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LU A glycine substitution in the collagenous
domain of Col4a3 in mice recapitulates
late onset Alport syndrome
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Abstract

Alport syndrome (AS) is a severe inherited glomerulopathy caused by mutations in the genes encoding the a-
chains of type-IV collagen, the most abundant component of the extracellular glomerular basement
membrane (GBM). Currently most AS mouse models are knockout models for one of the collagen-IV genes. In
contrast, about half of AS patients have missense mutations, with single aminoacid substitutions of glycine
being the most common. The only mouse model for AS with a homozygous knockin missense mutation,
Col4a3-p.Gly1332Glu, was partly described before by our group. Here, a detailed in-depth description of the
same mouse is presented, along with another compound heterozygous mouse that carries the glycine
substitution in trans with a knockout allele. Both mice recapitulate essential features of AS, including shorten
lifespan by 30-35%, increased proteinuria, increased serum urea and creatinine, pathognomonic alternate
GBM thinning and thickening, and podocyte foot process effacement. Notably, glomeruli and tubuli respond
differently to mutant collagen-IV protomers, with reduced expression in tubules but apparently normal in
glomeruli. However, equally important is the fact that in the glomeruli the mutant a3-chain as well as the
normal a4/a5 chains seem to undergo a cleavage at, or near the point of the mutation, possibly by the
metalloproteinase MMP-9, producing a 35 kDa C-terminal fragment. These mouse models represent a good
tool for better understanding the spectrum of molecular mechanisms governing collagen-IV nephropathies
and could be used for pre-clinical studies aimed at better treatments for AS.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction and abnormalities of the ears and eyes. Itis caused
by mutations in genes encoding the a3, a4 or a5

Alport syndrome (AS) is a hereditary glomerulop- chains of collagen-1V, a major structural component
athy characterized by progressive kidney disease  of the extracellular basement membranes [1-4].
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A glycine substitution in collagenous domain of Col4a3

Collagen-IV is the most abundant molecule in the
GBM, along with laminin, perlecan and other
proteoglycans [5]. The GBM is one of the three
crucial components of the glomerular filtration
barrier, along with the fenestrated capillary endo-
thelium on the inside and the podocytes with the slit
diaphragm on the outside, and it represents a
specialized sheet-like extracellular matrix (ECM),
which maintains barrier function. There are six
alpha chains that participate in collagen IV trimer
formation, a1-a6. Only three trimer-combinations
are biochemically permissible and found in nature,
alala2, a30405 & ababa6, with distinct tissue
distribution. Collagens function as triple helical
structures in their mature form and each a-chain
contains repeating aminoacid triplets of Gly-X-Y,
where X and Y are frequently prolines and 4-
hydroxyprolines which contribute to the thermal
stability [6]. Glycine, as the smallest aminoacid, is
the only one that can fit at the centre of the helix
where the chains meet. In mature human kidneys
collagen-IV heterotrimers in the GBM switch from
the alala2 configuration to a3a4a5 protomers,
produced by the podocytes [7]. While in humans,
the a3a4a5 trimer is present in the GBM and some
distal tubular BMs, in mice the same trimer exists
also in all tubular basement membranes [8].

Three different modes of AS inheritance are
known, the X-linked AS, caused by mutations in
the COL4A5 gene (~80—85% of patients) [9], and
the autosomal recessive AS (ARAS, ~10-15%),
resulting from compound heterozygous or homo-
zygous mutations in the COL4A30or COL4A4[4,10].
About 1% of AS is described as autosomal
dominant (ADAS), caused by COL4A3 or COL4A4
heterozygous mutations, with later age at onset of
end-stage renal disease (ESRD) in the 40—60s and
rarely with extra-renal manifestations [11]. AShas a
prevalence of 1/5000-10,000 for X-linked AS
(XLAS) and 1/50000 for autosomal recessive AS
(ARAS). Heterozygous patients present with he-
maturia due to thin basement membrane nephrop-
athy with variable severity and predisposition to
later age-at-onset of end-stage renal disease
[12,13].

Clinical presentation includes hematuria, pro-
gressive nephritis with proteinuria and declining
renal function, which inevitably leads to ESRD at
early age, if untreated [14—17]. Histologically, the
major pathognomonic features on electron micros-
copy (EM) are alternate thinning and thickening of
the GBM, in the presence of splitting and lamella-
tion, accompanied by podocyte foot processes
effacement. Additionally, patients develop extra
renal manifestations, hearing impairment (~70%)
and ocular defects (~40% of patients) [18]. A
genotype-phenotype correlation supports that
patients with missense glycine (Gly) substitutions
demonstrate a later age-at-onset of ESRD com-

pared to patients with non-missense defects
[19,20].

Two mouse models for ARAS have been created
by knocking out the Col4a3gene [21,22] and a third
was developed by random insertional mutagenesis
of the Col4a3-Col4a4 genes [23]. An X-linked AS
model has a Gly5>STOP mutation in the Col4a5
gene [24]. The best studied model, created by
insertional mutagenesis of Col4a3, exhibited a very
severe phenotype with microhematuria and pro-
teinuria and reached ESRD at age ~14-weeks.
Transmission EM revealed focal multi-lamellation
and thinning of the GBM, which at the age of 12—
15 weeks, became thick and heavily rarefied.
Heterozygous Col4a3knock-out mice, also showed
shorter lifespan, persistent hematuria, proteinuria,
and significantly thin GBM coinciding with tubuloin-
terstitial fibrosis [25]. Despite the fact that Gly-
substitution represents the most common type of
mutation in human Alport there is only one knockin
mouse model of Alport with a Gly-substitution
(Gly1332Gilu) in Col4a3, created recently by our
group, initially seeking to recapitulate the pheno-
type of heterozygous Gly1334Glu mutation in
humans, which causes thin basement membrane
nephropathy, with FSGS-like features. Heterozy-
gous patients of this mutation present with a wide
phenotypic spectrum, ranging from isolated micro-
scopic hematuria to ESRD, whereas compound
heterozygous patients for Col4a3-p.Gly1334Glu
and Col4a3-p.Gly871Cys develop severe ARAS
[26,27]. The mutant mice showed activation of the
unfolded protein response (UPR) due to ER-stress
in glomerular isolates, but the effect on the kidney
phenotype awaits detailed characterization [28].
Here, we characterized in detail the kidney pheno-
type of two mouse models for AS, one that carries
the Col4a3-p.Gly1332Glu in homozygosity and
one that carries the Col4a3-p.Gly1332Glu substi-
tution in compound heterozygosity with a Col4a3
knocked-out allele.The latter were generated by
crossing the knockin mouse with the well-studied
knockout model [21].

