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Abstract: Alport syndrome is a hereditary kidney disease caused by mutations in the three genes
encoding for collagen IV: COL4A3, COL4A4, and COL4Ab5. Several mouse models have been created
for the study of this disease with variable phenotypic outcomes. This review is an up-to-date
presentation of the current mouse models existing in the literature with a detailed comparison of the
phenotypic features characterizing each model. Although in humans it is primarily a glomerulopathy,
data suggest that in some mouse models, the initial symptoms appear in the tubule-interstitial region
rather than the glomerulus. Additionally, in some other models, the severity of disease in the tubule-
interstitial region is affected by the genetic background. In conclusion, the phenotypic spectrum of
each model appears to be affected by the model’s genetic background, the position of the genetic
alteration within the gene, and the type of the genetic alteration. Despite these disparities, mouse
models recapitulate with relatively high fidelity several features of the human disease, which makes
them useful for studies aimed at better understanding cellular pathomechanisms and for finding
new treatments.

Keywords: Alport syndrome; collagen IV; mouse models; kidneys; glomerular basement membrane;
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1. Alport Syndrome

Alport syndrome (AS) was first described in a publication by Arthur C. Alport in 1927
while he was examining a British family. Members of this family suffered from familial
congenital hemorrhagic nephritis [1]. One of the most prominent extrarenal symptoms
described by Alport was nerve deafness of varying degrees. In addition to nerve deafness,
blood and protein could be detected in their urine, at varying severity between family mem-
bers. Affected members were also characterized by increased mortality due to end-stage
renal disease (ESRD). Other extrarenal manifestations, which were later recognized by
others in AS patients, were ocular abnormalities in the form of a dot and fleck retinopathy
and anterior lenticonus [2-4]. Ultrastructurally, pathognomonic features of AS, seen on
electron microscopy, are the thinning of the glomerular basement membrane (GBM) in
early childhood, which later deteriorates to alternate thinning and thickening abnormalities
as well as splitting and lamellation of the GBM, accompanied by podocyte foot process
effacement. Depending on the type of mutation, and especially when there is the absence
of collagen synthesis or secretion, it becomes obvious with negative immunofluorescent
staining on light microscopy using specific anti-collagen IV alpha chain antibodies. Fo-
cal and segmental glomerulosclerosis may be another feature of light microscopy that
complicates diagnosis.

AS presentation is clinically heterogeneous; in some cases, for various reasons includ-
ing genotype—phenotype correlation, it appears early in life with patients progressing to
ESRD before their 40s, while in other cases, it appears later in life (late-onset) with patients
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surviving with relatively normal or slightly impaired kidney function to old age [5,6]. The
rarity of AS (prevalence estimated to be 1:5000 [7]) makes it difficult to drive conclusions
about several epidemiological factors of AS, such as the age of onset.

AS is genetically heterogenous, caused by mutations in the genes encoding for trimeric
collagen IV. Out of a total of six collagen IV alpha chains, x1-u6, only three configurations
are biochemically feasible: alalo2, x3045, abo5x6. At maturity, the GBM contains the
a3a4ab trimer [8]. Collagen IV is the most abundant and critical component of the GBM,
and mutations in any of the COL4A3, COL4A4, and COL4A5 genes lead to AS pathology.
According to older literature, most of the cases are caused by a mutation in the X-linked
COL4A5 gene (responsible for ~85% of the cases [7,9]). Mutations in the autosomal genes
COL4A3 and COL4A4, mapping head-to-head on chromosome 2q36.3, are responsible
for the rest of the cases with autosomal recessive inheritance [7]. The X-linked type of
AS is more frequent in women but more severe in men, while the autosomal form of AS
occurs with equal frequency in men and women [10]. More recent data refer to later age
of onset Alport-like or Alport spectrum phenotypes due to heterozygous mutations in
the COL4A3 or COL4A4 gene, typically causing thin basement membrane nephropathy
(TBMN) and presenting with microscopic hematuria since childhood. These patients have
a variable risk of developing focal segmental glomerulosclerosis and progressing to chronic
kidney disease, even ESRD, at ages ranging from 40 to 70 years. This phenotype is much
more frequent but with incomplete penetrance, as about 1% of the population carries
heterozygous COL4A3/A4 mutations [5,11].

One of the hypotheses employed to explain the great variance in AS manifestation
is the allelic heterogeneity between patients, as non-missense mutations (i.e., nonsense,
indels, splicing defects) are accompanied by a greater risk of early-onset ESRD [6]. Similarly,
missense mutations causing the substitution of glycine residues in the collagenous domain
of the collagen alpha chains with amino acids having bulkier side chains also result in
the earlier age of onset of ESRD [12]. Notwithstanding the role of allelic heterogeneity
in interpreting the clinical phenotype, the likely role of genetic modifiers has also been
implicated [13,14]. AS mouse models are a useful tool for eliminating this genetic het-
erogeneity bias, helping in the study of the syndrome in a more restricted and relatively
more homogeneous genomic background while, at the same time, allowing us to design
experiments involving higher and controlled genetic heterogeneity [15]. It does not escape
our attention that other parameters, including environmental factors (i.e., temperature,
light-dark cycle, food, water, and other mouse room conditions), might contribute to the
clinical heterogeneity observed between the mice. We could not account for such factors in
this review. Importantly, the use of AS mouse model enabled treatment experimentation
that led to the repurposed use of ACE inhibitors, as modulators of the renin angiotensin al-
dosterone system (RAAS), with very positive results [16,17]. Because the genetics of mouse
models differ from humans, the data derived from mice should be carefully interpreted. In
this review, we focus on the mouse models created and studied for the understanding of
the molecular basis of AS.

2. Mouse Models for Alport Syndrome

Several mouse models with mutations in Col4a3, Col4a4, and Col4a5 are recorded
in the Mouse Genome Informatics (MGI—http:/ /www.informatics.jax.org (accessed on
25 September 2022)). Among these are models published individually as well as mod-
els created either by a private company (GemPharmatech Co., Ltd., Nanjing, China),
the International Mouse Knockout Consortium (systematically phenotyping by the In-
ternational Mouse Phenotyping Consortium—IMPC), and the Shangai Model Organ-
isms Center—SMOC. In this review, we focus on the models published individually (in-
cluding two models published but yet not recorded in the MGI). The reader can find
relevant information about the phenotypes of the models not individually published
from the corresponding websites (https://www.mousephenotype.org (accessed on 25
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September 2022); https:/ /www.modelorg.com/en/ (accessed on 25 September 2022) and
https:/ /www.gempharmatech.us/en/ (accessed on 25 September 2022)).

To date, 15 mouse models with genetic alterations at any one of the three collagen
chains have been generated into different mouse strains (genetic backgrounds—see Table 1).
The genetic alterations fall into six categories: gene knockouts, domain substitutions,
nonsense mutations, mutations involving a splice donor site, missense mutations, and
alterations substituting an amino acid with a small peptide. As a model, we consider
a mouse carrying a specific genetic alteration in homozygosity or heterozygosity. Nine
models carry alterations in Col4a3, three models carry alterations in Col4a4, and two in
Col4a5. There is also one model with simultaneous alterations in both Col4a3 and Col4a4.
Among these, the most widely used are the Col4a3 knockout models raising the possibility
of experimental bias in the collected data. However, because each model has some unique
characteristics, it is expected that other models will be used in research, depending on the
hypotheses developed.

Table 1. Existing mouse models of Alport syndrome and their genetic alterations. MGD: Mouse
Genome Database (www.informatics.jax.org); ES cells: embryonic stem cells.

Type of Genetic

Existence in

Date Modification/Alteration Description of the Specific Alteration Official Name in MGD Reference
Col4a3
1996 Knockout (in R1 ES cells) Neo cassette replaced the first three exons Col4g3tm1Jhm No [18]
of the NC1 domain
Knockout (in 129X1/Sv] ES Col4a3
1996 cells) Neo cassette replaced exon 5 of the NC1 Col4a3tm1Dec/] No [19]
domain
Col4a3
2006 Heterozygous knockout Neo cassette replaced exon 5 of the NC1 Col4a3tmiDec/] / No [20]
domain
Knockout of mouse Col4«3 Col4a3
2010 NC1—Knockin of human Substitution of the mouse Col43 NC1 Col4a3tm1-1RK1 No [21]
Col4a5 NC1 with the human Col45 NC1
Homozygous Col4a3 Not existing yet—here, presented
2014 knockin—missense mutation Substitution p.G1332E as Colda3pG1332E Yes [22,23]
Heterozygous Col4a3 Not existing yet—here, presented
2014 knockin—missense mutation Substitution p.G1332E as Coldg3P-C1332E /. Yes [22,23]
Col4a3
Substitution p.G1332E L
2021 Compound heterozygous Created by crossing the homozygous Not existing yet—here, presented [22,23]
knockin—missense mutation Col4a3™Dec/) with the homozygous as Col4a3P-G1332E /_ ’
Colda3pG1332E
Col4a3
Homozygous A . . .
2021 CRISPR/ cas-mediated knockin gg&?gﬁgﬁg: f His1669 with an 8 amino Col4a3e™1Bghn Yes [24]
of a peptide (QQNCYFSS—Z-appendage)
Heterozygous Subeitution of His1669 with an 8 amino
2021 CRISPR/cas-mediated knockin 7 .ids peptide Col4a3em1Bghn / Yes [24]
of a peptide (QQNCYFSS—Z-appendage)
ENU mutagenesis, single Col4a4
2011 nucleotide mutation—destroys ~ GA in the intron 8 destroying the canonical ~ Col4a4™1Btlr No [25]
splice donor site splice donor site
Col4a4
2013 Spontaneous mutation GA in the GT splice donor of exon Col4a4bwk No [26]
30—exon skipping but maintains ORF
2019  ENU-mediated mutagenesis Coldad ColdaqmH No [27]
g Nonsense mutation p.G400X ola
Col4a3 and Col4a4 -
1999 Double knockout Insertion of the 4.1kb tyrosinase minigene Not existing yet—here, presented No [28]
TyBS as Col4A3-4
Col4a5 )
2004 Single nucleotide mutagenesis i\ig;l;ir;sg f?i:g;ocrésgéz‘?eiznpi(igé ! Colda5tm1Yses Yes [29]
domain)
Single nucleotide mutagenesis Coldab
2019 & 8 Nonsense mutation ¢.1411 C>T; p.R471X; Col4g5em1Keha Yes [30]

(CRISPR/cas)

creation of a stop codon at exon 21
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Knockout: Two knockout models have been created for the Col4a3. In both models,
a Neo cassette has replaced a part of the NC1 domain of Col443. In the first model, the
deletion involves the first three exons of NC1 (Col4a3t™1hm) [18], while in the second
model, the deletion involves the exon 5 of NC1 domain (exons numbered from the carboxyl
terminus—Col4a3™1Pe¢/]) [19]. In addition to these models, a double knockout for both
Col4a3 and Col4a4 has been created by insertion of the 4.1 kb tyrosinase minigene TyBS in
between the two genes, deleting exons 1 through 12 of Col4a4, exons 1 and 2 of Col4a3, and
the intergenic region comprising the promoter of the two genes (since currently there is not
an official name of this model in MGD, we refer to this model as Col4A3-4) [28].

