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Congenital muscular dystrophies with collagen VI deficiency are inherited muscle disorders with a broad spec-
trum of clinical presentation and are caused bymutations in one of COL6A1–3 genes. Muscle pathology is charac-
terized by fiber size variation and increased interstitial fibrosis and adipogenesis. In this study, we define critical
events that contribute tomuscleweakness and fibrosis in amousemodelwith collagenVI deficiency. The Col6a1-
GT/GT mice develop non-progressive weakness from younger age, accompanied by stuntedmuscle growth due to
reduced IGF-1 signaling activity. In addition, the Col6a1GT/GTmice have high numbers of interstitial skeletal mus-
cle mesenchymal progenitor cells, which dramatically increase with repeated myofiber necrosis/regeneration.
Our results suggest that impaired neonatalmuscle growth and the activation of themesenchymal cells in skeletal
muscles contribute to the pathology of collagen VI deficient muscular dystrophy, and more importantly, provide
the insights on the therapeutic strategies for collagen VI deficiency.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Primary collagen VI deficiencies due tomutations in COL6A1, COL6A2
and COL6A3 lead to either a severe, Ullrich congenital muscular dystro-
phy (UCMD, MIM 254090) or a mild, Bethlem myopathy (BTHLM1,
MIM 158810) (Allamand et al., 2011). UCMD is clinically characterized
by muscle weakness, respiratory failure, proximal joint contracture,
and scoliosis (Nonaka et al., 1981; Ullrich, 1930). UCMDmuscle pathol-
ogy shows marked variation in fiber size, scattered muscle necrosis and
regeneration, and increased endomysial fibrosis and adipogenesis. The
prevalence of UCMDhas been reported to be 1.3 permillion in northern
England (Norwood et al., 2009), while primary collagen VI deficiencies
are the second most common congenital muscular dystrophy in Japan
(Okada et al., 2007). Autosomal recessive forms are caused by homozy-
gous or compound heterozygous null or frame-shift mutations in
COL6A1, COL6A2 and COL6A3 genes, while the autosomal dominant or
sporadic forms are caused by heterozygous missense mutation of gly-
cine, in-frame exon deletion or in-frame splicingmutation in the region
that encodes triple helical domain of type VI collagen (Baker et al., 2005;
Higuchi et al., 2001; Ishikawa et al., 2004). Natural history studies on
lar Research, National Institute
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UCMD in Japan showed that sporadic cases account for 85% of the
total UCMD cohort, but both recessive and sporadic UCMD patients
share similar clinical course and symptoms (Yonekawa et al., 2013).
To date, there is no approved pharmacological therapy for primary col-
lagen VI deficiency, as the mechanism of disease has not been fully
elucidated.

Previous studies using samples from Col6a1-KOmice (Bonaldo et al.,
1998) and patients suggested that impairedmitochondrial function and
autophagy dysfunction largely contributed to disease progression
(Angelin et al., 2007; Grumati et al., 2010; Irwin et al., 2003), and led
to a clinical trial evaluating low protein diet to reactivate autophagy in
BTHLM1/UCMD patients (https://clinicaltrials.gov/, NCT01438788). Im-
pairedmitophagy and autophagy, however, could not fully explain why
loss of extracellular collagen VI can cause problems within the intracel-
lularmilieu, including the changes in pathology that are commonly seen
in collagen VI deficient muscles, necessitating further investigation on
the mechanism of disease.

Braghetta et al. have identified a muscle-specific enhancer at−1.4-
kb upstream of the Col6a1 gene in mice and analyzed spatiotemporal
expression of Col6a1 during mouse embryonic development
(Braghetta et al., 1996, 2008) and showed that Col6a1-expressing cells
were not myofibers, but were actually interstitial mesenchymal cells
that gradually decremented in number postnally. These results suggest
that collagen VI expression is transcriptionally regulated during
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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development and in addition activated under the influence of factors re-
leased myoblasts. In this study, we show that muscle weakness in mice
lacking collagen VI (Col6a1GT/GT) was due to reduced number of
myofibers, resulting to an overall decrease inmuscle size. We also dem-
onstrated that the number of mesenchymal progenitor cells (MPCs) is
surprisingly increased and contributed to endomysial fibrosis in the
skeletal muscles of older Col6a1GT/GT mice. Our study provides the in-
sights in the pathomechanism of the primary collagen VI deficiencies.