Results

We studied mice homozygous for the missense
mutation Col4a3-Gly1332Glu (knockin) and mice
with compound heterozygosity that carry the
Col4a3-Gly1332GIu mutation in the one allele and
is knock-out for the other (compound heterozy-
gous). The latter were generated by crossing the
knockin mouse with the well-studied knockout
model [21]. In some experiments where necessary,
the following mice were used as controls: hetero-
zygous mice for the Col4a3-Gly1332Glu, homozy-
gous mice for the knockout allele and wild type
mice.
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Brief description:

Col4a3 +/+ mice: Wild type mice

Col4a3 mut/mut mice: Homozygous for the
missense mutation Col4a3-Gly1332Gilu

Col4a3 mut/+ mice: Heterozygous for the mis-
sense mutation Col4a3-Gly1332Gilu

Col4a3 mut/- mice: Compound heterozygous for
the missense mutation Col4a3-Gly1332GIu and
the Col4a3-knock-out allele

Col4a3 -/- mice: Homozygous for the Col4a3-
knockout allele

GBM thickening and splitting in Col4a3
mut/mut and Col4a3 mut/- mice

EM studies showed that Col4a3 mut/mut and
Col4a3 mut/- mice exhibited the characteristic
alternate thinning-thickening and splitting of the
GBM. The heterozygous Col4a3 mut/+ mice dis-
played a thinner GBM while the control Col4a3 +/+
mice showed normal thickness, the characteristic

trilaminar appearance with regular podocyte foot
processes and normal fenestrations of the endothe-
lium (Fig. 1A, B).

Col4a3 mutant mice show albuminuria,
which progresses over time

We monitored the urine albumin concentration per
month of Col4a3 mut/mut mice (n=8), Col4a3 mut/—
compound heterozygous mice (n=8) and wild-type
mice (n=4), for a period of 13 months. Albuminuria of
>0.1 g/L was noted after 3-months in the compound
heterozygous mice and increased to >1 g/L after 12-
months (Fig. 2A-B). The finding of albuminuria in
Col4a3 mut/mut mice was inconsistent during early
stages of the disease, for reasons we do not fully
understand. Perhaps it is attributed to the general
heterogeneity observed due to the mice being
incipient congenic instead of a perfect inbred strain.

We then examined two separate cohorts of mice
atan advanced age, >15-months old. In Col4a3 mut/
mut mice (n=32), the high levels of albuminuria
(>1 g/L) were observed in 62.5%, while 65% of
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Fig. 1. Ultrastructural pathology of the compound heterozygous and knockin mice is consistent with AS nephritis. (A)
Wild type mice (+/+) display regular GBM, with a thickness of 280-300 nm. The Col4a3 mut/mut mice and the Col4a3 mut/
— mice demonstrate thinner GBMs, ranging between 140 and 160 nm (white arrows), with areas of severe irregular
thickening (black arrows), consistent with AS nephritis. The heterozygous Col4a3 mut/+ mice display a relatively thinner
basement membrane compared to controls. The age of all mice is 20 weeks. (B) Mean values of the thin areas in the GBM
of homozygous Col4a3 mut/mut, compound heterozygous Col4a3 mut/- mice, heterozygous Col4a3 mut/+ and Col4a3 +/
+ wild type mice. The GBM thickness histograms were derived from 25 to 40 glomeruli from three mice of each group.
Results were analyzed using one-way ANOVA with Tukey post-testing (***p=0.0009, ****p<0.0001).
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Fig. 2. Increased albuminuria in Col4a3 mut/- mice (A&B). Increased serum urea and creatinine levels in some Col4a3
mut/-~ and Col4a3 mut/mut mice (C&D). (A) The time course of urine albumin concentration(g/L) in eight compound
heterozygous mice (black circles) and four wild type mice (white rhombus) for a period of 13 months. Albuminuria of
>0.1 g/L was noted after 3-mo of life and increased to >1 g/L after 12-mo for most Col4a3 mut/-~ mice. Results were
analyzed using two-way ANOVA on log10-transformed values (P<0.001). * Significant difference of P<0.05, ** P<0.01, ***
P<0.001. (B) An illustrative example of urine fractionation by SDS-PAGE. Twenty pL of urine from two mut/-— mice (upper
panel), two mut/mut (lower panel) and one wild type mouse (+/+) of the same age, were fractionated together with standard
concentrations of Bovine serum albumin on a 7.5% SDS-PAGE and stained with Coomassie blue. Note the high albumin
levels in one of the two mutants. (C&D) Mean concentration (mg/dL) of creatinine(C) and urea (D) in serum from Col4a3
mut/- (n=11), Col4a3 mut/mut (n=8), Col4a3 —/- knockout (n=4) and wild type (n=6) mice (+/+). Serum urea levels of five
mut/mut and seven mut/— mice were higher than those of normal mice. It is noteworthy that for some mice, the urea levels
have reached very high levels, similar to those observed in the homozygous Col4a3 knockout mice (-/-), which die around
the third month of life. Creatinine levels, on the other hand, have generally shown a small increase in the total mut/mut and
mut/- mice. Note that the mut/mut mice which had very high levels of urea also showed high levels of creatinine that
reached the levels of Col4a3 knockout mice. For the analysis, serum was collected from 15 to 22 months old knockin
mutant,compound heterozygous mice and wild type mice, and from 2,5 months old knockout mice. Results were analyzed
using one-way ANOVA with Tukey multiple comparison adjustment (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).
Individual comparison p-values for urea are as follows: +/+ vs mut/mut: 0,0054 and +/+ vs mut/-: 0,0023, and for
creatinine: +/+ vs mut/mut: 0,0088. mut/-, compound heterozygous; mut/mut, homozygous knockin; —/-, homozygous
knockout; +/+, WT mice.


