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ABSTRACT
Thin-basement-membrane nephropathy (TBMN) and Alport syndrome (AS) are progressive collagen IV
nephropathies caused by mutations in COL4A3/A4/A5 genes. These nephropathies invariably present
with microscopic hematuria and frequently progress to proteinuria and CKD or ESRD during long-term
follow-up. Nonetheless, the exact molecular mechanisms bywhich thesemutations exert their deleterious
effects on the glomerulus remain elusive. We hypothesized that defective trafficking of theCOL4A3 chain
causes a strong intracellular effect on the cell responsible for COL4A3 expression, the podocyte. To this
end, we overexpressed normal and mutant COL4A3 chains (G1334E mutation) in human undifferentiated
podocytes and tested their effects in various intracellular pathways using amicroarray approach.COL4A3

overexpression in the podocyte caused chain retention in the endoplasmic reticulum (ER) that was asso-
ciated with activation of unfolded protein response (UPR)–related markers of ER stress. Notably, the
overexpression of normal or mutant COL4A3 chains differentially activated the UPR pathway. Similar
results were observed in a novel knockin mouse carrying the Col4a3-G1332E mutation, which
produced a phenotype consistent with AS, and in biopsy specimens from patients with TBMN
carrying a heterozygous COL4A3-G1334E mutation. These results suggest that ER stress arising from
defective localization of collagen IV chains in human podocytes contributes to the pathogenesis of TBMN
and AS through activation of the UPR, a finding that may pave the way for novel therapeutic interventions
for a variety of collagenopathies.

J Am Soc Nephrol 25: 260–275, 2014. doi: 10.1681/ASN.2012121217

Alport syndrome (AS) and thin-basement-mem-
brane nephropathy (TBMN) are genetic diseases
of the glomerular basement membrane (GBM), an
important key component of the glomerular filtra-
tion barrier. They are caused by pathogenic changes
in the genes encoding the a3/a4/a5 chains of type
IV collagen, an abundant constituent of the GBM,
and can lead to total or partial loss of its network.1,2

Mutations have been identified in all three genes
that encode the collagen IV chains in patients
with AS and TBMN, while the number of these
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mutations exceeds 500 to date (Human Gene Mutation Data-
base). AS is invariably associated with CKD and ESRD usually
before 30 years of age, often accompanied by sensorineural
deafness and/or ocular abnormalities. TBMN is characterized
primarily by microscopic hematuria and was classically
thought to be a benign disease with excellent prognosis. Still,
our group and others have described particular COL4A3/
COL4A4 mutations in patients with the dual diagnosis of
TBMN and FSGS who developed CKD/ESRD, thus establish-
ing TBMN as a far-from-benign condition, at least in a subset
of patients.3,4 Nonetheless, the exact molecular mechanisms
by which these mutations exert their pathogenic effect remain
unclear.

Physiologically, the collagen IV a3, a4, and a5 chains as-
semble through recognition of their carboxy-terminal NC1
domains and form helical heterotrimers that undergo several
enzymatic post-translational modifications in the cell’s endo-
plasmic reticulum (ER) before being secreted into the GBM.
Once in the extracellular space, they form a multistructural
network that has a dual role in providing strength to themem-
brane and participating in dynamic biological processes by
interacting with many other proteins.5,6 Previous studies
showed that numerous COL4A3/A4/A5 mutations in the
NC1 domains share destructive effects on heterotrimer for-
mation and/or secretion of the heterotrimer from cells.7–9

Therefore, mutant collagen IV heterotrimers could potentially
cause deleterious extracellular effects due to their absence
from the GBM, as well as putative intracellular effects due to
accumulation of misfolded protein inside the producing cells.
Importantly, it has been shown that the adult GBMcollagen IV
chains are solely produced by the podocyte and not by the
endothelial or adjacent cells.10 This fact confers the
podocyte a central role as the collagen IV producing and se-
creting cell. Of note, Heidet et al. demonstrated that in the AS
podocyte, the COL4A3 protein, even when absent from the
GBM, is detected within the cell, a finding that is distinct
among patients with AS.11

Herein,weaddressed theputative effect ofoverexpressionof
both normal and mutant COL4A3 chains on various intracel-
lular pathways of the human podocyte. To target this, we pro-
filed mRNA on human cultured podocytes that overexpressed
the wild-type (WT) or mutant COL4A3-G1334E chain for
panoramic assessment of gene expression. One of the path-
ways that emerged as highly deregulated in our analysis is the
unfolded protein response pathway (UPR). Inside the cell, an
imbalance between protein load and proper protein folding is
called ER stress. As a defense mechanism against this imbal-
ance, the cells have at hand a robust mechanism termed the
UPR and activated by intracellular retention of unfolded pro-
tein.12 UPR allows cells to recover from stress by temporarily
halting protein translation and activating signaling pathways
that lead to the production of molecular chaperones involved
in protein folding. Once activated, this adaptive pathway may
protect the cell from future insults.13 However, in cases of
prolonged or deregulated ER stress owing to genetic or other

factors, this pathway could become maladaptive and cytotoxic
and lead to apoptosis.14

We further examined this pathway by testing whether
chaperone binding immunoglobulin protein (BiP), a central
marker of UPR activation, is upregulated in renal biopsy speci-
mens from patients with a confirmed COL4A3-G1334E mu-
tation. Finally, we examined UPR activation using a relevant
knockin mousemodel we recently generated in our laboratory
carrying the Col4a3-G1332E mutation (the equivalent of the
COL4A3-G1334E mutation in patients with AS and TBMN).
To our knowledge, this is the first mouse model carrying a
missense glycine COL4A3 mutation, which causes AS and
TBMN in humans.4,15,16

RESULTS

Overexpression of COL4A3-WT and COL4A3-G1334E
Chains in AB8/13 Podocyte Cells
Transient transfection of podocytes with equal amounts of
normal COL4A3-WT and mutant COL4A3-G1334E con-
structs resulted in equal expression of genes as tested in each
transfection experiment by quantitative real-time PCR
(qPCR) analysis (not shown). Cells expressing the mutant
chain showed significantly reduced secretion of the mutant
protein, as revealed byWestern blotting of the cellularmedium
48 hours after transfection (P,0.01) (Figure 1, A and B). The
mutant COL4A3-G1334E demonstrated more accumulation
into the cellular lysate compared with the WT chain, but this
finding did not reach significance at the 48-hour time point
(Figure 1B). To determine the cellular location of the ex-
pressed chains, we performed immunocytochemistry experi-
ments on the same cells grown on coverslips. Results strongly
suggest that overexpressed collagen chains were mainly re-
tained into the cell’s ER and were colocalized with the well-
established ER marker, calnexin (Figure 2, A and B). This
colocalization was more evident for the mutant COL4A3-
G1334E chain. Intensity correlation analysis plots indicated
that the colocalization of collagen and calnexin in the WT is
more random, as opposed to the improved association seen in
the mutant (Figure 2, C–H).

