is associated with anti-inflammatory responses in immune cells (Sutavani
etal., 2013), in max;miR-133b~'~ muscle (Fig. 10G) further suggest a heightened and
dysregulated inflammatory response in the absence of miR-133b. Overall, this expression
dataset supports important roles for miR-133b in mitigating DMD pathogenesis. It also
provides promising candidate genes and signaling modules that could be directly targeted to
attenuate the various pathological features associated with DMD.

Discussion

This is the first study to directly assess the role of miR-133b on DMD pathogenesis and

the regenerative capacity of skeletal muscle /n vivo. We show that deletion of miR-133b
reduces the size of muscle fibers without profoundly impacting muscle fiber degeneration in
the severe stage of muscle dystrophy in the TA muscle of madx mice. Importantly, we provide
cellular and molecular mechanistic insights on how miR-133b impacts DMD pathogenesis.
We demonstrate that deletion of miR-133b impacts the proliferation of satellite cell and their
ability to form myofibers. We also uncover genes and signaling modules that are altered
when miR-133b is deleted in madx mice. Altogether, our findings provide evidence that
miR-133b and its downstream targets affect the regenerative capacity of skeletal muscles,
possibly through satellite cells.

The impact of miR-133b on satellite cells is a significant finding in this study because
of the role these cells play in the progression of DMD pathogenesis. Specifically, it is
clear that satellite cell dysfunction contributes to the loss of skeletal muscle mass and
increased presence of fibrotic and adipose tissue that accompanies the progression of DMD
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(Yinetal., 2013b; Chang et al., 2016). We show that miR-133b plays an important role

in modulating the capacity of satellite cells to generate myofibers. In culture, we found

that miR-133b deletion in satellite cells inhibited myotube formation. This suggests that
miR-133b may be upregulated in satellite cells to promote differentiation into myotubes, a
finding that has been demonstrated by others (Hak et al., 2006; Feng et al., 2013; Cui et al.,
2019). Corroborating these findings, deletion of miR-133b increased the number of small
muscle fibers in max mice at P30, an age at which skeletal muscle fiber degeneration is
severe. Loss of miR-133b from wild type mice also slowed regeneration of muscle fibers
following CTX-induced injury. Providing further evidence that miR-133b deletion impacts
the regenerative response of skeletal muscle precursor cells, STAT3 signaling was foremost
among upregulated pathways in max;miR-133b™~ muscle. STAT3 signaling has a well
described role in inhibiting satellite cell differentiation. Together, these findings suggest
that deletion of miR-133b impairs muscle fiber regeneration, possibly by disrupting the
differentiation of satellite cells.

Along with promoting differentiation, miR-133b may be upregulated in DMD to promote
quiescence of activated satellite cells, a process that is necessary to replenish and maintain
the pool of muscle precursor cells (Zammit et al., 2006). In support of this, we observed
elevated rates of proliferation in satellite cells lacking miR-133b in culture, suggestive of a
preference towards activation versus quiescence. Following acute muscle damage, either in
the initial stages of degeneration in max muscle at P30 or following CTX-induced injury,
we observed similar or slightly higher numbers of satellite cells in the absence of miR-133bh.
Following an extended period of skeletal muscle fiber degeneration and regeneration in

P60 and P90 mdx mice, however, we observed fewer satellite cells in miR-133b~/~ muscle.
Thus, miR-133b may play a role in regulating continuous proliferation of satellite cells
during chronic, asynchronous muscle regeneration in dystrophic muscle. An examination of
molecular markers of activated satellite cells, such as MyoD (Zammit et al., 2006), in future
studies would shed light on this possibility. Regardless, these data add to published studies
indicating that miR-133b is an important regulator of the myogenic program of satellite cells
(Hak et al., 2006; Chen et al., 2006; Yin et al., 2013a; Feng et al., 2013; Cui et al., 2019).
Thus, the varying levels of miR-133b at specific stages of DMD severity in madx muscle

(i.e. P30 and P60) may be necessary to both control the proliferation and differentiation of
satellite cells to promote regeneration of muscle fibers.