Image of Fig. 2

A glycine substitution in collagenous domain of Col4a3

Col4a3 mut/~ mice (n=20) had high albuminuria
(Fig. 2B). Additionally, microscopic analysis showed
that a 70% or 75% of mutant mice presented
intermittent microscopic hematuria after their 3rd
month of life, indicating that the Gly-substitution
mutation, with or without the combination of total
allele loss, leads to erythrocytes loss in the urine
(not shown).

Serum creatinine and urea reached high
values in a subset of Col4a3 mutant mice

The serum urea and creatinine of 62,5% Col4a3
mut/mut and 63% Col4a3 mut/~ mice were higher
compared to normal controls, indicating impaired
renal function. Itis noteworthy that urea in 5 of the 19
total mutant mice tested, and creatinine in 2 of the 10
total Col4a3 mut/mut mice reached high values,
which approached those from Col4a3 double-
knockout mice that die around the third month of
life (Fig. 2C-D).

Renal fibrosis in Col4a3 mutant mice

Both AS models exhibited degenerative changes
in their kidneys (Fig. 3A). Specifically, renal sections
from mutant mice exhibited moderate to severe
diffuse periglomerular and interstitial fibrosis that in
most cases were accompanied by mild to moderate
infiltration by lymphocytes. Segmental or global
glomerulosclerosis is also present.

Among 12 mutant mice that were tested for
fibrosis, a 67% of them, had <25% degree of
tubular injury, while a 33% of mutant mice had
75% degree of injury. The degree of interstitial
fibrosis was either <25% or 26—45%. Mice with the
more severe phenotype had a 20-23% degree of
segmentally or globally sclerosed glomeruli. None
of the lesions described were observed in wild-type
mice of same age. Notably, the mice exhibiting the
most severe histological lesions were those with the
most severe biochemical alterations, as previously
shown [22].

Moreover, transforming growth factor beta-1
(TGF-B1) and a-smooth muscle actin (a-SMA or
Acta2) were upregulated in glomerular isolates
from Col4a3 mut/mut and Col4a3 mut/- mice
compared with wild-type littermates (Fig. 3B-D).
Similarly, upregulation of these markers was
evident in whole kidney isolates from old-aged
mutant mice. TGF-B1 as the major pro-fibrotic
cytokine mediates many of the central processes
involved in fibrosis. In CKD, TGF-f over-
expression induces renal fibrosis [29]. Myofibro-
blasts that represent key players in the cellular
pathology underlying renal fibrosis, are often
identified by the expression of Acta2 [30,31].

Lifespan of Col/4a3 mutant mice is
significantly shorter compared to con-
trols

From all mice that were monitored for their
lifespan, Col4a3 mut/mut mice (n=31) and Col4a3
mut/- mice (n=33), lived on average for 15.1 and
16.07 months respectively (Fig. 4). This lifespan
was 30-35% shorter than in wild-type controls (n=
23) that lived for 22.7 months. The difference was
significant using log-rank (Mantel-Cox) test
(P<0.05). The average lifespan of the heterozy-
gous mice for the glycine substitution, Col4a3 mut/
+ (n=25), was also shorter than normal, at
17.9 months.

Reduced expression of Col4a3-a5 chains
in tubules of Col4a3 mut/mut and mut/-
kidneys

The distribution of collagen-IV alpha-chains was
examined by immunofluorescence staining with
antibodies that recognize the NC1 domain of each
collagen-1V chain. In wild-type and in heterozygous
Col4a3 mut/+ kidneys, there is normal positive
staining for the a3/a4/a5 chains, both in the GBM
and the tubular basement membrane (TBM).
However, in kidneys from mutant Col4a3 mut/mut
or Col4a3 mut/-, the expression of alpha-chains is
reduced in tubules but normal in glomeruli (Fig. 5A,
B and Supp. Fig. 3). Importantly, the expression of
the a1l and o2 chains in mutant kidneys was
distributed normally throughout the GBM and
TBM (Fig. 5A, C).

Podocytes secrete effectively mutant
collagen-IV

To examine whether the mutant Col4a3 protein is
secreted normally from the podocytes to the GBM,
double immunofluorescence staining was performed
on Col4a3 mut/mut and mut/- kidney sections, for
Col4a3 and laminin, both localized in the GBM and
the TBM. Col4a3 and laminin appear to co-localize in
both mutant mice, in the GBM, with no perceptible
difference compared to wild-type mice (Fig. 6).
Double immunofluorescence was also performed
for the Col4a3 protein and synaptopodin, a protein
marker for podocyte cytoplasm. The mutated Col4a3
protein is not co-localized with synaptopodin inside the
podocytes of mutant kidneys, demonstrating a staining
pattern similar to that of wild-type mice (Fig. 7). Results
suggest that the presence of the glycine substitution in
Col4a3 protein does not prevent the secretion of at
least a fraction of the trimer from the podocytes to the
GBM.
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Fig. 3. Moderate to severe fibrosis in kidney samples of Col4a3 mutants. (A) Commonly used stains on kidney sections
of the following mouse models to assess renal fibrosis. Collagen deposition in both periglomerular and interstitial locations
are indicated with arrowheads and arrows respectively. Each staining was performed on 6 pm paraffin kidney sections
from three mice of each group. The magnification of all images in panel A was 20x. Wild-type mice (20 months old), H&E,
exhibiting minimal alterations, Masson's trichrome exhibiting Bowman's capsules and renal tubuli lined by thin regular line
of collagen. PAS, outlining a fine basement membrane in both renal glomeruli and renal tubules colored bright purple.
Sirious red, with collagen fibers indicated as fine red lines. Col4a3 mut/- mice (20-months-old). H&E, exhibiting moderate
diffuse periglomerular and interstitial fibrosis. Masson's trichrome reveals collagen deposition in both periglomerular and
interstitial locations. PAS staining reveals mild deposition of PAS-positive material. Sirius red staining confirms the findings
of H&E and Masson's trichrome. Col4a3 mut/mut mice (20 months old). H&E, Masson's trichrome exhibiting moderate
multifocal interstitial fibrosis. PAS exhibiting moderate diffuse deposition of PAS-positive material both in the Bowman's
capsule as well as in the glomerular tufts. Sirius red staining reveals deposition of collagen fibers both in interstitial and
periglomerular locations confirming the findings of H&E and Masson's trichrome. Col4a3-/- knockout mice (6 weeks old).
H&E, staining exhibiting severe glomerular and interstitial fibrosis. Masson's trichrome staining reveals collagen deposition
in both periglomerular and interstitial locations. PAS exhibiting severe deposition of PAS-positive material. Sirius red
staining, note the opalescent glomerulus at the centre of the field exhibiting severe fibrosis of the Bowman's capsule and
glomerular tufts. (B)Western blot analysis of profibrotic markers TGF-81 and Acta2 displaying increased levels in glomeruli
isolates from 20-month-old homozygous Col4a3 mut/mut and Col4a3 mut/~ mice. This result in mutant mice was
reproducible in multiple repetitions, compared to the wild type counterparts. B-Tubulin expression in the same samples
was used as an equal loading control. (C-D) Quantification of representative blots as in B is shown in graphic form. The
expression levels of TGF-B1 and Acta2 in either glomeruli (C) or whole kidney (D) isolates were normalized to B-tubulin
levels. Data are means+SEM (n>3). Results were analyzed using one-way ANOVA with Tukey post-testing (*p<0.0164,
**p<0.004,***p<0.0009, ****p<0.0001). mut/-, compound heterozygous; mut/mut, homozygous knockin; —/-, homozy-
gous knockout; +/+, wild type mice; Acta2, alpha-smooth muscle actin.
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Decreased alpha-chain levels in mutant
whole kidneys. In glomeruli, the collagen-
IV chains are normally expressed but are
probably cleaved

