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Abstract

Alport disease in humans, which usually results in proteinuria and kidney failure, is caused by mutations to the COL4A3,
COL4A4, or COL4A5 genes, and absence of collagen a3a4a5(1V) networks found in mature kidney glomerular basement
membrane (GBM). The Alport mouse harbors a deletion of the Col4a3 gene, which also results in the lack of GBM collagen
a3a4a5(1V). This animal model shares many features with human Alport patients, including the retention of collagen
ala2a1(lV) in GBMs, effacement of podocyte foot processes, gradual loss of glomerular barrier properties, and progression
to renal failure. To learn more about the pathogenesis of Alport disease, we undertook a discovery proteomics approach to
identify proteins that were differentially expressed in glomeruli purified from Alport and wild-type mouse kidneys. Pairs of
cy3- and cy5-labeled extracts from 5-week old Alport and wild-type glomeruli, respectively, underwent 2-dimensional
difference gel electrophoresis. Differentially expressed proteins were digested with trypsin and prepared for mass
spectrometry, peptide ion mapping/fingerprinting, and protein identification through database searching. The intermediate
filament protein, vimentin, was upregulated ~2.5 fold in Alport glomeruli compared to wild-type. Upregulation was
confirmed by quantitative real time RT-PCR of isolated Alport glomeruli (5.4 fold over wild-type), and quantitative confocal
immunofluorescence microscopy localized over-expressed vimentin specifically to Alport podocytes. We next hypothesized
that increases in vimentin abundance might affect the basement membrane protein receptors, integrins, and screened
Alport and wild-type glomeruli for expression of integrins likely to be the main receptors for GBM type IV collagen and
laminin. Quantitative immunofluorescence showed an increase in integrin a1 expression in Alport mesangial cells and an
increase in integrin a3 in Alport podocytes. We conclude that overexpression of mesangial integrin a1 and podocyte
vimentin and integrin o3 may be important features of glomerular Alport disease, possibly affecting cell-signaling, cell
shape and cellular adhesion to the GBM.

Citation: Steenhard BM, Vanacore R, Friedman D, Zelenchuk A, Stroganova L, et al. (2012) Upregulated Expression of Integrin o1 in Mesangial Cells and Integrin
a3 and Vimentin in Podocytes of Col4a3-Null (Alport) Mice. PLoS ONE 7(12): e50745. doi:10.1371/journal.pone.0050745

Editor: Shree Ram Singh, National Cancer Institute, United States of America
Received September 27, 2012; Accepted October 22, 2012; Published December 7, 2012

Copyright: © 2012 Steenhard et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This study was supported by the National Institutes of Health grants PO1DK065123 and P20GM104936. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: dabrahamson@kumc.edu

Introduction properties in humans is underscored by Alport disease. Affected
individuals harbor mutations to any one of the three genes
: encoding the type IV collagen network found in mature GBM;
that allows the passage of plasma water and small solutes into the COL4A3, COL4A44, or COL445, and Alport patients usually suffer a

tubular portion of the nephron, while retaining albumin and larger progressive loss of barrier function, splitting of the GBM, and,
molecules in the circulation. Diseases affecting the glomerular eventually, renal failure [3].

barrier properties commonly result in the loss of circulating plasma
proteins into the urine, a condition called proteinuria, and

The kidney glomerulus is a unique, semipermeable capillary tuft

Depending upon the tissue location, basement membranes
T ) contain just one of three different heterotrimers of type IV
unCh,kaCd .plrot.cmuna caE lead to c?d stage ’?ﬁlalfldmc.asc collagen chains: ala2a1(IV), a3a4a5IV), or adabadIV). These
requimg dla, YIS and./or idney transplantation. ¢ Hitration triple helices further associate to form a three-dimensional network
barrier itself is comprised of the fenestrated glomerular endothe- of polymerized collagen IV [4]. During mammalian kidney
lium with its glycocalyx and loosely attached cell.coat [1],. the development, the typtf’: IV collagen composition of the GBM
glomerular basem ent I.ne.,mbrane. (GBM)’. and the visceral epithe- undergoes isoform substitution. k\Vhereas GBMs of immature
lial podocytes .Wlth their intervening sit diaphragm complexes [2]. glomeruli contain networks of ala201(IV) heterotrimers, GBMs of
The endothelium, GBM, and podocytes are all necessary and fully developed glomeruli contain networks of a3a4a5(IV), which

