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Collagen type IV alpha 1 and 2 (COL4A1 and COL4A2) are present in nearly all basement membranes. COL4A1
and COL4A2 mutations are pleiotropic, affecting multiple organ systems to differing degrees, and both genet-
ic-context and environmental factors influence this variable expressivity. Here, we report important phenotypic
and molecular differences in an allelic series of Col4a1 and Col4a2 mutant mice that are on a uniform genetic
background. We evaluated three organs commonly affected by COL4A1and COL4A2 mutations and discovered
allelic heterogeneity in the penetrance and severity of ocular dysgenesis, myopathy and brain malformations.
Similarly, we show allelic heterogeneity in COL4A1 and COL4A2 biosynthesis. While most mutations that we
examined caused increased intracellular and decreased extracellular COL4A1 and COL4A2, we identified
three mutations with distinct biosynthetic signatures. Reduced temperature or presence of 4-phenylbutyrate
ameliorated biosynthetic defects in primary cell lines derived from mutant mice. Together, our data demonstrate
the effects and clinical implications of allelic heterogeneity in Col4a1- and Col4a2-related diseases.
Understanding allelic differences will be valuable for increasing prognostic accuracy and for the development
of therapeutic interventions that consider the nature of the molecular cause in patients with COL4A1 and
COL4A2 mutations.

INTRODUCTION

Collagen type IV alpha 1, COL4A1 (MIM 120130), and its
binding partner COL4A2 (MIM 120090) are major constituents
of nearly all basement membranes. COL4A1 and COL4A2 each
contain a long, triple-helix-forming, collagenous domain
flanked by a short 7S domain at the amino terminus and a globu-
lar, non-collagenous (NC1) domain at the carboxy terminus.
Two COL4AT1 peptides and one COL4A?2 peptide associate via
their NC1 domains (1,2) and assemble into heterotrimers

within the endoplasmic reticulum (ER) before being secreted
into the extracellular space. Heterotrimers polymerize to form
acollagen I'V network that is essential to the development, struc-
ture and function of normal tissues.

Consistent with the widespread distribution of these proteins,
COL4A41 and COL4A2 mutations are pleiotropic and cause a
broad spectrum of disorders affecting multiple organs, including
the brain, eyes, kidneys and muscles, both in humans and in mice
(3—06). Importantly, the severity of pathology is influenced by the
genetic-context and environmental factors (7—9). Notably, we
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have shown previously that the presence and severity of
Col4al-induced ocular and muscular defects in mice is genetic-
context dependent (8,9). In addition, accumulating evidence
suggests that allelic heterogeneity also contributes to the vari-
able expressivity of COL4A41 and COL4A2 mutations. Six fam-
ilies presenting with a syndrome referred to as HANAC
(hereditary angiopathy, nephropathy aneurysms and cramps)
have COL4A41 mutations clustered within 31 amino acids (10).
Thisraises the possibility that COL4A I mutations that affect spe-
cific functional domains may lead to distinct clinical outcomes
(11). Furthermore, the specific nature of a mutation within a
given protein domain may influence its biosynthetic conse-
quences. Of note, there is little or no tolerance for amino acids
other than glycine at every third position of the collagen triple
helix; however, there is evidence that all glycine mutations are
not functionally equivalent (12,13).

In this study, we investigate the contribution of allelic differ-
ences to phenotypic variability and to COL4A1 and COL4A2
biosynthesis using a series of Col4al and Col4a? mutant
mouse lines on a uniform C57BL/6J genetic background. We
show that different Col4al and Col4a2 mutations have distinct
molecular consequences that lead to ocular, cerebral and myo-
pathic phenotypes of variable severity and penetrance and may
reflect mechanistic heterogeneity. Understanding the role of
allelic heterogeneity could provide valuable insight into
COL4A1- and COL4A2-associated disorders. Moreover, allelic
differences may reflect important functional subdomains in
COL4A1 and COL4A2 and reveal distinct pathogenic mechan-
isms. Both of these could provide prognostic information to
allow for better patient counseling and guide the development
of targeted therapeutic interventions.

RESULTS

Col4al and Col4a2 mutations cause highly penetrant
anterior and posterior ocular dysgenesis

To investigate if allelic heterogeneity contributes to phenotypic
variability, we analyzed an allelic series of Col4al and Col4a?2
mutant mice comprising a splice site mutation and seven
glycine missense mutations within the triple-helix-forming
domains (six in COL4A1, one in COL4A2), and one missense
mutation in the globular NC1 domain of COL4Al (Fig. 1A).
We crossed each mutation onto a uniform, C57BL/6J genetic
background and evaluated the effects of allelic differences on
three organs that are commonly affected in patients with
COL441 and COL4A2 mutations.

COL4A1 and COL4A2 mutations cause ocular defects includ-
ing anterior segment dysgenesis (ASD) and optic nerve hypopla-
sia (ONH) in Patients and mice. We have shown previously that
Col4al***! mice have severe ASD and ONH when main-
tained ona C57BL/6J background (8). To determine ifallelic dif-
ferences influence ocular manifestations resulting from Col4al
and Col4a2 mutations, we evaluated ASD and ONH phenotypes
in our allelic series using slit lamp examination and histological
analysis, respectively. All Col4al and Col4a2 mutations caused
ASD involving the cornea (cloudiness, scarring, vascularization
and iridocorneal adhesions), iris (large tortuous vessels, pigment
dispersion), pupil (open, irregularly shaped, eccentric), lens
(cataract, persistent pupillary membrane) and anterior chamber

(enlargement) that were not observed in Col4al™™" mice

(Fig. 1B—G). Abnormal iris vasculature was the most highly
penetrant ocular phenotype observed amongst all Col4al and
Col4a2 mutants. The expressivity of every mutation was vari-
able and although the majority of mutant eyes disPIalyed at
least one abnormal feature, 5 out of 24 Coldal™’5!°%2 eyes,
1 out of 22 Col4al/“***P eyes and 1 out of 22 Coldal*'®"'?"
eyes were without any obvious defects on exam. Since mice
from each mutant strain are genetically identical and non-
penetrance was usually unilateral, the phenotypic variability
within each mutant strain likely results from stochastic molecu-
lar events. Importantly, both the penetrance and qualitative as-
sessment of ASD severity were variable between mutant
strains, suggesting that allelic heterogeneity influences the
ocular phenotype resulting from Col4al and Col4a2 mutations
(Fig. 1H). Of note, Col4al™***! and Col4al™'">**P eyes gen-
erally had the most severe iris vasculature abnormalities and a
subset of eyes from Col4al/“"3*P mice had severely vascular-
ized and scarred corneas. Across the board, Col4al H1582P mice
exhibited less penetrant and less severe ASD than other mice in
the allelic series. Similarly, ONH was also observed in most, but
not all, strains (Fig. 2). Optic nerves from Col4al™****' mice
were the most severely affected, whereas Coldal ™ "*%?F and
Col4al/"1%%P mice did not have significantly decreased
optic nerve cross-sectional areas compared with Col4al ™" con-
trols. Collectively, these data show that Col4al and Col4a2
mutations cause highly penetrant anterior and posterior ocular
dysgenesis. Our results suggest that allelic heterogeneity might
influence penetrance and severity; however, the high variability
of these phenotypes tempers the confidence of this conclusion.