Identification of Significantly Deregulated Genes Using
Microarrays
To study in ahigh-throughputmannerwhich cellular pathways
are affected by collagen overexpression in the podocyte, we
performed microarray profiling and identified 1835 differen-
tially expressed genes among the empty vector, the COL4A3-
WT– and the COL4A3-G1334E–expressing cells. Of these,
1512 genes were significantly deregulated between the WT
and vector and 1553 between the G1334E and vector, respec-
tively. The top 40 (20 top upregulated and 20 top downregu-
lated) significantly deregulated genes in the vector versus the
COL4A3-WT are depicted in Supplemental Table 1, A and B.
A similar pattern was observed for the vector versus the
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COL4A3-G1334E–expressing cells (Supplemental Table 1, C
and D). No genes were significantly deregulated, under the
strict criteria we applied, between the cells that overexpressed
the WT or the mutant chains. The deregulated genes were
further clustered using unsupervised two-way hierarchical
clustering with Euclidian distance and were separated into
three main groups (Figure 3A). Gene clustering with the K-
means algorithm verified the existence of three main gene
clusters (Figure 3B).

Enrichment Analysis on Significantly Deregulated
Pathways: Deregulation of the UPR Pathway
The significantly deregulated genes identified above were
separated into two groups: upregulated and downregulated

in the vector versus the COL4A3-WT. The pattern was the
same for the vector versus COL4A3-G1334E. We found 10
pathways linked with deregulated genes, with P,0.05 after
Benjamini correction (Supplemental Table 2). Among them,
the top three pathways were the UPR (P,0.001), the p53
(P=0.0023), and the glyoxylate and dicarboxylate metabolism
pathway (P=0.0048). Because the UPR pathway was the top
linked pathway with the deregulated genes, we used the “pro-
tein processing in the endoplasmic reticulum” pathway from
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database to depict the most deregulated genes that play a sig-
nificant role in it (P=1.7E-9; Fisher exact test) (Figure 4A).
Furthermore, we focused on 118 genes involved directly in the
protein processing in the ER and we clustered them, as de-
scribed above (Figure 4B). Thirty-one and seven genes were
upregulated or downregulated, respectively, in the “protein
processing in endoplasmic reticulum” pathway (Supplemental
Table 3). Among them, the genes selected for further valida-
tion were the ones encoding the protein chaperones BiP, cal-
nexin, and calreticulin; the downstream transcription factor
X-box binding protein 1 (XBP1); theUPR target genesGadd34
and EDEM; and the proapoptotic marker C/EBP homologous
protein (CHOP).

Verification of UPR Activation Using qPCR andWestern
Blotting
Use of qPCR confirmed the results obtained by the microarray
experiments showing significantly increased expression of all
UPRmarkers identified by the arrays in cells expressingWTor
the COL4A3-G1334E mutant versus the empty vector (Figure
5A, gray versus white and gray versus black bars). Remarkably,
the qPCR method revealed statistically significant differences
in comparing the variable expression of the BiP, CHOP, and
XBP1 genes between the WT versus vector on one hand and
between the G1334E versus vector-expressing cells on the
other (Figure 5A, white versus black bars). This trend was
also evident in the microarray data but did not reach signifi-
cance. Therefore, it was interesting to observe that expression
of the G1334E mutation into human podocytes results in sig-
nificantly increased expression of the mRNA levels of partic-
ular UPR markers compared with equal expression of the WT
chain.

The ratios representing gene expression changes are shown
as fold-change and are correlated with the microarray data
in Figure 5B. The validation experiments showed that the
expression patterns of the genes tested were similar to the
microarray data. There was very good agreement between
the microarrays and the qPCR results both for the WT versus
vector (R2=0.87; 95% confidence interval, 0.62 to 0.99;
P=0.0020) and for the G1334E versus vector experiments
(R2=0.88; 95% confidence interval, 0.62 to 0.99; P=0.0019)
(Figure 5B). This supported the reliability of the data obtained
from global microarray analysis.

Additionally,we testedproteinexpressionof theUPRmarkers
BiP, CHOP, calnexin, and PERK, as well as phosphorylation of

Figure 1. Mutant COL4A3 chain is secreted less efficiently when
expressed in AB8/1 cells. (A) AB8/13 cells were transiently
transfected with expression vectors containing WT (COL4A3-WT)
collagen chain or mutated COL4A3 (COL4A3-G1334E) cDNAs,
which included an HA epitope at C-terminus of the protein.
Single chain expression and secretion were measured via West-
ern blot analysis of the cell lysate and the cell medium, respec-
tively, 48 hours after transfection. No HA antigen was detected
in AB8/13 cells transfected with a vector expressing the green
fluorescent protein (GFP). (B) The extracellular levels of the
COL4A3-G1334E chain were significantly lower, reaching 70% of
WT COL4A3 levels. A shows a representative Western blot and B
shows relative band density that corresponds to HA tag immu-
noreactivity (i.e., COL4A3) that was normalized to tubulin ex-
pression for the cell lysate. Data are represented as means6SEM
of n$3 independent experiments; **P,0.01.
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the eIF2a protein, the latter being an important player in protein
synthesis shutdown in the UPR cascade.17 Results show a signif-
icant increase in BiP protein levels between the vector and the
COL4A3-WT as well as between the vector and the G1334E-
COL4A3–expressing cells. Interestingly, results show a signifi-
cant increase in BiP protein levels between the WT- and the
mutant-expressing cells as well (Figure 6). Furthermore, a sig-
nificant increase is evident in CHOP protein levels between the
vector and the collagen (WTor mutant)-expressing cells. A sig-
nificant decrease is observed in the total protein levels of the
PERK protein in cells expressing the WT or the mutant
COL4A3 chain compared with vector-only–expressing cells, in
agreement with the microarray analysis. No significant change

was observed in the calnexin and phosphor-
ylated p-eIF2a levels (Figure 6).

Overexpression of WT and Mutant
COL4A3 Chains Induce ER Stress, as
Shown by XBP1 Splicing
An established assay to examine UPR acti-
vation is the widely used XBP1 splicing
assay.18 Accumulation ofmisfolded protein
within the cell’s ER causes the dissociation
of BiP from IRE1, resulting in its dimeriza-
tion and subsequent activation. Full-length
XBP1 requires the endoribonuclease do-
main of active IRE1 for processing into ac-
tive sXBP1; thus, the splicing of XBP1 is a
key marker for UPR activation. When po-
docytes expressed the COL4A3-WT chain,
there was obvious splicing of the XBP1
mRNAcompared with cells expressing vec-
tor-only cDNA (Figure 7A). Additionally,
cells overexpressing the GFP protein or the
slit diaphragm protein filtrin (NEPH3),
cloned in the same vector, were examined
in parallel experiments to assess whether
the splicing effect is specific for the collagen
protein or a general effect. No splicing was
observed in GFP or the filtrin-expressing
cells (results not shown). Surprisingly, ex-
pression of the COL4A3-G1334E mutant
into podocytes resulted in significantly
more XBP1 splicing compared with cells
expressing the WT and under identical ex-
perimental conditions (Figure 7B). Densi-
tometric analysis of the spliced versus the
unspliced product in gels like the one in
Figure 7B revealed statistical significance
in the results obtained from WT versus
the mutant cells (not shown). The latter
was more directly confirmed by qPCR of
the spliced XBP1 isoform using primers
in the spliced-unspliced interphase of
XBP1’s mRNA, as described by Cawley

et al.19 Spliced XBP1 was significantly increased in COL4A3-
G1334E– versus COL4A3-WT–expressing cells (Figure 7C).