work synergistically in maintaining the glomerular filtration . . . s
. . . is the primary type IV collagen species that persists into adulthood
barrier. The importance of the GBM for glomerular barrier P Y BP sen sp P
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[5]. Laminin is another heterotrimeric glycoprotein that forms
polymers in basement membranes and it also undergoes isoform
substitution during glomerular development. Specifically, laminin
alBlyl is present in the ecarliest GBMs of immature glomeruli
whereas fully mature GBMs contain only laminin a5B2y1 [6].

Mechanisms accounting for GBM collagen IV and laminin
isoform switching are unknown, but these substitutions appear to
be required for the acquisition and maintenance of glomerular
filtration barrier properties. As already mentioned, mutations to
genes encoding the collagen o30405(IV) heterotrimer result in
Alport disease and cause structural and functional deficits to the
glomerulus. Similarly, mutations to LAMB2, which encodes the
laminin B2 chain, cause Pierson syndrome, which results in ocular
defects, congenital nephrosis, and renal failure usually within a few
weeks after birth [7].

Two genetically engineered mouse models of Alport disease
have been produced by deletion of the Col4a3 locus [8,9]. Without
the collagen a3(IV) chain, a stable a304a5(IV) heterotrimer can
not form, and GBMs lack this collagen IV isoform altogether.
Although disease severity differs depending upon strain [10], both
of the genetic mouse models parallel key aspects of human Alport
kidney disease progression. Specifically, Col/4a3 null mice are
viable, and kidney function appears normal until the onset of
proteinuria at ~5 wecks of age. Like Alport patients, mouse
mutants retain collagen ala201(IV) in their GBMs into adult-
hood, and there is also ectopic expression laminins o1, 22 and 1
in peripheral loop GBM [11,12], especially in the irregular
subepithelial thickenings that are typical of Alport glomeruli [13].

Whereas the collagen ala201(IV) seen in immature GBM, as
well as the ectopic laminins of Alport mouse GBM, originate from
both endothelial cells and podocytes, the podocyte alone is
responsible for the synthesis of collagen a3a4a5IV) found in
mature GBM [14]. The progression of Alport syndrome in
humans and in mouse models ultimately leads to end stage renal
disease, but this is a relatively slow process compared to other
podocyte mutations. For example, mutations affecting NPHS!
(encoding the slit diaphragm protein, nephrin) or NPHS2
(encoding the slit diaphragm-associated protein, podocin), result
in renal failure and death within a few days after birth [15,16].

Although the ala2a1(IV) collagen retained in Alport GBMs is
apparently able to compensate partially for the absence of
a3a4a5(IV) collagen, the later isoform has more cysteine residues
available for disulfide crosslinks between o chains, which may
confer improved resistance of the GBM to hydrostatic pressure
within the glomerular capillary [17]. Alport GBM has also been
shown to be more susceptible to proteolysis m witro [17], and
mechanical strain induces metalloprotease expression in podocytes
[18], which is also upregulated in Alport [19]. Glomeruli from
Col4a3-null mice are more ecasily deformable carly in disease
progression, as measured by a combination of atomic force
microscopy and capillary micromechanics [20], and they are more
permeable to intravenously injected ultrastructural tracers such as
ferritin [21].

The morphologic course of Alport disease in humans and in
mouse models has been well described, but there is much yet to
learn on how the abnormal GBMs affect mesangial cells,
endothelial cells and podocytes, and cause proteinuria. In an
effort to advance this question, we isolated glomeruli from Alport
and wild-type mice and undertook a proteomics approach to
determine which proteins were differentially expressed.
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Vimentin and Integrins in Alport Glomeruli