Col4al and Col4a2 mutations cause variable brain
malformations

Col4al™***! mice have brain malformations including con-
genital cortical lamination defects (9). In addition, COL4A41
mutations were reported in three patients with cortical malfor-
mations, two of which were diagnosed with muscle-eye-brain
disease/Walker-Warburg syndrome and one who presented
with focal cortical dysplasia (6,9). To test if mice with different
Col4al and Col4a2 mutations have distinct brain abnormalities,
coronal brain sections collected at regular intervals were stained
with cresyl violet and examined by light microscopy. All mutant
brains examined exhibited cortical lamination defects (Fig. 3A—
L). These included molecular layer heterotopia (MLH; clusters
of neurons mislocalized to layer I of the cortex), midline fusion
and disorganized lamination ranging from focal heterotopia (not
restricted to layer I) to widespread heterotopia resembling ex-
tensive foliation. The number and size of cortical lamination
defects were variable within and between mutant strains with
the highest number of lesions observed in Col4al™*“*,
Col4a1+/G394V, Coldal™%"?" and Col4al™’“1%335 brains
(Fig. 3M). Col4al5"°%?F brains had the lowest number of
lesions and were not significantly different from Col4al™*
mice. Although, two out of five Col4al™"" brains had a single
small MLH (not exceeding 140 wm along the rostrocaudal
axis) (14), the MLH observed in mutant brains were always
larger and, with the exception of Col4al™5*%" brains, were
present in significantly higher numbers. The largest lesions,
which spanned at least 1260 wm along the rostrocaudal axis,
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G1344D

Col4a1 **

$1582P

Corneal Clouding 2/20 2118 1/22 4/22 | 4114 | 2/28 4/24 5/26 1/24
Abnormal Iris Vasculature 20/20 | 17/17 | 15/22 | 17/21 | 8/12 | 14/14 | 20/22 | 23/23 | 17/24
Iridocorneal Adhesions 3/20 | 3117 | 0/22 | 1/22 | 414 | 14/28 | 2/124 | 4/24 | 0/24
Open Pupil 2120 | 7118 | 5/22 | 10/22 | 11/14 | 26/28 | 9/24 | 13/125 | 0/24
Pigment Dispersion 6/20 6/17 4/22 9/22 | 2114 | 12/28 | 6/23 9/24 2/24
Cataract 12/20 | 6/17 | 8/22 | 17/22 | 8/14 | 27/28 | 10/24 | 23/24 | 3/24
Enlarged Anterior Chamber 6/20 | 1117 | 3/22 | 10/22 | 9/14 | 26/28 | 6/24 | 17/125 | 1/24
Microphthalmos 0/20 018 0/22 0/22 | 0114 | 4/32 2/26 0/26 0/24
Severity Index (1=mild, 3=severe)| 2.1 1.6 1.0 1.6 24 3.0 1.6 25 0.8

3

Figure 1. Col4al and Col4a2 mutations cause highly penetrant ocular anterior segment dysgenesis. (A) Schematic representation of COL4A1 and COL4A2 domain
structure and the positions of the mutations analyzed in this study; green boxes: putative integrin-binding sites. (B—G) Representative images from slit lamp exam-
ination of control (Col4al™’") and mutant (Col4al™’™") eyes showing ocular anterior segment dysgenesis in mutant mice, including open pupil (asterisk), enlarged
and torturous iris vasculature, cataracts (arrowhead), iridocorneal adhesion (cross) and enlarged anterior chamber (arrows point to the anterior chamber). (H) The
frequency of distinct ocular anterior segment dysgenesis phenotypes caused by different Col4al and Col4a2 mutations is shown in the table. The overall severity

for each eye was ranked as mild (score = 1), moderate (score = 2) and severe (score = 3), and the average score of each strain is indicated. Note that in Col4a
mice a severe open pupil phenotype prevented assessment of iris vasculature abnormalities in a subset of eyes. Between 14 and 32 eyes were analyzed per allele.
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Figure 2. Col4al and Col4a2 mutations cause variable optic nerve hypoplasia. (A) Representative images of optic nerve cross sections from Col4al™" and
Col4al™™* mice and (B) quantitative analysis of optic nerve cross-sectional area show variability in the size of mutant optic nerves, ranging from severely hypo-
plastic (Col4al*’2***!) to indistinguishable from control (Col4al™!!5%P and Col4al*"*'°5?"). Values are presented as mean + SEM. Comparisons between
Col4al*™* (WT) and each mutant strain were performed using Student’s r-test (*P < 0.05). Comparison amongst different strains was performed using
one-way ANOVA followed by Tukey’s post hoc test. With the exception of Col4al HOIHD  Colgq A was significantly different from all other Col4al muta-

tions (P < 0.05). Between 5 and 16 optic nerves were examined per allele.

were more fresluently observed in Col4al™*** (five out of
five), Coldal /%8P (four out five), Col4al™“*"?V (three out
four), and Col4al1™“"%3%5 (three out of four) and never detected
in Col4al™5'9%F brains (data not shown). Most lesions, espe-
cially medium and large ones, occurred rostral to the hippocam-
pus (plate 39, Paxinos and Franklin mouse brain atlas). Other
brain malformations including enlarged ventricles, septal thin-
ning and white matter defects, which were often associated
with ventricular or cortical lamination defects, were also
observed and the frequencies varied between strains (Fig. 3N)
further supporting the contention of allelic heterogeneity.

Col4al and Col4a? allelic heterogeneity influences myopathy

Some patients with COL441 and COL4A2 mutations have
myopathy ranging from elevated creatine kinase levels
and muscle cramps to congenital muscular dystrophy
(4,6,9,10,15—18), while other patients are within normal
ranges or unreported. To determine the extent to which myop-
athy may be modulated by allelic difference, we evaluated the
number of non-peripheral nuclei (a commonly used measure

of myopathy indicative of degenerating and regenerating
muscle fibers) in quadriceps sections from Col4al and Col4a?2
mutant mice. By this measure, all mutations caused myopathy,
with the exception of Col4al™S"°%?F (Fig. 4). Coldal™' 7"
mice exhibited the most severe myopathy, followed by
Col4al***! mice. Comparison using one-way ANOVA
revealed that the percentage of non-peripheral nuclei was signifi-
cantly higher in Col4al™"?**" muscles compared with all other
mutant muscles.

Collectively, the ocular, cerebral and muscular analyses of the
Col4al and Col4a2 allelic series demonstrate that the different
mutations evaluated in this study are not equivalent and that
allelic heterogeneity in an otherwise uniform genetic context
contributes to the penetrance and severity of various pathologies.