In addition to orchestrating muscle regeneration, this study demonstrates an additional and
previously unknown role for miR-133b in influencing the expression of genes related to
inflammation and fibrosis in madx muscle. Of particular therapeutic relevance is miR-133b
regulation of I1L-6 signaling, reductions of which are associated with improved outcomes
following steroid treatment (Guadagnin et al., 2018), and LTBP4, which has been identified
as a genetic factor of disease progression in DMD patients (Flanigan et al., 2013; Juban

et al., 2018). Evidence of increased inflammation is supported by an elevated presence

of mononucleated cells in the interstitial space. While the identity of these cells was not
determined in this study, it is possible that miR-133b may directly influence levels of
fibroblasts, adipocytes, and other cells residing in skeletal muscles. Along these lines,
previous work has established a role of miR-133 in regulating levels of adipocytes in skeletal
muscle tissue (Yin et al., 2013a).

J Physiol. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Taetzsch et al.

Page 15

In contrast to madx mice, deletion of miR-133b from healthy control mice had a limited
effect on skeletal muscles, suggesting that miR-133b is utilized in responses to damage
rather than prevention of degeneration. Muscle fiber size, satellite cell number, ECM
thickness, and levels of infiltrating cells were normal in healthy muscle lacking miR-133b.
Similarly, RNA seq analysis identified only two differentially regulated genes related

to deletion of miR-133b in healthy muscle while over 600 genes were differentially
regulated in max muscle lacking miR-133b. These findings are in line with previous studies
demonstrating that miRNAs are primarily utilized by cells in mature tissues to coordinate
responses under stress (Williams et al., 2009b; Russell et al., 2013; Emde & Hornstein,
2014; Horak et al., 2016). Along these lines, deletion of miR-133b greatly influenced
skeletal muscle fiber regeneration but had a limited impact on muscle fiber degeneration
in madx muscle, as levels of necrotic fibers were roughly similar between max muscle with
and without miR-133b at all ages examined. Taken together, these results support roles for
miR-133b in promoting regeneration but not degeneration of muscle fibers.

Impairments in myogenesis, both on the level of satellite cell proliferation and muscle fiber
maturation, and increases in cell signaling associated with fibrosis and inflammation are
hallmarks of DMD pathology. These cellular and molecular features inevitably contribute
to progressive loss of muscle fibers, muscle weakness, and death. Hence, it is critical to
continue to identify targets that could slow these features of DMD. Our results provide
evidence that miR-133b, a short oligonucleotide, could be used to mitigate DMD pathology
by impacting the proliferation and differentiation of satellite cells while reducing expression
of genes associated with inflammation and fibrosis. Thus, future experiments will assess the
impact of manipulating miR-133b levels and the action of downstream targets at specific
stages of DMD pathology.
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Key Points

Impairment of muscle biogenesis contributes to the progression of Duchenne
muscular dystrophy (DMD).

As a muscle enriched microRNA that has been implicated in muscle
biogenesis, the role of miR-133b in DMD remains unknown.

To assess miR-133b function in DMD-affected skeletal muscles, we
genetically ablated miR-133b in the max mouse model of DMD.

We show that deletion of miR-133b exacerbates the dystrophic phenotype of
DMD-afflicted skeletal muscle by dysregulating muscle stem cells involved

in muscle biogenesis, in addition to impacting signaling pathways related to
inflammation and fibrosis.

Our results provide evidence that miR-133b may underlie DMD pathology by
affecting the proliferation and differentiation of muscle stem cells.
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Figure 1.
Expression analysis of miR-133b and related miRNAs in max muscle. Levels of precursor

miRNAs in the TA muscle of P30 and P60 control and /madx mice were assessed using
gPCR. (A) miR-133b (genotype effect, p < 0.0001; age effect, p < 0.0001; genotype X age
interaction, p = 0.9719; two-way ANOVA). (B) miR-133a (genotype effect, p = 0.0339; age
effect, p = 0.3130; genotype X age interaction, p = 0.0016; two-way ANOVA). (C) miR-206
(genotype effect, p < 0.0001; age effect, p = 0.2293; genotype X age interaction, p =
0.0586; two-way ANOVA). (D) miR-1 (genotype effect, p = 0.2708; age effect, p = 0.3864;
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genotype X age interaction, p = 0.0160; two-way ANOVA). All values normalized to p2
Microglobulin using the 272ACT method and reported as mean + standard deviation; P30, n
=4; P60 n = 3. * p < 0.05 versus age-matched control, # p < 0.05 versus genotype-matched
group at P30, Bonferroni’s multiple comparisons. N.D. not detected.
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Figure 2.

