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October 25, 2016. Collagen 1V is a major component of basement membranes (BMs). The a1(IV) chain, encoded by the

COL4A1 gene, is expressed ubiquitously and associates with the «2(IV) chain to form the alala2(IV)
heterotrimer. Several COL4A1 mutations affecting a conformational domain containing integrin-binding
sites are responsible for the systemic syndrome of hereditary angiopathy, nephropathy, aneurysms, and
cramps (HANAC). To analyze the pathophysiology of HANAC, (ol4al mutant mice bearing the
p.Gly498Val mutation were generated. Analysis of the skeletal muscles of Col4a1%“°®" mutant animals
showed morphologic characteristics of a muscular dystrophy phenotype with myofiber atrophy, cen-
tronucleation, focal inflammatory infiltrates, and fibrosis. Abnormal ultrastructural aspects of muscle
BMs was associated with reduced extracellular secretion of the mutant alala2(IV) trimer. In addition
to muscular dystrophic features, endothelial cell defects of the muscle capillaries were observed, with
intracytoplasmic accumulation of the mutant alala2(IV) molecules, endoplasmic reticulum cisternae
dilation, and up-regulation of endoplasmic reticulum stress markers. Induction of the unfolded protein
response in Col4al mutant muscle tissue resulted in an excess of apoptosis in endothelial cells. HANAC
mutant animals also presented with a muscular functional impairment and increased serum creatine
kinase levels reflecting altered muscle fiber sarcolemma. This extensive description of the muscular
phenotype of the Col4a1l HANAC murine model suggests a potential contribution of primary endothelial
cell defects, together with muscle BM alterations, to the development of COL4A1-related myopathy.
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The basement membrane (BM) is a specialized extracellular
matrix (ECM) that is present in nearly all organs, including
vessels, muscle, kidney, skin, central and peripheral nervous
systems, eye, and adipose tissue. In addition to their struc-
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Several congenital muscular dystrophies arise from mu-
tations in genes encoding for either muscular ECM proteins,
including collagen VI and laminin o2, or cell surface
receptors that interact with BM proteins, especially integrin
o7 and the dystroglycan complex.” © These observations
underline the crucial role of the ECM and the fiber cyto-
skeleton in the structural and functional integrity of skeletal
muscle.

Mutations of the COL4A1 gene, encoding the a1 chain of
type IV collagen, were reported first in patients presenting
with autosomal-dominant cerebral small-vessel disease,
which is responsible for stroke, porencephaly, leukoence-
phalopathy, and neurologic symptoms, sometimes associ-
ated with eye defects.” '' An asymptomatic increase of
serum creatine kinase (CK) levels was reported in 6 of 15
patients presenting with cerebral small-vessel disease related
to COL4AI pathogenic variants, and one patient showed
histologic signs of myopathy that associated endomysial
fibrosis and centronucleation.'”

We characterized a distinct phenotypic presentation
within COL4AI-related diseases: hereditary angiopathy,
nephropathy, aneurysms, and cramps (HANAC).""™"°
HANAC patients present with systemic symptoms that
usually associate a cerebral small-vessel disease of mild
severity, retinal arteriolar tortuosity, renal defects, and a
muscle disease. Common muscular signs include cramps
appearing during early childhood, slight defects in muscle
strength in adult women, and a persistent increase of CK
levels. COL4Al missense mutations responsible for
HANAC all closely localize in exons 24 and 25 and sub-
stitute glycine residues between Gly498 and Gly528 resi-
dues, within the cyanogen bromide—derived fragment
CB3(IV) of the alala2(IV) collagenous domain that con-
tains o1B1, a2B1, and o3Pl integrin-binding sites.'? " ®
Because COL4AI mutations associated with the
brain-restricted phenotype usually are localized in the
C-terminal half of the protein, these data suggested a pheno-
type—genotype correlation within COL4A [-related diseases.

Several Col4al N-ethyl N-nitrosourea mutant mice are
available, but they all bear mutations that do not affect the
Gly498—Gly528 region.”'”*" To analyze the pathogenesis
of HANAC specifically, we generated a mutant mouse strain
bearing the Col4al p.Gly498Val substitution that is ho-
mologous to the human COL4Al HANAC pGly498Val
mutation. We previously showed the relevance of this mu-
rine strain for the analysis of HANAC renal defects.”' In the
present study, we describe the muscular phenotype of
Col4al HANAC mutant animals.

Materials and Methods

Animals

The Col4al G498V mouse line was established by homol-
ogous recombination, as previously described.”' Mice were
maintained in a specific pathogen-free environment and
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experiments were conducted in accordance with French
government policies (Services Vétérinaires de la Santé et de
la Production Animale, Ministere de 1’ Agriculture, agree-
ment number B752001; Ministere de I’Education Nationale,
de ’Enseignement Supérieur et de la Recherche, agreement
number 01108.03).