2. Materials and Methods

2.1. Mice

The hypomorph model of Col6a1 deficiency resulted from an at-
tempt to generate KI mice with a point mutation of G283R in Col6a1
genes. These mice were generated using ES cells with homologous re-
combination as shown in Fig. S1. Targeting vector construction, homol-
ogous recombination in ES cells, generation of chimera mice and
heterozygous mice are performed by Ingenious Targeting Laboratory.
We backcrossed the mutated mice in the C57BL/6J strain for at least
eight generations. Miceweremaintained in a barrier-free, specific path-
ogen-free grade facility on a 12-h light, 12-h dark cycle and had free ac-
cess to normal chow and water. All animal experiments conducted in
this study were approved by and carried out within the rules and regu-
lations of the Ethical Review Committee on the Care and Use of Rodents
in the National Institute of Neuroscience, National Center of Neurology
and Psychiatry. These policies are based on the “Guideline for Animal
Experimentation” as sanctioned by the Council of the Japanese Associa-
tion of Laboratory Animal Science.

2.2. Patients' Muscles

The ethics committee of the National Center of Neurology and Psy-
chiatry approved this study and the use of human subjects for this
study. Biopsied muscles from UCMD patients diagnosed based on clini-
cal features, muscle pathology and genetic test (UCMD1: patient 2
(Yonekawa et al., 2013), compound heterozygous mutations:
c.5692delG/c.8737delG in COL6A3; UCMD2: patient 14 (Yonekawa et
al., 2013), heterozygous mutation: c.812GNA in COL6A2; for electron
microscopic observation: patient 1 in ref. 9, compound heterozygous
mutations: c.1771-3GNC/c.1270-1GNC in COL6A2), and diseased con-
trol patient, were obtained with informed consent.

2.3. Motor Performance and Muscle Contraction Force Measurements

Grip strength of combined forelimbs/hindlimbs was measured by
five successive trials using aMK-380M grip strengthmeter (Muromachi
kikai). Voluntary exercise within an individual cage was measured
using runningwheel (SW-15 and CIF3Win) for 1week as described pre-
viously (Yonekawa et al., 2014).Measurement of the contractile proper-
ties of TA and gastrocnemius muscles was performed according to the
previous protocols (Malicdan et al., 2009a). Col6a1GT/GT and control lit-
termates (n = 3–7 mice: grip test and n = 5–6 mice: force measure-
ment, per gender)weremeasured at 14, 22, 30, 39 and60weeks of ages.

2.4. Histological Analysis of TA Muscles

After measurement of force, themicewere euthanized and themus-
cle tissues were processed and kept at −80 °C until use (Yonekawa et
al., 2014). For measurement of fiber diameter, fiber number and mem-
brane indentation in myofibers, we stained the sarcolemma of
myofibers on muscle cryosections with anti-caveolin3 antibody (Santa
Cruz, dilution: 1:200) for 1 h followed by Alexa Fluor-conjugated don-
key IgG against goat IgG (Invitrogen, 1:800) for 30min and took the pic-
tures with a BZ X-700 microscope (Keyence). Diameters of 2300–6000
myofibers were measured with ImageJ software (National Institute of
Please cite this article as: Noguchi, S., et al., MuscleWeakness and Fibrosis
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Health) (Malicdan et al., 2009a). Total fiber number and fibers with
membrane indentation were counted in whole sections. For MPC
counting, we stained the MPCs with anti-PDGFRα antibody (R&D,
1:200) and laminin with anti-laminin α2 antibody (ALEXIS, 1:200) for
1 h followed by staining with Alexa Fluor-conjugated secondary anti-
body. For fibrosis, we stained the sectionswith anti-collagen III antibody
(LSL, 1:200) for 1 h followed by staining with Alexa Fluor-conjugated
secondary antibody and measured the stained area with hybrid cell
count software on BZ X-700 microscope (Keyence). Other antibodies
used in this study were anti-collagen VI (LSL, 1:100), anti-collagen IV
(Medac, 1:100), anti-MyoD (Santa Cruz, 1:100), Tcf4 (Cell Signaling
Technologies, 1:100), anti-smooth muscle actin (Sigma, 1:100), and
anti-Pax7 (Developmental Studies Hybridoma Bank). For electron mi-
croscopic observation, the samples of human muscles were processed
by standard protocol (Malicdan et al., 2009b).

2.5. ELISA

Blood IGF-1 was measured by using IGF1 Mouse ELISA Kit (Abcam)
and Absorbance Microplate Reader MTP-310Lab (CORONA).

2.6. CTXi

To inducemuscle regeneration,we injected cardiotoxin intomuscles
of Col6a1GT/GT mice as previously reported (Hosaka et al., 2002). Briefly,
7 μg of cardiotoxin (Sigma) per muscle once was injected into tibialis
anterior muscles 1–3 times with a 4-week interval and then muscle
was examined and harvested at 24weeks of age according to the sched-
ule described in Fig. 6a. For monitoring the proliferating cells, on 1 or
3 days after CTXi, 0.6–0.9mg EdU/mouse was intraperitoneally injected
2 h before muscle harvest. Detection of incorporated EdU was done by
Click-it EdU Imaging Kit (Invitrogen).