Col4a3 expression was assessed by Western Blot
(WB) in lysates from glomerular and whole kidney
isolates. In glomerular isolates of both mutant mice,
the expression of Col4a3 chain is reduced at
160 kDa (MW of Collagen-IV chains); accordingly,
a de novo 35 kDa protein fragment was detected by
the same antibody against Col4a3, only in mutant
mice. The same was observed for the non-mutated
chains Col404 and Col4a5 (Fig. 8A, B). Importantly,
the small de novo protein fragment (35 kDa) of each
a-chain was detected mainly in glomeruli from
mutant mice but not in whole kidney isolates, in
which the presence of the three chains at 160—
200 kDa, was decreased (Fig. 8C, D). Moreover, in
mutant glomeruli, the truncated amino-terminal
collagen-1V fragments, which consist of the 7S and
part of the collagenous domain (CD), were not
detectable with any of the two antibodies used that
recognize epitopes in the N-terminus or middle
region (Supp. Fig. 1). The most likely explanation
is that the amino-terminal truncated fragments are
physicochemically unstable and rapidly degraded
extracellularly. In support of this, the expression of
the intact full-length alpha-chains was reduced at
160 kDa in glomeruli and in whole kidneys, com-
pared to wild-type mice (Fig. 8A-D). In order to
validate our method and confirm that the protein

used was isolated exclusively from glomeruli, we
performed WBs and tested for the expression of
synaptopodin and podocin as podocyte markers and
MUCT1 as a tubular marker. The results showed none
or negligible presence of MUC1 protein (Supp. Fig. 2).

Possible association of the MMP-9 pro-
tein activation with the cleavage of the
mutant collagen IV protomer

Glomerular protein was assayed at several time
points over a knockin mouse's life in order to
examine whether the 35kda fragment of Col4a3
starts out as cleaved or is cleaved at a specific point
in disease progression. The 35kda fragment ap-
pears at early ages albeit at low levels and reaches
high levels at a later stage, probably around 15-
months of life (Fig. 9A). Furthermore, glomerular
protein from the same timepoints as above was
assayed for the expression or activation of several
MMPs (MMP-2, MMP-3, MMP-9 and MMP-12) in
order to examine whether the time specific cleavage
of the mutant collagen IV protomer has any
correlation with a metalloproteinase. The expression
of MMP-2, MMP-12 (data not shown) and MMP-3
(Fig. 9B) was not altered in mutant mice, however
the activated form of MMP-9 (63 kDa) is detected
near the 6th month of a knockin mouse's life and
remains stable at advanced age (Fig. 9B). The fact
that the activated form of MMP-9 is detected during
the month that the levels of the 35 kDa Col4a3
fragment begin to elevate, suggests that MMP-9
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Fig. 4. Significantly shortened lifespan of Col4a3 mutant mice compared to controls. Survival diagram showing reduced
life span of Col4a3 mut/mut and Col4a3 mut/- mice in comparison with heterozygous mice and wild-type controls. The
Col4a3 mut/mut mice lived 15.1 mo (n=31) while the Col4a3 mut/- lived 16.07 mo (n=33). This was significantly less than
in 25 Col4a3 mut/+ mice or 23 wild-type mice Col4a3 +/+ in which mean lifespan was 17.9 and 22.7 mo, respectively.
Kaplan-Meier survival analysis was used to assess mouse lifespan and data were compared using log-rank (Mantel-Cox)
testing; with a P value= 0.016 the survival curves were significantly different.
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Fig. 5. Expression of the three collagen chains a3, a4 and a5, is reduced in the tubules of Col4a3 mut/mut and Col4a3
mut/— mice. Immunofluorescence on 6 pm kidney sections of 20-week-old Col4a3 mut/-, Col4a3+/+ (wild type) and 3-
month old Col4a3—/- mice (A) and of 20-week- old Col4a3 mut/mut mice, Col4a3mut/+ and Col4a3+/+ mice (B) for each
collagen-IV alpha chain (a3, a4, a5) of the a3a4a5 protomer and for the chains a1 and a2 (C), corresponding to the ala1a2
protomer. In kidneys from both mutant mice (mut/mut and mut/-), the expression of the a3, a4 and a5 chains is reduced in
tubules but appears normal in glomeruli. Overall expression of type IV collagen was evaluated by staining with mAb JK2
which recognizes a common epitope in the NC1 domain of a1, a3 and a5(lV) collagen (C). In normal controls and
heterozygous mut/+ mice, the a3, a4, and a5 chains are localized to the GBM and in the TBM. No signal was detected on
kidneys from 3mo old Col4a3-/- (negative controls). The expression of the collagen-1V chains a1 (A and C) and a2 (C) in
the tubules and glomeruli of both mutant mice is normal. Therefore, the mutation in Col4a3 affects only the expression
pattern of itself and of its partner chains in the a3a4a5 heterotrimer. Scale bar was 150 ym for a3 (low magnification),
50 pm for a3 (high magnification), a4 and a5 (IV) staining in A and 25 pm for a1 (V). In B the original magnification was
200x. Images of 400x magnification are also included. Col4a3 mut/mut, knockin; Col4a3 mut/-, compound heterozygous;
Col4a3 mut/+, heterozygous knockin; Col4a3—/—-, knockout; Col4a3 +/+, wild-type mice.

could be the enzyme that mediates the cleavage of
the mutant Col-IV protomer. Note that the activated
form of MMP-9 was also slightly detected in some
WT mice after the 17 month of life, probably due to
its role for the generation of tumstatin, a 28kda
Col4a3 fragment that is also detected under normal
conditions.