Domain substitution: One model has been created by a targeted knockin approach
that has substituted the mouse Col4a3 NC1 domain by the human Col4a5 NC1, thus
preventing the in vivo formation of the a3a4a5 collagen IV (Col4a3™1-1RkL) 1],

Nonsense mutations: Three models (one for Col4a4 and two for Col4a5 genes) were
created by the introduction of nonsense mutations. In Col4a4, the mutation was intro-
duced by ENU-mediated mutagenesis, and it involves glycine at position 400 (p.G400X;
Col4a4™™) [27]. In Col4a5, both alterations are targeted mutations, and they correspond to
human-derived mutations. The older model was created by single nucleotide mutagene-
sis, mutating glycine at position 5 of exon 1 of the 7S domain (p.G5X; Col4a5™1Yse8) [29].
The most recent model was created by a CRISPR/cas approach introducing a nonsense
mutation at arginine 471 (p.R471X; Col4a5¢™1Keha) [30],

Mutations causing splicing alterations: Two models are created by mutations involving
a splice donor site of the Col4a4. The first model was created by ENU-mediated mutagenesis
of the +1 guanine to adenine, destroying the splice donor site of intron 8 (Col4a4™Btr). The
mutation resulted in a frameshift error and a premature stop codon located in the collagenous
domain of Col4a4 [25]. The second model emerged as a spontaneous mutation of the +1
guanine to adenine in the splice donor site of exon 30 (Col4a4°"¥). The mutation resulted in
exon skipping but maintained the open reading frame. It does not lead to 100% alternative
splicing as a large subset of mutant transcripts retain intron 30 [26].

Missense mutations: Three models carry the same missense mutation at Col443 in
a homozygous, heterozygous, and compound heterozygous condition. These models
were created by site-directed mutagenesis aimed at the substitution of glycine at posi-
tion 1332 into glutamate, thus recapitulating the corresponding human founder mutation
COL4A3-p.Gly1334Glu. Since currently there is no official name for this model in MGD,
we refer to this model as Col4a3PG1332E. The compound heterozygous mouse was gen-
erated by crossing the knockin mouse with the previously established knockout mouse,
Col4a3'™1Dec/] Here we present in detail only the phenotype of the homozygous knockin
(Col4a3P-G1332E) [22 23], The compound heterozygous mouse has a similar phenotype, while
the heterozygous presents TBMN with a reduced life span [22].

Alterations substituting an amino acid with an octa-peptide: Two models (a ho-
mozygous and a heterozygous one; Col4a3°™!B8"") have been created by a CRISPR/ cas-
mediated substitution of His1669 of exon 52 of Col443 with a human-derived peptide of
eight amino acids (QQNCYFESS; named as Zurich appendage) [24].

3. Comparison of Lifespan

All models have increased mortality compared to the wild-type controls of matching
genetic backgrounds. Increased mortality is dependent on the type of mutation and
the location within the corresponding gene. It is also affected by the gene dosage as
haploinsufficiency affects lifespan less drastically compared to homozygosity. In addition,
the model’s genetic background has been shown to be an essential determinant of the
lifespan [31].

Both Col4a3 knockouts live for approximately 2.5-3 months (50% survival of
Col4a3™1Dec/] in a 129X1/Sv] background is 70.9 +/ — 6.0 days; n = 20) [18-20]. Heterozy-
gosity of Col4a3™1Pec/T extends lifespan almost 10-fold (50% survival 21.7 +/— 2.5 months;
n =10 as compared to 30.3 +/ — 2.4 months in the wild type) [20]. Substitution of the mouse
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Col4a3 NC1 domain with the human Col4a5 NC1 domain also results in increased mortality
as Col4a3t™1-RKl mice survive for 23-30 weeks in the C57BL/ 6] background (~6—7 months;
n = 11) [21]. Interestingly, these authors have used the Col4a3™1Pe/] mice as positive
controls after transferring in the C57BL/6] background (as opposed to the 129X1/Sv] used
in the original study). They report that Col4a3"™!P¢¢/] Jifespan in the C57BL/6] background
is increased to 6-7 months instead of 2-3 in the 129X1/Sv].

All three missense models (Col4a3P-G1332E) are also characterized by an extended
lifespan with mean survival time in homozygosity of 15.1 months (n = 31), in heterozygosity
of 17.9 months and in compound heterozygosity of 16.07 months while wild-type mice
in this study lived on average for 22.7 months (n = 23) in a mixed 129X1/Sv]—C57BL/6]
background (initially in C57BL/ 6], then backcrossed in 129X1/5v] for five generations) [22].
The same mutation on the C57BL/6] background has not been studied in detail, but
apparently, it does not significantly affect the mouse lifespan (Deltas C et al., unpublished
results). It is known that the C57BL/6] background is protective of Alport-caused kidney
dysfunctionality [27,32].

The lifespan of Col4a3°™B8h" is not reported, although the heterozygous model
(Col4a3e™1Bghn /1y syrvives for at least one year [24].

Models carrying alterations in the Col4a4 gene are also characterized by increased
mortality: Col4a4°** has a mean age at death of approximately 3 months (84 days) [26]
while Col4a4™1BY" lives for 6-7 months (approximately a two-fold increased survival) [25].
While this difference might be due to the different position of the mutation in the gene [33],
it is also possible that prolonged lifespan in the Col4a4™BU" is caused by the different
background between the two models (DBA /2] vs. C57BL/6]). This can be clearly seen in
the third model, Col4a4™!H, carrying a Col4a4 truncating mutation, p.G400X. This mutation
mimics a knockout model, as verified by the absence of the Col4a4 protein. When p.G400X
is introduced in a C57BL/6]-enriched background, the mean survival is approximately
3 months (97 days), while when the same mutation is introduced in a C3H.Pde6b-enriched
background, the mean survival is reduced to half (47 days) [27].

Col4A3-4 (lacking the expression of both Col4a3 and Col4a4) is also characterized by
a similar lifespan to the previously described models as it survives for approximately
3 months (10-14 weeks—in the FVB/N background) [28].

Models carrying Col4a5 alterations have a slightly increased survival compared to
the rest. For example, male Col4a5™1Y5¢8 mice have a median survival of approximately
5-6 months (23 weeks—C57BL/6] background). Female carriers of the same mutation
have longer median survival (39 weeks) due to random X-inactivation [29]. Similarly;,
hemizygous male Col4a5°™1Keha mice start dying at 6.5 months (26 weeks; 72.2% died by
30 weeks—C57BL/ 6] background) [30]. It is unclear yet whether this is due to the genetic
background or due to the affected gene, but the prolonged survival of the Col4a4™1Btr,
which is also into a C57BL /6] background, makes it possible that the genetic background is
the factor affecting the prolonged survival of Col4a5-based models [25].

4. Comparison of Sex, Morphological, and Physiological Characteristics

There is a sparsity of data regarding epidemiological variables such as sex, mouse
weight, kidney appearance, volume of drunk water, and volume of urine secreted. These
are important variables as they can provide a sense of the initiation and progression of
kidney dysfunction.

Although sex bias in the severity and progression of the disease is expected for the
two Col4a5 models due to their X-linked nature, such bias is not expected for the autosomal
Co4a3- and Co4a4-based models. However, the phenotype of another autosomal kidney
disease, polycystic kidney disease, is presented in a sex-dependent manner, despite its
autosomal nature [34]. In addition, sex and background-dependent differences in the
composition of GBM, associated with albuminuria, are reported in healthy mice [31].
The possible sex-dependent bias in disease manifestation has been examined using the
Col4a3™1Pec/] and no difference was observed in disease progression [35]. In contrast, data
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derived from the Col4a4°"* suggest a sex-dependent difference in the albumin-to-creatinine
ratio [26]. This difference could be due to the different genetic backgrounds in the two
studies [33], or it might be the result of the early mortality of these models masking a
possible late-onset sex bias in disease manifestation. Since the early signs of disease in
Col4a3t™1Pec/T are already visible by the time these mice enter puberty (~1 month of age,
see Table 2) [36], a sex bias cannot be excluded. Importantly, recent findings suggest a
sex-biased difference in gene expression of more than 700 genes in the proximal tubules [37].
Thus, a model with longer survival, such as Col4a3p-G1332E might be necessary to test this
hypothesis. Thus far, no sex difference in lifespan has been reported for this knockin model.

Kidney coloration becomes pale in all models. Col4a3t™Uh™ kidneys have a shrunken
and wrinkled surface, while Col4a5™1Yseg kidneys have surface pallor, dullness, and
pockmarking [18,29]. A smaller kidney size is reported for Col4a3™hm (Col4g3tmIDec/],
Col4a4™H = Col4a5emIKeha and in Col4a4™1BYr [18,19,25,27,30]. Similar observations are
also made by Odiatis and Deltas for the Col4a3p-G1332E (unpublished results). In contrast,
Col4A3-4 kidneys are approximately 15% larger in size than their control littermates [28].
The reason for this difference is still unknown, and since then, no other model has been
described with kidney size larger than controls. At the ESRD, there are reports of a rough
granular appearance [19]. Cystic appearance, which reminds of polycystic kidney disease,
was reported in patients heterozygous for COL4A3/4 mutations [38,39].

Uremic cachexia is prevalent in chronic kidney disease and is associated with increased
mortality [40,41]. Six models are reported to be cachectic. For example, Col4a3tmIJhm jg
characterized by body weight reduction starting after 2 months [18]. Similar findings are
reported for the Col4a3™1Pe/] and the Col4a4®"* [26,35]. Col4a4™H is characterized by
a reduced weight at approximately 1.5 months (5 weeks). Body weight of hemizygous
Col4a5°™1Keha males appears normal until 14 weeks of age with a slower gain as compared
to wild-type mice after 16 weeks [30], but when examined at 24 weeks, the body weight of
these mice is reduced compared to the wild type [42]. In the Col4a3PG1332E body weight is
gradually decreased from 6 months onward (Odiatis and Deltas—unpublished results). In
contrast to these observations, the body weight of Col4a3™1 1Rkl mice is normal. Although
the authors do not define this, this unexpected finding might be due to an early age of
examination [21].

Data derived from only two models (Col4a3™Ihm and Col4a4™1H) report an increased
urine volume (increased after 2 months in the Col4a3™Uhm and after 1 month in the
Col4a4™1H) [18,27]. No other data exist regarding the urine volume excreted by Alport mice.

The effect of Alport on the volume of consumed water was examined only in the
Col4a4™H . The researchers report an increase in consumed water volume at one month
(4 weeks), which agrees with the observation that urine volume in this model is also
increased at this time [27].
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Table 2. Lifespan and kidney-related phenotypic features in mouse models of Alport syndrome. GBM: glomerular basement membrane; TBM: tubular basement
membrane; RBCs: red blood cells.