Histology and Morphometrics

Six-month-old mice were sacrificed via cervical dislocation.
Tibialis anterior (TA), extensor digitorum longus, quadri-
ceps (QUAD), gastrocnemius, soleus, and triceps (TRI)
muscles were frozen in liquid nitrogen—chilled isopentane,
and stored at —80°C. The single-fiber area and fiber number
were determined as follows: cryosections (8-um thick) were
treated for 20 minutes with H,O,, blocked with 10% goat
serum in phosphate-buffered saline, incubated with rabbit
antilaminin antibody (1:400, 10765; Progen, Heidelberg,
Germany) for 2 hours at room temperature, followed by goat
anti-rabbit horseradish peroxidase—labeled antibody (1:200,
P0448; Dako, Courtaboeuf, France). Sections were mounted
with Eukitt (Labonord, Villeneuve, D’ ASCQ, France) after
treatment with di-amino-3,30 benzidine. Digital images
were captured using a charge coupled device camera (Sony,
FAS Film, Evry, France) and processed using Ellix software
version 7.7 (Microvision, Evry, France). Cryosections (8-
pum thick) were stained with hematoxylin and eosin solution,
Sirius red, and Masson trichrome, and analyzed using the
Axioplan 2 Microscope System (Carl Zeiss, Gottingen,
Germany). For fibrosis quantification, cross-sections on the
larger diameter of the right and left TA, TRI, and QUAD
(one cross-section/muscle, 3 animals/group) were incubated
with 1% Sirius red F3B (BDH Chemicals, VWR Interna-
tional SAS, Fontenay sous Bois, France) in Bouin Duboscq
Brasil Liquid (526271; Carlo ERBA Reagents, Val de
Reuil, France). Fibrosis was quantified using morphometric
analysis software (AnalySIS version 5.0 Build 1131; Soft
Imaging System Gmbh, Miinster, Germany) that allowed
the formation of a binary image in which the stained area
was calculated as a percentage of the image area. Data were
expressed as the mean value of the percentage of the posi-
tive area analyzed. The percentage of embryonic myosin
heavy chain (eMHC)-positive fibers was determined on
whole transverse sections of TRI muscle, stained with anti-
eMHC antibodies (3 sections/muscle and 3 animals/geno-
type), with positive eMHC fibers counted by manual tag
using ImageJ version 1.6.0 (NIH, Bethesda, MD; htp://
imagej.nih.gov/ij) and divided by the number of total
fibers in the section maps. Total fiber counts ranged from
1687 to 3209.

Immunofluorescence

Frozen muscle sections (8-um thick) were blocked in 10%
fetal bovine serum in phosphate-buffered saline for 30 mi-
nutes, incubated with primary antibodies overnight at 4°C,
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washed in phosphate-buffered saline, and incubated with
suitable Alexa Fluor secondary antibodies for 2 hours at
room temperature. Sections were examined under a confocal
microscope (TCS-SP2; Leica, Wetzlar, Germany). The
following primary antibodies were used: rat anti-al(IV)
chain (1:50, H11, a gift from Y. Sato), rat anti-«2(IV) chain
(1:50, H22; a gift from Y. Sato), rabbit anti—collagen IV
(1:800, 20451; Novotec, Lyon, France), rabbit anti—
collagen I (1:100, 600-401-103-01; Rockland, TEBU Bio,
Le Perray en Yveline, France), rabbit anti—collagen VI
(1:100, ab6588; Abcam, Paris, France), rabbit anti-
fibronectin (1:200, ab2413; Abcam), rat antiperlecan (1:50,
05-209; Millipore, Billerica, MA), rabbit anti—binding
immunoglobulin protein/78 kDa glucose regulated protein
(BiP/GRP78; 1:50, ab21685; Abcam), mouse anti—heat
shock protein 47 (1:50, SPA-470; Stressgen, Enzo Life,
Villeurbane, France), mouse anti—protein disulfide isom-
erase (1:50, SPA-891; Stressgen), goat anti—platelet endo-
thelial cell adhesion molecule 1/CD31 (1:50, SC-1506;
Santa Cruz, Cliniscience, Nanterre, France), monoclonal rat
anti-B1 subunit of very late antigen B1 integrins (1:50,
MAB1997; Millipore), mouse monoclonal anti-embryonic
myosin heavy chain (1:20, F1.652; Developmental Studies
Hybridoma Bank, Iowa City, 10), rabbit antidystrophin
(1:100, ab15277; Abcam), and rabbit peroxidase-conjugate
anti-mouse IgG (1:100, 6170-02; Southern Biotech, Clin-
iscience, Nanterre, France).

Electron Microscopy

Ultrastructural analysis was performed on muscle samples
fixed in 2.5% glutaraldehyde in 0.1 mmol/L cacodylate
buffer (pH 7.4) at 4°C for 24 hours. Fragments were fixed
afterward in 1% osmium tetroxide, dehydrated, and
embedded in epoxy resin. Ultrathin sections (60 nm) were
contrast-enhanced using uranyl acetate and lead citrate, and
examined using a JEOL 1010 electron microscope (JEOL,
Ltd., Tokyo, Japan) with a MegaView III camera (Olympus
Soft Imaging Systems GmbH, Miinster, Germany).