2.7. Blood Glucose Measurement

Blood glucose level from tail vein wasmeasured by using Accu-Chek
ST Meter (Roche).

2.8. Preparation of MPCs

MPCs were prepared from CTX-treated TA muscles of Col6a1GT/GT

and LMmice according to previous report (Heredia et al., 2013). Briefly,
isolated muscles were digested with 0.05% Collagenase Type 2 and 0.1%
Dispase (Gibco) inDMEM for 30min at 37 C̊. Liberated cellswere passed
through Cell Strainer and collected by centrifugation. MPCs were puri-
fied by depletion of endothelial cells, leukocytes, and muscle cells
using a mixture of biotin-conjugated anti-CD31, anti-CD45, and anti-
α7 integrin antibodies, respectively (Miltenyi Biotec) and then
streptavidin magnetic beads (Miltenyi Biotec). The flow through frac-
tion was collected and confirmed by immunostaining for PDGFRα.

2.9. Western Blotting

Phosphorylated proteins were prepared from skeletal muscle cryo-
sections with some modifications according to the previous report
(Yonekawa et al., 2014). Proteins were extracted in 1% Triton X-100/
Tris buffered saline in the presence of 1 mM Na3VO4, 10 mM NaF and
protein inhibitor cocktail (Roche). SDS-PAGE was done following
Laemmli's method. Membranes were incubated with the following an-
tibodies: anti-collagen VI (Santa Cruz, 1:250), anti-tubulin (Sigma,
1:250), anti-Akt1 (CST, 1:1000), anti-S473 phosphoAkt (CST, 1:200),
anti-p70S6 kinase (Santa Cruz, 1:200), anti-S411 phosphoS6 kinase
(Santa Cruz, 1:200), and anti-T421/S424 phosphoS6kinase (Santa
Cruz, 1:200). After washing, membranes were incubated in appropriate
HRP-labeled secondary antibodies, washed, and then made to react
with Immobilon Western Chemiluminescent HRP Substrate. Detection
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and quantification of band intensities were done by ImageQuant LAS
4000 system (GE healthcare).

2.10. Data Analysis

All values were expressed as means ± SEM. The paired t-test was
used for statistical significance. A p value of 0.05 was considered as
the threshold for significance.

3. Results

3.1. Collagen VI Deficient Mouse Exhibits Non-progressive Muscle Weak-
ness and Impaired Muscle Growth

We generated a hypomorphicmouse following an attempt to gener-
ate a knockin model that expressed a c. 847ANG (p.G283R) mutation in
exon 9 of the Col6a1 gene and the neo cassette in intron 9 (Fig. S1). Mice
heterozygous at the genomic level of the knockin allele were indistin-
guishable with wild type control; heterozygous breeding pairs pro-
duced litters with Mendelian genotype distribution. Mice homozygous
for the knockin allele (KI/KI) were not lethal but were remarkably
smaller than control littermates (LM). Analysis of mRNA expression
showed marked reduction in Col6a1 levels and only aberrant spliced
products from exon 9 to the neo cassette (KI/KI in Fig. 1a), suggesting
that the knockin variant may have led to a frame-shift after exon 9
(Fig. 1b). Collagen VI was not detected in all of tissues on immunohisto-
chemistry (Fig. 1c) and Western blotting (Fig. 1d) in our mice
Fig. 1. Generation of Col6a1mutated mice. (a) Analysis of Col6a1 transcripts from wild-type (+
allele, by RT-PCR. Left, fragments amplifiedwith primers in exon 5 and exon 9;middle, fragment
exon 13 and exon 21. *KI/KI denotes the result by PCR amplification with long extension time.
Structure of the two transcripts, #1 and#2, by amplificationwith primers in exon5 and exon 11
splicing to neo cassette. (c) Expression of collagenVI (red) in the skeletalmuscles of homozygote
(+/KI). Bar denotes 50 μm. (d) Western blot also showed no expression of collagen VI in var
marker. (For interpretation of the references to colour in this figure legend, the reader is referr
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homozygous for the knockin allele; thus the KI/KI are actually hypo-
morphs and not true knockins, and from here on referred to as Col6a1-
GT/GT.