. . GBM s
. Model’s . . P Fibrosis— Glomerular Tubular Expression of Serum BUN/
Strain Name Lifespan Hematuria Proteinuria Inflammation g}‘g&lg;li?i%};{ Alterations Alterations Collagens Creatinine Serum Urea Reference
Altered Thickened Atrophi
phied, A
o, appearance B , le, X . bsence of Col4a3,
(129X1/Sv] x 131‘111231’};};\5 (eE;‘/o Protein/creatinine Extracellular matrix (basket t}ﬁz\l’(r::;\ds_ Cclzgzg e dlltal:e}?' flllleg Col4a4, and Col4a5 Normal until 2 Normal until 2
129S1/Sv)F1- Col4q3tm1Jhm than 4 g Absent ratio: 2—>20-fold between tubules by weave-like) and capillary loobs Wli 60 a ml y but presence of months, then months, then [18,43]
Kitl* an after 2 months ~P60 molecular apriary ‘oops, ~rou, Am- Col4al, Col4a2, and increased increased
months) ition b filled with hyalin upregulation, 11 VIin GBM
;cér&posmon y by P60 apoptosis collagen VIin
Focal thinning, Thickened
o Enhanced
Present ;[r)(l)lgrlé\sgs/mg Es;;?sig: g?}:;:le, ?tsining for ésféfeﬂlc,eaﬁiicco(l)ﬁgé Began to rise at
s - .. ibronectin, ~ .
129X1/5v] Colda3tmiDec/] ;80{," sj:ugv(;val. (c?)(i‘%jsoc?gs 10-15mg/mlby 6-6.5  Present in glomeruli rarelf1fathn, and mesangial matrix, increased gfcﬂliB}z\fezggczzy Increased at 8-9 relg cﬁfeeslisdx of [19,20,44]
v o days ’ per mL) by 2 weeks by 14 weeks gl)il;lailrauiﬂiéred presence of proliferation, Col4al and Col4a2 weeks wild-type o
weeks molecular microvilli on the metabolic, and into mesangial area, control
composition at 4 pedicles, collapsed  mitochondrial GBM, and TBM
to 14 weeks capillaries defects ’
Increased
o . mesangial cells,
50% su{yyal thickened
5101743:32 54D Bowman's capsule, Inﬁrelased
. . : _ cellular size,
months; Mild proteinuria Upregu'latedf Reduction in the f:[lflli‘(:imn of EHS vast amounts of ﬁ;ﬁis:fd atls
1D /4 : expression of ; 3 ; 5
129X1/5v] Col4a3tmiDec/I_ Colda3 */+: Present after (>0.1 g/L) increased fibronectin and thickness of interstitial euchromatin, Not measured Not measured reached >125 [20]
GBM b 4 d
heterozygous 30.3 +24SD 8 weeks to >3 g/L before . A BM by 12 myofibroblasts increase me/dL before
months; death fibrosis markersat 10 |\ 0o Yy 4 intratubular 8
Colda3 —/—: and 30 weeks gnd macrophages protein load at death
70.9 + 6.0 SD in glomeruli at 30 12 months
days weeks, )
glomerulosclerosis
at 12 months
Altered
molecular
composition Absence of Col4a3
Interstitial fibro- with POdOCYfef§00t t and Col4a4 from
C57BL/6] Albumin/creatinine sis/inflammatory Col4al/Col4a2 p;‘ (;;SS ekacemen Tubular atrophy ~ GBM and the
1 ) o A chains at 22 weeks; initiati resence of Col4al,
Egeo;erations Col4a3tm11RKL 23-30 weeks Not ratio: 0.82 £ 0.16 at 8 infiltration initiating assémbling into glomerulosclerosis (mlt;(a t'mg at12 201432 Colda5, and xs;ﬁis&dﬁgzi Not measured 21]
f measured weeks; 17.37 + 0.83 at 12 weeks; h mitiating at 12 weeks; 1426 i ’ y
rom 129Sv to at 12 weeks tensi {0 K the ks - extensive at 22 Coldab into 0.0692 mg/dL)
C57BL/6]) extensive at 22 weeks 2ol /o2l Weeks; extensive weeks) mesangium, GBM,

(61% + 5.31)

network; focal
thinning-
thickening at 22
weeks

at 22 weeks (38%
+3.6)

and Bowman’s
capsule
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. . GBM .
. Model’s . . B— Fibrosis— Glomerular Tubular Expression of Serum BUN/
Strain Name Lifespan Hematuria Proteinuria Inflammation &%‘;}%ﬁ?ﬁ)}: Alterations Alterations Collagens Creatinine Serum Urea Reference
Moderate to severe Thinni
129X1/Sv] (5 R periglomerular and inning- Expression of ~35
generations Col4a3 Mean Intermittent A}'iu;? gn;giﬂ:so 1 interstitial fibrosis; thickening and STE};I,I; lental or kDa collagen IV NC1 %rsmrzezased atL . {rgcrzezased a&\
from p.GI332E survival time: after 3 g 4 mild to moderate splitting 8 . Tubular injury fragments at the s months in L0 ronon S [22]
increased to >1 g/L Py . Jomerulosclerosis 62.5% of in 62.5% of
C57BL/6] to homozygous 15.1 months months infiltration by morphology by g GBM . absence at the h h
129X1/Sv]) after 15 months lymphocytes by 20 5 mnths by 20 months o omozygotes omozygotes
months
GBM thinning Podocyte foot
Moderate and thickening process effacement
Not Not albuminuria lamellated an. d, (age not defined), Normal expression
C57BL/6] Col4a3em1Bghn (albumin-to- Not measured , lomerulosclerosis; ~ Not measured of Col4a3, Col4a4, Not measured Not measured [24]
measured measured creatinine ratio) from occasionally & ional ’ and Col4a5 proteins
9 to 23 weeks S'PliAt (age not ?grcre;lsalzgi of P
defined) crescents
Not
measured— Mild albuminuri
Colda3em1Bghn some mice Not (allbu;linliginur 1a GBM thinning ) Normal expression
C57BL/6] het were used for measured creatinine ratio) at Not measured and thickening Glomerulosclerosis ~ Not measured of Col4a3, Colda4, Not measured Not measured [24]
eterozygous e):}:snmenti one year at one year and Col4a5 proteins
at the age o
one year
Proteinuria initiates
Present by 3 Focal/segmental
1B months old a3 tr,rllp Iﬁﬂ(\fib 4 glomerulosclerosis; : ; Tubular atrophy Increased at 5
C57BL/6] Col4a4™1Btlr 6-7 months (Chemstrip estal 1’lls (eC | y Interstitial fibrosis by Not examined Not examined and dilation by Not measured Not measured months [25]
. months emstri 5 th
analysis) analysis) P 5 months months
Glomerulosclerosis, Synechiae, . .
Elevated . P . Tubular protein Low expression of
Mean N Albumin/creatinine ;";blkl‘lgt;terStltlal expansion of . casts, tubular Col4a3/a4/a5 and
NONcNZO4/Lt survival time: ot by 4 weeks, reaching nep ! . Not examined mesangial matrix, atrophy increased expression Not measured Not measured
124 days measured 3,400 mg/g at 6 1nﬂ§mma'§0'1‘y cells in glomerular examined at 3 of Col4a2 in the GBM
weeks :ngé?ﬁes:rsntlum at3 f;gicglrgs at3 months at 5 and 10 weeks
Splitting,
thickening, and
Albumin/creatinine Late-onset (9 weeks) basket—wgave— Pod ‘ Latellonsett’ (91
12951/ 14adbwk Not Not 3000 mg/g (females), glomerulosclerosis, like odocyte foot Weet §) tu ’{‘ ar N d N d N d [26]
Svim] Coldat measured measured 5000 mg/g (males) at  inflammatory cell morphology, S\fiaeiesment até 1; rr\(c)l i:ﬁ)ﬁz: ot measure ot measure ot measure
12 weeks infiltration extensive atroph
lesions at 6 phy
weeks
Splitting,
- thickening,
Mean age of Albumin/ creatinine Ela(:ge(r)zls(fstc(lir‘g:ieskS) basket—wfave— Podocyte foot Early-onset (6
g Not 7300 mg/g (females), ~ 80Mer like A weeks) tubular
DBA/2] death: 84 and mild effacement at 6 > Not measured Not measured Not measured
measured 8700 mg/g (males) at ¢ morphology, protein casts,
days inflammatory cell R 4 weeks
12 weeks e - extensive tubular atroph:
infiltration phy

lesions at 6
weeks




Genes 2022, 13, 1893 9 of 20
Table 2. Cont.
. . GBM .
. Model’s . . B— Fibrosis— Glomerular Tubular Expression of Serum BUN/
Strain Name Lifespan Hematuria Proteinuria Inflammation &%‘;}%ﬁ?ﬁ)}: Alterations Alterations Collagens Creatinine Serum Urea Reference
. - Glomerular
Protein/creatinine
63% Mean Not ratio: not gnlargergent, Tubular dilation, I datd I datd
C3H.Pde6b+/37% survival time: 00 significantly Increased  nd hyaline casts (at Increased a Increased a
C57BL/6] 70 days increased at 4 and 7 Ty, 53 days)
weeks sclerosis (at 53
days)
4 weeks:
larger-swollen
Mean Present at 4 I:}?i(cil?;zttaedslfoot Increasgd
C3H.Pde6b+ Col4aq™1H survival time: weeks Present from 4 weeks Reduced Not examined processes, expression of Absence of Col4a4 Increased at 7 Increased at 7 [27]
enriched 47 days (dlpst@k (dipstick analysis) inflammation flattened, and (Kim-1) by 4 from glomeruli weeks weeks
analysis) markers by 4 weeks irregular. weeks
in the B6-enriched 7 weeks: podocyte
strain compared to effacement
the C3H-enriched A
Not . strain Hyaline casts,
ot presen mild tubular
C57_'BL/ 6] gﬁisri]val time: at 4 wgeks Prgser}t from 7 v_veeks z:)e?;i)i]:r:l;ia; basophilia at 49 Normal at 7 Normal at 7
enriched 97 days (dlpstlgk (dipstick analysis) weeks days. Reduced weeks weeks
analysis) Kim-1
expression
Hyperplasia of Intratubul
: theli ntratubular
Thin/focally E:ﬁl:tcarleiggnhtiml RBCs; protein Colda3, Coldad. and
duplicated at 2 glomerulonephri- casts at 2 weeks. Cgl 4:5,ab(;e r{at fr(a)rrll
b s Detectable at 2 Interstitial fibrosis b }[Azﬁgllis. di X &15; increased glrlg%laggftlil‘sle at both GBM and TBM. Norﬁ'n alloa tf61d
FVB/N ColdA3-4 10-14 weeks W’;’jf;‘t at weeks; 10-fold Snvfézk‘s‘a 1Drosis by :}C\ er/disorganize esangial or 4 weel}(’s Col4al and Colda2 e a1 Not measured  [28]
elevated at 1 month wi . endocapillary cells; Lo are detected in the
basketweaving e % Tubular injury GBM. TBM, and weeks
of the lamina Brd‘U positivity of and tubular mesaﬁgiun{
densa later parietal e?nd atrophy at 8
endocapillary cells  yeeks
at 5 weeks
Males: Malles: at 4 weeks,
lamellation at 4 :ﬁiﬁg;ﬁ:gaﬂ
From 6 to 34 weeks, e,
weeks; lamellation- mesangial Males: at 4 Coring from CBM
median: 23 Males at 17 weeks: splitting at 17 hypercellularity. weaeiz gt arin and TBM and of
weeks Present in mal(_es afﬁer widespread weeks, At7 weeks, of tub(llcl;)inter% Coldab from Increased
C57BL/6 Colda5t™1Yse8 gntlg lzg)x;/vl:erei? gg;sured angsg’{;sl;eil;gﬁg;lrla ;gﬁﬁmiimn and ggcizcs};te foot jlailr:tlilgf\yclggﬁlary stitium. Bowman(’js capsule; Not measured plasma urea [29]
e 4 S , Females: at 17 conserved expression nitrogen levels
mecir: 35 redweds oo dacema, sl ol ofColiat and Coll
(female & i denudation: capsular abnormalities Mosaic Col4a5 and
carriers) Females: . adhesions. Col4a3 in females