Knockdown of Endogenous COL4A3 Chains Using
Small Interfering RNA Induces ER Stress in AB8/13
Cells
Both undifferentiated and differentiated AB8/13 cells express
the COL4A3, COL4A4, and COL4A5 chains, with expression
increasing upon differentiation (Supplemental Figure 1). In
differentiated podocytes, when the COL4A3 chain is knocked
down using small interfering RNA (siRNA), there is activation
of the UPR pathway, as shown by upregulation of BiP and
increased phosphorylation of protein kinase–like endoplasmic

Figure 2. Mutant collagen IV chain is more prominently localized in the ER when
expressed in AB8/13 cells. Equal expression of the WT (A) or the G1334E mutant
protein (B) is retained in the cells’ ER, as shown by colocalization (yellow) of the ER
marker calnexin (green) with COL4A3 chain (red). Intensity correlation analysis of the
immunocytochemistry images C and F show the color scatter plots of the red (colla-
gen) and green (calnexin) channels. (D, E, G, and H) Intensity correlation analysis plots
where for each pixel the product of differences from the mean value is plotted with
respect to its intensity. As indicated, the co-localization of collagen and calnexin in the
WT is more random as opposed to the improved association seen in the mutant. The
intensity correlation analysis was performed using the ImageJ software.
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reticulum kinase (PERK), as well as a trend
for an increase in p-eIF2a (Figure 8). Inter-
estingly, the proapoptotic marker CHOP re-
mains unaltered.

BiP Expression Is Increased in Kidney
Biopsy Specimens from COL4A3-
G1334E Mutation Carriers
To examine whether the UPR pathway is
involved in the pathogenic process among
patients with TBMN, we examined BiP
protein staining in biopsy samples from two
patients who were confirmed heterozygous
carriers of the COL4A3-G1334E mutation.
BiP expressionwas increased in the glomer-
uli of these patients (Figure 9B) compared
with expression in biopsy specimens from
obese individuals whowere used as controls
(Figure 9C). BiP expression in tubular epi-
thelial cells was similar in both the
COL4A3-G1334E patients and obese indi-
viduals. A biopsy sample from a patient
with breast carcinoma was stained as a pos-
itive control (Figure 9A).

Activation of the UPR Pathway in a
Mouse Carrying the Col4a3-G1332E
Missense Mutation
To investigate themechanisms whereby the
COL4A3-G1334E mutation causes pathol-
ogy in vivo, we generated a relevant mouse
model. To achieve this, we used gene-tar-
geting technology to successfully generate a
knockin mouse for the Col4a3-G1332E
mutation, the equivalent of the COL4A3-
G1334E mutation in patients with AS and
TBMN (Supplemental Figure 2). These
mice express the COL4A3 chain normally
and in equal amounts, as evidenced by both
qPCR (results not shown) andWestern blot
experiments (Supplemental Figure 3). Ad-
ditionally, the ultrastructural analysis of
homozygous Col4a3-G1332Emice demon-
strated thin GBM with areas of mild (3-
month-old mice) or severe (7-month-old
mice) thickening, consistent with AS ne-
phritis (Figure 10). In these mice we as-
sessed for evidence of UPR activation in
the kidney of mutant heterozygous (WT/
M) and homozygous (M/M) 3-month-old
animals versus their WT littermates (WT/
WT). In contrast to the WT, reverse tran-
scription PCR revealed XBP1 splicing in
both heterozygous and homozygous mice
(Figure 11A). qPCR analysis using primers

Figure 3. Unsupervised hierarchical cluster illustrating differentially expressed genes be-
tween vector only (V), WT, and COL4A3-G1334E (G1334E)–expressing cells. (A) Un-
supervised hierarchical cluster based on 1835 probe sets with highest variation in three
different transfections in podocytes: with empty pcDNA6-HA vector (V) and vectors ex-
pressing the WT COL4A3 chain or the mutant COL4A3-G1334E chain (G1334E). Three
main gene clusters were noticed. Color saturation is directly proportional to the measured
expression ratio magnitude. Euclidian distance was used as the metric. Rows repre-
sent individual probe sets. Columns represent the three experimental conditions. Red
bars indicate high expression, and green bars indicate low expression. (B) K-means
clustering verified the existence of three main gene clusters: cluster 1 (460 genes),
cluster 2 (918 genes), and cluster 3 (457 genes).
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on the spliced-unspliced interphase suggested increased XBP1
splicing in homozygous mice versus control (Figure 11B). Also,
BiP mRNA was significantly upregulated in the homozygous
mouse versus the WT littermates, whereas CHOP mRNA levels
remained unaltered (Figure 11C). Additionally, BiP, p-PERK,
and p-eIF2a protein levels were significantly upregulated in ho-
mozygousmice versus their control littermates (Figure 11,D and
E). Finally, we isolated glomeruli from mutant homozygous
mice and their WT littermates and examined UPR activation
specifically in glomerular cells. The UPRmarker BiP was signif-
icantly upregulated in mRNA isolated from mutant mice glo-
meruli (M/M) versus controls (WT/WT) (Figure 12A). We also
observed an increased trend in splicedXBP1mRNAasmeasured
by qPCR, while the XBP1 splicing assay showed the presence of a
spliced band in mutant mice (Figure 12B).

DISCUSSION

Mutations in the COL4A3/A4/A5 genes result in heritable kid-
ney diseases, such as AS and TBMN, collectively referred to as
collagen IV nephropathies.20 The cellular pathomechanisms

of these diseases are complex and clearly include extracellular
effects due to reduced or no secretion of collagen IV hetero-
trimers in the GBM. Additionally, one cannot rule out effects
caused by collagenmutations on intracellular pathways, some-
thing that to our knowledge has not been previously tested in
human podocytes. Because collagen IV a3/a4/a5 chains orig-
inate solely from podocytes,10 one can anticipate that the glo-
merular phenotypes of AS/TBMN are caused by defects that
concern specifically or mainly the podocyte. Interestingly, it
has been shown via biopsy immunofluorescence that in the
patients with X-linked AS, the COL4A3 chain is still expressed
and appears to accumulate within the podocyte.11

Collagen IV Secretion and UPR Phenotype in a
Podocyte Cellular Model
We first focused on the putative intracellular effects of WTor
mutant (G1334E) COL4A3 chain overexpression on podocyte
function. In experiments using transiently transfected undif-
ferentiated podocytes, we showed reduced secretion of the
single G1334Emutant chain in the cellular medium compared
with the WT chain (Figure 1). Immunocytochemistry