Western Blot

Frozen muscle was ground and homogenized in a RIPA Lysis
Buffer System (SC-24948; Santa Cruz). Sixty micrograms of
total protein was  heat-denatured,  separated by
SDS-PAGE, and transferred to a polyvinylidenedifluoride
membrane (Bio-Rad, Mame La Coquette, France). After
blocking, membranes were incubated overnight at 4°C with
primary antibodies and subsequently suitable horseradish per-
oxidase—conjugated secondary antibodies. Immunoreactive
bands were detected using ECL Western Blot detection re-
agents (SuperSignal West Pico Chemiluminescent Substrate;
Thermo Scientific, Saint Aubain, France). The relative
expression of the target proteins was estimated by densitometry
using glyceraldehyde-3-phosphate dehydrogenase as reference
on a CHEMI SMART 5000 system (Vilbert Lourmat, Marne la
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Vallée, France) and Chemi-Capt 2000 version 12.6a software
(Vilbert Lourmat). The following primary antibodies were used:
rabbit anti-GRP78/BiP (1:1000, 21685; Abcam), rabbit anti—
protein disulfide isomerase (1:500, ab31811; Abcam), rabbit
anticalnexin (1:500, ab10286; Abcam), rabbit anti—C/EBP
homologous protein (1:1000, 5554; Cell Signaling, Cliniscience,
Nanterre, France), and rabbit anti—glyceraldehyde-3-phosphate
dehydrogenase (1:10,000, G9545; Sigma-Aldrich, Saint
Quentin Fallavier, France). Secondary antibodies included
horseradish peroxidase—conjugated goat anti-rabbit Ig
(1:4000, ab97051; Abcam) and horseradish perox-
idase—conjugated rabbit anti-goat Ig antibodies (1:5000,
81-1620; Invitrogen, Illkrich, France).

RNA Extraction and Quantitative PCR Analysis

QUAD muscles from 6-month-old animals were homoge-
nized using a hand-held homogenizer (IKA S10N-5G; IKA,
Staufen, Germany) before extraction of RNA using TRI
Reagent (Euromedex, Mundolsheim, France). RNA con-
centration was determined using a Nanodrop 300 spectro-
photometer (Labtech, Palaiseau, France). After digestion
with DNase I, total RNA was reverse-transcribed using the
RevertAid First Strand cDNA Synthesis Kit (Thermo Sci-
entific). Primers for X-box—binding protein 1 unspliced
(primer sequences: forward: 5'-TGCTGAGTCCGCAGCA-
GGTG-3/, reverse 5-TGCTGAGTCCGCAGCA-3') and
X-box—binding protein 1 spliced (primer sequences: for-
ward 5'-CTGACGAGGTTCCAGAGGTG-3, reverse 5'-GCA-
GAGGTGCACATAGTCTGAG-3") mRNAs were designed
using the Universal Probe Library (Roche Diagnostics,
Meylan, France) website. The cDNA was amplified by PCR
in a LightCycler 480 (Roche Diagnostics) with SYBR
Green (Fast Start DNA Master SYBR Green I, Roche
Diagnostics) under the following conditions: 95°C for 5
minutes, 45 cycles at 95°C for 15 seconds and 60°C for 15
seconds, and 72°C for 15 seconds. Quantitative PCR also
was performed for the housekeeping gene, f-glucuronidase
(primer sequences: forward 5'-CTCTGGTGGCCTTACCT-
GAT-3, reverse 5-CAGTTGTTGTCACCTTCACCTC-3").
Results are expressed as 27ACT, where Cr is the cycle
threshold number normalized to the mean 227 for each
corresponding control group. Dissociation curves were
analyzed after each run for each amplicon to determine the
specificity of quantification when using SYBR Green.

Apoptosis Study

A terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling assay was performed on 8-um TRI muscle
cryosections (3 sections/muscle and 3 animals/genotype)
using the ApopTag plus peroxidase in situ apoptosis
detection kit (cat. S7101; Millipore) according to the man-
ufacturer’s instructions. The sections were incubated with
deoxynucleotidyl transferase, developed with the diamino-
benzidine detection system, and then were counterstained
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with methyl green (Vector Laboratories, Cliniscience,
Nanterre, France). Whole transverse muscle images were
captured at x40 magnification and terminal deoxy-
nucleotidyl transferase-mediated dUTP nick-end labeling—
positive nuclei were counted by manual tag using ImageJ
software for quantification.

Caspase-3 and caspase-12 activities were determined in
duplicate in muscle protein extracts using the caspase-3/
CPP32 Colorimetric Assay Kit (K106-25; Biovision,
Milpitas, CA) and the caspase-12 Fluorometric Assay
Kit (K139-25; Biovision), respectively. The caspase-3 assay
was based on the spectrophotometric detection of the
chromophore p-nitroanilide after cleavage from the labeled
substrate N-acetyl-Asp-Glu-Val-Asp—p-nitroanilide. The
caspase-12 assay was based on the detection of cleavage
of substrate N-acetyl-Ala-Thr-Ala-Asp—7-amino-
4-trifluoromethyl coumarin. The p-nitroanilide light
emission and cleavage of substrate N-acetyl-Ala-Thr-Ala-
Asp—7-amino-4-trifluoromethyl coumarin were quantified
using the FLX-Xenius Spectrophotometers (SAFAS,
Monaco, Monaco) at an OD of 405 nm (caspase-3)
and 400-nm excitation filter and 505-nm emission filter
(caspase-12).

Force Measurements

Muscle force measurements were evaluated by measuring in
situ muscle contraction in response to nerve and muscle
stimulation, as described previously.”> Mice were anes-
thetized using a pentobarbital solution (60 mg/kg intraper-
itoneally). The distal tendon of the TA was detached and
tied with a silk ligature to an isometric transducer (Harvard
Bioscience, Holliston, MA). The sciatic nerve was stimu-
lated distally, and the response to tetanic stimulation (pulse

frequency, 50 to 143 Hz) was recorded and absolute
maximal force was determined. The specific maximal force
was calculated by dividing the absolute maximal force by
the muscle weight measured just after the force test.