Analysis of healthy control mice lacking miR-133b. (A and B) Representative images

of laminin (red) and DAPI (green) IHC of P60 miR-133b*/* and miR-133b~/~ TA cross
sections. (C) qPCR analysis of pre-miR-133b in miR-133b*/* and miR-133b™/~ TA of
P60 mice (n = 3, values normalized to B2 Microglobulin using the 2722CT method). (D)
Mouse body weight of P30 and P60 mice (n = 10-17, genotype effect, p = 0.7514, age
effect, p < 0.0001, genotype X age interaction, p = 0.7693, two-way ANOVA). (E) Overall
TA muscle mass at P30 and P60 (n = 4-6, genotype effect, p = 0.8687, age effect, p

< 0.0001, genotype X age interaction, p = 0.7911, two-way ANOVA). (F-1) Analysis of
healthy P60 miR-133b*/* and miR-133b™/~ TA cross sections, including (F) mean muscle
fiber CSA (p = 0.6765, unpaired T-test), (G) muscle fiber CSA distribution (p = 0.1342,
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Kolmogorov-Smirnov test), (H) numbers of interstitial nuclei (p = 0.3860, unpaired T-test),
and (1) numbers of Pax7* satellite cells (p = 0.6613, unpaired T-test). All values except (G)
reported as mean + standard deviation. For (F-1), n =5, miR-133b*/*; n = 4, miR-133b~/".
Scale bar = 50 um. N.D. not detected.
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Figure 3.
Deletion of miR-133b exacerbates DMD pathology in the TA of P30 max mice.

(A-B) Representative images of laminin (red) and DAPI (green) staining in (A) P30
max,;miR-133b*"* and (B) max;miR-133b~/~ TA muscle cross-sections. (C) Overall TA
muscle CSA (p = 0.0344, n = 4, mdx;miR-133b*"*, n = 3, max;miR-133b™/~, unpaired
T-test). (D) Average muscle fiber CSA (p = 0.0025, unpaired T-test). (E) Cumulative
frequency distribution curve of muscle fiber CSAs (p < 0.0001, Kolmogorov-Smirnov
test). (F) Analysis of muscle fibers with central nuclei (p = 0.0808, unpaired T-test). (G)
Analysis of necrotic muscle fibers (p = 0.3741, unpaired T-test). (H & I) Analysis of the
interstitial space, including (H) interstitial area (p = .0265, unpaired T-test) and (I) the
number of nuclei within the interstitial area (p = 0.0014, unpaired T-test with Welch’s
correction). (J) Expression analysis of pre-miR-133a levels in the TA using qPCR (p =
0.0612, unpaired T-test with Welch’s correction). (K) Mouse body weight (p = 0.0106, n
= 8, max;miR-133b™*; n = 12, madx;miR-133b~/~, unpaired T-test). n = 4 unless otherwise
noted. All values, except E, reported as mean + standard deviation. miR-133a expression
normalized to B2 Microglobulin using the 272ACT method. * p < 0.05, scale bar = 100 um.
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Assessment of miR-133b deletion on DMD pathogenesis in P60 max TA. (A-B)
Representative images of laminin (red) and DAPI (green) staining of P60 (A)
max,;miR-133b*"* and (B) max;miR-133b~/~ TA cross sections. (C) TA mass (N = 6, p

=0.1035, unpaired T-test). (D) Overall CSA of the TA muscle (p = 0.7879, unpaired
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T-test). (E) Mean muscle fiber CSA (p = 0.3459, unpaired T-test). (F) Cumulative frequency
distribution curve of muscle fiber CSAs (p = 0.0078, Kolmogorov-Smirnov test). (G)

Numbers of muscle fibers with centrally located nuclei (p = 0.0163, unpaired T-test).

(H) Numbers of necrotic muscle fibers (n = 4, p = 0.1208, unpaired T-test with Welch’s
correction). (1) Area of the interstitial space (p = 0.2574, unpaired T-test). (J) Levels of

interstitial nuclei (p = 0.3291, unpaired T-test). (K) Expression analysis of pre-miR-133a

levels in the TA using gPCR (n = 3, p = 0.1856, unpaired T-test). (L) Mouse body
weight (p = 0.8147, n = 8-16, unpaired T-test). n = 5 unless otherwise noted. All values,
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except F, reported as mean + standard deviation. miR-133a expression normalized to p2
Microglobulin using the 272ACT method. * p < 0.05, scale bar = 100 pum.
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Figure 5.