Figure 4. (A) Enrichment analysis showing that the protein processing in the endoplasmic reticulum pathway is greatly deregulated in
transfected cells. The KEGGpathway depicts themolecules that take part in the protein processing in the ER. The highlightedmolecules were
significantly deregulated in the cells transfected with themutantCOL4A3-G1334E or theCOL4A3-WT chain versus those transfected with an
empty vector. Significantly upregulated genes in the pathway are shown in red, whereas significantly downregulated genes are green (see
also Supplemental Table 3). (B) Unsupervised hierarchical cluster based on 118 genes involved directly in the protein processing in the
endoplasmic reticulum recognizes two main gene clusters. Color saturation is directly proportional to the measured expression ratio
magnitude. Euclidian distance was used as the metric. Rows represent individual probe sets. Columns represent the three experimental
conditions: empty vector (V), WT, or G1334E. Red bars indicate high expression, and green bars indicate low expression.
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experiments revealed that the COL4A3 single chains are re-
tained in the cell’s ER, both in the WT- and mutant-overex-
pressing cells, but this fact is more evident in the latter (Figure
2). This differential behavior of the cells could explain the
reduced secretion of the mutant in the cellular medium. Col-
lagen IV is known to be secreted as a trimer;21–23 therefore, we
should point out that it is questionable whether the single-chain
secretion actually takes place in vivo or is a phenomenon ob-
served only in an artificial in vitro system after overexpression of
the single chains. Here, secretion of the COL4A3 chain could be
due to association of the overexpressed chain with the endoge-
nous COL4A4 and COL4A5 chains that have been shown to be
expressed, even at lower levels, in the undifferentiated podocytes
(Supplemental Figure 1). The association of the transfected

COL4A3 mutant chains with normal endogenous chains could
also account for and explain the formation of misfolded trimers
that triggered theUPR activation upon quality control in the ER.
Nonetheless, secretion of single collagen chains was previously re-
ported in both human embryonic kidney 293 and Chinese ham-
ster ovary cells overexpressing single collagen IV chains.8,24,25

Furthermore, global mRNA profiling identified and veri-
fied the UPR pathway, among others, as a downstream prime
aftermath of overexpression of WTor mutant COL4A3 chains
in human undifferentiated podocytes. TheUPR pathway arose
as the most highly deregulated pathway associated with
COL4A3-WT or COL4A3-G1334E overexpression (Supple-
mental Table 2). Importantly, we validated the microarray
data for several UPR genes using qPCR (Figure 5). During

Figure 5. The deregulation of selected genes based onmicroarray data is verified by qPCR. (A) Graph plots of qPCR data in showing fold
increase in mRNAs of various UPR genes in cells expressing vector only (gray bars), WT COL4A3 (white bars), or COL4A3-G1334E
mutant chain (black bars) compared with cells expressing vector only. All mRNAs of UPR genes were significantly upregulated in cells
expressing WT or mutant COL4A3 compared with cells expressing vector only, thus verifying the microarray data. BiP, CHOP, and
XBP1 mRNAs are significantly increased in mutant expressing cells compared with controls (Data are means6SEM, n$3 independent
experiments; *P,0.05; **P,0.01. (B) Positive correlation between microarrays and qPCR experimentation. Good agreement is iden-
tified between the microarrays and the qPCR results both for the WT versus vector (R2=0.87; 95% confidence interval [95% CI], 0.62 to
0.99; P=0.0020) and for the G1334E versus vector (R2=0.88; 95% CI, 0.62 to 0.99; P=0.0019) experiments. Results are presented as
scatterplot. EDEM, ER degradation enhancer, mannosidase a-like.
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the qPCR verification we demonstrated significant upregula-
tion of the genes BiP and CHOP between cells expressing the
WT or the COL4A3-G1334E single chains in equal amounts
(Figure 5A). A similar differential increased expression was
evident in the activated form of XBP1, as tested by the splicing
assay in cells expressing the WT or mutant collagen chain
(Figure 7). These results were also supported by over-repre-
sentation of the respective proteins, although not always
reaching statistical significance (Figure 6). It is not clear from
these experimentswhy thePERK gene appears downregulated in
the cells and upregulated in the mice (see below).

We recognize that in our experimental set-upwe used singly
transfected cells, which expressed either a WT or a mutant
collagen IV chain. This resulted in intracellular overexpression
(nearly 30-fold compared with the endogenous at the mRNA
level and10-fold at theprotein level),whichwas adequate on its
own to activate theUPR signaling cascade.An explanation as to
why overexpression of the mutant chain results in higher UPR
upregulation compared with the WT is not obvious at first
sight. There could be two complementary explanations: One is
that this differential UPR upregulation occurs because the cell
can apply quality control on the nascent single collagen chain
level. Another is that the mutant COL4A3 chain associates

poorly with the endogenous COL4A4 and
COL4A5 chains, resulting in more misfol-
ded protein being retained in the ER and
subsequent higher activation of particular
UPR genes due to a dose effect.

Notably, previous studies showed that
intracellular accumulation of mutant
COL4A1 and COL4A2 chains, causative
for hemorrhagic stroke in humans, are re-
tained in the cell’s ER and activate the UPR
pathway.26

Importantly, the UPR pathway is trig-
gered both when podocytes overexpress a
collagen chain and when the endogenous
COL4A3 chain is knocked down by siRNA.
Activation is evident in both cases by the
increase of the key UPR marker BiP, dem-
onstrating that the cell senses this protein
chain imbalance and exerts its quality
control in the ER. Of note, the pathway is
differentially activated in these two con-
trasting conditions that result in similar
outcomes. COL4A3 overexpression results
in activation of the proapoptotic branch of
the UPRwith upregulation of the proapop-
totic marker CHOP. However, in COL4A3
downregulation, CHOP remains unaltered
and the PERKUPR branch is activated with
increase of eIF2a phosphorylation. These
results could reflect the variable activation
of the pathway shifting toward the cyto-
protective or proapoptotic direction, de-

pending on the nature and/or severity of the stress the cell is
facing.