Serum CK Measurement

Retro-orbital blood was collected in 3-month-old animals
that were anesthetized fully using inhaled isoflurane. Blood
was centrifuged at 9500 x g for 10 minutes at 4°C. The
serum CK level was determined using the Creatine Kinase
Activity Assay Kit (MAK116; Sigma Aldrich), according to
the manufacturer’s instructions.

Statistics

Statistical significance was determined using either nonpara-
metric tests (including the Mann—Whitney and Krus-
kal—Wallis tests, % test), or the paired t-test, when appropriate.
Statistical significance was defined by a P value less than
0.05, 0.01, and 0.001. SD was used for all quantification.

Results

Col4a1—G498V Mutant Mice Suffer from Muscular
Dystrophy

Cross-breeding of Col4al™“**®" mice generated 32%
of Colal™™", 51% of Coldal™“**V, and 17% of
Coldaq]C#8V/649 8‘/, with a significant increase of embryonic
lethality of the Col4al®**V/**%V female (Supplemental
Table SI1). However, heterozygous and homozygous
Col4al“**>Y mice of both sexes showed normal viability
and fertility after birth.

Table 1  Body and Muscle Weights of 6-Month-0Old Wild-Type and Col4a1 HANAC Mutant Mice

Col4al+/+ Co[4al+/6498V Co[4016498V/G498V
Parameter n=4 n=4a4 n=4a4
Females
Body weight, g 25.69 + 4.28 23.78 + 1.88 21.10 £+ 2.40
Muscle weight, mg n=28 n=28 n=28
Extensor digitorum longus 8.89 + 1.58 7.43 £+ 0.55* 6.06 + 0.56**1
Soleus 10.46 + 0.89 5.55 4+ 0.56** 5.20 4+ 0.81**
Tibialis anterior 45.25 £+ 4.52 43.64 £+ 2.11 36.24 + 3.93**
Quadriceps 186.04 £+ 11.91 168.94 + 4.93*** 154.54 4+ 17.31***
Triceps 96.78 £ 7.53 83.49 £ 3.92** 84.41 4+ 6.05***
Males
Body weight, g 35.63 + 6.84 30.33 £+ 3.21 27.08 £+ 2.51
Muscle weight, mg n=28 n=38 n=38
Extensor digitorum longus 10.33 £+ 1.29 8.62 + 1.51* 7.70 £+ 0.46**
Soleus 8.94 + 1.03 8.55 + 0.60 8.13 + 0.98
Tibialis anterior 57.59 + 3.32 50.79 + 1.37** 44.53 + 2.07**11
Quadriceps 218.86 + 12.41 193.14 4+ 11.37*** 181.23 + 17.41**
Triceps 120.99 + 6.30 106.73 £+ 16.41* 91.87 £ 5.40**

Data are presented as means =+ SD.

*P < 0.05, **P < 0.001, and ***P < 0.01 (Col4a1*/%*°®" and Col4a1%°®"/%4%8" versus Col4al™™).

1P < 0.001, TP < 0.05 (Col4a1%*?8"/%4%V versus Col4a1™®49%").
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At 6 months of age, Col4al mutant animals had a

reduced total body weight compared with Coldal™’"

mice,

although statistical difference was not reached (Table 1).

Muscle weight showed a

COl4a]G498V/G498V

significant

decrease
animals, affecting the TA, extensor dig-

in

itorum longus, QUAD, soleus, and TRI muscles. Muscle
weight was affected less severely in heterozygous mutants,
although it also was decreased significantly for several
muscles (Table 1). Similar data were recorded in males
(Table 1). The single-fiber area, evaluated in TA and TRI
muscles of female mice, showed fiber atrophy in heterozy-

gous and homozygous animals, with a mean single-
0.03) and 352%

area reduction of 21.7% (P =

fiber

(P = 0.0015) in TA, and of 15.6% (P = 0.03) and 21.5%

(P = 0.009) in TRI, respectively (Figure 1, A and B).

The

mean number of fibers in TA and TRI, however, was similar
in all genotypes (Figure 1C), indicating that the reduced

muscle mass in HANAC mutant mice was related to

fiber

atrophy but not to fiber hypoplasia, with a greater severity in

homozygous mutants.