lamellation at 17
weeks

Females: at 17
weeks, focal
abnormalities




Genes 2022, 13, 1893 10 of 20
Table 2. Cont.
. . GBM .
. Model’s . . B— Fibrosis— Glomerular Tubular Expression of Serum BUN/
Strain Name Lifespan Hematuria Proteinuria Inflammation &%%l::;li?ﬁ)}: Alterations Alterations Collagens Creatinine Serum Urea Reference
ﬁs)’tcglweeks : Glomerular tuft
Hemizygous irregularity of ]c3011apse f;hlckeneld
males: GBM/occasional POV.VI?T] sucap sule. Tubulointerstitial
started dying foot process arietal cel changes
Present and 1 . P hyperplacia and ? : Loss of Col4a5 from Increased
om1Keha at 26 weeks; Present after : : Interstitial fibrosis by effacement; at hyperp associated with Increased levels
C57BL/6] Col4asem1Keha 722% died by 22 weeks 1ncriasmg before 10 6 woeks 22 weeke: increased glomeruloscle- Sv]:é\lﬂ(sand TBM at 6 after 10 weeks is\elgll(ss after 10 [30]
30 weeks. weexs marked mesangial rosis initiating
Median: 28 thickening with ~ Matricesat6 at 6 weeks
weeks matrix weeks. Glomeru-

lamination in
GBM

losclerosis at 22
weeks




Genes 2022, 13, 1893

11 of 20

5. Comparison of Homeostasis and Metabolism

Proteinuria is a common symptom of all Alport mouse models. In the Col4a3™Uhm,
protein/creatinine ratio increases from 2- to >20-fold after two months [18]. Similar find-
ings apply to the Col4a3"™1Pec/], which develops proteinuria (10-15 mg/mL) by the age of
1.5-2 months in the 129X1/Sv] background [19]. The half dosage of Col4a3 in the heterozy-
gous Col4a3™1Pec/] develops mild proteinuria (>0.1 g/L) at 3 months, which is increased to
>3 g /L before death [20]. Col4a3tm1IRKL jg presented with an elevated albumin-to-creatinine
ratio by the age of 12 weeks (17.37 £ 0.83). Importantly, these researchers have used
the Col4a3t™1Pec/] a5 a positive control, albeit in a C57BL/6] background. They report
an elevated albumin-to-creatinine ratio in their positive control by the age of 12 weeks
(10.36 = 0.99), emphasizing the significance of the background on proteinuria initiation [21].
Mild proteinuria also appears in the knockin Col4a3P"G1332E at 3 months (>0.1 g/L) which is
increased more than 10-fold by the age of 12 months (>1 g/L) as well as in the Col4a3¢™1Bshn
(between 9 and 23 weeks of age) and the heterozygous Col4a3°™!B8h /+ (at one year of
age) [22,24]. The Col4a4™'BU" is also characterized by proteinuria (measured by Chemstrip
analysis) that initiates at 3 months (3/23 mice > 30 mg/dl) and is established by the age
of 4 months (7/7 mice > > 30 mg/dL) [25]. The Col4a4P™ is characterized by an elevated
albumin-to-creatinine ratio by 4 weeks (reaching 3400 mg/g at 6 weeks). Proteinuria in the
Col4a4™™ appears at 4 weeks when in a C3H.Pde6b-enriched genetic background [27]. In
the Col4A3-4, proteinuria is detectable by the age of 2 weeks (elevated 10-fold at the age of
1 month) [28]. Proteinuria is also detected in both Col4a5-based models: in the Col4a5tm1Yseg
model is detected in hemizygous males older than 7 weeks and in female carriers older than
9 weeks [29], while in the Col4a5em1Keha urinary albumin in males increases after 6 weeks
and remains high after 22 weeks (mean: 2,108 £ 608 ng/16 h—only male mice were used
in this study) [30].

In contrast to proteinuria, hematuria is not a consistent feature in Alport mice. While
some models appear to be negative for hematuria, in others, it is present. A subset of
those models where it is positive demonstrates intermittent presentation. For example, the
Col4a3™h™ does not develop hematuria, while the Col4a3™1Pe¢/J develops microscopic
hematuria at 2 weeks, although both are knockout models [18,19]. The heterozygous
Col4a3t™1Pec/T also presents hematuria early in life (after 2 months—>10 erythrocytes per
field of view x400) [20]. The Col4a3P-G133%F is the only model characterized by intermittent
hematuria among the Col4a3-based models, which develops after 3 months [22]. Among
the Col4a4-based models, only dipstick data exist regarding hematuria. Thus, in the
Col4a4®"%, no hematuria is detected, while hematuria appears in the Col4a4™Btr at the
age of 3 months [25,26]. Hematuria also appears in the Col4a4™!H at 4 weeks when in a
C3H.Pdeéb-enriched genetic background [27]. Data for the Col4a5-based models exist only
for the Col4a5e™1Keha v here hematuria was detected after 22 weeks of age) [30]. Hematuria
was not measured in the Col4a3™11RKI nor in the Col4a3°™1B8hn although Alport patients
carrying the Zurich variant are characterized by hematuria [21,24].

A rise in the blood urea nitrogen levels (BUN) and serum creatinine can be seen in
all models, sometimes shortly before their death. In the Col4a3t™Uhm BUN and serum
creatinine are initially maintained at normal levels but are increased after two months of
age [18]. Similar data are reported for the Col4a3™1Pe¢/] model, with BUN beginning to
rise at 10 weeks and eventually reaching 10-fold the wild-type levels [19]. Serum creatinine
in the Col4a3™11RK! j5 increased 4-fold at 22 weeks, reaching 0.425 4 0.0692 mg/dL [21].
In the heterozygous Col4g3tmDec/] BUN begins rising much later, at 18 months, and
eventually exceeding 125 mg/dL before death [20]. This finding agrees with data reported
for the Col4a3P-C1332E  yhere both serum urea and serum creatinine were increased at
15-22 months in most animals [22]. In the Col4a4™Btr BUN is only elevated at 5 months
but not at 4 months, while in the Col4a4™'H, both BUN and creatinine are raised already by
the first month [27]. In the Col4A3-4, BUN is reported to be normal at 6 weeks, but it was
10-fold elevated at 12 weeks [28]. Increased BUN and serum creatinine can also be detected
in the Col4a5t™1Y5¢8 at 16-week-old hemizygous male mice [45].
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6. Comparison of Glomerular Alterations

A hallmark of AS is the characteristic thinning and splitting structure of the GBM [46].
Therefore, all Alport mouse models should share similar glomerular lesions, and this seems
to be true, albeit with a background-dependent difference in the timing and severity of
these alterations [31].

The Col4a3t™Uhm develops a basket-weave-like GBM with altered composition (abnor-
mal presence of perlecan, fibronectin, and collagen VI at 60 days). In addition, electron
microscopy analysis shows that the GBM of this model is decellularized, rough, and
blebbed at 12 weeks [47]. The glomerulus of this model has a thickened Bowman'’s capsule
as well as thickened and closed capillary loops filled with hyalin. Immunofluorescence
analysis verified the absence of Col4a3, Col4a4, and Col4a5 and documented the expres-
sion of Col4al and Col4a2 proteins in the GBM [18]. A similar finding is reported for
the Col4a3™1Pe</] This model has an altered appearance of the GBM with focal thinning
and splitting, progressing rarefication, and multilamination from peripheral to internal
capillaries. GBM’s composition is also altered with increasing concentration of laminin-1
and ectopic expression of fibronectin and HSPG from 4 to 14 weeks. Bowman'’s capsule is
thickened, and there is an expansion of the mesangial matrix. Podocytes have an altered
morphology with the appearance of microvilli on their pedicles. Col4a3, Col4a4 and Col4ab
are absent but there is ectopic expression of Col4al and Col4a2 into the GBM [19]. In the
heterozygous Col4a3t™1Pe¢/J it takes much longer for the GBM to be altered, and the effect
is milder: only a reduction in its thickness is observed at 12 months, presenting typical
thin basement membrane nephropathy. There is an occasional thickening of the Bowman’s
capsule, and the mesangial cell number is increased. At 30 weeks (~7 months old), there
is an ectopic expression of laminin-1 and fibronectin in the intra- and peri-glomerular
space. In addition, signs of glomerulosclerosis and inflammation are present (infiltration
by interstitial myofibroblasts and macrophages) [20].

The GBM of the Col4a3"™1-1RK1 j5 also characterized by focal thinning and thickening
at 22 weeks, and additionally, the collagen network structure is altered, composed by hex-
amers of Col4al and Col4a2 assembled into the x2o1x1/ o210l network. Col4a4 protein
is not expressed, and Col4a5 and Col4a6 expression are expanded into the mesangial area.
Although Col4a3 is expressed as a hybrid mouse/human protein, it does not contribute
to network formation. At the age of 12 weeks, there are signs of glomerulosclerosis initi-
ation, which becomes extensive by the age of 22 weeks. At the same age, podocytes are
characterized by foot process effacement [21].

GBM thinning and splitting are also seen in the knockin Col4a3 at the age
of 5 months. These mice demonstrate podocyte foot process effacement and segmental
or global glomerulosclerosis when examined at 20 months. In this model, a cleaved C-
terminal fragment of collagen IV (including the NC1 domain—35 kDa in size), instead
of the intact collagen IV, can be detected in the GBM already by the age of 4 months [22].
The researchers showed Mmp?9 activation in the mutant glomeruli at approximately the
same age, but the exact mechanism regulating the formation of the fragment and its role in
disease remains unknown.

Although Col4a3, Col4a4, and Col4a5 protein chains are expressed in the glomeruli
of Col4a3°™1B8h mice (both the homozygous and the heterozygous models), the presence
of the Z-appendage results in the abnormal structure of GBM. This includes thinning
and thickening, lamellation, and, occasionally, splitting, along with podocyte foot process
effacement. In addition, varying degrees of glomerulosclerosis with rare crescents are
observed [24].