UPR Phenotype on Human Renal Biopsy Specimens
We next tested the activation of the UPR pathway in human
biopsy material because we are mindful that extrapolation
of the cell culture data obtained herein should be done with
caution. This is because in vitro experiments are based on
overexpression or downregulation and a relative brief exper-
imental time frame, whereas AS and TBMN are disease pro-
cesses that take many years to become established. We
demonstratedUPR activation, as shown by increased expression
of BiP, a sensitive indicator of UPR activation27,28 in patients
carrying the COL4A3-G1334E mutation as compared with
obese persons (Figure 8). Notably, BiP staining in the glomer-
ulus of these patients is more evident, whereas tubular BiP
expression is similar between patients and obese persons. Fur-
ther experiments should be carried out in order to examine
whether it is collagen accumulation per se that causes BiP up-
regulation in glomeruli of these patients or it is a result of
other downstream mutational effects. Still, our data agree
with previous studies depicting an increase in ER stress pro-
teins in kidney biopsy specimens from patients with other

Figure 6. UPR proteins are deregulated in AB8/13 cells transfected with wild type or
mutant COL4A3. (A) Undifferentiated cells are transfected with equal amounts of
COL4A3-WT (WT), COL4A3-G1334E (G1334E), or the empty pcDNA6/HA vector
(Vector; used as a negative control). Protein expression of the UPR markers BiP, CHOP,
calnexin, PERK, and p-eIF2a was measured 48 hours after transfection via Western
blotting. b-Tubulin expression in the same samples was used as an equal loading
control. Shown is a representative blot, with differential levels of the various proteins.
(B) Western blotting is quantified via densitometric analysis. Data are means6SEM of
three independent experiments. While calnexin and p-eIF2a remain unaltered, BiP
and CHOP are upregulated in cells overexpressing the WT or mutant collagen IV
chain, and PERK is downregulated. *P,0.05; **P,0.01; ***P,0.001.
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nephropathies, such as diabetic nephropathy,29 FSGS, and
membranous nephropathy.30,31

UPR Phenotype in a Mouse Carrying the Col4A3-
G1332E Mutation
Our data demonstrated (for the first time, to our knowledge),
UPR activation in a relevant in vivomouse model, the knockin
Col4a3-G1332E mouse. These mice developed severe AS-like
GBM pathology as early as at 3 months of age, based on elec-
tron microscopy of renal biopsy specimens. The histologic
phenotype became more evident at the 7-month time point,
while the mice also exhibited hematuria and proteinuria (not
shown). UPR activation was evident by significant upregu-
lation of the UPR markers BiP, p-PERK, and p-eIF2a in the
mutant mice both at the mRNA and the protein level, as well
as nearly significant increase of XBP1 splicing in mutant
mice (Figure 11). Contrary to the in vitro overexpression

results, in these mice we did not observe
CHOP upregulation at the 3-month time
point. However, the in vivo data best re-
sembled the COL4A3 knockdown experi-
ments with upregulation of the markers
p-PERK and p-eIF2a and no change in
the proapoptotic marker CHOP. This
finding is interesting because it seems
that the stress exerted by the partial knock-
down of one chain seems to resemble best
the in vivo situation.

Follow-up studies using more and older
mice could determine whether collagen IV
mutations could evoke the proapoptotic
branch of the UPR pathway at a later time
point. Still, the significant eIF2a activation
observed in these mice could mean trans-
lational attenuation, which could still be
detrimental in disrupting the highly co-
ordinated events in the podocyte’s special-
ized secretory capacity, leading to defective
GBMs. Tsang et al. showed similar results
in which transgenic mice expressing mu-
tant collagen X in chondrocytes activated
the UPR pathway without inducing cell
death but caused altered chondrocyte dif-
ferentiation and function causing chon-
drodysplasia.32 It is interesting that in the
in vitro system, overexpression of collagen
chains results in significant CHOP upregu-
lation and unaltered p-eIF2a, whereas in
the Col4a3-G1332E–carrying mice the op-
posite is observed and is more similar to
the knockdown system. This discrepancy
could be due to overexpression of the mu-
tant chains in the cellular system, resulting
in severe stress and initiating the proapop-
totic branch of the UPR, or it might reflect

the various homeostatic mechanisms present in the in vivo
situation that shifts the UPR pathway toward the adaptive
cytoprotective site. Nonetheless, this appears to be the first
time that UPR upregulation is evident in a knock-in Col4a3
mouse. Thus, it would be interesting to examine the current
established models of AS33–36 for a similar UPR activation
effect. The existing knockout models are null for the Col4a3
or the Col4a5 chain, meaning that the a3a4a5 collagen pro-
tomer is compromised. On the basis of the existing knowledge
of collagen biochemistry and protomer formation, it is rea-
sonable to assume that knocking down or entirely knocking
out one a chain leaves the other two WT chains in excess
and vulnerable to degradation, perhaps as a result of
the quality control applied by the ER machinery and UPR
activation.

Interestingly, it was previously shown that ectopic expres-
sion of COL4A3 and COL4A4 in the lens of transgenic mice

Figure 7. Single-chain expression of WT or COL4A3-G1334E induces XBP1 splicing in
AB8/13 cells. (A) Representative experiment of RT-PCR of the XBP1 mRNA in AB8/13
cells transiently expressing COL4A3-WT collagen chain or the empty pcDNA6/HA
vector (vector). PCR products were run on 3% agarose gel. It is apparent that over-
expression of WT chain induces XBP1 splicing, as evidenced by the appearance of the
smaller spliced form (sXBP1) and the heteroduplex species formed between unspliced
and spliced chains (h). The spliced molecules are smaller by 26 bp. (B) Representative
experiment of RT-PCR of the XBP1 mRNA in AB8/13 cells transiently expressing
COL4A3-WT, mutant COL4A3-G1334E chain, or the empty pcDNA6/HA vector. PCR
products were run on 3% agarose gel. It is evident that overexpression of both WT and
mutant chains results in XBP1 splicing. L19 was used as an internal PCR control. (C)
Real-time PCR for direct quantitation of the spliced XBP1 isoform using primers in the
spliced-unspliced interface. Notice the highly statistical difference in the spliced form
between vector-only–, WT-, and mutant-expressing cells. Especially important is the
differential induction of XBP1 splicing comparing WT with mutant cells. Data are
means6SEM of three independent experiments; **P,0.01; ***P,0.001. uXBP1, un-
spliced XBP1.
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results in cataract,37 while it is accompanied byUPR activation
and ER expansion. This transgene expression had adverse ef-
fects on lens fiber cell differentiation and eventually induced
cell death in a group of transgenic fiber cells.37

To our knowledge, this study is the first to generate results
in a podocyte culture model and in human kidney biopsy
specimens, as well as results in knockin mice carrying the
Col4a3-G1332E mutation that provide evidence of UPR acti-
vation. Consequently, on the basis of these data we can hy-
pothesize that UPR activation might be part of the overall
AS/TBMN phenotype at the intracellular level. We are also
justified in hypothesizing that different amino acid substitu-
tions may activate the UPR pathway differentially and thereby
lead to disparate phenotypes.