Discussion

It is well-known that glycine, the smallest aminoa-
cid, is indispensable at every third position of

collagenous sequences and its substitution leads
to triple-helix misfolding and destabilization. Around
51% of AS patients inherit single aminoacid substi-
tutions in Col4a3 or Col4a4 or Col4a5, 73% of which
are glycines [16,32].

Therefore, we created the first knockin mouse,
homozygous for mutation Col4a3-p.Gly1332Glu,
and a compound heterozygous mutant carrying this
mutation in frans with a knocked-out allele. Both
mice developed AS, with a later age-at-onset of
ESRD, compared to homozygous knockout mice.
Later age-at-onset of ESRD is also the case for
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humans with missense mutations compared to those
with non-missense mutations [17,19,33,34].

Col4a3 mut/mut mice provide a model to study the
biochemical and pathophysiological consequences
in AS, the same way we study patients with Gly-
substitutions with either ARAS or XLAS. The
Gly1334Glu mutation introduces a break in a stretch
of 33 Gly-X-Y repeats, which form the penultimate
collagenous domain of a345(1V) collagen; similar to
nearby pathogenic COL4A5 mutations Gly1333Ser,
Gly1342Arg, Gly1354Cys [35-37]. Interestingly, a
study that looked at triple helical glycine substitu-
tions suggested that mutations near the carboxy
terminal region are more severe that those near the
amino terminal region of COL4A5 [19]. Additionally,
there are reports showing that Gly-substitutions
nearer the carboxy terminus in fibrillar collagens of
type 1 [38,39], type Il [40,41] or type Il [42] are more
often associated with severe forms of the relevant
diseases.

Additionally, the compound heterozygous mouse
could be an exemplar study model for AS patients
who inherit analogous mutations in compound
heterozygosity in collagen-IV genes [27,43—45].

Clinical features and pathology

Mice of both models demonstrate a similar 30-35%
reduction in their lifespan compared to normal mice,
most probably due to impaired kidney function. A
similar age at onset of ESRD was also reported before,
in human patients who inherit either homozygous or
compound heterozygous mutations in COL4A3 and
COL4A4 mutations [43]. Decreased glomerular filtra-
tion resulted in uremia and elevated creatinine, which
despite its variability, in some mice reached the high
levels observed in Col4a3-/- mice, which die early
(Fig. 2). Notably, variability on the levels of serum urea
and creatinine between mutants has been also
observed before in other AS mouse models
[24,46,47]. Importantly, mice with the most severe
urea and creatinine levels displayed the most severe
histological abnormalities, which agrees with findings in
another Col4a3-/- mouse [22].

Proteinuria and haematuria are hallmark features of
collagen-IV nephropathies. Both mice showed im-
paired glomerular permeability with high levels of
albuminuria, although of variable degree, indicating
that the Gly1332Glu substitution, with or without the
combination of the null allele, leads to defective blood
filtration. Hematuria was not a consistent finding and
was demonstrated intermittently. Notably, hematuria
was also not evident in one [21] of the two Col4a3-/-
mice previously described [21,22]. Overall, the vari-
ability in symptoms described in mutant mice here has
been also reported in AS patients [11,48-50], highlight-
ing the heterogeneity of the severity of this disease, the
drivers of which are not absolutely clear. A glycine

substitution in the collagenous domain of Col4a3 in
mice recapitulates late onset Alport syndrome. Glo-
merular and interstitial fibrosis is a common later-onset
event in these mice, perhaps of dual etiology, attributed
to the chronic glomerulonephritis and to the reduced
expression of collagen a3a4a5 protomers in the
tubules. Evidence of focal and segmental glomerulo-
sclerosis was also present while there were multiple
histological abnormalities accompanied by increased
profibrotic markers, TGF-$1 and Acta2 (Fig. 3). Overall,
the observed variability in the rate of appearance of
renal failure and disease severity, may be attributed to
the mice being incipient congenic. Ultrastructurally, the
presence of typical GBM abnormalities in both models,
including podocyte foot process effacement, is evi-
dence that they recapitulate credibly the AS GBM
phenotype (Fig. 1) [51].

Podocytes vs tubular epithelial cells

All three alpha-chains are drastically decreased in
the tubules of mutant mice, as confirmed by
immunofluorescence studies on kidney sections
and WB analysis on whole kidneys specimens.
Importantly, immunofluorescence studies showed
that the expression of alpha-chains in the glomeruli
was not detectably altered compared to wild-type
animals. GBM positivity for collagen-IV chains was
reported before in a mouse model for AS with a
mutation in the conserved GT-splice donor of
Col4a4, intron 30 [52]. Positive GBM staining for
collagen-1V chains was not totally unexpected, as it
has been reported in many patients with Gly-
substitutions [53,54] although some Gly-
substitutions result in negative a3/4/5 staining [17].

Collagen quality control explains also the podo-
cyte ER stress reported previously. Based on
previous work, some or most mutant a345(1V) is
likely degraded, possibly by ER-phagy [55], but a
variable proportion of mutant trimers may escape
degradation and be secreted in GBM, owing to
activation of the UPR. The continuous presence of
a345(1V) may prevent activation of the DDR1
receptor, thus resulting in delayed and milder renal
fibrosis and longer lifespan [56].