A similar phenotype is observed among all Col4a4-based models. Col4a4®™X is character-
ized by synechia, expansion of the mesangial matrix, and glomerular crescents at the age of
3 months. In addition, this group reports the presence of glomerulosclerosis. A low expression
of Col4a3, Col4a4, and Col4a5 is observed, which are still capable of assembling into protomers.
In addition, increased expression of Col4a2 in the GBM is observed at 5 and 10 weeks. This
model is also characterized by splitting, thickening, and basket-weave-like morphology of
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GBM at 6 and 9 weeks [26]. Col4a4™ B shows only occasionally increased periodic acid-Schiff
staining in glomeruli at 2 months, but by the age of 5 months, the glomeruli develop focal
and segmental glomerulosclerosis [25]. In the Col4a4™™H model, there is an enlargement of
glomeruli as well as increased cellularity, examined at 53 days [27]. The absence of Col4a4
was verified by immunofluorescence staining.

Glomeruli of the Col4A3-4 are characterized by hyperplasia of parietal epithelial cells
(thickened Bowman’s capsule) by the age of 5 months, increased number of mesangial
or endocapillary cells, and increased cell proliferation, as determined by BrdU positivity,
already by 4 weeks. Based on the location of the BrdU signal, increased proliferation is not
detected in the podocytes. Crescentic glomerulonephritis is also observed. GBM is thin
and duplicated at 2 weeks, and later it becomes thicker with basket weaving of the lamina
densa and lacks expression of Col4a3, Col4a4, and Col4a5. Abnormally strong ectopic
expression of Col4al and Col4a2 chains are detected in the capillary loops of the GBM [28].

In hemizygous Col4a5™1Y5*8 male mice, glomeruli at 4 weeks present with subtle
findings such as capillary wall thickening and mesangial hypercellularity only to worsen at
7 weeks with capillary loop dilation/simplification, capillary tuft collapse, and capsular
adhesions. Focal glomerulosclerosis is detected at 17 weeks. In these mice, GBM is charac-
terized by lamellation at 4 weeks, which progresses into splitting at 17 weeks. Podocyte
morphology is also altered with foot process effacement and vesiculation. The expression of
Col4a5 and Col4a3 is lost, but the expression of Col4al and Col4a2 is maintained. In addition,
the expression of Col4a6, normally detected within Bowman's capsule, is also lost [29].

Glomeruli of Col4a5°™1Keha male mice present with subtle findings at 4 weeks, only to
worsen later, by 6 weeks, with parietal cell hyperplasia/collapsed glomerular tuft in a few
glomeruli and occasional foot process effacement associated with abnormal GBM. At this
age, GBM is characterized by focal irregularity /thickening that is accentuated and becomes
widespread from 14 to 30 weeks. At the same period, increasing areas of cellular crescents
with fibrinoid exudate appear. These crescents are derived from two different cell types in
the Bowman'’s capsule: migrating CD44+ fibroblasts and «-Sma+ parietal endothelial cells.
When examined at 22 weeks with low vacuum scanning electron microscopy (LVSEM), the
GBM surface appears ragged in the mutant mice instead of smooth in the wild type. At
this advanced age, there is widespread glomerular tuft collapse with thickened Bowman'’s
capsule, parietal cell hyperplasia, increased mesangial matrices, and increasing glomerular
enlargement in parallel with increasing glomerulosclerosis. Expression of Col4a5 is not
detected either in glomeruli or tubules [30,42].

7. Comparison of Tubular Alterations

Defects in tubules are common among Alport mice, and, in general, the different mouse
models share similar tubular alterations. Col4a3/ o4 /a5 chains are expressed in the mouse
proximal tubular basement membrane, assuming the collagen IV-a3x4«5 configuration,
but not in humans [48-50].

The Col4a3™1h™ g characterized by atrophied and dilated tubules that are filled with
hyalin at 60 days) [18]. A later study of the same model by other investigators reports the
upregulation of the kidney injury molecule-1 (KIM-1—marker of injured proximal tubules)
in the proximal tubules as well as increased apoptosis (detected by TUNEL assay) [43].
Such morphological tubular alterations are not reported in the original publication of
the Col4a3™1Pec/] but these authors report the expression of Col4al and Col4a2 on the
TBM and the enhanced staining for fibronectin on the walls of the tubules [19]. A more
recent study of Col4a3"™1Pe/J reports KIM-1 upregulation, increased cellular proliferation
(shown by EdU incorporation), and increased levels of free cholesterol in the tubular
cells of these mice [44]. Moreover, the culture of isolated primary Col4a3™!Pe¢/] tubular
cells has shown that these cells are metabolically defective, as is shown by the defective
mitochondrial respiration [44]. Heterozygosity of Col4a3"™1Pe</J also has a negative effect
on tubular cell physiology at the age of 12 months, as the tubules are filled with protein
casts, and tubular cells are increased in size with vast amounts of euchromatin, suggesting
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an altered transcriptional profile [20]. For the Col4a3™11Rkl the only tubular alteration
that is reported is tubular atrophy [21]. In the homozygous knockin Col4a3P-G1332E model,
immunofluorescence-based analysis shows severely impaired secretion of Col4a3, Col4a4,
and Col4a5 in the tubular basement membrane, while expression of the «1 and «2 chains
was normal [22]. About one-third of the mice showed a 75% degree of tubular injury.

In the Col4a4™'BY" tubular defects initiate before the age of 2 months as there are some
dilated tubules by this time that progress into a more severe phenotype with tubular atrophy
and dilation by 5 months [25]. In the Col4a4"¥, the existence of tubular protein casts and
tubular atrophy is reported at 3 months when the mutated Col4a4 is in a NONcNZO4 /Lt
genetic background. The effect of this mutation on tubules is background-dependent
because there is an earlier-onset of tubular phenotype when the mutation is in DBA /2]
than when it is in 12951 /SvIm] (6 weeks instead of 9 weeks of age) [26]. Such difference
in the onset of phenotype is not observed in glomeruli of the same mice suggesting a
differential effect of the genetic background on glomeruli and tubules. Tubular dilation
and hyaline casts are also observed in the Col4a4™H model [27]. However, this group
has also shown that in their model, tubular defects precede glomerular defects when in
C57BL/6]-enriched genetic background. For example, mild tubular defects can be seen in
the C57BL/6]-enriched genetic background by the age of 7 weeks, while no glomerular
defects can be seen at the same age in the same background, suggesting that the genetic
background not only can determine the severity and progression of symptoms on the
tubules, but it can also determine the tissue (glomerulus or tubules) where the onset of
disease will be initiated.

In the Col4A3-4 model, tubular cells become more proliferative at the age of 4 weeks,
as is shown by BrdU positivity. There is also tubular injury that progresses to tubular
atrophy by the age of 8 weeks [28]. The authors did not examine tubular cell alterations in
the two Col4a5-based models [29,30].

8. Comparison of Fibrosis and Inflammation in the Interstitium

Fibrosis and inflammation are common aspects of all models developing late during
disease progression. In the Col4a3™Uh™ mice, there is a deposition of extracellular matrix be-
tween tubules by the age of 60 days [18]. A similar finding is reported for the Col4a3t™1Pec/]
knockout model. In this case, the tubular walls show enhanced staining with fibronectin
by 14 weeks, and additionally, there is extensive fibrotic cell proliferation, as shown by
EdU incorporation, as well as lipid accumulation in the interstitial space. Increased ex-
pression of the macrophage marker CD68 suggests increased macrophage infiltration and
inflammation [19,44]. Fibrosis is also detected in the heterozygous Col4a3™1Pe/] as well as
the Col4a3™11RKI models, albeit at an older age (upregulated expression of the profibrotic
cytokines TGF-B1 and CTGF at 10 and 30 weeks in the heterozygous Col4a3™1Pec/T and
positivity for periodic acid-Schiff and Masson Trichrome staining at the age of 22 weeks
for Col4a3™11IRKL 150 91]). The Col4a3P-C1332E model also develops moderate to severe
periglomerular and interstitial fibrosis when examined at 20 months, shown by upregu-
lation of TGF-f31 and Acta2 in glomerular and kidney lysates as well as by histochemical
staining with periodic acid-Schiff staining, Sirius Red, and Masson’s Trichrome [22].

Col4a4™1BHr develops interstitial fibrosis and collagen positivity from the cortex into
the medulla by the age of 5 months [25]. In the Col4a4®™X, there is tubulointerstitial
nephritis and inflammatory cell infiltration (derived from the innate immune system)
in the interstitium at the age of 3 months when the mutation is on the NONcNZO4/Lt
background [26]. This group has shown that the initiation of nephritis and inflammation in
the interstitium is also background-dependent because when the mutation resides on the
DBA /2] background, inflammatory cell infiltration in the interstitium occurs as early as
6 weeks, while when the mutation resides on the 12951 /SvIm] background, inflammation
is delayed (at 9 weeks of age) [26]. Similar findings are reported for the Col4a4™™H model:
fibrotic and inflammation markers are reduced at the age of 4 weeks in a B6-enriched
model compared to a C3H-enriched one suggesting an effect of genetic background into
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the initiation of fibrosis and inflammation as is also the case for glomerular and tubular
alterations [27].

In the Col4A3-4, interstitial fibrosis is apparent at 8 weeks. Fibrosis and inflammation
are also detected in the Col4a5™1Y%¢8 model. In addition, macrophage infiltration (as
shown by F4/80 positivity) and expression of pro-inflammatory cytokines such as II-6,
KC/11-8, Stat3, and Socs3, are detected in the kidneys of 16-week-old Col4a5™!¥5¢& mice
(C57BL/6 background) [45]. Moreover, these mice are characterized by the expression of
the pro-fibrotic genes of a-SMA, Tgf-b, and Collal, as well as Mmp9 [45]. The Colda5e™1Keha
develops tubulointerstitial changes associated with glomerulosclerosis at 22 weeks [30].

9. Comparison of Ocular and Hearing Defects

Kidney defects are not the sole defect caused by AS. Hearing loss and ocular abnor-
malities are frequently observed in patients. Although in mouse models of AS, this field is
poorly studied, the current data suggest that auditory and ocular defects appear in Alport
mice, albeit not with 100% penetrance, and are model-dependent (see Table 3). In the
Col4a3™1hm 3 out of 12 mice (at the age of ~3 months) had defective auditory sensitivity
as determined by the auditory brainstem response (ABR) test [18]. In the Col4a3t™1Pec/]
model, only sporadic results are reported by the same test, but an irregular shape of the
basement membrane encasing the anterior lens is also reported [19]. A more detailed study
of these mice reports severe structural and biochemical alterations in the cochlear basement
membranes, endothelial cell swelling, a decrease in internal capillary diameter, and an
increase in ABR between 6 and 8 weeks [51]. The Col4a3t™1Pec/] mpdel was also studied by
others, who also reported an elevated hearing threshold, as measured by ABR, and reduced
anterior capsule apical angle (ACAA) in the eye. In addition, these researchers report the
increased thickness of both the cochlea basement membrane and the basement membrane
of the retinal capillaries [44]. AS patients carrying the Zurich variant are characterized by
hearing loss, but whether the mouse models carrying Z-appendage are also characterized
by hearing loss is still unknown [24].