Histologic analyses of muscles disclosed several charac-
teristics of muscular dystrophy (Figure 1D). The number of
myofibers with nonperipheral nuclei was increased in het-
erozygous and homozygous Col4al mutant muscles, by
117% and 328% in TA, and by 132% and 619% in TRI,
respectively (Figure 1, D and E). In addition, staining with
embryonic myosin heavy chain, transiently expressed in
nascent myofibers at the initial phase of regeneration,
showed a significantly higher proportion of positive myo-
fibers in Col4al homozygous mutant TRI muscles, repre-
senting less than 1% of the total fibers, as compared with
wild-type and heterozygous animals (Supplemental
Figure S1). Both results indicated an abnormal induction
of muscle regeneration in Col4al HANAC mutant mice.
Sirius red staining showed fibrillar collagens accumulation
in endomysium of mutant muscles (Figure 1D) and
fibrosis quantification in TA, TRI, and QUAD muscles
showed an 8% to 63% increase of Sirius red—positive sur-
face in heterozygous mice, and a 21% to 99% increase
in  Col4al®*V/6*8V  mice compared with controls
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Figure 1  Morphologic characteristics of Col4al
HANAC muscles. A: Distribution of single-fiber area
(SFA) in tibialis anterior muscle (TA) showed a shift
to smaller SFA range in Col4al™%*® and
Col4a1%4%®V/%4%%V compared with Col4a1™* animals
(3000 myofibers analyzed per TA muscle and data
collected from 4 animals per group). B: Quantifica-
tion of the SFA in TA and triceps (TRI) showed fiber
atrophy in both heterozygous and homozygous
HANAC mutant mice (4 animals/group and per
muscle). C: Cross-sectional fiber numbers in TA and
TRI were similar in Col4al HANAC mutant mice and
controls (4 animals/group and per muscle).
D: Histologic analysis of muscles in Coléa1*/*,
Col4a1t/%*%®" and Col4a1%98/549%" female mice at
6 months of age. Cryosections of TRI were stained
with hematoxylin and eosin (HE). Centronucleated
fibers were observed frequently in Coléa1*/***®V and
Col4q154%8/64%8" animals, but barely detectable in
Col4a1™/*. Inflammatory infiltrates were observed
focally around muscle arterioles, mainly in
Col4a1%98¥/5#%8 mice. Sirius red (SR) staining of TRI
muscle cryosections showed an abnormal accumu-
lation of interstitial collagens in endomysium of
Col4a1 HANAC muscles. Quadriceps (QUAD) sections
stained with Masson trichrome (MT) showing extra-
vascular leakage of red blood cells in endomysium in
both heterozygous and homozygous animals.
Macroscopic intramuscular hemorrhages (white ar-
rows) also occasionally were observed at the time of
sacrifice in heterozygous and more frequently in
homozygous mutants (photographs TRI). E: Quan-
tification of centronucleated fibers in TA and TRI (3
animals/group and per muscle). F: Quantification of
TA, TRI, and QUAD fibrosis performed on cry-
osections stained with SR (3 animals/group, 6
muscles/animal). Data are expressed as means + SD
(B, C, E and F). *P < 0.05, **P < 0.01, and
***P < 0.001. D: Scale bars: 50 um (D, top 4 rows);
0.5 mm (D, bottom row).
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(Figure 1F). The extent of fibrosis was significantly greater
in TA and QUAD muscles of homozygous mutants than of
heterozygous mice (Figure 1F). Focal inflammatory in-
filtrates were present in homozygous mutants, mainly
around arterioles (Figure 1D). In addition to dystrophic
changes, macroscopic intramuscular hemorrhages were seen
occasionally in mutant animals of both genotypes, with
Masson trichrome staining showing focal areas of extra-
vascular leakage of red blood cells in endomysium
(Figure 1D).

Altogether, these observations indicated that Col4al
HANAC mutant mice develop a muscular dystrophy char-
acterized by a muscle mass decrease resulting from fiber
atrophy, an increased number of centronucleated fibers,
fibrosis, focal perivascular inflammation, intramuscular
hemorrhages, and mild muscle regeneration. Homozygous
mutant animals were affected more severely.

Col4q16498v/G49sv

Colda1+/e%8v

A Col4a1*+

Dystrophin

Figure 2

Remodeling of the Skeletal Muscle ECM

We further analyzed the skeletal muscle expression of ECM
proteins by immunostaining (Figure 2). Several ECM
components, including collagen I, collagen VI, perlecan,
and fibronectin, accumulated in endomysium of Col4al
mutant muscles (Figure 2A). An increased labeling of
endothelial cells and sarcolemma with anti-integrin Bl an-
tibodies also was observed (Figure 2A and Supplemental
Figure S2). Expression of dystrophin was preserved in
sarcolemma of mutant muscles (Figure 2A) and incubation
of unfixed TRI cryosections with mouse IgG did not show
abnormal labeling of the myofiber sarcoplasm, indicating
the preserved integrity of the sarcolemma (Supplemental
Figure S3). Collagen IV analysis showed a reduction of
a1(IV) and a2(IV) chain expression in muscle BM, mostly
in homozygous, but also in heterozygous, mutant animals

Colda1** Coldqg1+/6498v Col4q16498v/G49sv
h --.
¢ N ( &y | s i o
a2(1V) NEEN ‘ e (R AP

CD31 alo2(lV) Merge

- . .

Col4a1+/54%8V

60/4016498V/G498V

ECM remodeling, integrin B1, and dystrophin expression in HANAC muscles. A: Collagen I (COLI), collagen VI (COLVI), perlecan, and fibronectin