The Col6a1GT/GT mice were smaller in body weight throughout their
life (Fig. 2a–b) as compared to control littermates (LM). There are no ap-
parent abnormalities in bone, joint and skin. Analysis of grip test
showed limbmuscle weakness after 14weeks of age, but this weakness
was not progressive (Fig. 2c–d). Measurement of voluntary locomotion
was also reduced in the Col6a1GT/GT mice (Fig. 2e and Fig. S2). Tibialis
anterior (TA) muscle contractile forces, including twitch and tetanic
contractions, were lower in the mutant mice as compared to LM (Fig.
2f–g) and it is likely that this is due to decreased muscle size and
cross-sectional areas (Fig. 2h). Specific forces were, however also re-
duced in twitch contraction in Col6a1GT/GT mice (Fig. 2i–j), indicating
that collagen VI deficiency not only affects muscle size, but also affects
the intrinsic skeletal muscle property including tetanus/twitch rate
(Fig. 2k). The contractile properties of gastrocnemiusmuscleswere sim-
ilarly affected (Fig. S3a\\f). These results suggest that Col6a1GT/GT mice
display a non-progressive mild muscle weakness.

3.2. Impaired Muscle Growth in Collagen VI Deficient Mouse is Associated
With Defects in IGF-1 Signaling

For further experiments, all analyseswere done using TAmuscles. At
30 weeks of age, muscles in Col6a1GT/GT appear smaller (Fig. 3a–b), and
have rare or no dystrophic changes, necrosis, or centrally-placed nuclei.
The pattern ofmuscleweight in Col6a1GT/GT and control littermates (Fig.
3c) followed the pattern of body weight (Fig. 2a–b), whereby a plateau
/+), heterozygote (+/KI) and homozygote (KI/KI), both of which are harboring knockin
s amplifiedwith primers in exon 5 and exon 11; right, fragments amplifiedwith primers in
Homozygote gave a longer product with primers in exon 5 and exon 11 (arrowhead). (b)
in homozygote. Both transcriptswere predicted to produce truncated proteins by aberrant
s (KI/KI) is undetectable, while collagen IV (green) is expressed normally in heterozygotes
ious tissues. Arrowhead marks the expected collagen VI band. GAPDH is an endogenous
ed to the web version of this article.)
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Fig. 2.Overall phenotype of the Col6a1GT/GT mice. (a) Growth curves of female: control littermates (black, n=5–113 per aged group) and Col6a1GT/GT (red, n=5–54 per aged group). (b)
Growth curves ofmale: control littermates (black, n=5–114 per aged group) and Col6a1GT/GT (red, n=5–59 per aged group). (c) Grip power of female: control littermates (black, n=5–
10 per aged group) and Col6a1GT/GT (red, n=5–8 per aged group). (d) Grip power ofmale: control littermates (black, n=7–11 per aged group) and Col6a1GT/GT (red, n=6–10 per aged
group). (e) Voluntary wheel running (rotation per day) of control littermates (black, n= 28) and Col6a1GT/GT (red, n= 28). Contractile properties of TA muscles of LM (black, n= 5 per
agedgroup) andCol6a1GT/GT (red,n=5per aged group); (f) peak isometric twitch, (g)maximal tetanic force, (h) cross-sectional area (CSA), (i) specific isometric twitch, (j) specific tetanic
force, (k) twitch/tetanus ratio. Data represent the mean ± SEM. *p b 0.05, **p b 0.01, ***p b 0.001 on the paired t-test were used. Numbers in graphs represent n for each data point. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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was seen in the Col6a1GT/GT after 20 weeks of age. Measurement of the
individual myofiber diameter showed no difference in average between
Col6a1GT/GT and LM (Fig. 3d), but the myofibers b15 μmwere increased
in Col6a1GT/GT mice (Fig. 3d). Surprisingly, in the muscles of Col6a1GT/GT
Please cite this article as: Noguchi, S., et al., MuscleWeakness and Fibrosis
VI Deficient Congenital Muscular Dy..., EBioMedicine (2016), http://dx.do
mice, we noted a reduction in the total number of myofibers after
3 weeks of age, while at postnatal day 1 there was no difference be-
tween themutant and LM(Fig. 3e. Fig. S4a), suggesting a lag inmyofiber
number increment. We also found that the number of myonuclei per
Due to Cell Autonomous and Non-cell Autonomous Events in Collagen
i.org/10.1016/j.ebiom.2016.12.011