Results

Glomeruli were isolated from kidneys of three 5 week old Col4a3
knockout mice and three age-matched wild-type controls. Three
samples were prepared consisting of equal protein concentrations
of glomerular lysates from each genotype (wild-type Cool4a3**
lysate labeled either with Cy3 or Cy5 and knockout Col4a3™ "~
lysate [with opposite fluorescent tag]), and proteins in each
mixture were separated by two-dimensional difference gel
electrophoresis (2D DIGE). The three resulting gels were each
fluorescently scanned and individual spot signals were calculated,
and then averaged for the three gels. Spots with significant
increases or decreases in differential intensities (p<<0.05) were
robotically picked for analysis by MALDI-TOF (matrix-assisted
laser desorption/ionization-time of flight) peptide mass finger-
printing and TOF/TOF peptide fragmentation followed by data-
base searching to produce statistically significant candidate protein
matches. This resulted in the identification of 9 differentially
expressed proteins with molecular weight search (MOWSE) scores
of greater than 55 (95% confidence interval), and these are listed in
Table 1. Notably, the proteins with largest expression differences
between Alport and wild-type were both cytoskeletal: the
intermediate filament (IF) protein, vimentin, was upregulated
~2.5 fold in Alport, and the microtubule protein, B-tubulin, was
downregulated ~2.4 fold in Alport (Table 1).

To determine whether mRINAs were altered in Alport, primers
were designed to mRNA of the 9 differentially expressed proteins
and total glomerular RNA was isolated from 4 week old wild-type
and Col4a3 "~ Alport mice. Quantitative real time RT-PCR
(qPCR) showed that glomerular mRNA signals were significantly
increased for vimentin (upregulated 5.24 fold, p<<0.006) and the
calcium-dependent, phospholipid binding protein, annexin A3
(upregulated 2.18 fold, p<<0.01) in Alport (Table 1). No statistically
significant changes in mRNAs were found for any of the proteins
shown to be decreased in Alport glomeruli (T'able 1).

We chose to focus on vimentin, as expression of this IF protein
has been shown previously to be restricted in glomeruli to
podocytes [22-24]. Further, this is the glomerular cell type that
synthesizes the collagen a304a5(IV) heterotrimer found in mature
GBM [14], which is lacking in Alport. Indeed, 8 different resolved
protein spots (migrating at different positions) identified by DIGE
were verified as vimentin (Fig. 1A). These different forms of
vimentin may have represented degradation products, or perhaps
species of vimentin with different post-translational modifications
that altered their charge. Western blots of isolated glomerular
lysates from wild-type (n = 3) or Alport (n = 2) kidneys showed that
vimentin migrated as a major ~50 kD band, with an obvious,
increased abundance in Alport glomeruli (Fig. 1B). Blots showed
some minor, lower molecular weight bands reacting with anti-
vimentin antibodies that were also more prominent in Alport
samples (asterisks, Fig. 1B) than those from wild-type mice, and
these may also have represented proteolytic vimentin fragments.
Blots were stripped and re-probed with anti-a-smooth muscle
actin, which served as a loading control (a-SMA, Fig. 1B).

To confirm expression of vimentin in Alport mouse glomeruli,
frozen kidney sections from Alport mice were immunolabeled with
anti-vimentin, and antibody appeared to be bound specifically to
podocytes (Fig. 2A). This was verified using double immunolabel-
ing with podocyte-specific, anti-GLEPP1 IgG (Fig. 2B) [25], and
merged images showed considerable immunofluorescence overlap
(Fig. 2C). To certify the upregulation of vimentin in Alport
glomeruli, the immunofluorescence signals of bound anti-vimentin
antibody to glomeruli of wild-type (Fig. 2D) and Alport mice
(Fig. 2E) were quantified [21]. Glomerular expression of vimentin
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Figure 1. The intermediate filament protein vimentin is
upregulated in Alport glomeruli. A: A digital scan of a portion of
the 2D gel showing the position of the 8 vimentin spots robotically
picked for LC-MS/MS. B: Western blot of wild-type (wt) or Alport mouse
glomerular lysates harvested at 4 weeks of age probed with goat anti-
vimentin 1gGs (Vim, upper blot), then stripped and re-probed with
mouse anti-smooth muscle actin (a-SMA, lower blot) as a loading
control. Asterisks (*) indicate lower molecular weight bands that are
more prominent in the Alport glomerular lystates, possibly representing
proteolytic fragments of vimentin.
doi:10.1371/journal.pone.0050745.g001
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Table 1. Proteins altered in Alport glomeruli identified by 2D DIGE and MALDI-TOF.
Gene Fold Molecular Mass MOWSE qPCR  qPCR p-
Gene Name symbol Protein ID change p-value (kDa) pl score fold value
Increased in Alport glomeruli
Vimentin Vim P20152 248 0.01 53.7 5.1 473 5.24 0.006
Annexin A3 Anxa3 035639 1.68 0.001 36.5 53 371 2.18 0.01
Decreased in Alport glomeruli
Tubulin, beta-5 Tubb5 P99024 —241 0.047 50 7.8 73 n/c n/a
Dihydropyrimidinase-like 2 Dpysl2 008553 —2.13 0.009 62.6 59 85 n/c n/a
Beta actin Actb P60710 —1.98 0.015 41.7 53 109 n/c n/a
Glutamyl aminopeptidase Enpep P16406 -1.87 0.042 108.4 53 108 n/c n/a
Collagen type VI, alpha 1 Col6al Q04857 —1.82 0.003 109.5 5.2 70 n/c n/a
DEAD (Asp-Glu-Ala-Asp) box polypeptide 39B Ddx39b Q9Z1N5 —1.54 0.024 495 54 69 n/c n/a
Prohibitin Phb P67778 —135 0.016 29.8 5.5 107 n/c n/a
n/c=no change, n/a=not applicable.
doi:10.1371/journal.pone.0050745.t001