(FN) accumulated abnormally in the Col4al mutant muscle endomysium and basement membrane (BM) (TA muscle). Sarcolemmal and endothelial cell
expression of the integrin B1 subunit was increased in Col4a1™“*®" and Col4a1%#°®"/*%®" animals (TA muscle). Expression of dystrophin was comparable
between genotypes. B: Immunolabeling with monoclonal anti—collagen IV a1 antibody (H11), and anti—collagen IV a2 antibody (H22), showing a reduction
of collagen IV expression in the muscle BM, and an intense labeling of the endothelial cells (TA muscle). C: Co-immunostaining using polyclonal anti-a1a:2(IV)
(green) and anti-CD31 (red) antibodies, showing an increased labeling of collagen IV in CD31-positive endothelial cells of capillaries, that was more intense in
Col4a1%#87/%4%8V animals (TRI muscle). Scale bars: 50 um (A and B); 2 um (C). ITGB1, integrin B1.
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(Figure 2B), indicating that the Col4al p.G498V mutation
partially impaired the alola2(IV) trimer formation and/or
its secretion. Concomitantly, we observed an intense label-
ing of collagen IV within CD31-positive cells, suggesting
intracellular accumulation of both «1(IV) and a2(IV) chains
in endothelial cells of the muscle capillaries of the mutant
mice, whereas myofibers did not show increased intracel-
lular collagen IV staining (Figure 2C). Ultrastructural
analysis also disclosed ECM defects in TA and extensor
digitorum longus muscles, with endomysium thickening
caused by abnormal accumulation of interstitial fibrosis.
Muscle basal lamina in mutant animals was irregular,
focally duplicated, and vanishing with a lower electron
density, and adjacent sarcolemma showed more in-
vaginations (Figure 3, A—C). The ultrastructural aspect of
myofibers and the morphology of the sarcoplasmic reticu-
lum and mitochondria remained normal in mutant muscles
(Figure 3, D—I).

Col4at++

Figure 3

Morphologic Endothelial Cell Alterations in HANAC
Muscle

We specifically focused our analysis on endothelial cells
because most of the clinical symptoms observed in Col4al-
associated diseases are related to microvascular defects. By
electron microscopy, we observed abnormal enlargement of
endoplasmic reticulum (ER) cisternae within endothelial
cells in mutant muscles (Figure 3, G—I). No ER dilations
were observed in endomysial cells other than endothelial
cells. These results, together with our observation of al(IV)
and o2(IV) chain intracellular retention, suggested that
mutant misfolded alola2(IV) trimers most likely accu-
mulated in ER in endothelial cells. In addition, a 2.2- and
3.8-fold increase in the number of CD31-positive endothe-
lial cells was observed in muscle endomysium of hetero-
zygous and homozygous mice, respectively (P < 0.001)
(Figure 4).

Colda16498v/Gagsv

Ultrastructural defects in Col4a1 HANAC muscles. Electron microscopy analysis of extensor digitorum longus muscles. A—C: Abnormal accu-

mulation of fibrillar collagens in endomysium, with irreqular aspect of sarcolemma (white arrows) and reduced electron density of the basal lamina (black
arrowheads) in both heterozygous and homozygous Col4a1l HANAC mutant muscles compared with controls. Insets show high magnifications centred on the
sarcolemma and the muscle basal lamina. D—F: Ultrastructural aspects of myofibers showing normal sarcoplasmic reticulum (arrows) and normal structure of
mitochondria in heterozygous and homozygous muscles. G—I: Large dilations of endoplasmic reticulum in endothelial cells of the muscle capillaries in
heterozygous (H) and homozygous (I) Col4a1l HANAC mutant mice compared to wild type mice (G). Inset in I shows enlarged ER cisternae lined by ribosomes
in homozygous Col4al HANAC mutant mice from the boxed area of the main image at high magnification. Scale bars: 0.5 um (A—F); 2 pm (G—I). Original
magnification: x50,000 (insets). CL, capillary lumen; ER, endoplasmic reticulum; M, mitochondria; SR, sarcoplasmic reticulum.
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Figure 4  Increased CD31-positive endothelial cells in muscle in Col4al

HANAC mutant mice. A: Immunostaining of quadriceps muscles of
Col4a1™’*, Col4a1™**®V, and Col4a1%#9®"/%498" mice using an anti-CD31
antibody. B: Quantification of CD31-positive endothelial cells in quadri-
ceps muscle. n = 3 animals of each genotype. Data are expressed as
means + SD. ***P < 0.001. Scale bar = 50 um.

Induction of Endothelial Cell ER Stress and Apoptosis
in HANAC Muscle

We further investigated whether ultrastructural ER
morphologic changes and intracellular ala2(IV) accumu-
lation in endothelial cells of muscle were associated with
induction of ER stress. Immunofluorescence staining of the
binding immunoglobulin protein, protein disulfide isom-
erase, and heat shock protein 47, an ER resident chaperone,
showed overexpression specifically in CD31-positive
endothelial cells in Col4al mutant muscles (Figure 5,
A—C). We detected an eightfold increase of X-box—binding
protein 1 spliced mRNA specifically in mutant animals,
without mRNA level increase of the X-box—binding pro-
tein 1 unspliced form (Figure 5D). Western blot experiments
also disclosed an increased expression of heat shock pro-
tein 47 and key ER stress proteins expression, including
BiP; calnexin; protein disulfide isomerase; and C/EBP-
enhancer—binding homologous protein in muscle protein
extracts of mutant mice (Figure 5E). Because C/EBP-
enhancer—binding homologous protein is a pro-apoptotic
transcription factor specifically related to the unfolded
protein response (UPR), we investigated cell apoptosis
in muscles. An excess of terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling—positive
apoptotic nuclei was detected in the endomysium of
Col4al1°**V'5*9%Y muscles, suggesting that apoptosis might
affect endothelial cells specifically (Figure 6, A and B). In
addition, caspase-12 and caspase-3 activities were enhanced
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in muscle protein extracts of mutant muscles (Figure 6, C and
D). Altogether, these data strongly suggested that ER accu-
mulation of the misfolded aloala2(IV) mutant trimers
induced UPR, leading to ER stress in muscle endothelial
cells, and resulted in a dramatic enhancement of apoptosis in
this cell population.