Agsessment of miR-133b deletion on DMD pathogenesis in P90 mdx muscle. (A-

B) Representative images of laminin (red) and DAPI (green) staining of P60 (A)
max,;miR-133b*"* and (B) max;miR-133b~/~ TA cross sections. (C) Measurement of overall
CSA of the TA muscle (p = 0.5936, unpaired T-test). (D) Mean muscle fiber CSA (p =
0.4773, unpaired T-test). (E) Cumulative frequency distribution curve of muscle fiber CSAs
(p = 0.0948, Kolmogorov-Smirnov test). (F) Number of muscle fibers with centrally located
nuclei (p = 0.1715, unpaired T-test). (G) Interstitial area (p = 0.8660, unpaired T-test).

(H) Numbers of interstitial nuclei (p = 0.3513, unpaired T-test). (1) Abundance of necrotic
muscle fibers (n = 3, p = 0.2563, unpaired T-test). n = 4 unless otherwise noted. All values,
except E, reported as mean + standard deviation. Scale bar = 100 um.
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Figure 6.
Assessment of miR-133b deletion on the NMJ in P30 and P60 mdx muscle. (A-B)

Representative images of NAChRs at the NMJ using fBTX in P30 (A) max;miR-133b*/*
and (B) madx;miR-133b~~ EDL muscle. Analysis of (C) endplate area (p = 0.0479,
unpaired T-test with Welch’s correction), (D) nAChR Area (p =0.0143, unpaired T-test
with Welch’s correction), and (E) post-synaptic fragmentation (p = 0.2318, unpaired T-test
with Welch’s correction) in P30 max;miR-133b** and madx;miR-133b~/~ EDL. (F-G)
Representative images of NAChRs at the NMJ using fBTX in (F) P60 mmadx;miR-133b*/*
and (G) madx;miR-133b~~ EDL muscle. Analysis of (H) endplate area (p = 0.2376, unpaired
T-test), (I) nAChR Area (p =0.3633, unpaired T-test with Welch’s correction), and (J)
post-synaptic fragmentation (p = 0.3124, unpaired T-test) in P60 max;miR-133b*/* and
madx;miR-133b~~ EDL. n = 3, all groups except P30 mdx;miR-133b*"* where n = 4. All
values reported as mean = standard deviation. * p < 0.05, scale bar = 100 um.
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Figure 7.

Tk?e number of satellite cells is altered in /max;miR-133b~/~ muscle. (A-F) Representative
images of laminin (blue), Pax7 (red), and DAPI (green) IHC performed on TA cross
sections collected from P30 (A-B), P60 (C-D), and P90 (E-F) mdx;miR-133b*/* and
max,;miR-133b~/~ mice. White arrows indicate examples of Pax7/DAPI double positive
nuclei used to identify satellite cells. (G-1) Quantification of satellite cell density based on
the number of Pax7™ satellite cells at (G) P30 (n = 4, p = 0.1474, unpaired T-test), (H) P60
(n =3, p=0.0097, unpaired T-test) and (1) P90 (n = 3, p = 0.0101, unpaired T-test) in
madx;miR-133b~/~ as compared to max;miR-133b** muscle. All values reported as mean +
standard deviation. * p < 0.05, scale bar = 50 um.

J Physiol. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Taetzsch et al.

Page 31

miR-133b+/+ miR-133b/-
“ 8] Al

i

E 7d CTX F 14d CTX
100 100

IS T

@ @

24 2

@ @

o o

g 2

£ 501 miR-133b*/+ £ ¥ miR-133b*/*+

] - miR-1 /- 32 = miR-1 -1-

g miR-133b’ g miR-133b
(] * P <0.0001 (] * P <0.0001

0 I 1 0 I 1
0 2000 4000 ] 2000 4000
CSA (um?) CSA (um?)
G H |
1200 40001 o A0 miR-133b*/*

€ o = miR-133b7"
= E @ e

= s £

o s 2

= = o]

S 600 e = 20004 | © 2004

i = ?X..

o o ; s

[%] @ ! &

S E

=

0- 0-
7d CTX 14dCTX 7d CTX 14d CTX 7d CTX 14d CTX
Figure 8.