Biosynthetic effects of Col4al and Col4a2 mutations

We hypothesized that the observed allelic heterogeneity may
result from the effects of molecular differences between muta-
tions on COL4A1 and COL4A2 biosynthesis. The pathogenicity
of Col4al and Col4a2 mutations is commonly attributed to
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Figure 3. Col4al and Col4a2 mutations cause variable brain malformations. (A—L) Representative images of coronal brain sections from Col4a ™t " and Col4al™""
mice stained with cresyl violet show diverse cortical defects in mutant mice. We observed molecular layer heterotopia (MLH) (arrows in C, D, H, K and L), midline
fusion defects (1 in B and J), and focal (asterisks in D, F, G and L) or widespread heterotopias resembling extensive foliation (boxed area in B and higher magnification
ofthe boxed area in J). (I-L) show higher magnification images of boxed area in A, B, C, and H, respectively. Other malformations include enlarged ventricles (F and
G), septal thinning (arrowhead in F) and white matter defects (asterisk in D, F, and G) usually associated with disorganized lamination or with enlarged ventricles that
manifest as thinning of white matter tracts in the external capsule (labeled as ‘ec’ in F and G). (M) Quantifying cortical neuronal lamination defects show that the
number of lesions is influenced by allelic heterogeneity, with the greatest number of lesions observed in Col4al™***", Coldal™ Aextl and Col4al™“1%3 brains,

while Col4al*"1752F brains were not significantly different from Col4al™* (WT). Comparisons between Col4al™’* (WT) and each mutant strain were performed
using Student’s -test and, with the exception of the Col4al™5"?%?F brains, all Col4al™"" brains had a significantly higher number of lesions compared to Col4al™*
brain (P < 0.01, data not shown). Comparison amongst different strains was performed using one-way ANOVA followed by Tukey’s post hoc test, Col4al HG3AV

Col4a2™*P Col4al™%*?" and Coldal™*'“1%%5S, Col4al™****! brains had significantly more lesions than Col4al™* brains (**P < 0.01), and Col4al /% 4V

Coldal™c1%3 85 and Col4al™ Sext] brains had s1gmﬁcantly more lesions than Col4al™5"*5?F brains (TP < 0.05). (N) Penetrance of brain malformations other than
lamination defects (EV: enlarged ventricles, ST septal thinning, and WMD: white matter defect). Col4al ™" Aextl and Coldal™!*52F brains showed the highest and
lowest frequency of these malformations, respectively. Between 4 and 7 brains were analyzed per allele.
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Figure 4. Col4al and Col4a2 allelic heterogeneity influences myopathy. (A) Representative Col4al™* and Col4al™™ quadriceps muscle sections immunolabeled
for COLIV and counterstained with DAPI showing variability in the number of non-peripheral nuclei (arrows) in mutant muscles. (B) Quantitative analysis of non-
peripheral nuclei from all strains is shown in the bar graph. We counted a minimum of 4250 fibers in five muscles from five mice per allele and the values are presented
as mean + SEM. While Col4a 572" muscles are indistinguishable from Col4al" muscles, a considerable increase in the number of non-peripheral nuclei was
observed in Coldal™'“***" and Col4al™****! muscles. All other mutations showed a modest increase in non-peripheral nuclei, not always reaching statistical sig-
nificance compared to control muscles. The number of non-peripheral nuclei was significantly higher in Col4al™“***" muscles compared with all other Col4al
mutant muscles. Comparisons between Col4al*’™ (WT) and each mutant strain were performed using Student’s #-test (*P < 0.05; **P < 0.01). Comparison
amongst different strains was performed using one-way ANOVA followed by Tukey’s post hoc test (TP < 0.01).

intracellular accumulation and impaired secretion of heterotri-
mers that incorporate mutant COL4A1 or COL4A2 proteins.
Thus, we sought to test if the nine alleles from this series of
Col4al and Col4a2 mutations lead to intracellular retention of
COLA4A1 and COL4A2. To this end, mouse embryonic fibro-
blasts (MEFs) isolated from each mutant strain were
co-immunolabeled for COL4A1 or COL4A2 and HSP47, a
collagen-binding protein in the ER. Most mutant MEFs
showed greater co-localization of COL4A1 and HSP47 com-
pared with Col4al™* MEFs, suggesting increased COL4A1
inthe ER of mutant cells (Fig. SA). Similar results were observed
with COL4A2 immunolabeling and with co-labeling of
COL4A1 or COL4A2 with protein disulfide isomerase (PDI),
another ER resident protein (data not shown). The degree of
COL4A1 and HSP47 co-localization was mutation dependent.
There was little, if any, increased co-localization of COL4A1
and HSP47 observed for the Coldal™**"" and Coldal™'“%*P
MEFs, whereas there was striking co-localization in Coldal /A<
MEFs (Fig. SA and data not shown). Other alleles exhibited
intermediate levels for COL4Al and COL4A2 (data not
shown). The increased co-localization of COL4Al and
COL4A2 with HSP47 and PDI in Col4al and Col4a2 mutant
MEFs suggests that mutations in Col4al and Col4a2 cause
protein misfolding and subsequent retention within the ER.
Despite this finding, we did not detect evidence of ER stress in
mutant MEFs by western blot or gqRT—PCR analyses (Supple-
mentary Material, Fig. S1).

To further evaluate the biosynthetic consequences of Col4al
and Col4a2 mutations, we compared the intracellular and extra-
cellular levels of COL4A1 and COL4A2 in MEFs using western
blot analysis. First, we evaluated the effects of individual muta-
tions by comparing COL4A 1 or COL4A2 levels in MEFs isolated
from Col4al*"" and Col4al™™ littermates within each strain.
When we probed western blots for COL4A1 levels (or COL4A2

levels in the case of Col4a2™/%*P), we found that, compared

with samples from Col4al™™ littermates that were run on the
same gel, all mutant lines exhibited significantly increased
levels of intracellular COL4A1 (or COL4A2 in the case of
Col4a2™“%*%P) with the exceptions of Col4al™“***" and
Col4al*'“®%P (Fig. 5B). Conversely, all mutant MEF lines
exhibited a statistically significant reduction in extracellular
COL4A1 (or COL4A2) compared with Coldal™™ cells, with
the exception of Col4al™%**" cells (Fig. 5C). Thus, from these
experiments, there were two notable outliers: Coldal™’%*?"
MEFs, that did not have significantly increased intracellular nor
decreased extracellular levels of COL4A1, and Col4al +/G638D
MEFs, that did not have significantly increased intracellular but
had dramatically decreased extracellular levels of COL4Al. To
address the apparent discordance of the Col4al“®5P mutation,
we performed qRT—PCR and detected reduced levels of Col4al
and Col4a2 transcripts in Col4al™%%P compared with
Col4al™* MEFs (Supplementary Material, Fig. S2). Given
that Col4al and Col4a?2 are transcriptionally co-regulated (19),
these data suggest that the reduced levels of COL4A1 protein
observed in Col4al™*' %P cells may result from transcriptional
repression rather than degradation of the mutant Col4a transcript
or protein. Furthermore, we detected decreased transcript levels
for some (BiP, Atf4 and Atf6), but not all (CHOP), ER stress-
related genes tested in Coldal™“%*° MEFs (Supplementary
Material, Fig. S1B). Together, these data suggest that there
may be broad, but not universal, transcriptional repression in
Col4al™ %P cells.