HANAC Myopathy Is Associated with a Decrease of
Maximal Force and an Increase of Serum Creatine
Kinase Level

To determine whether morphologic muscle defects were
associated with an alteration of functional performance, in
situ muscle forces were evaluated in 6-month-old wild-type
and Col4al "V mice of both sexes. The absolute
maximal force and the specific maximal force of TA
muscles were reduced significantly by 25.5% and 14.4%,
respectively, compared with wild-type animals (Figure 7,
A and B). At this age, we also observed a muscle weight
decrease of —13.3% (P = 0.015) in heterozygous animals.

In addition, we observed a significant mild increase of
serum CK level in heterozygous and homozygous 3-month-
old mutant mice at rest, as compared with controls, how-
ever, with variability among animals within genotype
groups (Figure 7C).

Discussion

We recently established the first experimental model of
the HANAC syndrome, the Col4al—G498V mutant mice,
and we showed that these mutant mice constitute a rele-
vant model for the analysis of the pathophysiology of the
renal defects in HANAC syndrome.”' In the present study,
we provide new insights into the mechanisms of the
skeletal muscle involvement, which is a major feature of
this syndrome. Striated muscle BM contains from the
ala2(IV) collagen IV network. Morphologic alterations of
myofibers and muscular functional defects were observed
in Drosophila Col4al mutant series,”’ as well as an in-
crease of serum CK and an increase of centronucleated
fibers in Coldal™*' N-ethyl N-nitrosourea mutant
mice.”* We now show that Col4al“**®V animals have
morphologic defects that share characteristics with
inherited muscular dystrophies, which are characterized by
a disruption of the sarcolemma—ECM connection related
to intracellular, transmembrane, or extracellular protein
mutations.”” At the ultrastructural level, the electron
density of the muscle basal lamina of Col4al®**®V ani-
mals was decreased, while the adjacent sarcolemma
showed focal irregular aspects. In addition to alterations of
intrinsic mechanical properties of the mutant BM collagen
IV network, defective interactions between Col4a]1648V
mutant protein and other BM components or relevant cell
adhesion molecules may account for pathologic defects in
HANAC muscles. Indeed, collagen IV interacts with
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Figure 5  Induction of endoplasmic reticulum stress in endothelial cells in Col4a1 HANAC mutant mice. A—C: Cryosections of quadriceps (QUAD) were co-
immunostained with anti-CD31 (red) and anti—binding immunoglobulin protein (BIP) (A), protein disulfide isomerase (PDI) (B), and heat shock protein (HSP)
47 (C) (green) antibodies, respectively. Confocal microscopy analysis showed intense expression of ER stress proteins and HSP47 in CD31-positive endothelial
cells. D: Quantitative PCR analysis of mRNA expression level of X-box—binding protein 1 spliced (XBP1s) (left panel) and X-box-binding protein 1 unspliced
(XBP1u) (right panel), normalized with B-glucuronidase (GUSB), showed a significant increase of the XBP1s in both heterozygous and homozygous animals.
Experiments were performed in triplicate. E: Western blot analysis of protein extracts from QUAD muscle and quantification. Expression of the a1 and &2 chains
of collagen IV was strongly reduced in Col4al mutant muscles, whereas the HSP47 collagen-specific chaperone was increased. ER stress proteins including BIP;
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*P < 0.05, **P < 0.01. Scale bars = 20 um. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GUSB, beta glucuronidase.
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collagen VI, whose genes mutations are responsible for
Ullrich congenital muscular dystrophy, Bethlem myop-
athy, and myosclerosis.% Moreover, defective interaction
between HANAC mutant alala2(IV) heterotrimer and
the 731 integrin expressed in myofibers can be suspected

The American Journal of Pathology m ajp.amjpathol.org

because among COL4Al-related diseases, muscle symp-
toms are a constant feature of HANAC patients who all
bear a COL4AI mutation specifically located in the
G498—G525 region of the protein, which contains several
integrin-binding sites. This hypothesis is supported by the
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Figure 6  Increased apoptosis in Col4a1 HANAC mutant muscle. A: Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)-labeled
sections of triceps (TRI) of 6-month-old female mice counterstained with methyl green. TUNEL-positive nuclei, labeled in brown (arrows), were present in
excess in the endomysium of Col4a1%#9%"/%4%8V muscle. B: Quantification of apoptotic nuclei in TRI muscle of 6-month-old Col4a1™™*, Col4a1/***®", and
Col4a15%98Y/64%8V famale mice (3 animals/group, 3 whole transverse muscle sections/animals). C: Quantification of caspase-3 activity determined in duplicate
in TRI protein extracts (4 animals/group). D: Quantification of caspase-12 activity determined in duplicate in TRI protein extracts (4 animals/group). Data are

expressed as means + SD. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bars = 50 um. A.U., arbitrary unit.

increased PB1 integrin expression in the HANAC skeletal
muscle, which may compensate defective collagen IV/
myofiber interaction. At variance with Coldal?“*"" 44!
mice that lack extracellular atlotlo2(IV) trimers, the Coldal
p.G498V mutation did not completely abolish the assembly
and secretion of the mutant protein in the muscle as well as
in the kidney,”' which may explain the less severe pheno-
type of HANAC Col4al—G498V mutant mice. In vitro
observations also showed that the degree of mutant a1(IV)
intracellular retention was influenced by the location of the
mutations, those located at the C-terminal part of the protein
were associated with higher intracellular accumulation and
more severe organ defects.”’**

A mild degenerative/regenerative process was observed
in Col4dal—G498V mutant muscles, with a significant in-
crease of centronucleated fibers, and eMHC-positive cells in
homozygous animals. The lack of increase in eMHC-
positive fibers in heterozygous muscles at 6 months may

be explained by the transient expression of eMHC in
regenerating fibers.