In Col4a4®™¥, no deviation in hearing is reported, nor alteration in eye histology [26].
Similar findings are reported for the Col4a4™! model (no difference in ABR between wild
type and mutants at the age of 6-7 weeks; no alterations in optokinetic drum scores, slit
lamp, and ophthalmoscopic observations at the age of 67 weeks [27]). In contrast, 2 out
of 6 Col4a4™1BUr mice (at the age of 5 months) have elevated thresholds in ABR (70 dB
vs. 48-64 dB in wild type) [25]. No data currently exist for the Col4A3-4 and for the two
Col4a5-based models.
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Table 3. Ocular and hearing defects occurring in the mouse models of Alport syndrome.

Model Name Hearing Loss Ocular Abnormalities Reference
Increased auditory threshold in 3/12
Col4g3tm1Jhm mutant mice Not measured [18]
(at P89 and P96)
Structural /biochemical alterations, Irregular interior layer of basement
alterations in cochlear basement membrane encasing the anterior lens,
Col4qa3tm1Dec/] membrane, increased thickness of the reduced anterior capsule apical angle, [19,44,51]
cochlear basement membrane, increased thickness of the basement
increased auditory threshold membrane of retinal capillaries
Col4a3tm1Dec/] -(heterozygous) Not measured Not measured [20]
Col4q3tm1-1Rk1 Not measured Not measured [21]
Col4a3P-G133%E (thig entry refers
to al'l three m'ode'ls with the Not measured Not measured [22]
glycine substitution to
glutamate)
Col4a3°™1B8h" (this entry refers
to both the homozygous and the ~ Not measured Not measured [24]
heterozygous models)
Coldgdm1Btir Elevated thresholds in 2/6 mice aged 5 Not measured [25]
months old
Colda4bwk No deV1at10ps in hearing were found No ocular histological alterations [26]
(age not defined)
No hearing loss (examined at No alterations in optokinetic drum
Col4aq™1H & scores, slit lamp, and ophthalmoscopic ~ [27]
67 weeks) . .
observations (examined at 6-7 weeks)
Col4A3-4 Not measured Not measured [28]
Col4a5tm1Yseg Not measured Not measured [29]
Col4a5em1Keha Not measured Not measured [30]

10. Conclusions

Most of our current knowledge in mouse models comes from research stemming from
the two Col4a3 knockout models, presumably due to the early onset of disease phenotype
and their simplicity in data interpretation. However, since the complete absence of collagen
IV is responsible for only a subset of Alport patients, this raises the possibility of a bias in
driving conclusions. This can be seen in the fact that hearing defects have not been detected
in Col4a4-based models, which are characterized by partial expression of collagen IV, but
such defects can be seen in Col443 knockout models characterized by a complete absence of
collagen IV. Furthermore, we know that Col4a3 knockout mice not only have kidney, ocular,
and hearing defects but also have cardiorespiratory defects [52,53] and upregulated serum
fibroblast growth factor 23 (FGF23) at the earliest stages of renal damage, even before the
increase in BUN and creatinine [41]. Whether models other than the Col4a3 knockout also
share the same phenotype is still unknown.

Most of the models are characterized by a short lifetime that is affected by their genetic
background. Two models are characterized by an extended survival compared to the rest,
the heterozygous Col4a3™1Pe¢/] and the knockin missense model Col4a3PG1332E, Because
the heterozygous Col4a3™1Pe¢/T expresses half of the wild-type Col4a3, it better represents
thin basement membrane nephropathy (TBMN), the carrier state of AS. Thus, up to date, the
only model of AS that can be considered as a late-onset Alport model is the Col4a3P-G1332F,
making this model suitable to study events occurring at an older age.

While in most models, collagen IV is absent from the GBM, in three models, it is
persistent: the Col4a4P¥¥ | the Col4a3e™1Bshn and the Col4a3P-C1332E The Col4a4-based
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model is weakly positive for Col4a3, Col4a4, and Col4a5 expression, which can assemble
into a trimer. In the Col4u3emlthn, the expression of Col4a3, Col4a4, and Col4a5 chains is
normal. This highlights the toxic effect of the Z-appendage on the collagen IV function. In
the missense model, the expression of cleaved fragments of Col4a3, Col4a4, and Col4a5
(~35 kD at the NC1 domain) is persistent in glomeruli (but not tubules). It is unknown if this
fragment exerts any effect on disease phenotype. Nevertheless, the fact that this missense
mutation model has a milder disease course and a substantially longer lifespan might
indicate that the secretion of even mutant collagen trimers in the GBM is better than null
secretion [22]. Col4a3 can be digested by Mmp?9 at the carboxyterminal domain to release
the 28 kD antiangiogenic and proapoptotic peptide tumstatin [54,55]. Whether the 35 kD
fragment has a tumstatin-like activity in Col4a3P"G1332E mice remains to be investigated.
Importantly, neither intact collagen IV nor this fragment can be detected in the tubules of
these mice, suggesting a different molecular regulation between glomeruli and tubules of
the Col4a3PG1332E | This aligns with the differences in phenotype initiation/progression
between glomeruli and tubules that are observed in other models.

Through this review, we detected two major unmet needs. First, there is a need to
study more models with missense mutations in the different domains of the three collagen
chains. Mutations of glycine substitutions at different locations, or mutations involving
other amino acids, including crucial prolines, might shed light on more details regarding the
molecular and cellular pathomechanisms of AS, thereby advancing our understanding. The
second pressing need is for more studies concerning hearing loss and ocular abnormalities,
which would enable the development of potential treatments.

In addition, it turns out that the minimum phenotypic analysis of AS mice should
include not only the analysis of glomerular structure/function (for example, GBM structure,
hematuria, proteinuria, and glomerular filtration rate) and lifespan but also the analysis
of the tubular structure and function. This is emphasized by recent findings, which
show that depending on the background, tubular alterations can precede glomerular
alterations [27]. The expression of KIM-1 and MCP-1 can be used as biomarkers of kidney
tubular defects. Importantly, a recent study suggests MCP-1 as a biomarker of renal
decline in AS patients [27,56]. In closing, we mention a recent elegant work in which they
studied a Col4a3 knockout mouse (such as the Col4a3tm1Jhm) together with a new Col4a5
knockout model (deletion of exon 36, obtained from the International Mouse Knockout
Consortium) [57]. Both models are in the C57BL/6N strain. The authors report a thickened
GBM, a progressively increased albumin-to-creatinine ratio, and podocyte foot process
effacement in both models. Sclerosis occurred in Col4a5—/— mice at 16 weeks of age.
Importantly, this study demonstrates that the glomerular matrix composition is altered in
the two models in an age- and genotype-dependent manner, even before the appearance
of ultrastructural changes. An increased abundance of proteins involved in cell-matrix
adhesion (for example, in integrin adhesion components and their ligands) in Alport models
is reported along with a reduction in metabolic and mitochondrial components. These
findings agree with the findings of another study using the Col4a3™1P¢/T and primary
tubular cell cultures [44].

Finally, we should mention a most recent mouse model created to recapitulate thin
basement membrane nephropathy caused by null mutations in the prolyl 3-hydroxylase
2 (P3h2) gene, which hydroxylates 3'-prolines of the collagen IV alpha chains (Gly-3Hyp-
4Hyp-Gly). Conditional podocyte knockout animals lacking gene expression expressed a
collagen IV glomerulopathy, which included thin basement membranes and abnormalities
reminiscent of AS [57]. This publication demonstrated that the prolyl-hydroxylation is not
of decorative nature but of essential functional significance [58].

Author Contributions: Conceptualization, C.D.; writing-original draft preparation, S.N.; writing-
review and editing, C.D.; supervision, C.D.; funding acquisition, C.D. All authors have read and
agreed to the published version of the manuscript.



Genes 2022, 13,1893 18 of 20

Funding: C. Deltas is funded by the CY-Biobank, which is an EU Horizon 2020 Research and Innovation
Programme under grant agreement no. 857122, the Republic of Cyprus, and the University of Cyprus.
In addition, relevant work in his laboratory on CKD genetic modifiers is funded by the Cyprus Research
and Innovation Foundation, program RESTART 2016-2020/INTEGRATED/0918/0043. Mouse work
in his laboratory is funded by the Cyprus Research and Innovation Foundation, program RESTART
2016-2020/EXCELLENCE/1216/0417 and POST-DOC/0916/0190.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Christophoros Odiatis and Esther Ghanem for their valuable
comments during the preparation of the manuscript.

Conflicts of Interest: Prof. C. Deltas is coordinating a research project on familial hematurias that
includes Alport syndrome and thin basement membrane nephropathy, funded through various
sources, including Regeneron Pharmaceuticals, Inc. Dr. S. Nikolaou declares no conflict of interest.

References

1. Alport, A.C. Hereditary Familial Congenital Haemorrhagic Nephritis. Br. Med. ]. 1927, 1, 504-506. [CrossRef] [PubMed]

2. Savige, J.; Sheth, S.; Leys, A.; Nicholson, A.; Mack, H.G.; Colville, D. Ocular features in Alport syndrome: Pathogenesis and
clinical significance. Clin. J. Am. Soc. Nephrol. 2015, 10, 703-709. [CrossRef] [PubMed]

3. Savige, ].; Gregory, M.; Gross, O.; Kashtan, C.; Ding, J.; Flinter, F. Expert guidelines for the management of alport syndrome and
thin basement membrane nephropathy. J. Am. Soc. Nephrol. 2013, 24, 364-375. [CrossRef] [PubMed]

4. Flinter, F. Alport’s syndrome. . Med. Genet. 1997, 34, 326-330. [CrossRef]

5. Deltas, C.; Savva, L; Voskarides, K.; Papazachariou, L.; Pierides, A. Carriers of Autosomal Recessive Alport Syndrome with Thin
Basement Membrane Nephropathy Presenting as Focal Segmental Glomerulosclerosis in Later Life. Nephron 2015, 130, 271-280.
[CrossRef]

6. Jais, J.P,; Knebelmann, B.; Giatras, I.; De Marchi, M.; Rizzoni, G.; Renieri, A.; Weber, M.; Gross, O.; Netzer, K.O.; Flinter, F,; et al.
X-linked Alport syndrome: Natural history in 195 families and genotype- phenotype correlations in males. J. Am. Soc. Nephrol.
2000, 11, 649-657. [CrossRef]

7. Hertz, ].M.; Thomassen, M.; Storey, H.; Flinter, F. Clinical utility gene card for: Alport syndrome—Update 2014. Eur. |. Hum.
Genet. 2015, 23, 1269. [CrossRef]