Next, we ran samples from all mutant lines on the same gels so
that we could directly compare the relative effects of each muta-
tion between strains. A striking pattern emerged of a position-
dependent effect on the intracellular COL4A1 levels whereby
mutations nearer the C-termini of the triple-helix-forming
domains (Col4al®'%3%S Col4al***!, Col4al®''*°P and
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Figure 5. Biosynthetic effects of Col4al and Col4a2 mutations. (A) Representative photomicrographs of Col4al™* and Col4a "™ mouse embryonic fibrobalsts
(MEFs) co-immunolabeled for COL4A1 and HSP47, a collagen-specific chaperone residing in the ER. Co/4al mutations lead to variable increase in co-localization of
COL4AL1 and HSP47, suggesting that some mutations lead to more severe intracellular accumulation than others. (B—G) Western blot and densitometric analyses of
intracellular and extracellular COL4A 1 and COL4A2 levels in MEFs. (B) Soluble intracellular COL4A1 levels (or COL4A2 for Col4a2™“%*%P) were normalized to an
actinloading control and compared with samples from Col4a1™* littermates loaded on the same gel under reducing conditions. (C) Extracellular COL4A1 levels were
determined by analyses of conditioned media from the same cell cultures used in (B). Loading volumes were normalized to the total protein concentration of the cellular
fraction and the conditioned media from Col4al "™ cells were compared with that of cells from Col4al +/* littermates that were loaded on the same gel. Ina separate
experiment, laminin labeling was used to demonstrate that normalization to total protein concentration returned consistent results (Supplementary Material, Fig. S3).
For (B)and (C), we used three to five independent MEF lines isolated from individual embryos for each mutant line. Values were compared using Student’s t-test (*P <
0.05;**P < 0.01) and are presented as mean + SEM. (D—G) To compare strains directly, reduced total intracellular or conditioned media from all strains were loaded
on a single gel and probed for COL4A1 or COL4A2. We used five independent MEF lines derived from different embryos for each mutation and the values amongst
strains run on the same gel were compared using a one-way ANOVA followed by a Tukey’s post hoc test ("P < 0.01), arrow indicates a COL4A1 band of higher
molecular weight. (H) Representative photomicrographs of western blot analyses of detergent-soluble and-insoluble intracellular COL4A1 in Col4al™* (wt)
and mutant (mut) MEFs showing variability in the proportions of intracellular COL4A1 monomers (M) and COL4A1-containing heterotrimers (H) in MEFs with
different Co/4al mutations. We used three to five independent MEF lines derived from different embryos per mutation.

Col4a1°***") tended to have greater intracellular levels of ~C-terminus. When we tested the conditioned media from these

COL4A1 than did mutations nearer the N-termini of this
domain (2C014a1G394V, Col4a29°*°P Col4a19%%P  and
Col4al®*"?") (Fig. 5D). For the mutations located near the
N-termini with the lowest intracellular levels, we also detected
a higher molecular-weight band (Fig. 5D, arrow) suggesting
that these mutant proteins are also differentially posttranslation-
ally modified compared with their counterparts nearer the

samples, we did not observe such a trend. Instead, most muta-
tions had greatly decreased extracellular levels of COL4A1
with the exception of Col4al***", which was determined to
be significantly different from all other mutations. When we
repeated these experiments for intracellular and extracellular
COL4A2 levels we observed similar results (Fig. 5SE and G).
The same pattern held true for all of the mutations within the
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triple-helix-forming domain, and the Col4a1%***" mutation was

again significantly different from all others. However, this ex-
periment revealed yet another notable exception. The NCl1
domain mutation (Col4a1%"°%?") had a disproportionately low
level of intracellular COL4A2 compared with intracellular
COLA4ALl.

The properties of aggregation and solubility of misfolded
proteins are important for their pathogenic potential in other
protein misfolding diseases (20). Therefore, we further charac-
terized the solubility and nature (heterotrimers versus mono-
mers) of the COL4A1 and COL4A2 proteins present in the
intracellular fraction of mutant cells. To this end, we performed
western blot analyses under non-reducing conditions to evaluate
the relative proportions of monomers and heterotrimers in
detergent-soluble and -insoluble fractions. In the soluble frac-
tion, most mutations lead to a greater proportion of high-
molecular-weight heterotrimers (Fig. 5H; Col4al™“%%P is
used as a representative example) with the exceptions of
Col4al™“"3*P and Col4al™57%?F which had a greater propor-
tion of monomers. In the insoluble fraction, again most muta-
tions had a greater accumulation of heterotrimers (see
Col4a19%°P in Fig. 5H) with the exception of Coldal <!,
which showed prominent presence of monomers. In general,
mutations located toward the C-terminus of the triple-helix-
forming domain tended to accumulate higher levels of mono-
mers than those closer to the N-terminus. In addition, the relative
levels of COL4A1 in the soluble and insoluble intracellular frac-
tions varied according to the mutation (Fig. 6 and data not
shown). Together, these data demonstrate by multiple measures
that all mutations are not functionally equivalent and can have
distinct effects on collagen expression and assembly.

Protein folding-promoting conditions ameliorate COL4A1
accumulation in Col4al mutant MEF's

Mutations in Col4al and Col4a?2 orthologs in C. elegans have
also been shown to cause intracellular accumulation of
COL4A1 and COL4A?2 and lead to temperature sensitive lethal-
ity attributed to contraction-induced detachment of the body
wall muscles. Rearing these mutant animals at reduced tempera-
tures decreased intracellular accumulation, increased secretion
and was sufficient to reduce lethality for some mutations (21).
Of greater therapeutic relevance, treatment with 4-phenyl
butyric acid (4PBA; an FDA-approved small molecule with
chemical chaperone properties) is efficacious in promoting
folding and preventing aggregation of misfolded protein asso-
ciated with human diseases (22—24). Since most Col4al and
Col4a2 mutations in our allelic series resulted in intracellular
accumulation of mutant proteins at the expense of their secre-
tion, we reasoned that reduced temperature or 4PBA treatment
might decrease intracellular and increase extracellular
COL4AL1 and COL4A2 levels.

To improve our ability to observe an effect of reduced tem-
perature or 4PBA, we first established the kinetics of COL4A1
secretion in Col4al™* and Col4al*****! MEFs. Although
the levels of extracellular COL4A1 were consistently lower in
Coldal***! compared with Col4al™* MEFs, the time
course for secretion was similar with a notable increase detected
between 4 and 8 h after the induction of collagen secretion (by
serum deprivation and ascorbic acid supplementation) with

peak levels persisting up to 24 h (Supplementary Material,
Fig. S4). Conversely, intracellular COL4A1 levels plateaued
by 12 h post-induction in Col4al/4*** MEFs while intracellu-
lar levels remained low in Col4al™* MEFs. Similar kinetics
were also observed for other mutations tested (Coldal™ 3%
Col4al™9%5P and Col4al*'¢%355; data not shown).