WB of glomerular proteins showed something
remarkable: there is a possibility that the alpha-
chains making the a345(1V) trimer, undergo a
specific cleavage, releasing COOH-terminal protein
fragments of 35 kDa. It is hypothesised that this
targeted cleavage is exerted in the region of
Gly1332Glu substitution, perhaps due to local
imperfect folding of the protomers. Notably, the
35 kDa fragment was observed only in mutant
glomerular lysates, not from whole kidney lysates
in which the isolated protein corresponds predomi-
nantly to tubules. This suggests that the two kidney
compartments, respond differently with mutant
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Col4a3 Laminin Merged
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Fig. 6. Colocalization of Col4a3 and laminin in the GBM of Col4a3 mutants shown by double immunofluorescence
staining. Double immunofluorescence for Col4a3 (red) and of the GBM marker laminin (green), on 6 pm paraffin kidney
sections of 20 mo Col4a3 mut/— mice, 20 mo Col4a3 mut/mut mice, 20 mo wild type (+/+) mice and 2,5 mo Col4a3 (-/-)
mice. Co-localization of Col4a3 and laminin corresponds to the yellow areas in merged images. The expression of Col4a3
in either mut/mut or mut/— mice is co-localized with that of laminin in the GBM as it is normally seen in wild type mice (+/+).
This result indicates that Col4a3 protein is secreted effectively into the GBM. Scale bar, 50 pm.


Image of Fig. 6

A glycine substitution in collagenous domain of Col4a3

11

trimers. These different molecular mechanisms are
under further investigation. The observed distribu-
tion of Col4a3 protein in the GBM (Figs. 6,7), is
probably due to the presence of the 35 kDa fragment
(Fig. 8A, 9A), since the anti-Col4a3 antibody used in
immunofluorescence studies recognizes the NC1
domain of a3-chain, which is part of the 35 kDa
fragment and is located shortly after the Gly1332Gilu
substitution (Supp. Fig. 1). If a345(1V) is proteolyti-
cally cleaved at or around position 1332, then the
carboxyl-terminal 35 kDa fragment may remain
attached to the GBM via a disulfide bonding between
Cys1354 or 1367 or others around there in Col4a4,
and with other a345(lV) trimers [04(IV)-chain has
numerous unpaired cysteines in the collagenous
domain which can only form inter-molecular disulfide
bonds].

The cleavage of the Col4a3-35 kDa fragment is
performed after the assembly of a345(IV) protomers,
and most probably after secretion in the GBM, as a
similar 35 kDa fragment is detected by different
antibodies that recognize the NC1-domain of both
Col4a4 and Col4a5 in mutant glomerular isolates.
Interestingly, the progressive increase of the levels of
a3(IV) 35 kDa fragment during aging (Fig. 9A), could be
correlated with the late onset of the clinical symptoms in
mutant mice. A possible scenario could be that the
accumulation of cleaved collagen-IV fragments leads
to weakening of the GBM meshwork, thus contributing
further to the worsening of the phenotype.

Moreover, as the Col4a3 antibody against the anti-
collagenous domain (CD) in WB (Fig. 8A and Supp.
Fig. 1), did not recognize any protein fragment at
125 kDa (estimated size of the large truncated NH»-
terminal fragment) but only reduced levels of the full-
length Col4a3 protein, it is hypothesised that the
large truncated fragment of Col4a3 is rapidly
degraded in the GBM in a targeted enzymatic digestion
most probably by a metalloproteinase. The specific
antibbody was functional only in WB assays. It is
possible that the Gly1332Glu substitution delays the
trimer-folding towards the amino-terminus, while also
creating a triple-helix imperfection and exposing a
cleavage site to a metalloproteinase.

It is expected that the 35 kDa fragment is resistant
to degradation due to high density of cysteine
residues in the NC1 domains of a3, a4 and a5(1V)
chains [57], which provides a tighter configuration,
as it remains attached to the final mature protomer,
in contrast to fibrillar collagens [58,59].

Importantly a recent study showed that AS-related
Gly missense mutations in COL4A5, one of which
resembled the one we study here with a Gly to Glu
substitution at position 400, significantly reduced the
structural stability of the collagen, decreased the
melting temperature and accelerated the rate of
degradation of the collagen by trypsin and chymo-
trypsin, based on experimental studies and compu-
tational dynamics simulations [60].

Studies of COL1A1 and COL1A2 mutations
causing osteogenesis imperfecta show that Gly
substitutions (for example COL1A1-p.Gly904Cys),
introduce breaks/interruptions in the collagenous
triple-helical structure, with the effects of (a) dramat-
ically lowering the melting temperature [61,62] and
(b) increasing susceptibility to proteases in in vitro
assays [63]. Similarly, a COL3A71-p.Gly790Ser
substitution in a patient with Ehlers-Danlos syn-
drome makes the procollagen molecule sensitive to
proteases [64—66]. A similar cleavage may explain
the 35 kDa fragment in mutant mice here.

The main group of enzymes responsible for
collagen and other protein turnover in extracellular
matrix (ECM) are matrix metalloproteinases (MMPs)
[67,68]. The spatial expression of MMPs in the
kidney is complex and has not been fully character-
ized yet [69—-71]. The expression of MMP-9 appears
to be mainly detected to the glomerulus [72,73].
MMPs can be controlled at the protein level by their
endogenous activators or inhibitors and by factors
that trigger their secretion.