http://dx.doi.org/10.1016/j.ebiom.2016.12.011


Fig. 3.Histological examination of TAmuscles. Appearance of TAmuscles in control LM (a) and Col6a1GT/GT (b). Bar denotes 500 μm.Necrotic and regenerating fibers are rare. (c) TAmuscle
weights of control LM (black, n = 5–19) and Col6a1GT/GT (red, n = 4–7). (d) Distribution of myofiber diameter in control LM (gray in left, n = 2400–6100) and Col6a1GT/GT (black, n =
2300–4100). (e) Total fiber number in TAmuscle of control LM (black, n=3–8) and Col6a1GT/GT (red, n=3–8). Data represent themean± SEM. *p b 0.05, **p b 0.01, ***p b 0.001 on the
paired t-test were used. Numbers in graph represent n for each data point. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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myofiber is higher in Col6a1GT/GT, however total number ofmyonuclei in
TA muscle of Col6a1GT/GT mice was similar in Col6a1GT/GT and LM (Fig.
S4b\\c). Further analysis of the myofiber in different ages of mice re-
vealed that indentation of myofibers was fewer in Col6a1GT/GT (Fig.
S4d) and the lag in increment of myofibers starts at day 15 (Fig. 4a) in-
dicating a probable defect in muscle growth and signaling during post-
natal development.

We then investigated IGF-1, one of the molecules considered to in-
fluence myofiber number in skeletal muscle during postnatal develop-
ment (Holt et al., 2012); as we have suspected that serum IGF-1 level
of Col6a1GT/GT mice was 80% those of LMs at 15 days of age (Fig. 4b).
As expected the downstream kinases to IGF-1 signaling, Akt-1 and
p70S6, were less activated in skeletal muscles of Col6a1GT/GT mice com-
pared to LM (Fig. 4c–d), suggesting that IGF-1 signaling in neonatal
muscle developmentwas impaired in collagen VI deficiency. The obser-
vation that the Col6a1GT/GT mice had impaired glucose tolerance with-
out insulin resistance (Fig. S5a\\b) supports defects in IGF-1 signaling.

3.3. The Number of MPCs is Remarkably Increased in Skeletal Muscles of
Col6a1GT/GT Mice and UCMD Patients

Other histological findings include fiber size variation and
endomysial fibrosis, which were notable after 20 weeks of age (Fig.
5a–c). We then examined the status of MPCs, which were shown to be
a source of collagen VI in skeletal muscles (Ito et al., 2013). We con-
firmed that MPCs from Col6a1GT/GT mice did not express collagen VI in
cytosol without ascorbic acid (Fig. S6a) and did not secrete collagen VI
extracellularly with ascorbic acid (Fig. S6b). We then hypothesized
that MPC defects can play a role in collagen VI deficient myopathies,
and analyzed PDGFRα-positive MPC, which is implicated in fibrosis
and adipogenesis. In LM muscles, the number of MPCs was highest at
birth and then remarkably decreased by 6 week of age (lower panels
in Fig. 5d). After that, the number of MPCs was constant per area (Fig.
Please cite this article as: Noguchi, S., et al., MuscleWeakness and Fibrosis
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5e). In contrast, the number of MPCs in Col6a1GT/GT mice, remained
high (three times as much as control) even at 30 weeks of age (Fig.
5d–e); the identity of MPCs was verified by positive Tcf4 staining (Fig.
S7), which has been shown to be a specific marker for MPC (Mathew
et al., 2011). Intrigued with this finding, we analyzed skeletal muscles
of UCMD patients and saw an increase of MPCs especially in the area
of endomysial fibrosis (Fig. 5f), indicating that MPCs may contribute to
the formation of fibrous tissues in collagen VI deficient patients.

We also noted changes in MPC morphology in collagen VI deficient
mice and patients. Normally, as seen in LM mice, MPCs have a round
or ovoid shape with almost no cytoplasmic content and are found al-
most juxtaposed to the basement membrane surrounding myofibers;
in Col6a1GT/GT muscles, the MPCs are elongated and detached from the
basement membrane (upper panels in Fig. 5g). Similarly, the MPCs in
UCMD patients appear elongated (lower panels in Fig. 5g), and this
was supported by ultrastructural analysis (Fig. S8a\\c). MPCs, however,
did not appear to be proliferating, because they were not stained with
Ki67 antibody and IL-6 levels were increased only in 2–2.5 times in
Col6a1GT/GT muscles (data not shown).