Next, we selected a subset of Col4al mutations with distinct
characteristics and we evaluated the effects of reduced tempera-
ture or 4PBA treatment by measuring intracellular and extracel-
lular COL4A1 levels 12 h after inducing collagen secretion. We
first compared Col4al™ ™ cells grown under normal conditions
to those grown in reduced temperature or with 4PBA (Fig. 6A
and B). Col4al™* MEFs grown at reduced temperature had a
small but significant decrease of extracellular COL4A1. We
observed a similar reduction in extracellular laminin suggesting
that reduced secretion is a non-specific effect of growth at
reduced temperature (Supplementary Material, Fig. S5).
Reduced temperature had no effect on the intracellular levels
of soluble COL4Al in Col4al™™" cells and insoluble
COL4A1 was not detected in these cells (indicated as n/a in
Fig. 6A). 4PBA had no significant effect on intracellular or extra-
cellular COL4A1 in Col4al™* cells. In contrast, when we com-
pared Col4al™™ MEFs grown under normal conditions to
those grown at reduced temperature, we found significant reduc-
tions of soluble intracellular COL4A1 and all mutants had atrend
towards reduced insoluble intracellular COL4A1 and increased
extracellular COL4A1, although most did not reach statistical
significance (Fig. 6C—1J). Comparing Col4al™*"™ cells with or
without 4PBA treatment yielded similar results with an interest-
ing difference. While the decrease in intracellular COL4A1
levels in MEFs grown at reduced temperature was predominant-
ly detected in the soluble fraction, 4PBA treatment significantly
reduced the levels of insoluble COL4A 1 for all mutations exam-
ined. There was also a trend toward reduced levels of soluble
COLA4AL for all mutations but only Col4al™5*% reached stat-
istical significance. 4PBA treatment also increased extracellular
COLA4A1 for all mutations; two of which reached statistical
significance. These data support the hypothesis that reduced
temperature and 4PBA treatment have differential effects on
soluble and insoluble COL4A1. The ability of 4PBA to decrease
insoluble intracellular COL4A1 and increase extracellular
COLA4AL is an encouraging observation for the potential thera-
peutic use of this treatment, or a similar approach, to reduce
the penetrance or severity of pathology. It is important to note,
however, that when directly comparing Coldal™™ and
Col4al™"™ cells on the same gels, 4PBA treatment did not com-
pletely restore intracellular and extracellular COL4A1 levels to
those observed in Col4al™" cells (Supplementary Material,
Fig. S6). However, the magnitude of the change required for a
beneficial effect on pathology is unknown and perhaps the
levels of rescue achieved meet a therapeutic threshold.

DISCUSSION

COL4A41 and COL4A2 mutations are pleiotropic and cause a
wide spectrum of disorders, including ocular dysgenesis, brain
malformations and myopathy, of variable severity in both mice
and humans. Here, we used an allelic series of Col4al and
Col4a? mutant mice to show that allelic heterogeneity
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contributes to phenotypic variability and identify at least one
COLA4AL functional subdomain playing a role in disease expres-
sivity. Furthermore, we demonstrate that different mutations
have distinct effects on COL4A1 and COL4A2 biosynthesis
and that these effects may be preventable under conditions that
promote protein folding. Collectively, our findings provide the
basis for targeted therapeutic strategies for patients with
COL4A41 and COL4A2 mutations.

We compared the phenotypes and molecular consequences of
a series of nine distinct Col4al and Col4a2 mutations. As is the
case for COL4A4] and COL4A42 mutations reported to cause
disease in humans, the majority of mutations analyzed in our
study were glycine missense mutations occurring in the
triple-helix-forming domain and therefore serve as valuable
and relevant models to study the pathogenic mechanisms of
disease (Fig. 1A) (3). The allelic series also included one
splice site mutation that results in a 17 amino acid deletion in
the triple-helix-forming domain (Col4al****) and one non-
glycine missense mutation occurring in the NC1 domain
(Col4a15"°%?F). We found that all Col4al and Col4a2 mutations
caused highly penetrant ocular, cerebral and muscular pheno-
types (summarized in Table 1). Assessment of ocular dysgenesis
is primarily qualitative and the phenotypes are variable, which
make putative differences between alleles difficult to resolve.
Quantitative measurements of optic nerve cross-sectional area
revealed that nerves from the Col4al**! strain were signifi-
cantly smaller compared with all other mutations. The sizes of
Col4al /159D and Col4al™S"*%2F optic nerves were not sig-
nificantly different from those of Col4al™*’* optic nerves, sug-
gesting that this phenotype demonstrates allelic heterogeneity.
We have shown previously that Col4a ]t mice have signifi-
cantly fewer retinal ganglion cells which is explained, at least in
part, by excess cell death during development (8,9). However,
we have not excluded the possibility that Col4al mutant mice
have defective myelination or other factors that might also
contribute. When we quantified the number of structural brain
malformations, we found that Coldal™%3**" Col4al?/¢10385
and Coldal™***! were the most severe strains, whereas
Col4al™5"7%F mice were notable for being much milder than
the other strains. Finally, in quantitative analysis of non-
peripheral nuclei in sections of quadriceps, Col4al™“***" and
Col4al*’***! mutations again stood out as the most severe,
while Col4al™5"7%" quadriceps were essentially normal.
Overall, subject to our ability to quantify these phenotypes,
Col4a1°"***F consistently led to the mildest phenot}?es for all
phenotyg)es examined and Coldal“*®*', Col4al®**?" and
Col4a1°"%*%® mutations tended to cause the most severe path-
ology. Notably, the ranking of the severity of pathology for
each mutation across different tissues was not consistent
suggesting that there may also be tissue-specific differences in
expressivity.

Careful characterization of the phenotypic and molecular
effects of different mutations in an otherwise uniform genetic
context allowed us to make a number of important observations.
Indeed, our data suggest that the consequences of a mutation
might involve the domain, position within a domain, existence
of functional subdomains, the type of mutation, and other, yet un-
identified properties. First, the Col4a1%'?%" mutation lies within
the NC1 domain and all phenotypes examined were consistently
less severe for this strain compared with mice with Col4al
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Figure 6. Effects of reduced temperature and 4PBA on COL4AL1 biosynthesis in
Col4al mutant MEFs. Mutant MEFs were cultured under normal growth condi-
tions at 37°C, at reduced temperature (26°C) or in the presence of 4PBA
(10 mm) for 12 h, then serum deprived in the presence of 50 pg/ml ascorbic acid
under the same conditions to promote assembly and secretion of COL4Al-
containing heterotrimers. Protein lysate (soluble [SF] and insoluble [IF] intracellu-
lar fractions) and conditioned medium (E: extracellular) were subjected to western
blot analysis. (A) Col4al*’* (WT) showed no difference in intracellular levels of
COL4A1 with decreased temperature or 4PBA treatment, but demonstrated a
decreased in extracellular levels of COL4A1 under decreased temperature condi-
tions not seen with 4PBA treatment. While growing MEFs at reduced temperature
decreased levels of intracellular COL4A1 in all selected Col4al mutant strains ((C)
Coldal */55%P_(E) Coldal V> (G) Coldal +/9"**" and (1) Coldal +/515"),
itonly led to a small, non-significant increase in the levels of extracellular COL4A 1
in Coldal T/°3*P and Coldal *5!°%?Y MEFs. In contrast, 4PBA decreased the
levels of intracellular COL4A1 with a more pronounced reduction in the insoluble
fraction and promoted secretion of COL4A 1-containing heterotrimers. Values are
presented as mean + SEM. For statistical analysis, Student’s #-tests were per-
formed. *P < 0.05; **P < 0.01. N = 3-9 MEF lines per mutation. (B, D, F, H,
J) Representative western blot images for the selected mutations and wild type.
Extra: extracellular, Intra: intracellular, I: insoluble fraction, S: soluble fraction.
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Table 1. Summary of results comparing severity of alleles