All MMPs are initially synthesized as inactive
proenzymes and are processed into active isoforms
by proteolytic removal of a pro-peptide [74]. MMP-9
is found as active isoforms at both 82 and 63 kDa.
The activation of pro-MMP-9, occurs by exclusion of
the NHx-terminal pro-peptide, yielding the 82 kDa
that is inhibited by tissue inhibitor of
metalloproteinase-1 (TIMP-1), its natural inhibitor.
On the other hand, the 63-kDa active isoform which
is yielded by a COOH-terminal cleavage, is not
inhibited by TIMP-1 [75,76]. MMP-9 has different
activation mechanisms and substrate specificity.
Here, we showed that the 63-kDa active isoform of
MMP-9 is being detected in the glomeruli of knockin
mice around the month where the 35 kDa Col4a3
fragment starts to accumulate in glomeruli, suggest-
ing that the cleavage is mediated possibly by MMP-
9. One explanation for the fact that the MMP-9 levels
remain stable while a3-NCIl increases as the
mutants grow, is a possible progressive accumula-
tion of the a3-NClI fragments in the GBM due to the
long lasting half-life of GBM Collagen IV, estimated
to be greater than 100 days [77]. Importantly,
among the numerous MMPs that are expressed in
kidneys [69], MMP-9 was previously proved to have
a closer affinity to Col4a3, being the most effective
enzyme in the generation of tumstatin domain from
type IV collagen [78]. Tumstatin is a 28-kDa
fragment that corresponds to the bioactive NC1
domain of Col4a3, and is being cleaved by MMP-9
acting either as an angiogenesis inhibitor of endo-
thelial cell proliferation and blood vessel formation
or as a proapoptotic factor [78,79]. Interestingly, the
expression of MMP-2 or MMP-3 and of the MMP-12,
a metalloproteinase that was shown previously to be
induced in glomeruli from Col4a3 knockout mice [80]
was not altered in knockin mice.
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Col4a3 Synaptopodin Merged
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Fig. 7. No colocalization of Col4a3 and synaptopodin in glomeruli of Col4a3 mutants shown by double
immunofluorescence staining. Double immunofluorescence for Col4a3 (green) and the podocyte marker synaptopodin
(red) on 6 um kidney paraffin sections of 20 mo Col4a3 mut/-, Col4a3 mut/mut mice, wild type (+/+) mice and 2,5 mo
Col4a3 —/- mice. Images at the right represent overlays of Col4a3 with synaptopodin staining. As itis normally observed in
wild type mice, the expression of Col4a3 in either mut/mut or mut/~= mice is not co-localized with the expression of
synaptopodin, a podocyte marker, suggesting effective secretion of normal and mutant collagen trimers. Scale bar, 50 pm.
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Conclusion

We described two mouse models of ARAS that can
serve as tools for better understanding of the mecha-
nisms governing collagen-1V nephropathies and for the
development of better future therapies. The Colda3
mut/mut mouse represents the first that carries a
substitution mutation and recapitulates clinical and
pathologic features of the disease. In accordance with
human studies, these mice have a later-onset pheno-
type compared to mice with a double knockout of the
a3-chain. This milder phenotype supports that even
though the mutant trimers might disrupt the GBM
meshwork, they are better tolerated than null secretion,
partly rescuing the phenotype. This may justify using
synthetic chaperones for facilitating better trimer folding
and secretion.

Experimental procedures

Animals

We used the homozygous knockin (Col4a3 mut/
mut) mouse that carries the mutation Col4a3-
Gly1332Glu, previously generated in our lab
initially on a mixed background [28]. The mouse
line was backcrossed for five generations in order
to maintain the mutation in homozygosity on
incipient congenic 129x1/SvJ genetic background.
The compound heterozygous (Col4a3 mut/-)
mouse carries the mutant allele Col4a3-
Gly1332Glu and the Col4a3 knockout (-) allele.
This mouse derived through breeding of the
heterozygous knockout mice [21] with the homo-
zygous Col4a3 knockin mice.

Cross-breeding and PCR-based genotyping of
homozygous Col4a3-/-, heterozygous Col4a3+/-
and wild-type control mice on 129x1/SvJ genetic
background were performed as described previously
[81,82]. Genotyping for detecting the knockin substitu-
tion mutation Col4a3-Gly1332Gilu, was as described in
[24]. In comparisons between different mouse models
and controls, an effort was made to use age-matched
animals. However, due to the fact that knockout mice
die at around the 3rd month of their life, we had to
collect samples of earlier ages. All animal protocols
were approved by the Veterinary Services of the
Ministry of Agriculture, Rural Development and Envi-
ronment (approval code CY/EXP/PR.L5).

Electron microscopy

For EM studies, kidney sections were processed
and examined under a transmission electron micro-
scope (JEM2100HR; JEOL, Inc., Tokyo, Japan)
equipped with an ES500W Erlangshen CCD camera
(Gatan GmbH,Munchen, Germany). GBM thickness

was measured in open capillary loops using Digital-
Micrograph software (Gatan). The GBM thickness
histograms were derived from 25 to 40 glomeruli
from three mice of each group. The number of
capillary loops that were used for getting the mean
values of the thin areas in the GBM from each group
was: 44 from homozygous Col4a3 mut/mut, 65 from
compound heterozygous Col4a3 mut/~ mice, 38
from heterozygous Col4a3 mut/+ and 22 from
Col4a3 +/+ wild type mice.

Biochemical studies and proteinuria/hematuria

Twenty-four-hour urine was collected from knockin
(Col4a3 mut/mut), compound heterozygous (Col4a3
mut/-) and wild-type (WT) mice (Col4a3+/+) every 4-
weeks over 14 months. Urine collected in metabolic
cages for 24-h, was evaluated for proteinuria and
hematuria. Protein was tested qualitatively, by
microelectrophoresis of 20 pyL urine on SDS-
polyacrylamide gel and Coomassie Blue staining
followed by densitometry, using bovine serum
albumin as molecular-weight standard. Hematuria
was tested by using a dipstick test (Roche) and by
calculation of red blood cell number/ml urine, under
optic microscopy. Serum parameters (urea and
creatinine) were analyzed in blood collected from
the heart of sacrificed animals.