3.4. Induction of Tissue Injury and Repair Unravels Defects in MPC Activa-
tion in Col6a1GT/GT

To further explore the role of MPCs in collagen VI deficiency, we ar-
tificially induced multiple cycles of necrosis/regeneration by intramus-
cular cardiotoxin injections (CTXi) (Fig. 6a). Following CTXi to
muscles, we observed proliferation of PDGFRα-positive MPCs with
myofiber necrosis, before starting of myofiber regeneration (data not
shown). After three doses of CTXi given in aweekly interval, the Col6a1-
GT/GTmice displayedmarkedfiber size variation and endomysial fibrosis
(upper panels in Fig. 6b), findings that are similar to the muscle histol-
ogy of UCMD patients. No delay or defects in muscle regeneration pro-
cess were observed in Col6a1GT/GT mice even with multiple CTXi.
Due to Cell Autonomous and Non-cell Autonomous Events in Collagen
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Fig. 4. IGF-1 signaling in neonatal musclewas impaired in Col6a1GT/GTmice. (a) Increase infiber number in TAmuscle of control LM (black, n=3–8) and Col6a1GT/GT (red, n=3–7) during
neonatal period. (b) Serum IGF-1 level. IGF-1 levels of themicewere normalized among each littermate and calculated as ratios to an average level in control LM. (c) Activation of Akt-1 in
TAmuscles. The amount of Akt-1was normalized by that of tubulin (Akt). Phosphorylation at S473 of Akt-1was normalized by total Akt-1 (S473). Control LM (black, n=7) and Col6a1GT/
GT (red,n=3). (d) Activation of p70S6 kinase in TAmuscles. The amount of p70S6 kinasewasnormalizedby that of tubulin (S6K). Phosphorylation at S411 and T421/S424wasnormalized
by the amount of total p70S6 kinase (S411 and T421, S424). Control LM (black, n=7) andCol6a1GT/GT (red, n=3). Data represent themean±SEM. *p b 0.05, **p b 0.01, ***p b 0.001on the
paired t-test were used. Numbers in graphs represent n for each data point. (For interpretation of the references to colour in this figure legend, the reader is referred to theweb version of
this article.)
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Muscle-retainedMPCs, however,were dramatically increasedafter 3 cy-
cles of CTXi (lower panels in Fig. 6b). In the interstitial area, MPCs ap-
peared elongated and branched on collagen III matrix (data not
shown).Multiple CTXi also led to a deterioration of the contractile prop-
erties and size of TAmuscles in Col6aGT/GT mice, while this led to the op-
posite observation in LM (Fig. 6c–f). Interestingly the number of
myofiber after repeated CTXi remained constant in Col6a1GT/GTmuscles,
while hyperplasia and pseudohypertrophy leading to increase in
myofiber number were induced in control LM muscles (Fig. 6f).

We furthermonitored the activation ofMPCs in CTXi-induced necro-
sis/regeneration in Col6a1GT/GT muscles by inducing additional muscle
injury; CTXi was done in mice already given 3 doses of CTX (CTX3),
and compared to CTX-naïve mice (CTX0). After day 1, number of EdU-
labeled PDGFRα-positive MPCs was notably increased in Col6a1GT/GT

but was much higher in CTX3 muscles (upper panels in Fig. 7) as com-
pared to LM. On day 3 after muscle injury, MPCs were observed almost
exclusively within the myofibers (Fig. 7, middle panels). Interestingly
similar numbers of EdU-labeled MyoD-positive (Fig. 7, bottom panels)
and Pax7-positive (data not shown) cells were observed in muscles of
Col6a1GT/GT mice and LM, suggesting that there is no abnormality in ac-
tivation of satellite cells.
Please cite this article as: Noguchi, S., et al., MuscleWeakness and Fibrosis
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4. Discussion

Our hypomorphic collagen VI mouse model recapitulates the histo-
logical changes in the muscles of UCMD patients and displays non pro-
gressive muscle weakness, small muscle mass, fiber size variation, and
endomysial fibrosis. The hypomorph status in mice was probably
caused by a splicing event due to the insertion of the neo cassette, be-
cause the cryptic splicing acceptor sites were generated in neo cassette
(Fig. 1). In contrast to previous studies (Bonaldo et al., 1998), we only
observed few necrotic fibers and less pronounced apoptosis. When we
performed TUNEL assay inmuscle sections of Col6a1GT/GT mice and con-
trol mice at 12 weeks, we did not detect any positive signals (data not
shown). Thus the small muscle mass that we observe is not due to
fiber atrophy or necrosis/apoptosis, but is most likely the result of the
defective increment of myofiber number during neonatal age.