Because myofiber defects remain moderate (preserved
integrity of sarcolemma and organelles, and low increase of
CK levels), muscle regeneration in our model may have
resulted from fiber necrosis occurring at an earlier age, or
could be the consequence of nondystrophic myopathic
changes, notably owing to vascular alterations. Indeed, the
dystrophic phenotype of HANAC muscle was associated
with severe endothelial cell alterations, which represent a
striking and original characteristic of HANAC myopathy
and may contribute to muscle injury, together with an
ECM-sarcolemma disconnection. Mutant alaloa2 (IV) tri-
mers accumulate within the ER of endothelial cells, leading
to marked ER cisternae dilation and UPR activation. Both
caspase-3 and caspase-12 activities were enhanced in
Col4al—G498V mutant mice, and homozygous mutant
muscles showed a dramatic level of apoptosis that spared
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Figure 7  Functional muscular alterations and serum creatine kinase (CK) increase in Col4al mutant mice. A and B: Contractile properties of the tibialis

anterior muscle analyzed in 6-month-old Col4a1™/" and Col4a1*/%**®" mice (5 females and 5 males in each genotype group) showed a decrease of the absolute
maximal force (A) and of the specific maximal force defined as the absolute maximal force related to muscle weight (B). C: Serum creatine kinase levels in
3-month-old animals. Data are expressed as means + SD. n = 24 Col4al™/*; n = 35 Col4a1t/*%®'; n = 12 Col4a1%498V/64%8V **p < 0,01, ***P < 0.001.
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myofibers as a consequence of cytotoxic effects of UPR in
endothelial cells. ER stress induction was shown previously
in lens epithelium of Col4al*"****' mice, and transcrip-
tional induction of binding immunoglobulin protein mRNA
was reported in aorta of Col4al Raw mice.”””" Jeanne
et al”® recently reported abnormal intracellular accumula-
tion of the ala2(IV) chains in endothelial cells of retinal
arteries in Col4al™****' mice. At variance with HANAC
mice, Col4al®****' mice showed a severe cerebrovascular
brain phenotype with embryonic lethality of homozygous
animals and a high rate of mortality of heterozygous mice at
1 month, mostly related to intracerebral hemorrhages.
Treatment with the chemical chaperone sodium 4-
phenylbutyrate reduced intracerebral hemorrhage severity
in Col4al™®**' animals through enhanced collagen IV
BM secretion and decreased cellular accumulation.”® Such
therapeutic intervention also could be effective in
improving, at least in part, the muscle phenotype in
HANAC syndrome.

Clinical and experimental data have pointed out the
potential primary or secondary role of muscle vasculature
defects in either inherited or acquired myopathies. In
mdx mice and patients with Duchenne or Becker muscular
dystrophy, muscle ischemia is suspected to accelerate
injury of muscle fibers caused by defective sarcolemmal
neuronal nitrite oxide synthase and alterations in
nitrite oxide production.”’ Strategies that boost nitrite
oxide signaling improved the dystrophic phenotype of
mdx mice, and restored normal muscle blood flow in
patients with Becker myopathy.’>”” Further studies are
required to assess the consequences of the endothelial
cell defects on tissue hypoxia and inflammation, which
might contribute to the endothelial cell proliferation
observed in Col4al HANAC mutant muscles, and, more
generally, may provide insight into the mechanisms of
cramps.

The phenotype of Col4al—G498V homozygous mice is
more severe than the one observed in heterozygous animals,
suggesting that haploinsufficiency may impact the pheno-
type severely, in addition to the dominant-negative effect of
the col4al mutant protein that induced ER retention and
UPR activation. However, morphologic muscle anomalies,
functional alterations, and ER defects in endothelial cells
also have been observed in heterozygous mutant animals.
Interestingly, in HANAC patients, muscle cramps are
enhanced on exposition to cold temperature. This trigger
event is similar to the one responsible for Raynaud phe-
nomena, suggesting altered microvascular reactivity also in
skeletal muscle. A biopsy specimen of quadriceps in one
patient with HANAC did not show an ultrastructural fiber
alteration or an endothelial cell defect, although histologic
signs of myopathy were characterized in one patient with a
COLA4AI-pathogenic variant.'” Results arising from murine
preclinical models must usually be translated carefully into
the human pathophysiology because several additional
factors, including genetic background and environmental
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modifiers, may influence phenotypic expression of the
monogenic trait.

In conclusion, this study on the muscle phenotype of
Col4dal HANAC mutant mice shows the important role of
the collagen IV network in maintaining the integrity of the
ECM-sarcolemmal connection in skeletal muscle. It also
suggests the potential contributing role of local microvas-
cular defects in the genesis of the muscle phenotype,
through in vivo UPR induction related to abnormal accu-
mulation of the mutant protein in endothelial cells. These
data open up new perspectives in the field of muscular
dystrophies, which may help to delineate new therapeutic
interventions that specifically target the muscular micro-
vascular compartment.
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