In conclusion, we herewith showed experimental data
based on cultured human podocytes and human renal biopsy

specimens as well as preliminary data from a knockin mouse
model for a Col4a3 mutation that collectively implicate the
UPR pathway in the disease process. To date the exact path-
ogenic mechanism resulting from COL4 mutations in pa-
tients with AS or TBMN is poorly characterized. ER stress
and UPR activation make up a central pathogenic mechanism
in various conditions, including several connective tissue dis-
orders associated with the expression of mutant extracellular
matrix proteins.14 ER stress in renal pathophysiology is a rel-
atively new area of research.38–40 Therefore, recognizing its
contributory role to the deleterious consequences of collagen
IV trafficking defects would greatly improve AS/TBMN pa-
tient prognosis andwould pave ways for development of novel
therapeutics, such as the use of molecular chaperones to im-
prove or ameliorate disease symptoms. Finally, the clinical
heterogeneity observed in patients with AS/TBMN could be

Figure 8. Knockdown of endogenous COL4A3 in differentiated podocytes activates the UPR pathway. Differentiated cells are
treated with COL4A3 siRNA to knock down endogenous COL4A3 expression. (A) Protein expression of the UPR markers BiP,
CHOP, p-PERK, and p-eIF2a was measured 72 hours after transfection via Western blotting. b-Tubulin expression in the same
samples was used as equal loading control. Scrambled siRNA was used as a negative control in all experiments. Shown is a rep-
resentative blot, with differential levels of the various proteins. Note the effective downregulation of the target gene and the
upregulation of UPR markers. (B) Western blotting in A was quantified via densitometric analysis. Data are means6SEM of three
independent experiments. While CHOP remained unaltered, BiP and p-PERK were upregulated in cells being treated with
COL4A3 siRNA. *P,0.05; **P,0.01.
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associated with a varying pattern in UPR activation. Because
the level of UPR activation is linked directly to the duration
and severity of the ER experienced by the cell, this is some-
thing that could vary between individuals carrying different
mutations, leading to diverse clinical outcomes. Therefore,
the pursuit for modifier genes could include the search for
UPR related genes.

CONCISE METHODS

Plasmid Vectors
Aplasmidvectorcontaining the full-lengthhuman

COL4Α3 cDNA subcloned into the pCMV6-AC-

HAwas purchased from Origene. The vector was

confirmed for expression of C-terminal fusion of

the Collagena3with the hemagglutinin (HA) tag.

The COL4A3-G1334E point mutation was intro-

duced in the WT COL4A3 by PCR-based site-di-

rected mutagenesis (QuikChange Site-Directed

Mutagenesis, Stratagene, La Jolla, CA).Mutagenic

primers were as follows: G1334E-A3-For: 59-C-

CATTGGACCTCCAGAACCAATTGGGC-

CAAAAGG-39; G1334E-A3-Rev: 59-CCTTT-

TGGCCCAATTGGTTCTGGAGGTCCAATGG-
39. Correct incorporation of the mutation as well

as elimination of any nonspecific changes was

confirmed by both restriction digest and DNA se-

quencing. Mutation G1334E was chosen because

of its known pathogenic effect; it is endemic in

Cyprus and has been found in a cohort of 169

TBMN patients as a strong founder effect.19

Cell Culture and Transfections
The AB8/13 undifferentiated podocyte cells41

were incubated at 33°C at 5% CO2 and cultured

in RPMI medium, supplemented with 10% FBS (Invitrogen, Carls-

bad, CA), 1% of 100 U/ml penicillin/streptomycin (Invitrogen), and

1% insulin-transferrin-selenium (Invitrogen). When needed, differ-

entiated podocytes were obtained by culturing the cells at 37°C for 14

days. At 70% confluence, cells were transiently transfected with the

vectors containing the collagen cDNAs, WT or mutant, using lip-

ofectamine 2000 according to the manufacturer’s instructions.

Figure 9. BiP protein expression is increased in renal biopsies of COL4A3-G1334E heterozygous carriers. Detection of BiP expression in
the glomerulus from renal biopsy specimens of two patients diagnosed with TBMN and confirmed heterozygous carriers of the
COL4A3-G1334E mutation, using immunohistochemical staining (B). Kidney biopsy specimens from a patient with breast carcinoma (A)
and six obese persons (C) were used as positive and negative controls, respectively. In the patients with confirmed COL4A3-G1334E
mutation, serial sections show strong perinuclear BiP immunoreactivity in the glomerulus compared with the obese controls. Tubular
cells of both the patient with COL4A3-G1334E and the obese persons are stained positive for BiP. All samples are sex and age
matched.

Figure 10. Ultrastractural pathology of the mutant knockin mice is consistent with
Alport Syndrome nephritis. WT mice (WT/WT) display normal GBM thickness, 280–300
nm range, while G1332E/G1332E (M/M) homozygous mice demonstrate thin GBMs,
140–160 nm range (black arrow), with areas of mild (3-month-old mice) or severe (7-
month-old mice) irregular thickening (white arrows), consistent with AS nephritis.
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Forty-eight hours after transfection, cellular lysates and cellular

medium were collected for experiments. Importantly, 12 hours be-

fore extraction, cells were treated with 50 mg/ml ascorbic acid

(Sigma-Aldrich, St. Louis, MO) in serum-free medium. Transfection

efficiency was assessed by immunofluorescence using an anti-HA

antibody in a transfection control sample; transfection efficiency

was typically about 60%. In all experiments, the empty pCMV6-

AC-HA plasmid was used as a control to determine transfection

toxicity. Collagen construct expression was similar in all trans-

fected cells as assessed by qPCR on the collagen mRNA levels, at

each single experiment, using a reverse primer on the engineered

C-terminal tag. Primers were as follows:COL4A3-For: CCAGCTGGATCA-
GATGGAT; HA-FLAG-Rev: AGCGTAATCTGGAACATCGTATGGGTA.

COL4A3 mRNA expression after transfection strongly increased

(.30-fold) comparedwith nontransfected AB8/13 cells as determined

by qPCR (data not shown).

RNA Preparation and Microarray Experimental Design
To study the genetic regulation of COL4A3 overexpression in the

podocyte, 24 hours after transfection, total RNA was extracted

from podocytes transfected only with the pcDNA6-HAvector or vec-

tors expressing WT COL4A3 or the mutant COL4A3-G1334E chain.

Before cDNA synthesis, the quality of total RNA was checked by a

2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) using an

RNA 6000 LabChip kit (Agilent Technologies). All samples were of

good quality, and 100 ng RNA was used to synthesize biotin-labeled

Figure 11. The UPR pathway is activated in whole kidney lysates of Col4a3-G1332E mice. (A) XBP1 splicing assay using RNA from
whole kidney lysate from WT, Col4a3-G1332E heterozygous (WT/M), and Col4a3-G1332E homozygous (M/M) mice. Splicing is evident
by the presence of the lower-molecular-weight band on 2% agarose gel. Mouse glyceraldehyde 3-phosphate dehydrogenase is used
as control. Notice the presence of the spliced band in the heterozygous (WT/M) and homozygous (M/M) mice. (B) Real-time PCR for
direct quantitation of the spliced XBP1 isoform using primers in the spliced–unspliced interface. Significance is not reached, but there is
an obvious trend toward spliced XBP1 increase in homozygous (M/M) mice. Data are means6SEM of three independent experiments.
(C) Examination of BiP and CHOP mRNA levels by qPCR. RNAs were extracted from whole kidney tissue of WT, Col4a3-G1332E
heterozygous (WT/M), and Col4a3-G1332E homozygous (M/M) mice. Shown is significant upregulation of the BiP but not CHOP mRNA
levels. (D) Representative Western blot to demonstrate protein expression level change in the homogenates of whole kidney lysate
from 3-month-old WT or Col4a3-G1332E heterozygous (WT/M) or homozygous (M/M) knock-in mice. Equal amounts of protein ho-
mogenates were resolved by SDS-PAGE followed by Western blot. The blots in each panel came from the same gel. Notice differential
expression of proteins between WT and mutant mice. (E) Quantification of representative blots as in D is shown in graphic form. The
expression levels of BiP, CHOP, p-PERK, and p-eIF2a were normalized to b-tubulin levels (*P,0.05; **P,0.01, n$3); M/M, homo-
zygous for the Col4a3-G1332E mutation; WT/M, heterozygous for the Col4a3-G1332E mutation. Three mice were used for each
condition. All UPR genes except CHOP were significantly overexpressed. h, hybrid; sXBP1, spliced XBP1; uXBP1, unspliced XBP1.
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target cRNA using the GeneChip 39 IVT Express Kit (Affymetrix,