Deletion of miR-133b from control mice delays muscle fiber regeneration following

an acute injury. Cardiotoxin (CTX) was administered to the TA muscle of healthy

P60 miR-133b™* and miR-133b~/~ littermates to induce muscle regeneration. (A-D)
Representative images of laminin (red) and DAPI (green) IHC in TA muscle collected

at 7d (A-B) and 14d (C-D) post-CTX from miR-133b*"* and miR-133b™/~ mice. (E-F)
Cumulative frequency distribution curve of muscle fiber CSAs in miR-133b™/* versus
miR-133b~~ TA at (E) 7d post-CTX (p < 0.0001, Kolmogorov—Smirnov test) and (F) 14d
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post-CTX (p < 0.0001, Kolmogorov-Smirnov test). (G) Average muscle fiber CSA at 7 and
14d post-CTX (7d post-CTX, p = 0.0352, 14d post-CTX, p = 0.0081, unpaired T-test). (H)
Analysis of numbers of nuclei in the interstitial space (7d post-CTX, n =4, p = 0.2370; 14d
post-CTX, n =5, p = 0.3105, unpaired T-test). (I) Quantification of Pax7* satellite cells (7d
post-CTX, n = 3, p =0.7845; 14d post-CTX, n =5, p = 0.3129, unpaired T-test). All values,
except E and F, reported as mean + standard deviation. Unless otherwise noted, 7d CTX, n =
4;14d CTX, n=6. * p < 0.05, scale bar = 50 ym.
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Figure 9.
Deletion of miR-133b enhances satellite cell proliferation but inhibits myotube formation.

(A & B) Representative images of Pax7 (green) and DAPI (red) immunocytochemistry

of miR-133b*/* and miR-133b~/~ primary satellite cell-enriched cultures at 72 h in vitro.
(C) Quantification of satellite cell proliferation in miR-133b*/* and miR-133b~/~ primary
satellite cell-enriched cultures, determined by measuring the ratio of Pax7™ satellite cells at
72 h versus <16 h jn vitro (n = 4, p = 0.0275, unpaired T-test). (D-E) Representative images
of myosin (green) and DAPI (red) immunocytochemistry at 2d post-differentiation (PD) in
miR-133b*"* and miR-133b~/~ primary satellite cell-enriched cultures. (F-G) Myosin/DAPI
immunocytochemistry at 5d PD. (H) Analysis of average myotube area in miR-133b*/* and
miR-133b™/~ primary satellite cell-enriched cultures at 2d and 5d PD. (2d PD,n=3, p =
0.0284; 5d PD, n = 4, p = 0.0248, unpaired T-test). All values reported as mean + standard
deviation. * p < 0.05, scale bar = 200 pm.
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Figure 10.

Transcriptomic changes resulting from miR-133b deletion in P30 healthy and max TA
muscle. (A) Scatter plot comparison of differentially expressed genes in miR-133b*/*
versus miR-133b™~ TA muscle, as identified by RNA seq. Read count in miR-133b*/*
muscle is represented on the x-axis and log; fold change versus miR-133b~" is represented
on the y-axis. Adjusted p-value for each gene expression comparison is represented by

dot coloration. (B) Scatter plot comparison of genes expressed in healthy (miR-133b™/*)
versus DMD-afflicted (max;miR-133b*/*) muscle. Read count in miR-133b*/* muscle is
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represented on the x-axis and log, fold change versus max;miR-133b*/* is represented

on the y-axis, p-values color coded according to legend in panel A. (C) Scatter plot
comparison of genes expressed in max;miR-133b*"* versus madx;miR-133b™~ muscle. Read
count in max;miR-133b*"* muscle is represented on the x-axis and log; fold change versus
madx;miR-133b~/~ muscle is represented on the y-axis, p-values color coded according to
legend in panel A. (D) Top signaling pathways impacted by deletion of miR-133b in max
muscle as identified by Ingenuity Pathway Analysis of genes with a fold change absolute
value of greater than 2 and adjusted p value of less than 0.01 in P30 madx;miR-133b*/*
versus max;miR-133b~/~ TA. Pathways identified as being differentially regulated where the
directionality could not be determined are labeled as unknown. (E-G) gPCR validation of
differentially regulated genes related to fibrosis and inflammation, including (E) LTBP4 (p =
0.0160, unpaired T-test), (F) TNFaip2 (p = 0.0629, unpaired T-test with Welch’s correction),
and (G) CD44 (p = 0.0152, unpaired T-test with Welch’s correction). n = 4. Values in E-G
normalized to B2 Microglobulin using the 272ACT method and reported as mean + standard
deviation. * p < 0.05.
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Table 1.

gPCR primers sequences and range of cycle threshold (Ct) values for samples.