8. Abrahamson, D.R.; Hudson, B.G.; Stroganova, L.; Borza, D.-B.; John, P.L.S. Cellular origins of type IV collagen networks in
developing glomeruli. J. Am. Soc. Nephrol. 2009, 20, 1471-1479. [CrossRef]

9.  Feingold, J.; Bois, E.; Chompert, A.; Broyer, M.; Gubler, M.-C.; Griinfeld, J.-P. Genetic heterogeneity of Alport syndrome. Kidney
Int. 1985, 27, 672-677. [CrossRef]

10. Savige, J.; Colville, D.; Rheault, M.N.; Gear, S.; Lennon, R.; Lagas, S.; Finlay, M.; Flinter, F. Alport Syndrome in Women and Girls.
Clin. J. Am. Soc. Nephrol. 2016, 11, 1713-1720. [CrossRef]

11. Gibson, J.; Fieldhouse, R.; Chan, M.M.; Sadeghi-Alavijeh, O.; Burnett, L.; Izzi, V.; Persikov, A.V.; Gale, D.P,; Storey, H.; Savige, J.;
et al. Prevalence Estimates of Predicted Pathogenic COL4A3-COL4AS5 Variants in a Population Sequencing Database and Their
Implications for Alport Syndrome. J. Am. Soc. Nephrol. 2021, 32, 2273-2290. [CrossRef]

12.  Tsiakkis, D.; Pieri, M.; Koupepidou, P.; Demosthenous, P.; Panayidou, K.; Deltas, C. Genotype-phenotype correlation in X-linked
Alport syndrome patients carrying missense mutations in the collagenous domain of COL4AS5. Clin. Genet. 2012, 82, 297-299.
[CrossRef]

13.  Voskarides, K.; Arsali, M.; Athanasiou, Y.; Elia, A.; Pierides, A.; Deltas, C. Evidence that NPHS2-R229Q predisposes to proteinuria
and renal failure in familial hematuria. Pediatr. Nephrol. 2012, 27, 675-679. [CrossRef]

14. Voskarides, K.; Stefanou, C.; Pieri, M.; Demosthenous, P.; Felekkis, K.; Arsali, M.; Athanasiou, Y.; Xydakis, D.; Stylianou, K.;
Daphnis, E.; et al. A functional variant in NEPH3 gene confers high risk of renal failure in primary hematuric glomerulopathies.
Evidence for predisposition to microalbuminuria in the general population. PLoS ONE 2017, 12, e0174274. [CrossRef]

15. Takemon, Y.; Wright, V.; Davenport, B.; Gatti, D.M.; Sheehan, S.M.; Letson, K.; Savage, H.S.; Lennon, R.; Korstanje, R. Uncovering
Modifier Genes of X-Linked Alport Syndrome Using a Novel Multiparent Mouse Model. J. Am. Soc. Nephrol. 2021, 32, 1961-1973.
[CrossRef]

16. Gross, O.; Beirowski, B.; Koepke, M.-L.; Kuck, J.; Reiner, M.; Addicks, K.; Smyth, N.; Schulze-Lohoff, E.; Weber, M. Preemptive
ramipril therapy delays renal failure and reduces renal fibrosis in COL4A3-knockout mice with Alport syndrome. Kidney Int.
2003, 63, 438-446. [CrossRef]

17.  Gross, O,; Licht, C.; Anders, H.J.; Hoppe, B.; Beck, B.; Ténshoff, B.; Hocker, B.; Wygoda, S.; Ehrich, J.H.; Pape, L.; et al. Early

angiotensin-converting enzyme inhibition in Alport syndrome delays renal failure and improves life expectancy. Kidney Int. 2012,
81, 494-501. [CrossRef]


http://doi.org/10.1136/bmj.1.3454.504
http://www.ncbi.nlm.nih.gov/pubmed/20773074
http://doi.org/10.2215/CJN.10581014
http://www.ncbi.nlm.nih.gov/pubmed/25649157
http://doi.org/10.1681/ASN.2012020148
http://www.ncbi.nlm.nih.gov/pubmed/23349312
http://doi.org/10.1136/jmg.34.4.326
http://doi.org/10.1159/000435789
http://doi.org/10.1681/ASN.V114649
http://doi.org/10.1038/ejhg.2014.254
http://doi.org/10.1681/ASN.2008101086
http://doi.org/10.1038/ki.1985.63
http://doi.org/10.2215/CJN.00580116
http://doi.org/10.1681/ASN.2020071065
http://doi.org/10.1111/j.1399-0004.2012.01849.x
http://doi.org/10.1007/s00467-011-2084-6
http://doi.org/10.1371/journal.pone.0174274
http://doi.org/10.1681/ASN.2020060777
http://doi.org/10.1046/j.1523-1755.2003.00779.x
http://doi.org/10.1038/ki.2011.407

Genes 2022, 13,1893 19 of 20

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Miner, J.H.; Sanes, ].R. Molecular and functional defects in kidneys of mice lacking collagen alpha 3(IV): Implications for Alport
syndrome. |. Cell Biol. 1996, 135, 1403-1413. [CrossRef]

Cosgrove, D.; Meehan, D.T.; Grunkemeyer, J.A.; Kornak, ].M.; Sayers, R.; Hunter, W.J.; Samuelson, G.C. Collagen COL4A3
knockout: A mouse model for autosomal Alport syndrome. Genes Dev. 1996, 10, 2981-2992. [CrossRef]

Beirowski, B.; Weber, M.; Gross, O. Chronic renal failure and shortened lifespan in COL4A3+/ — mice: An animal model for thin
basement membrane nephropathy. . Am. Soc. Nephrol. 2006, 17, 1986-1994. [CrossRef]

LeBleu, V.; Sund, M.; Sugimoto, H.; Birrane, G.; Kanasaki, K.; Finan, E.; Miller, C.A.; Gattone, V.H.; McLaughlin, H.; Shield, C.E;
et al. Identification of the NC1 domain of {«}3 chain as critical for {«}3{o}4{x}5 type IV collagen network assembly. J. Biol. Chem.
2010, 285, 41874-41885. [CrossRef]

Odiatis, C.; Savva, I.; Pieri, M.; Ioannou, P; Petrou, P; Papagregoriou, G.; Antoniadou, K.; Makrides, N.; Stefanou, C.; Ljubanovig,
D.G,; et al. A glycine substitution in the collagenous domain of Col4a3 in mice recapitulates late onset Alport syndrome. Matrix
Biol. Plus 2021, 9, 100053. [CrossRef]

Pieri, M,; Stefanou, C.; Zaravinos, A.; Erguler, K.; Stylianou, K.; Lapathitis, G.; Karaiskos, C.; Savva, I.; Paraskeva, R.; Dweep, H.;
et al. Evidence for activation of the unfolded protein response in collagen IV nephropathies. J. Am. Soc. Nephrol. 2014, 25, 260-275.
[CrossRef]

Pokidysheva, E.N.; Seeger, H.; Pedchenko, V.; Chetyrkin, S.; Bergmann, C.; Abrahamson, D.; Cui, Z.W.; Delpire, E.; Fervenza, E.C,;
Fidler, A.L.; et al. Collagen IV(alpha345) dysfunction in glomerular basement membrane diseases. I. Discovery of a COL4A3
variant in familial Goodpasture’s and Alport diseases. J. Biol. Chem. 2021, 296, 100590. [CrossRef]

Arnold, C.N,; Xia, Y.; Lin, P,; Ross, C.; Schwander, M.; Smart, N.G.; Miiller, U.; Beutler, B. Rapid identification of a disease allele in
mouse through whole genome sequencing and bulk segregation analysis. Genetics 2011, 187, 633-641. [CrossRef]

Korstanje, R.; Caputo, C.R.; Doty, R.A.; Cook, S.A.; Bronson, R.T.; Davisson, M.T.; Miner, ] H. A mouse Col4a4 mutation causing
Alport glomerulosclerosis with abnormal collagen alpha3alpha4alpha5(IV) trimers. Kidney Int. 2014, 85, 1461-1468. [CrossRef]
Falcone, S.; Wisby, L.; Nicol, T.; Blease, A.; Starbuck, B.; Parker, A.; Sanderson, J.; Brown, S.D.M.; Scudamore, C.L.; Pusey, C.D.;
et al. Modification of an aggressive model of Alport Syndrome reveals early differences in disease pathogenesis due to genetic
background. Sci. Rep. 2019, 9, 20398. [CrossRef] [PubMed]

Lu, W,; Phillips, C.; Killen, P.D.; Hlaing, T.; Harrison, W.R.; Elder, E; Miner, ].H.; Overbeek, P.; Meisler, M.H. Insertional mutation
of the collagen genes Col4a3 and Col4a4 in a mouse model of Alport syndrome. Genomics 1999, 61, 113-124. [CrossRef] [PubMed]
Rheault, M.N.; Kren, S.M.; Thielen, B.K.; Mesa, H.A.; Crosson, J.T.; Thomas, W.; Sado, Y.; Kashtan, C.E.; Segal, Y. Mouse model of
X-linked Alport syndrome. J. Am. Soc. Nephrol. 2004, 15, 1466-1474. [CrossRef] [PubMed]

Hashikami, K.; Asahina, M.; Nozu, K.; lijima, K.; Nagata, M.; Takeyama, M. Establishment of X-linked Alport syndrome model
mice with a Col4a5 R471X mutation. Biochem. Biophys. Rep. 2019, 17, 81-86. [CrossRef]

Randles, M.J.; Woolf, A.S.; Huang, J.L.; Byron, A.; Humpbhries, ].D.; Price, K.L.; Kolatsi-Joannou, M.; Collinson, S.; Denny, T.;
Knight, D.; et al. Genetic Background is a Key Determinant of Glomerular Extracellular Matrix Composition and Organization. J.
Am. Soc. Nephrol. 2015, 26, 3021-3034. [CrossRef]

Kang, J.S.; Wang, X.P.; Miner, ].H.; Morello, R.; Sado, Y.; Abrahamson, D.R.; Borza, D.B. Loss of alpha3/alpha4(IV) collagen from
the glomerular basement membrane induces a strain-dependent isoform switch to alpha5alpha6(IV) collagen associated with
longer renal survival in Col4a3-/- Alport mice. |. Am. Soc. Nephrol. 2006, 17, 1962-1969. [CrossRef]

Bekheirnia, M.R.; Reed, B.; Gregory, M.C.; McFann, K.; Shamshirsaz, A.A.; Masoumi, A.; Schrier, R W. Genotype-phenotype
correlation in X-linked Alport syndrome. J. Am. Soc. Nephrol. 2010, 21, 876-883. [CrossRef]

Talbi, K.; Cabrita, I.; Schreiber, R.; Kunzelmann, K. Gender-Dependent Phenotype in Polycystic Kidney Disease Is Determined by
Differential Intracellular Ca(2+) Signals. Int. J. Mol. Sci. 2021, 22, 6019. [CrossRef]

Kim, M.; Piaia, A.; Shenoy, N.; Kagan, D.; Gapp, B.; Kueng, B.; Weber, D.; Dietrich, W.; Ksiazek, I. Progression of Alport Kidney
Disease in Col4a3 Knock Out Mice Is Independent of Sex or Macrophage Depletion by Clodronate Treatment. PLoS ONE 2015, 10,
e0141231. [CrossRef]

Gaytan, F; Morales, C.; Leon, S.; Heras, V.; Barroso, A.; Avendaiio, M.S.; Vazquez, M.].; Castellano, ].M.; Roa, J.; Tena-Sempere,
M. Development and validation of a method for precise dating of female puberty in laboratory rodents: The puberty ovarian
maturation score (Pub-Score). Sci. Rep. 2017, 7, 46381. [CrossRef]

Wu, H.; Lai, C.-F; Chang-Panesso, M.; Humphreys, B.D. Proximal Tubule Translational Profiling during Kidney Fibrosis Reveals
Proinflammatory and Long Noncoding RNA Expression Patterns with Sexual Dimorphism. J. Am. Soc. Nephrol. 2020, 31, 23-38.
[CrossRef]

Pierides, A.; Voskarides, K.; Athanasiou, Y.; Ioannou, K.; Damianou, L.; Arsali, M.; Zavros, M.; Pierides, M.; Vargemezis, V.;
Patsias, C.; et al. Clinico-pathological correlations in 127 patients in 11 large pedigrees, segregating one of three heterozygous
mutations in the COL4A3/COL4A4 genes associated with familial haematuria and significant late progression to proteinuria and
chronic kidney disease from focal segmental glomerulosclerosis. Nephrol. Dial. Transplant. 2009, 24, 2721-2729.