Santa Clara, CA). Two hundred micrograms of the labeled and frag-

mented RNA from V1 (vector only), WT (WT COL4A3), and G

(COL4A3-G1334E) were hybridized for 16 hours to the Affymetrix

GeneChip Human Genome U133 Plus 2.0 Array, which represents

approximately 39,000 of the best-characterized human genes. The

hybridization step was followed by staining and washes using the

GeneChip Hybridization, Wash and Stain Kit from Affymetrix as

well as the GeneChip Fluicids Station 450 robot (Affymetrix). The

arrays were scanned at 5-mm resolution using the Affymetrix Gene-

Chip Scanner 3000 7G. Quality control was performed using the

Affymetrix expression Console. The raw microarray data were back-

ground corrected, quantile normalized, and log2 transformed using

the SAS JMP7 Genomics, version 4, package (SAS Institute, Cary,

NC). Differential mRNA expression was analyzed by one-way AN-

OVA. A P value of 0.05with false discovery rate,10%was considered

as the cutoff level of significance.

Pathway Analysis, Gene Ontology, and Clustering
Pathway analysis and gene ontology for the significantly deregulated

genes was performed using the KEGG (http://www.genome.jp/kegg/

pathway.html) and The Database for Annotation, Visualization and

Integrated Discovery (http://david.abcc.ncifcrf.gov/) databases. A

P value of 0.05 using the Fisher exact test with Bonferroni correction

was set as a cutoff. We used two-way hierarchical clustering and

K-means clustering with Euclidean distance as a metric to cluster

the most deregulated genes. Clustering was performed using Genesis

software, version 1.7.6 (Graz University of Technology).

qPCR
Twenty-four hours after transfection, total RNA was extracted from

cells usinganRNAextractionkit (Macherey-Nagel,Düren,Germany).

The integrity of the RNAwas assessed via gel electrophoresis, and the

concentration was measured spectrophotometrically (Nanodrop

Technologies, Montchanin, DE). One microgram of total RNA

from all samples was reverse transcribed simultaneously using an

oligo-dT (dT23VN) primer and the ProtoScript First Strand cDNA

Synthesis Kit (New England Biolabs, United Kingdom). The qPCR

amplifications were performed on a LightCycler system (Roche Ap-

plied Science) using the LightCycler FastStart DNA Master SYBR

Green I kit (Roche, Germany) in a reaction volume of 20 ml. Relative

Figure 12. Upregulation of UPR marker mRNA in glomeruli isolated from Col4a3-G1332E knock-in mice. (A) Examination of BiP and
CHOP mRNA levels by qPCR. RNAs were extracted from isolated mouse glomeruli of WT and Col4a3-G1332E homozygous mutant
(M/M) mice. Shown is significant upregulation of the BiP but not CHOP mRNA levels. Spliced XBP1 mRNA levels show an obvious
increase trend. (B) Representative experiment of reverse transcription PCR of the XBP1 mRNA in RNA isolated from WT or mutant mice
glomeruli. PCR products were run on 3% agarose gel. It is apparent that there is induction of XBP1 splicing in mutant mice, as evidenced by
the appearance of the smaller spliced form (sXBP1). The spliced molecules are smaller by 26 bp. Mouse glyceraldehyde 3-phosphate
dehydrogenase is used as control. M/M, homozygous mouse; WT/M, heterozygous mouse; WT/WT, WT mice. *P,0.05; n53.
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quantification analysis was carried out on LightCycler software, ver-

sion 4.1. The primer sets for the genes whose differential expression

was analyzed by qPCR are shown in Table 1. Differences in starting

material were compensated by normalization to the endogenous

reference genes GAPDH and L19.

Immunoblotting
Forty-eight hours after transfection, cellular lysates or cellular medium

were collected for experiments. Cells were lysed in equal volumes of

preheated 23 SDS loadingbuffer (SDS25mM,Tris-HClwith pHof 6.8,

20%glycerol, 2%SDS, 2%b-mercaptoethanol, and bromophenol blue)

and homogenized via sonication. The transblots were probed with a

primary antibody (anti-HA; Santa Cruz Biotechnology), targeted to the

fused HA-tag epitope engineered in the carboxyl terminus of the colla-

gen chain. The collagen chains were seen at around 200 kDa. Antibodies

used against the ER-stress proteins were anti-BiP, anti-PERK, antical-

nexin (Cell Signaling Technology, Danvers, MA) and anti-CHOP, and

anti–p-eIF2a (Santa Cruz Biotechnology), followed by peroxidase-

labeled secondary antibodies—either goat antimouse or donkey anti-

rabbit (Santa Cruz Biotechnology). Proteins were detected using the

Enhanced ChemiLuminescence Plus Blotting Detection system (Amer-

sham Biosciences, Buckinghamshire, United Kingdom) and were visu-

alized by autoradiography on photographic film (Kodak X-OMAT;

Eastman Kodak, Rochester, NY).

All transblots were reprobed with anti–b-tubulin antibody (Santa

Cruz Biotechnology) to prove equal amounts of protein were loaded

on the membrane. Band density was defined the ImageJ Software

(http://imagej.nih.gov/ij).

Semiquantitative Analysis and XBP1 Splicing
AB8/13 cells were transfected with COL4A3-WT or COL4A3-G1334E

constructs in equal amounts as confirmed by qPCR and Western blots

(not shown). Twenty-four hours post-transfection total RNA was iso-

lated and cDNA was synthesized as described above. For every RNA

sample, a control reaction without reverse transcription was performed

to exclude genomic DNA contamination. cDNA was further used as a

template for PCR with XBP or L19 RNA primers (primers shown in

Table 1). PCR products were then analyzed on a 3% agarose gel.

Experiments with siRNA
A total of 400,000 podocytes were seeded on a 6-cm culture dish.

Differentiatedpodocyteswere transfectedwith siRNACOL4A3 (Santa

Cruz Biotechnology) using the lipofectant RNAiMax (Invitrogen)

Briefly, 7.5 ml of the lipofectant was mixed with 80 pmol of siRNA

in 1 ml of Opti MEM. The mix was added to 4 ml of complete media

without antibiotics to the dishes. Cells were incubated overnight at

37°C and 5% CO2. The following day, the same concentrations of

lipofectant and siRNA in 1 ml of Opti-MEMWere again added to the

dishes. Cells were harvested 72 hours after the second transfection.