Gene Forward Primer (5°-3’) Reverse Primer (5°-3%) Ct Range

pre miR-1a AGCACATACTTCTTTATGTACCCA  ACTTCTTTACATTCCATAGCACTGA 33-37

pre miR-133a GGTAAAATGGAACCAAATCGCCT GGTTGAAGGGGACCAAATCCA 30-32

pre miR-133b GCTGGTCAAACGGAACCAAG ATATTGAGCTTTGCCAGCCCT 28.5-31

pre miR-206 GGCCACATGCTTCTTTATATCC AAACCACACACTTCCTTACATTCC 30-38
B2 Microglobulin ~ TGCTATCCAGAAAACCCCTCAA GGATTTCAATGTGAGGCGGG 21-25
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Table 2.

miR-133b targets upregulated in madx; miR-133b~/~ versus madx; miR-133b*/* TA muscle. Gene upregulation
determined from RNA seq. Targets of miR-133b identified by the miRTarBase database. Data are available at
NCBI GEO, (https://www.ncbi.nIm.nih.gov/geo/, accession # GSE156267).

Gene Function Implications in DMD Validation References
Methods
RhoA GTPase Impairs myoblast fusion and 4 (Hosoyama et al., 2009; Doherty et al., 2011;
promotes adipogenesis Hindi et al., 2013; Mu et al., 2013, 2017)
SP1 Transcription factor Regulates myogenesis 2 (Vifials et al., 1997)
Tnrc6b  RNA-induced silencing Myo-miR related myogenesis 1 (Meister, 2013; Horak et al., 2016)
PIAS2 E3 ubiquitin ligase Inhibits the satellite cell 1 (Wang et al., 2008)

differentiation molecule STAT2
PTBP2 miRNA biogenesis Myo-miR related myogenesis 3 (Xu & Hecht, 2011; Horak et al., 2016)
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TGF-B pathway components differentially regulated in /77dx; miR-133b™~ as compared to max; miR-133b*/*
TA muscle, as identified by RNA seq. Data are available at NCBI GEO, (https://www.nchi.nlm.nih.gov/geo/,
accession # GSE156267).

Gene Name Function Up or down in absence of References
miR-133b?

LTBP4 Latent TGF- binding protein 4 Sequesters TGF-B in ECM Down (Burks & Cohn, 2011)
SMAD3 SMAD3 Transcription factor Up (Burks & Cohn, 2011)
SMAD5 SMAD5 Transcription factor Up (Burks & Cohn, 2011)

TAB3 TAK3/MAP3K?7 binding protein 3  Activate TGFB activated kinase Up (Broglie et al., 2010)
TGFBR TGFB Receptor Transmembrane receptor Up (Burks & Cohn, 2011)

TGIF1  TGFp-induced factor homeobox 1 Transcriptional co-repressor Up (Wotton et al., 1999)

J Physiol. Author manuscript; available in PMC 2022 January 01.


https://www.ncbi.nlm.nih.gov/geo/

	Abstract
	Introduction
	Methods
	Ethical Approval and Animal Information
	Immunohistochemistry (IHC): Whole mounted muscle
	IHC: Muscle Cross Sections
	Immunocytochemistry (ICC)
	Imaging
	Muscle fiber cross sectional area and central nuclei analyses
	Necrotic Muscle Fiber Analysis
	Interstitial Nuclei Analysis
	Interstitial Space Analysis
	In Vivo Satellite Cell Counts
	Satellite Cell Proliferation Analysis
	Myotube Size
	Cardiotoxin Injury
	Primary Myoblast Culture
	mRNA Isolation and qPCR
	RNA-seq
	Statistical analysis

	Results
	miR-133b is induced in dystrophin-deficient mice
	Deletion of miR-133b exacerbates DMD-pathogenesis in skeletal muscles of mdx mice
	Loss of miR-133b does not directly affect NMJs in mdx mice
	Impact of miR-133b deletion on satellite cells in mdx mice
	Deletion of miR-133b moderately affects muscle regeneration in acutely stressed skeletal muscles in healthy young adult mice
	Deleting miR-133b accelerates satellite cell proliferation but slows the formation of myotubes
	Molecular signatures associated with loss of miR-133b in mdx mice

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.
	Table 1.
	Table 2.
	Table 3.