ASD ONH Neuronal lamination defects Myopathy Increased intracellular COL4A1 Decreased extracellular COL4A1
alG394V +++ + ++++ ++++ + -
a2G646D ++ + +++ ++ ++ ++
alG658D + + ++ + + +
alG912vV ++ + ++++ ++ ++ ++
alG1038S +++ ++ ++++ ++ +++ +++
alDex41 ++++ +++ ++++ +++ +++ +++
alG1180D ++ - ++ + +++ ++
alG1344D +++ ++ ++ ++ +++ ++++
alS1582P + - + - ++++ +

mutations located in the triple-helix-forming domain. A differ-
ence was also reflected in the biosynthetic consequences of the
mutation. Whereas intracellular levels of COL4Al and
COL4A2 were concordant for each of the glycine missense
mutations within the triple-helix-forming domain gF ig. 5D and
E), the levels were discordant for the Col4a /7% mutation,
with disproportionate levels of COL4A1 relative to COL4A2.
The NC1 domain is a globular domain that initiates heterotrimer
assembly by driving the association of the NC1 domain from
COL4A2 withNC1 domains from two COL4A 1 proteins. There-
fore, one possible distinguishing feature of this mutation is that
the mutant NC1 domains do not fold or function properly and
thus, the mutant proteins do not participate in heterotrimer for-
mation. In contrast, proteins with normal NC1 domains and
with missense mutations in the triple-helix-forming domain
are expected to be incorporated into heterotrimers during their
assembly. This explanation is consistent with the observation
that intracellular COL4A1 for Col4al™5'*%?" MEFs was pre-
dominantly soluble monomers whereas for most other muta-
tions, intracellular COL4A1 had significant contributions of
soluble and insoluble heterotrimers (Fig. SH). Although we
cannot make definitive conclusions based on a single allele
and other explanations are possible, these data are consistent
with a domain-specific effect whereby mutations within the
NC1 domain cause less severe pathology than do mutations
within the triple-helix-forming domain.

Second, we observed a position-dependent effect on heterotri-
mer trafficking for mutations within the triple-helix-forming
domain. Analyses of intracellular COL4A1 and COL4A2
demonstrated a trend of increased intracellular COL4A1 and
COL4A2 for mutations closer to the carboxy end of this
domain. It is not clear why this trend was not as apparent for
the extracellular levels of each protein and if this discordance
is a true reflection of the biology or due to technical issues in
detection or degradation of the extracellular proteins. Immuno-
fluorescence  of  Col4al™“**Y  MEFs showed less
co-localization of COL4Al1 with the ER resident protein
HSP47 compared with Col4al™*“** MEFs (Fig. 5A). This indi-
cates more successful trafficking of COL4A1 from the ER to the
Golgi in Col4al™'%**" compared with Col4al****!. More-
over, mutations nearer the amino end of the triple-helix-forming
domain that had the lowest levels of intracellular COL4A1
(Coldal®***", Col4a29%*P, Col4al“P and Coldal“’'?")
also had a higher molecular-weight band detected on western
blots which is consistent with further posttranslational process-
ing of these proteins. Notably, the position effect on intracellular
levels of COL4A1 and COL4A2 also appears to apply to the

Col4a2 mutation. One may have predicted that mutations in
Col4a2 would not increase intracellular protein levels as much
as a similarly positioned mutation in Col4al because of the
stoichiometric relationship of COL4A1 and COL4A2 in hetero-
trimers (2:1 ratio of COL4A1:COL4A2). Assuming random as-
sortment of the normal and mutant peptides ina Col4a2™"™" cell,
50% of the heterotrimers should be normal and 50% should in-
corporate the mutant COL4A2 protein. Conversely, in
Col4al™™ cells only 25% of heterotrimers should be normal,
25% should include two mutant COL4A1 proteins and 50%
should include one mutant COL4A1 protein. Based upon our
data, the Col4a2 mutation behaves similarly to a position-
matched mutation in Col4al.

Third, and most strikingly, despite the correlation between the
position of a mutation within the triple-helix-forming domain and
the extent to which mutant heterotrimers advance through the
secretory pathway, reduced trafficking does not translate into
increased disease severity, at least for myopathy and cerebral cor-
tical malformations. Therefore, properties other than position
influence the severity of pathology. This effect is clearly illu-
strated by comparing the Col4al“**' and Col4al“""*°P strains.
Col4al**" is a splice acceptor site mutation that causes the
51-nucleotide exon 41 to be removed during mRNA processing
and results in an internal, in-frame deletion of amino acids
1169—1185. Thus, to the extent to which a point mutation and a
deletion can be compared, Col4al****! and Col4al®'"*'P are
position matched. Intracellular COL4A1 and COL4A2 levels
between these two mutations are similar and are consistent with
what might be expected based upon position. However, by all
measures of pathology, the Col4al****' mutation is among the
most severe alleles. Also consistent with a position-independent
effect on disease severity is the observation that, despite having
very low levels of intracellular COL4A1 and virtually normal
levels of extracellular COL4A1, the Col4al®***" mutation was
associated with severe myopathy and cerebral cortical malforma-
tions. These data suggest that the position of a mutation within the
triple-helix-forming domain exerts an effect on heterotrimer traf-
ficking and pathology, but that there are other, allele-specific
effects on pathogenesis.

What, then, does the position-dependent effect on heterotri-
mer trafficking, but not disease severity, reveal about the
molecular mechanisms of COL4A 1 and COL4A2 pathogenesis?
We and others have previously proposed a role for ER stress in
pathogenesis. We have detected ER stress in some experimental
paradigms but not in others, which fosters uncertainty about the
role of this pathway as a primary pathogenic insult (8,25-27).
Here, we clearly show that the severity of myopathy and cortical
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malformations do not correlate with levels of intracellular
COLA4AL1 or COL4A2 and we failed to detect ER stress even in
the primary cells with the greatest levels of intracellular proteins.
It is possible that this finding is a result of the in vitro setting used
in this study (8,26) or that ER stress plays a more important role
in the etiology of some phenotypes more than others. It may also
be that the anomalous behavior of the Col4al“%%” mutation
(very low levels both intracellular and extracellular COL4A1
and a broad, but not universal, transcriptional attenuation)
indeed reflects previous activation of an ER stress response.
For example, ER stress and activation of the unfolded protein
response can trigger an IRE1-mediated degradation of particular
classes of mMRNA (28—30); however, further study is required to
understand the vagaries of this allele. Regardless, our data
suggest thatevenifan ER stress response is activated, itis unlike-
ly to be a primary pathogenic mechanism for myopathy and
cortical malformations.