was significantly increased in Alport (Fig. 2F, 1 tail t-test, p<<0.05),
but the expression of GLEPP1 did not change in these samples
(not shown).

We next assessed how the absence of collagen a304a5(IV) in the
GBM might have affected the composition of the internal IF
cytoskeleton of the Alport podocyte, reasoning that the matrix
receptors, integrins, may have been involved. Integrins have been
mmplicated in the Alport mouse model previously [11], but a
comprehensive study of their expression in Alport has not been
undertaken. Knowing that the collagen IV and laminin compo-
sition of the GBM are both abnormal in Alport disease, we
selected a subset of integrins for analysis that likely represented the
most prominent collagen IV and laminin receptors. Quantitative
real time RT-PCR showed statistically significant increases in
mRNAs encoding integrin 3 and integrin B1 in Alport glomeruli,
but no significant changes were detected for integrin ol or integrin
a2 mRNAs (Fig. 3).

We also examined and quantified the distribution of integrin
receptor proteins in wild-type and Alport mouse glomeruli using
confocal immunofluorescence microscopy. Integrin ol immuno-
localized to wild-type and Alport glomeruli in what appeared to be
a mesangial pattern (Figs. 4A). When sections were doubly
immunolabeled with anti-laminin 1 (Fig. 4B), a marker for
mesangial matrix in mature glomeruli [6], there were some areas
of overlap with integrin ol (Fig. 4C). However, there were also
some areas of discrete anti-integrin o1 binding as well, suggesting
that some integrin o1 expression may have occurred in glomerular
capillary loops (Fig. 4C). Regardless, when total integrin ol
immunolabeling intensities were quantified in wild-type (Fig. 4D)
and Alport glomeruli (Fig. 4E), they were significantly higher in
Alport (Fig. 4F). In contrast to the somewhat ambiguous
localization of integrin o, integrin o3 immunolocalized specifi-
cally to podocytes, as shown by co-localization with the podocyte
marker, synaptopodin (Fig. 5A-C) [26]. Like integrin al, the
mtegrin o3 immunolabel signal intensities were also significantly
increased in Alport glomeruli (Fig. 5D-F). In contrast, signal
intensities for integrin 1, which localized to GBM loops and
mesangial matrices (Fig. 6), were no different in Alport when
compared to wild-type (Fig. 6).
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Figure 2. Vimentin is upregulated in podocytes of Alport glomeruli. A-C: Fresh frozen kidney sections from Alport mice were labeled with a
combination of goat anti-vimentin and rabbit anti-GLEPP1 IgGs, followed by the appropriate species-specific Alexa Fluor secondaries. Vimentin
labeling (A) is restricted to the epithelial podocyte layer, marked by GLEPP1 staining (B), overlap of staining is shown in C (merge). D-F:
Representative fluorescence micrographs are shown of anti-vimentin labeling (Vim) of wild-type (D, wt), or Alport (E) mouse glomeruli. The relative
glomerular fluorescence intensities were measured and averaged for n=3 mice of each genotype, wildtype (wt, blue) or Alport (red). * p=0.04.