We identified two critical events that might be associated with
pathomechanism collagen VI deficiency in our mice. The first event is
a non-cell-autonomous effect from the collagen VI deficiency, causing
the dysregulation in the number of myofibers in a muscle. In normal
control mice, myofibers increase in number during neonatal growth pe-
riod until 3 weeks of age. During this period is also the time when
Due to Cell Autonomous and Non-cell Autonomous Events in Collagen
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Fig. 5. Fibrosiswas remarkable in adult Col6a1GT/GTmice. (a and b) Sirius red staining in TAmuscles in Col6a1GT/GT (b) compared to those in control LM (a). Bar denotes 100 μm. (c) Fibrosis
area in control LM (black, n=3) and Col6a1GT/GT (red, n=3) in the represented ages. (d) Increase of PDGFRα-positive MPCs in TAmuscles of Col6a1GT/GT. PDGFRα in red; lamininα2 in
green. Bar denotes 50 μm. (e) Number of MPCs normalized in area. Control LM (black, n = 9) and Col6a1GT/GT (red, n = 6–9). (f) Increase of PDGFRα-positive MPCs in UCMD muscles.
Control, age-matched disease control. Ages at biopsy of patients showed in parentheses. Bar denotes 50 μm. (g) Morphology of MPCs in mice and human muscles. PDGFRα in red;
laminin α2 in green; DAPI in blue. Bar denotes 10 μm. Data represent the mean ± SEM. *p b 0.05, **p b 0.01, ***p b 0.001 on the paired t-test were used. Numbers in graphs represent
n for each data point. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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skeletal muscles have reached reconstitution of extracellular matrix, in
parallel with muscle growth, before building up robust and endurable
contractile structures in mature muscle. In our model, total number of
myonuclei within myofibers in a whole section was not decreased
(Fig. 4c) suggesting that the cells, which involved in muscle construc-
tion (myogenic cells), were not affected. We also observed the de-
creased number of membrane indentation within myofibers in
Col6a1GT/GT muscles in 2 weeks of age (Fig. 4d). These findings clearly
suggest that the dysregulation in the myofiber number in collagen VI
deficient muscle may be not due to a reduction of the number of myo-
genic cells, but due to a defect in myofiber splitting/branching which
would then lead to an increment of myofiber number.

We demonstrated that the IGF-1 signaling pathway is insufficiently
activated, leading to lower serum IGF-1 levels and impaired activation
of downstream signaling. It has been only reported that Grb10 is a de-
terminant factor for the number of myofibers in a muscle (Holt et al.,
2012). Grb10 is an adaptor protein that links the receptor tyrosine ki-
nase to downstream signalmediators on IGF-1 signaling, and negatively
regulates the IGF signaling by enhancing the internalization and degra-
dation of the receptor kinase (Vecchione et al., 2003). Our finding of the
Please cite this article as: Noguchi, S., et al., MuscleWeakness and Fibrosis
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insufficient activation of IGF-1 signaling pathway in Col6a1GT/GT muscle
during perinatal development may suggest that the impairment of
growth factor-mediated signal transduction leads to defects inmyofiber
growth and splitting resulted in fewer myofiber numbers.

The second event is a cell-autonomous influence by skeletal muscle-
resident MPCs in promoting interstitial fibrosis. PDGFRα-positive MPCs
produce fibrosis and ectopic fat tissue at the late stage of muscular dys-
trophy (Uezumi et al., 2010, 2011), can be a source of extracellular ma-
trix proteins in skeletal muscles (Ito et al., 2013), and can provide the
environment “normal muscle niche” for myofibers (Joe et al., 2010). In
this study, we characterized PDGFRα-positiveMPCs as a source of colla-
gen VIwhichmay be comparable to the fibroblastic cells identified as an
origin of collagen VI in human muscles and also as being positive for
some fibroblastic markers, vimentin and FAP, fibroblast activation pro-
tein (data not shown). In both Col6a1GT/GTmice and humanUCMDmus-
cles, we observed that there is a lot of MPCs with elongated
morphology;moreover, theMPCs in Col6a1GT/GTmice can rapidly prolif-
erate and contribute to fibrosis in response to CTXi on muscle necrosis.
Spontaneous activation of MPC in collagen VI deficiency remains to be
clarified, because we did not find alteration of IL-4 expression in
Due to Cell Autonomous and Non-cell Autonomous Events in Collagen
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Fig. 7. Activation of MPCs and myoblasts after CTXi. Upper, 1 day after CTXi with EdU (green) and PDGFRα (red) staining; middle, 3 days after CTXi with EdU (green) and PDGFRα (red);
bottom, 3 days after CTXiwith EdU (green) andMyoD (red). CTX0, no pretreatedmice; CTX3, three-times CTX-treatedmice. PDGFRα-positiveMPCs (red) proliferated rapidly in Col6a1GT/
GTmuscles and repetitive CTXi enhanced their proliferation (red in CTX3) in upper. It is noted thatmost of proliferating cells areMPCs (nucleus in green and surface in red). On 3 days after
CTXi,MyoD-positivemyoblastswere similarly proliferating in control LM and Col6a1GT/GTmuscles in bottom (nuclei in yellow). Bar denotes 100 μm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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muscles in Col6a1GT/GT mice. It has been suggested that the MPCs are
suppressed by the physical interaction with muscle fibers (Uezumi et
al., 2011); it may be conceivable that collagen VI can act as a scaffold
to allow interaction between MPCs and myofibers and therefor help
maintain normal muscle environment by MPC suppression.