Immunocytochemistry
Forty-eight hours after transfection, cells on coverslips were fixed

with 4% paraformaldehyde in PBS for 10 minutes and permeabilized

for an additional 10 minutes with 0.5% Triton X-100 in PBS. All cells

were quenched with 50 mM ammonium chloride in PBS for

10 minutes, blocked with 2% BSA, 2% FCS, 0.2% fish skin gelatin

in PBS (blocking mix) for 30 minutes, and incubated with primary

and then secondary antibodies in PBS, containing 5% blocking mix,

either overnight at 4°C or for 1 hour at room temperature. Cells were

incubated with Hoechst solution (DAKO, Denmark) at a 1:1000 di-

lution for 1 minute for nucleus staining and were subsequently

mounted with fluorescence mounting medium (DAKO).

Fluorescence Microscopy
Immunofluorescent preparations were analyzed on a Zeiss Axiovert

200M inverted fluorescence microscope equipped with Zeiss Axio-

vision 4.2 software. Digital imageswere recorded and composed using

AdobePhotoshop5.0 and Illustrator 10 forMacintosh.Quantification

and co-localization were determined using ImageJ software.

Immunohistochemistry
For human kidney staining experiments, kidney sections were cut

and mounted on slides coated with suitable tissue adhesive. Then

Table 1. Sets of qPCR oligonucleotides synthesized to
measure expression of the mRNA levels of these genes.

Genes Primer Sequence (59 to 39)

Human genes
BiP_F TGTTCAACCAATTATCAGCAAACTC
BiP_R TTCTGCTGTATCCTCTTCACCAGT
CHOP_F AGAACCAGGAAACGGAAACAGA
CHOP_R TCTCCTTCATGCGCTGCTTT
Calnexin_F TCCGCCTCTCTCTTTACTGC
Calnexin_R GCAACCACTTCCCTTCCAT
Calreticulin_F GCAAATTCGTCCTCAGTTCTGG
Calreticulin_R CCATGCATGTCCTTCTGGTC
Gadd34_F ATGTATGGTGAGCGAGAGGC
Gadd34_R GCAGTGTCCTTATCAGAAGGC
EDEM_F CAAGTGTGGGTACGCCACG
EDEM_R AAAGAAGCTCTCCATCCGGTC
sXBP-1_F CTGAGTCCGCAGCAGGTGCAG
sXBP-1_R CCAGAACATCTCCCCATGGAT
GAPDH_F TTGGTATCGTGGAAGGACTCA
GAPDH_R TGTCATCATATTTGGCAGGTTT
L19_F GCGGAAGGGTACAGCCAAT
L19_R GCAGCCGGCGCAAA

Mouse genes
COL4A3_F CCGAGCCAGTCCATTTATAGAAT
COL4A3_R CAGCGAAGCCAGCCAGAA
BiP_F TCATCGGACGCACTTGGAA
BiP_R CAACCACCTTGAATGGCAAGA
CHOP_F GTCCCTAGCTTGGCTGACAGA
CHOP_R TGGAGAGCGAGGGCTTTG
sXbp1_F CTGAGTCCGCAGCAGGTGCAG
sXbp1_R CCAGAACATCTCCCCATGGAT
GAPDH_F GCATGGCCTTCCGTGTTCCTA
GAPDH_R CCTGCTTCACCACCTTCT

Oligos for Xbp1 splicing assay
hXbp1_F GGAGTTAAGACAGCGCTTGG
hXbp1_R ACTGGGTCCAAGTTGTCCAG
mXbp1_F GAACCAGGAGTTAAGAACACG
mXbp1_R AGGCAACAGTGTCAGAGTCC

All supplied by M.W.G., Ebersberg, Germany.
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sections were deparaffinized using xylene and rehydrated through

washes in graded alcohols. Endogenous peroxidase was neutralized

using 0.5% vol/vol hydrogen peroxide/methanol for 10 minutes.

Slideswerewashedwithwater. Retrievalwas carried out using 0.01M

citrate retrieval solution (pH, 6.0). Sections were subsequently

washed with TBS and blocked for 10 minutes using diluted normal

serum (Novocastra Protein Block; Leica Microsystems). Sections

were incubated with primary antibody anti-BiP (Cell Signaling

Technology) diluted 1:200 in antibody diluent solution (DAKO)

overnight at 4°C. Slides were thenwashed and incubated with DAKO

REAL EnVision, HRP Rabbit/Mouse (ENV). Subsequently, slides

were incubated with a suitable peroxidase substrate, washed thor-

oughly in running tap water, and counterstained with hematoxylin,

before being dehydrated and mounted. Patient tissue was used after

bioethics approval and informed consent. The patients who carry

mutation G1334E belong to families that have been described

before.4

Generation of Col4a3-G1332E Knock-In Mice
All animal experiments were carried out in compliance with Cyprus

law for protection of animals and were approved by the local

authorities. Details on targeting construct generation, production,

and genotyping of mice are described in the supplemental materials

(Supplemental Figure 2). Comprehensive phenotypic details of this

line will be documented elsewhere (M.P. and C.D., unpublished

data). Animals were hosted in the Cyprus Institute of Neurology

and Genetics animal house under specific pathogen-free conditions.

Electron Microscopy of Mouse Kidney Sections
For electronmicroscopy studies, left kidney sectionswereprocessed as

usual and examined under a transmission electron microscope

(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).

Glomeruli Isolation
Glomeruli were isolated following the protocol by Takemoto et al.42

Briefly, mice were anesthetized by an intraperitoneal injection of

Avertin (2,2,2-tribromoethyl and tertiary amyl alcohol; 17 ml/g

mouse) and perfused with 83107 Dynabeads through the heart.

The kidneys were removed, minced, and digested in collagenase.

The digested tissue was gently pressed through a 100-mm cell strainer

and the cell suspension was then centrifuged at 2003g for 5 minutes.

The supernatant was discarded and the cell pellet was resuspended in

HBSS. Glomeruli containing Dynabeads were gathered by a magnetic

particle concentrator. Glomeruli total RNAwas isolated using a com-

mercially available kit (Macherey-Nagel), according to the manufac-

turer’s instructions.

Statistical Analyses
All statistical analyses with the exception of the microarrays were

performed using GraphPad Prism, version 5, statistical software. Data

are expressed as mean6SEM; the Mann-Whitney U test was per-

formed for pairwise comparisons. For comparisons involving more

than two groups, nonparametric analysis of relative contrasts was

performed with Tukey post hoc analysis. No prior transformation of

the data was performed. For microarray analysis we used the SAS

JMP7 Genomics, version 4, package (SAS Institute). Differential

mRNA expression was analyzed by ANOVA. A P value , 0.05

with a false discovery rate , 10% was considered as the cutoff level

of significance. For pathway analysis and gene ontology enrichment, a

P value of 0.05 using the Fisher exact test with Bonferonni correction

was set as a cutoff.
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