Savige, J.; Mack, H.; Thomas, R.; Langsford, D.; Pianta, T. Alport Syndrome With Kidney Cysts Is Still Alport Syndrome. Kidney
Int. Rep. 2022, 7, 339-342. [CrossRef]

Mak, R.H,; Ikizler, A.T.; Kovesdy, C.P; Raj, D.S.; Stenvinkel, P.; Kalantar-Zadeh, K. Wasting in chronic kidney disease. J. Cachexia
Sarcopenia Muscle 2011, 2, 9-25. [CrossRef]


http://doi.org/10.1083/jcb.135.5.1403
http://doi.org/10.1101/gad.10.23.2981
http://doi.org/10.1681/ASN.2005101044
http://doi.org/10.1074/jbc.M110.149534
http://doi.org/10.1016/j.mbplus.2020.100053
http://doi.org/10.1681/ASN.2012121217
http://doi.org/10.1016/j.jbc.2021.100590
http://doi.org/10.1534/genetics.110.124586
http://doi.org/10.1038/ki.2013.493
http://doi.org/10.1038/s41598-019-56837-6
http://www.ncbi.nlm.nih.gov/pubmed/31892712
http://doi.org/10.1006/geno.1999.5943
http://www.ncbi.nlm.nih.gov/pubmed/10534397
http://doi.org/10.1097/01.ASN.0000130562.90255.8F
http://www.ncbi.nlm.nih.gov/pubmed/15153557
http://doi.org/10.1016/j.bbrep.2018.12.003
http://doi.org/10.1681/ASN.2014040419
http://doi.org/10.1681/ASN.2006020165
http://doi.org/10.1681/ASN.2009070784
http://doi.org/10.3390/ijms22116019
http://doi.org/10.1371/journal.pone.0141231
http://doi.org/10.1038/srep46381
http://doi.org/10.1681/ASN.2019040337
http://doi.org/10.1016/j.ekir.2021.11.004
http://doi.org/10.1007/s13539-011-0019-5

Genes 2022, 13,1893 20 of 20

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Stubbs, J.R.; He, N.; Idiculla, A.; Gillihan, R.; Liu, S.; David, V.; Hong, Y.; Quarles, L.D. Longitudinal evaluation of FGF23 changes
and mineral metabolism abnormalities in a mouse model of chronic kidney disease. ]. Bone Miner Res. 2012, 27, 38-46. [CrossRef]
Song, ].Y.; Saga, N.; Kawanishi, K.; Hashikami, K.; Takeyama, M.; Nagata, M. Bidirectional, non-necrotizing glomerular crescents
are the critical pathology in X-linked Alport syndrome mouse model harboring nonsense mutation of human COL4A5. Sci. Rep.
2020, 10, 18891. [CrossRef]

Jarad, G.; Knutsen, R.H.; Mecham, R.P,; Miner, ].H. Albumin contributes to kidney disease progression in Alport syndrome. Am.
J. Physiol. Renal. Physiol. 2016, 311, 120-130. [CrossRef]

Ding, W.; Yousefi, K.; Goncalves, S.; Goldstein, B.]J.; Sabater, A.L.; Kloosterboer, A.; Ritter, P.; Lambert, G.; Mendez, A ].; Shehadeh,
L.A. Osteopontin deficiency ameliorates Alport pathology by preventing tubular metabolic deficits. JCI Insight 2018, 3, e94818.
[CrossRef]

Yokota, T.; Omachi, K.; Suico, M.A.; Kamura, M.; Kojima, H.; Fukuda, R.; Motomura, K.; Teramoto, K.; Kaseda, S.; Kuwazuru, J.;
et al. STAT3 inhibition attenuates the progressive phenotypes of Alport syndrome mouse model. Nephrol. Dial. Transplant. 2018,
33, 214-223. [CrossRef]

Heidet, L.; Gubler, M.C. The renal lesions of Alport syndrome. J. Am. Soc. Nephrol. 2009, 20, 1210-1215. [CrossRef]

Lin, X,; Suh, J.H,; Go, G.; Miner, ].H. Feasibility of repairing glomerular basement membrane defects in Alport syndrome. J. Am.
Soc. Nephrol. 2014, 25, 687-692. [CrossRef]

Kashtan, C.E.; Kim, Y. Distribution of the a1 and «2 chains of collagen IV and of collagens V and VI in Alport syndrome. Kidney
Int. 1992, 42, 115-126. [CrossRef]

Gubler, M.-C.; Knebelmann, B.; Beziau, A.; Broyer, M.; Pirson, Y.; Haddoum, F; Kleppel, M.M.; Antignac, C. Autosomal recessive
Alport syndrome: Immunohistochemical study of type IV collagen chain distribution. Kidney Int. 1995, 47, 1142-1147. [CrossRef]
Ninomiya, Y.; Kagawa, M.; Iyama, K.; Naito, I.; Kishiro, Y.; Seyer, ].M.; Sugimoto, M.; Oohashi, T.; Sado, Y. Differential expression
of two basement membrane collagen genes, COL4A6 and COL4A5, demonstrated by immunofluorescence staining using
peptide-specific monoclonal antibodies. J. Cell Biol. 1995, 130, 1219-1229. [CrossRef]

Cosgrove, D.; Samuelson, G.; Meehan, D.T.; Miller, C.; McGee, ]J.; Walsh, E.J.; Siegel, M. Ultrastructural, physiological, and
molecular defects in the inner ear of a gene-knockout mouse model for autosomal Alport syndrome. Hear. Res. 1998, 121, 84-98.
[CrossRef]

Yousefi, K.; Irion, C.I.; Takeuchi, L.M.; Ding, W.; Lambert, G.; Eisenberg, T.; Sukkar, S.; Granzier, H.L.; Methawasin, M.; Lee, D.L;
et al. Osteopontin Promotes Left Ventricular Diastolic Dysfunction Through a Mitochondrial Pathway. J. Am. Coll. Cardiol. 2019,
73,2705-2718. [CrossRef] [PubMed]

Neuburg, S.; Dussold, C.; Gerber, C.; Wang, X.; Francis, C.; Qi, L.; David, V.; Wolf, M.; Martin, A. Genetic background influences
cardiac phenotype in murine chronic kidney disease. Nephrol. Dial. Transplant. 2018, 33, 1129-1137. [CrossRef] [PubMed]
Sudhakar, A.; Sugimoto, H.; Yang, C.; Lively, J.; Zeisberg, M.; Kalluri, R. Human tumstatin and human endostatin exhibit distinct
antiangiogenic activities mediated by alpha v beta 3 and alpha 5 beta 1 integrins. Proc. Natl. Acad. Sci. USA 2003, 100, 4766-4771.
[CrossRef]

Hamano, Y.; Zeisberg, M.; Sugimoto, H.; Lively, ].C.; Maeshima, Y.; Yang, C.; Hynes, R.O.; Werb, Z.; Sudhakar, A.; Kalluri, R.
Physiological levels of tumstatin, a fragment of collagen IV alpha3 chain, are generated by MMP-9 proteolysis and suppress
angiogenesis via «V 33 integrin. Cancer Cell 2003, 3, 589-601. [CrossRef]

Kashtan, C.; Schachter, A.; Klickstein, L.; Liu, X.; Jennings, L.; Finkel, N. Urinary Monocyte Chemoattractant Protein-1 in Patients
With Alport Syndrome. Kidney Int. Rep. 2022, 7, 1112-1114. [CrossRef]

Aypek, H.; Krisp, C.; Lu, S; Liu, S.; Kylies, D.; Kretz, O.; Wu, G.; Moritz, M.; Amann, K.; Benz, K.; et al. Loss of the collagen IV
modifier prolyl 3-hydroxylase 2 causes thin basement membrane nephropathy. J. Clin. Investig. 2022, 132, €147253. [CrossRef]
Deltas, C. Thin basement membrane lesion is not only a collagen IV nephropathy: Don’t underestimate “decorative” additions to
collagen. Kidney Int. 2022; ahead of print. [CrossRef]


http://doi.org/10.1002/jbmr.516
http://doi.org/10.1038/s41598-020-76068-4
http://doi.org/10.1152/ajprenal.00456.2015
http://doi.org/10.1172/jci.insight.94818
http://doi.org/10.1093/ndt/gfx246
http://doi.org/10.1681/ASN.2008090984
http://doi.org/10.1681/ASN.2013070798
http://doi.org/10.1038/ki.1992.269
http://doi.org/10.1038/ki.1995.163
http://doi.org/10.1083/jcb.130.5.1219
http://doi.org/10.1016/S0378-5955(98)00069-0
http://doi.org/10.1016/j.jacc.2019.02.074
http://www.ncbi.nlm.nih.gov/pubmed/31146816
http://doi.org/10.1093/ndt/gfx332
http://www.ncbi.nlm.nih.gov/pubmed/29309658
http://doi.org/10.1073/pnas.0730882100
http://doi.org/10.1016/S1535-6108(03)00133-8
http://doi.org/10.1016/j.ekir.2022.01.1052
http://doi.org/10.1172/JCI147253
http://doi.org/10.1016/j.kint.2022.08.014

	Alport Syndrome 
	Mouse Models for Alport Syndrome 
	Comparison of Lifespan 
	Comparison of Sex, Morphological, and Physiological Characteristics 
	Comparison of Homeostasis and Metabolism 
	Comparison of Glomerular Alterations 
	Comparison of Tubular Alterations 
	Comparison of Fibrosis and Inflammation in the Interstitium 
	Comparison of Ocular and Hearing Defects 
	Conclusions 
	References