The interaction between satellite cells and MPCs, which are also
identified as Tcf4+ muscle connective tissue fibroblasts (Murphy et al.,
2011), is crucial formuscle regeneration.Whenmuscle necrosis ensues,
MPCs lose the interaction with myofibers, hence are activated. In a re-
sponse to injury, MPCs undergo several steps to initiate a cascade of re-
pair: MPCs phagocytose the necrotic debris and secrete cytokines (IL-6,
IGF-1) and ECMproteins; thenMPCs assist satellite cells to promote cor-
rectmyogenic regeneration; aftermyofiber regeneration,MPCs become
inactivated as the amount of connective tissue is diminished (Heredia et
al., 2013). During muscle regeneration, ablation of Tcf4+ fibroblasts
leads to premature satellite cell differentiation, leading to the formation
of early regenerating myofibers with smaller diameter at the point of
completion of muscle regeneration (Murphy et al., 2011). In contrast,
the Col6a1GT/GT mice show a remarkable increase in MPCs on 1 day
after muscle injury and a persistence of muscle regeneration as large
andmultiple nucleated myofibers are seen. The number of proliferating
satellite cells in Col6a1GT/GT muscles, however, was similar to that of
normal control. Thus in the absence of collagen VI, the signal (from
Fig. 6.MPC activation by repetitive CTXi inCol6A1GT/GT TAmuscles. (a) Schedule of the treatmen
examined by forcemeasurement and histological observation. Control LM (once, n=6; twice, n
(b) Upper, Sirius red staining; lower, PDGFRα (red), smoothmuscle actin (green), DAPI (blue) s
CTXi. Bar denotes 50 μm. (c) Peak isometric twitch (n=4–14), (d)maximal tetanic force (n=4
Data represent mean ± SEM. *p b 0.05, **p b 0.01, ***p b 0.001 on the paired t-test were used. N
colour in this figure legend, the reader is referred to the web version of this article.)
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the myofiber) to suppress MPCs is decreased during muscle necrosis,
while during myofiber regeneration, the MPC signals needed to pro-
mote induction of satellite cell differentiation are dysregulated. In addi-
tion to defects in muscle regeneration, MPCs also contribute to the
fibrotic cell population.

Previous studies have implicated impaired autophagy in Col6a1−/−

muscles, which lead to the inability to degrade degenerated mitochon-
dria, causing permeability transition pore opening and eventually
resulting to apoptotic cell death (Grumati et al., 2010; Irwin et al.,
2003). In the muscles of our Col6a1GT/GT mice, starvation-induced au-
tophagic fluxwas likewise delayed; therewas no accumulation, howev-
er, of polyubiquitinated proteins or p62 in muscles (data not shown),
both of which are observed in autophagy-deficient mice (Masiero et
al., 2009). Furthermore, the pattern of myofiber atrophy was different
between Col6a1GT/GT and muscle-specific Atg7−/− muscles (data not
shown). We think that the delay of starvation-induced autophagic flux
in Col6a1GT/GTmuscles is a secondary phenomenondue tometabolic de-
fects as previously suggested (Khan et al., 2009) and not a primary
phenomenon.

Our findings in Col6a1GT/GT mice provide the insights on therapeutic
strategies for UCMD. The muscle weakness Col6a1GT/GT mouse is pri-
marily due to small size of skeletal muscles as there is a paucity or al-
most lack of myofiber necrosis or degeneration. Although the number
t. CTXwas injected 1–3 timeswith a 4-week interval and on 24weeks of age,muscleswere
= 14; three times, n=8) and Col6a1GT/GT (once, n=8; twice, n=4; three times, n=4)

taining. LM and Col6a1GT/GT, no treatment of CTXi; LMCTX3 and Col6a1GT/GT CTX3, 3 times-
–14), (e)muscle weight (n=4–14), (f) totalmyofiber number in a cross-section (n=4).
umbers in graphs represent n for each data point. (For interpretation of the references to
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of myofibers is reduced, we do not observe prominent myofiber atro-
phy, suggesting a lack of activation in the atrophy-related signaling.
Therefore, therapeutic targets that promote myofiber increase might
be useful. Additionally, the observation of selective reduction of twitch
force generation in Col6a1GT/GT mice suggests inability of myofibers to
contract in synchrony; this is likely due to fibrosis in the whole muscle
that expands to the interstitial area, disrupting the connection between
each myofiber. As such, another therapeutic approach can be aimed at
the reduction of MPC-mediated fibrosis through cell transplantation of
normal/gene-corrected MPCs or supplementation of collagen VI fibrils
into the muscle tissues.
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