Trichrome/PAS/H-E staining

Kidneys were collected from homozygous Col4a3
mut/mut (n=6), compound heterozygous Col4a3
mut/- (n=6), homozygous Col4a3-/- (n=3), and
wild-type (n=4) control mice. We used mice of both
sexes. Mouse kidneys were fixed in 4% paraformal-
dehyde following standard protocols. Four
micrometer-thick sections were either stained with
Hematoxylin and Eosin (H/E) or with a Masson's
trichrome staining kit (Sigma -Aldrich, UK) or
periodic acid-Schiff (PAS) stain (Sigma -Aldrich,
UK) or Sirius Red (Chondrex, USA) following
manufacturer's instructions. The staining procedure
was repeated on different sections (n>3) from each
sample. To evaluate tubular injury (defined as
tubular atrophy, dilatation, and thickening of the
basement membrane), and interstitial fibrosis (blue
stain on Trichome-stained sections and red stain on
Sirius red stain) ten cortical fields from each animal
were examined at x200 magnification and the
percentage of tubules demonstrating injury was
assessed by the method described before [83]. To
quantitate the degree of glomerular injury, 100
glomeruli were examined, and the number of
segmental or globally sclerosed glomeruli was
expressed as a percentage. The sections were
evaluated by two renal pathologists in a blinded
fashion.
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Fig. 8. Downregulation of a3, a4 and a5 chains in whole kidney lysates and occurrence of a small Col4 fragment in
glomerular isolates of Col4a3 mutants. (A) Representative WB to demonstrate protein expression level change in
glomeruli from 20-month-old Col4a3 wild type (+/+), Col4a3 mut/mut and Col4a3 mut/~ mice. The glomeruli were
harvested using Dynabeads perfusion and then equal amounts of isolated protein were resolved by SDS-PAGE gel
followed by WB. Specific antibodies that either recognize the collagenous domain (CD) of Col4a3 or the NC1 domain of the
CollV a8, a4 and a5 chains were used to identify their expression. Although the a3, a4 and a5 chains are barely detected at
160 kDa, a 35 kDa protein fragment is detected by the antibodies recognizing the NC1 domain of Col4a3, a4 and a5 in
mutants respectively. (C) Representative WB to demonstrate protein expression level change in homogenates of whole
kidney lysates from 15-month-old Col4a3 mut/—, mut/mut and wild type mice. Specific antibodies were used to detect the
levels of the three Col4 chains: a3, a4 and a5. The expression of Col4a3, a4 and a5 is drastically reduced in whole kidneys
of Col4a3 mut/mut and mut/— mice. Specific antibodies that either recognize the NHo-terminous (NH,-end) domain or the
NC1 domain of CollV chains were used to identify the expression of the a3, a4 and a5 chains. (B, D) Quantification of
representative blots as in A and C is shown in graphic form. The expression levels of the alpha chains in either glomeruli
(B) or whole kidney (D) isolates were normalized to B-tubulin levels. -Tubulin expression in the same samples was used
as an equal loading control. Data are means+=SEM (n>3). Results were analyzed using one-way ANOVA with Tukey post-
testing (**p<0.0043***p<0.0003, ****p<0.0001).
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Isolation of glomeruli

Glomeruli were isolated following the protocol by
Takemoto et al. [84], which involves the use of
Dynabeads (Dynal, Oslo, Norway) through the heart
of anesthetized mice. Glomeruli total RNA and protein
were isolated using a commercially available kit
(Macherey-Nagel), according to manufacturer's
instructions.

Immunofluorescence

Immunofluorescense experiments were per-
formed either using cryosections or paraffin sections
of kidney samples following standard procedures.
For cryosections, kidneys were embedded in OCT.
6-um sections were post-fixed in acetone, penetrat-
ed with 0.2% triton X. For antigen retrieval, 6 M urea-
0.1 M glycine, pH 3.5, for 30-min at 4 °C was used.
The primary antibodies (Supp. Table 1) were diluted
in 5% serum in 1% BSA/PBS and applied overnight
at 4 °C. Alexa 488 or Cy3 conjugated secondary
antibodies were used.

For paraffin sections, kidneys were fixed in 4%
paraformaldehyde, dehydrated and embedded in

paraffin wax using standard protocols. For double
immunofluorescence experiments, 6 um kidney sec-
tions were penetrated with 0.2% triton X in PBS and
antigen retrieval was carried out by microwave
heating into a 0.2 N HCL solution for 10 min and
treated with 6 M urea-0.1 M glycine, pH 3.5, for
30 min at 4 °C. The next steps were as described
above for cryosections. Slides were viewed by a
TCSL confocal microscope (Leica, Germany).

Western blot

15 pg of soluble protein extracted from isolated
glomeruli or whole kidney lysates were prepared for
electrophoresis on 10% SDS-PAGE. After transfer to
nitrocellulose paper and blocking, immunostaining was
performed in either 5% milk or BSA in TBST buffer or
ChonBlock (Chondrex, USA). Primary and secondary
antibodies are listed in Supp. Tablel. Secondary
antibodies, either goat anti-mouse or donkey anti-
rabbit (Santa Cruz Biotechnology) were labeled with
peroxidase. Proteins were detected using the En-
hanced ChemiLuminescence Plus Blotting Detection
system (Amersham Biosciences, UK) and were
visualized through the ChemiDoc™ XRS+ System
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Fig. 9. Representative WB to demonstrate protein expression level change in glomeruli from 4, 6 and 15-month-old
Col4a3 mut/mut and 6 and 15-month-old Col4a3 wild type (+/+) mice. (A) Specific antibody that recognizes the NC1
domain of Col4a3 chain was used to detect the 35 kDa fragment of a3 (Col-1V) chain. The expression levels of the a3
chains in glomeruli isolates were normalized to B-tubulin levels. The level of the 35 kDa fragment of Col4a3 progressively
increases with aging of Col4a3 mutants. (B) A specific antibody that recognizes the 82 kda and the 63 kDa active forms of
MMP-9 and one that recognizes the MMP3 were used. The 63 kDa active form of MMP-9 was detected from 6th month of
knockin mice and maintained until the 15th month. The expression levels of the 63 kDa fragment of MMP-9 in glomeruli
isolates from 4, 6, 10, 12 and 15-month-old Col4a3 mut/mut and 4, 10 and 15-month-old wild type (+/+) mice were
normalized to actin levels. Data are means+SEM (n>3). Results were analyzed using one-way ANOVA with Tukey post-
testing (**p<0.007, ***p<0.0008 ****p<0.0001). NC1, non-collagenous domain; CD, collagenous domain.
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(BioRad, CA, USA). All transblots were reprobed with
anti—B-tubulin antibody (Santa Cruz Biotechnology)
(1:500), for normalization. Band density was defined
with the Imaged Software (http://imagej.nih.gov/ij).

Statistical analyses

GBM thickness was evaluated in EM images and
results from different groups of animals were statisti-
cally evaluated using one-way ANOVA followed by
Tukey post-testing. Survival of animals was evaluated
using a standard Kaplan-Meier analysis paired to a log-
rank Mantel-Cox testing. Albuminuria analysis was
performed using two-way ANOVA on log10-
transformed values. GraphPad Prism-5 software was
used for all analyses. Differences of p-values <0.05
were considered as significant.
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