Moreover, the observation that Col4a causes severe
myopathy and cortical malformations despite having relatively
little intracellular and normal levels of extracellular COL4A1
implies that the pathology is caused by an extracellular insult.
Using immunofluorescence, we previously showed that homo-
zygous Col4al***?"4**! mice did not have detectable levels
of COL4A1 in Reichert’s membrane (25). We interpret this
data as evidence that heterotrimers comprised of two mutant
COLA4AL peptides (the only type that can form in homozygous
mutant animals) are secreted at extremely low levels, if at all.
However, the fate of heterotrimers with one normal and one
mutant COL4A1 peptide remains an open question. If it is true
that normal heterotrimers are secreted and heterotrimers with
two mutant COL4A 1 proteins are not, then it follows that the dif-
ferences in intracellular and extracellular COL4Al levels
between mutant alleles must be the result of differential traffick-
ing efficiency of the 50% of heterotrimers with one normal and
one mutant COL4A1 peptide and suggests that this class of het-
erotrimers might indeed be secreted into the extracellular space.
The severe myopathy and cortical malformations in Col4al™’
@397 mice that have essentially normal levels of extracellular
COL4A1 and COL4A2 strongly supports that these heterotri-
mers are being secreted. These data suggest that pathogenesis
involves the extracellular mutant proteins that interfere with
the normal structure or function of basement membranes.

Mutations in genes coding for laminins, another major class
of basement membrane proteins, can cause similar ocular, cor-
tical and muscular phenotypes in humans and model organisms
(31-38) that may result from altered interactions with dystro-
glycan or integrin receptors (39). Integrin- and dystroglycan-
mediated adhesion and signaling are particularly important
for muscle development and function and for cerebral cortex
formation (40—42). This raises the possibility that Col/4al path-
ology is secondary to laminin-mediated molecular events. It is
important to note, however, that the Col4al®***" mutation
occurs within a putative integrin-binding site and may directly
perturb integrin-mediated adhesion or signaling (Fig. 1A) (11),
suggesting that the effect of the Col4al“?**" mutation may be
direct. Furthermore, these data are consistent with the reports
of six families with HANAC syndrome that have COL4A1
mutations that cluster within 31 amino acids that may also
disrupt integrin-binding domains. Together, these data reflect
the identification of a functional subdomain within the triple-

1G394V
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helix-forming domain and support the hypothesis that impaired
integrin adhesion or signaling may therefore be the primary
molecular insult for myopathy and cerebral cortical malforma-
tions caused by Col4al and Col4a2 mutations.

Despite our suggestion that heterotrimers that include mutant
peptides are secreted and contribute to pathogenesis, there is evi-
dence that conditions that promote trafficking and secretion
might be efficacious in preventing, delaying or diminishing
disease. Col4al™"™" C. elegans reared under reduced tempera-
tures had decreased intracellular and increased extracellular
COL4A1and COL4A2 (21). This presumed shift in heterotrimer
fate prevented body wall muscles from detaching during con-
tractions and led to survival of animals that would have other-
wise died. To model this result in a more therapeutically
relevant system, we treated Coldal™™ cells with 4PBA. We
found that 4PBA decreased intracellular COL4A1, particularly
in the detergent-insoluble fraction, and increased extracellular
COLA4AL1. It is unclear if the increase in extracellular COL4A1
includes mutant protein, and if so, what the effects of mutant
protein are in the extracellular space. Based upon the promising
proof-of-principle experiment in C. elegans, itis possible that we
are not simply shifting the fate of mutant heterotrimers but also
qualitatively altering them to functionally rescue the extracellu-
lar effect. Chemical chaperones may not be efficacious for the
most severe alleles (for example, those like Col4al®**" that
may directly impact an integrin binding site); nevertheless,
they hold therapeutic potential for at least a subset of Col4al
and Col4a2 mutations. /n vivo studies using these newly devel-
oped Col4al and Col4a2 mutant mouse models will help to
clarify these issues and personalized medicine may predict in
advance, which patients are most likely to benefit from the
development of such therapies.

Collectively, our study underscores distinct roles of allelic
heterogeneity on heterotrimer trafficking and disease severity
in a series of Col4al and Col4a2 mutant mice and gives novel
and important insight into the molecular mechanisms underlying
myopathy and malformations of the cerebral cortex. Col4al and
Col4a2 mutant mice constitute a valuable tool for further under-
standing the biological importance of allelic differences on the
variable expressivity of disease caused by mutations in genes
encoding type IV collagens. Determining the distinct biological
consequences of different classes of mutations may improve
accuracy of prognoses and guide genetic and reproductive coun-
seling decisions based on genotype/phenotype information.
These same insights may allow the development of personalized
therapeutic options for preventing, delaying or diminishing
COL4A1- and COL4A2-related disorders.

MATERIALS AND METHODS

Animals

Ethics statement: All experiments were conducted in compli-
ance with protocols approved by the Institutional Animal Care
and Use Committee at University of California San Francisco
(protocol AN082706).

Eight mouse strains with distinct mutations in Co/4a/ and one
mouse strain with a mutation in Col4a2 (25,43) were back-
crossed to C57BL/6J mice for a minimum of five generations
to generate an allelic series of Col4al and Col4a2 mutant mice

$T0Z ‘9T Afenuer uo wnuezsBunyosiod 4S9 e /B10's leuinofpaoxo Buuy//:dny wodj papeojumod


http://hmg.oxfordjournals.org/
http://hmg.oxfordjournals.org/

12 Human Molecular Genetics, 2013

on a uniform genetic background (Supplementary Material,
Table S1). All mutant mice used in this study were heterozygous
for a given Col4al or Col4a2 mutation, and include both males
and females ranging in age from 7.5 to 9.5 months old unless
otherwise specified. Genotyping was performed by sequencing
genomic DNA from tail biopsies digested with Proteinase K
(Invitrogen) with the primers indicated in Supplementary Mater-
1al, Table S1.

Phenotypic analyses

Slit lamp examination

Ocular anterior segment examinations were performed on 1.0- to
3.6-month-old heterozygous mutant mice and wild-type litter-
mates using a slit lamp biomicroscope (Topcon SL-D7) attached
to a digital SLR camera (Nikon D200). Observers were masked
to mouse genotypes while evaluating clinical phenotypes.

Optic nerve analysis

Mice were trans-cardially perfused with 4% paraformaldehyde
(PFA) in phosphate buffered saline (PBS) at pH 7.4 and their
optic nerves were harvested and stored in the same fixative at
4°C until use. Optic nerves were rinsed with phosphate buffer
(0.01 M NaH,POy,, 0.04 M Na,HPO,, 5% sucrose), post-fixed
with 2% osmium tetroxide, rinsed in distilled water and dehy-
drated with a graded series of ethanol concentrations. After em-
bedding in Eponate-12 resin, 1-pm sections were collected,
stained with 1% paraphenylenediamine (PPD) for 20 min and
imaged by light microscopy. The cross-sectional area of optic
nerves was measured using ImageJ software (National Institutes
of Health).

Cerebral analysis

As above, brains were collected after trans-cardiac perfusion of
4% PFA and were post-fixed in the same fixative at 4°C over-
night or were immersion fixed for 24 h at 4°C. Brains were cryo-
protected in 30% sucrose in PBS overnight at 4°C, embedded in
OCT compound (Sakura Finetek) and flash frozen using dry ice/
ethanol. For Nissl staining, coronal cryosections (35 pm, col-
lected at regular intervals of 140 wm) were rehydrated through
100 and 95% alcohol to distilled water and stained for 10 min
in 0.1% cresyl violet solution. Sections were then rinsed in dis-
tilled water and incubated in 95% ethyl alcohol for 10 min
before being dehydrated, cleared in xylene and mounted with
Permount (Fisher). A minimum of 45 sections were examined
per brain.

Muscle analysis

Quadriceps muscles were harvested by flash freezing in isopen-
tane chilled in liquid nitrogen. The numbers of non-peripheral
nuclei were evaluated in cryosections (10 wm) that were col-
lected from the central portion of the muscle at regular intervals
(200 pwm) and labeled with Collagen IV antibody (Southern
Biotech, raised in goat, 1:200) followed by an anti-goat
AlexaFluor-488 secondary antibody. The nuclei were labeled
with DAPI (2 pg/ml). Observers masked to genotype counted
between 564 and 1998 fibers per muscle.

Microscopy

Images were captured using AxioVision software and an Axiol-
mager M1 microscope equipped with an AxioCam MRm digital
camera for fluorescence or AxioCam ICc3 for bright field
(Zeiss).

Molecular analyses

Isolation and culture of primary MEFs

MEFs were isolated from embryonic day (E) 14.5 mouse
embryos. Embryos were minced and trypsinized to produce
single-cell suspensions (44). MEFs were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with glutam-
ine (2mwm), penicillin/streptomycin (0.2 mm), and 10%
heat-inactivated fetal bovine serum (FBS) at 37°C in 5% CO, hu-
midified atmosphere. When cells reached 90— 100% confluence,
they were serum-deprived for 2—72 h in the presence of ascorbic
acid (50 pg/ml) before subsequent analysis. For analysis of
intracellular and extracellular levels of COL4Al and
COLA4A2, cells were harvested after 24 h. In treatment experi-
ments, cells were cultured at decreased temperatures (26°C) or
in the presence of 4-phenylbutyric acid (4PBA, 10 mm) for
12 h followed by serum deprivation and ascorbic acid supple-
mentation for an additional 12 h before being harvested.

Immunofluorescence

MEFs were fixed in 4% PFA in PBS and incubated overnight at
4°C with anti-COL4A1 (1:100 dilution, rat monoclonal clone
H11, Shigei Medical Research Institute) and anti-HSP47
(1:500 dilution, mouse monoclonal clone M16.10A1, Stressgen
Biotechnologies) antibodies in PBS containing 0.1% Triton-X
(PBS-T). Immunolabeling was visualized using AlexaFluor
594 or 488 conjugated secondary antibodies raised in donkey
(1:500, Invitrogen-Molecular Probes) in PBS-T. Slides were
mounted using Mowiol containing DAPI (2 pg/ml).

Western blot analysis

MEFs were harvested and collected by centrifugation and the
conditioned medium was collected and supplemented with pro-
tease inhibitors (Pierce). Cell pellets were resuspended directly
in Laemmli buffer for semi-quantitative whole-cell lysate ana-
lysis, or proteins were isolated using a protein extraction
buffer containing 0.05 M Tris—HCIL, pH 8.0, 0.15wm NaCl,
5.0 mm EDTA, 1% NP-40 and protease inhibitors at 4°C for
subsequent qualitative and semi-quantitative analyses of
detergent-soluble and-insoluble intracellular fractions. Protein
concentration in the soluble fraction was determined using a de-
tergent-compatible colorimetric protein assay (Bio-Rad). Total
protein (60 wg) was separated on a 4—15% gradient SDS—
PAGE gel under non-reducing conditions for whole-cell
lysate, insoluble fraction and conditioned medium samples,
and under reducing conditions for soluble fraction samples and
then transferred to polyvinylidene fluoride membranes
(Bio-Rad). For the conditioned media, the volume loaded on
the gel was adjusted based on the protein concentration of the
soluble fraction of the corresponding sample. Similarly, insol-
uble fractions were resuspended in a volume of Laemmli
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buffer proportional to the protein concentration of the soluble
fraction and equal volumes were loaded on the gel.

For COL4A1 or COL4A2 immunoblotting, membranes were
blocked for2 h atroom temperature in 5% non-fat milk diluted in
Tris-buffered saline (TBS) containing 0.1% Tween-20 (TBS-T),
and overnight at 4°C in 3% bovine serum albumin (BSA) diluted
in TBS. Membranes were then incubated with rat anti-COL4A1
(H11) or rat anti-COL4A2 (H22) monoclonal antibodies (1:100,
Shigei Medical Research Institute, Japan) in 1% BSA diluted in
TBS for 3 h at room temperature and washed in TBS-T. For ER
stress analysis, membranes were blocked with 5% non-fat milk
in TBS-T for 1h at room temperature, incubated with
anti-IRE1 (1:2000, ab37073, Abcam), anti-ATF6 (1:1000,
ab371149, Abcam), anti-CHOP (1:250, ab11419, Abcam),
anti-BiP (1:2000, 3177S, Cell Signalling) in blocking buffer
overnight at 4°C, and washed in TBS-T. Membranes were then
incubated with horseradish peroxidase-conjugated secondary
antibodies (donkey anti-mouse or -rabbit IgG, 1:10000,
Jackson ImmunoResearch) diluted in 5% non-fat milk in
TBS-T for 1h at room temperature. Anti-laminin 1+ 2
(1:2000, ab7463, Abcam), anti-actin (1:2000, A3853, Sigma)
and anti-tubulin (1:5000, T6557, Sigma) antibodies were used
as extracellular and intracellular loading controls, respectively.
Immunoreactivity was visualized by chemiluminescence
(SuperSignal West Pico Chemiluminescent Substrate, Thermo
Scientific). Densitometric analysis was performed on low
exposure images using ImageJ (National Institutes of Health).

Quantitative real-time—polymerase chain reaction

RNA was extracted from MEFs using RNeasy Mini Kit
(Qiagen), DNase treated (Promega) and reverse transcribed
using iScript cDNA Synthesis Kit (Bio-Rad). gqRT—PCR was
performed on a Bio-Rad C1000 Thermal Cycler/CF96 Real-
Time System using SsoFast EvaGreen Supermix (Bio-Rad)
and the primers indicated in Supplementary Material,
Table S2. Samples were run in duplicate with 5 ng of RNA per
reaction and Col4al, Col4a2, BiP, ATF6, ATF4, CHOP
mRNA levels were normalized to Gapdh or Hprtl.

Statistical analysis

Control and mutant samples from each strain in independent
experiments were compared using a Student’s #-test. Compari-
son between mutant strains was performed using a one-way
ANOVA followed by a Tukey’s post hoc test. P-values of
<0.05 were considered significant.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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