doi:10.1371/journal.pone.0050745.9002

Discussion

Our study began with a discovery proteomics approach applied
to glomerular lysates isolated from 5 week old Alport and wild-type
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Figure 3. The mRNA levels encoding /tga3 and /tgbl are
upregulated in Alport glomeruli. Quantitative real time RT-PCR
was performed on n=3 wild-type (wt, blue) and n=3 Alport (red)
glomerular RNA isolated at 4 weeks of age. Both /tga3 and Itgb7 mRNAs
are significantly increased in Alport glomerular RNA. * p=0.02.
doi:10.1371/journal.pone.0050745.9003
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mouse kidneys and these results were validated by multiple
secondary studies. The DIGE-MS approach revealed changes in a
relatively small number of proteins, which is not particularly
surprising, given that many proteins in the glomerular extracel-
lular matrix are difficult to solubilize under conditions compatible
with 2D gel electrophoresis. Additionally, larger macromolecular
protein assemblies would probably not be captured by this analysis
if they were not fully denatured. Multiple forms of the protein,
vimentin, which comprises a class of II's commonly found in
mesenchymal cells, had the largest magnitude increase in Alport.
Upregulation of vimentin gene transcription was confirmed by
qPCR of mRNA harvested from isolated Alport glomeruli, and
confocal microscopy of kidney sections immunolocalized overex-
pressed vimentin protein specifically to Alport podocytes.
Reasoning that signals resulting in podocyte IF reorganization
might have been transmitted through the basement membrane
protein receptor integrins, we evaluated integrin mRNA and
protein expression in Alport glomeruli. Compared to wild-type,
there were significant increases in [figa3 and Iigh! mRNAs in
Alport, and integrin ol and o3 protein immunofluorescence
signals were increased as well. We speculate that the Alport GBM
lacking collagen a3040a5(IV) caused changes in integrin expres-
sion/distribution, which directly and/or indirectly altered the
organization of the podocyte IF cytoskeleton, affecting cell shape
and possibly signal transduction and gene transcription. Alterna-
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Figure 4. Integrin o1 protein is upregulated in the mesangium of Alport glomeruli. A-C: Fresh frozen kidney sections from 4 week old
Alport mice were labeled with a combination of hamster anti-integrin o1 and rat anti-laminin 1 IgGs, followed by the appropriate species-specific
Alexa Fluor secondary antibody. Anti-integrin a1 labeling (A, ltga1) is restricted to the mesangial layer, marked by anti-laminin B1 staining (B, Lamp1),
and overlap of staining is shown in C (merge). D-F: Representative fluorescence micrographs are shown of anti-integrin a1 labeling of wild-type (D,
wt), or Alport (E) mouse glomeruli. Glomerular fluorescence intensities were averaged for n =3 mice of each genotype, wildtype (wt, blue) or Alport

(red), and integrin a1 signals were significantly greater in Alport. * p=0.01.

doi:10.1371/journal.pone.0050745.9g004

tively, increases in vimentin availability and/or distribution within
the podocyte may have affected podocyte expression and/or
turnover of integrins, as discussed further below. Dysregulation of
integrins and podocyte IFs may therefore be key pathogenic
components of glomerular Alport disease.

IFs are thin, ~10 nm diameter, intracellular filaments and are
one of three interconnected cytoskeletal systems found within cells
(the other two being actin microfilaments and tubulin-based
microtubules) [27]. Depending upon the cell type, IFs are
composed of as many as ~70 evolutionarily related proteins
including acidic and neutral based keratins (epithelial cells),
desmin (muscle), vimentin (mesenchymal cells), and neurofila-
ments (neurons), although heteropolymers can exist as well.
Originally believed to be a static network that provided cells a
method to resist deformation and mechanical stress, I[Fs are now
known to be highly dynamic, motile elements, that extend from
the cytoplasm into the nucleoplasm. Cytoplasmic intermediate
filament proteins exist as aggregates or particles, short filaments
called ““squiggles,” and long fibrils [27,28]. All have the capacity to
shorten and elongate bidirectionally through their association with
molecular motors such as kinesin and dynein. In general,
cytoplasmic IFs provide biomechanical integrity to cells but they
also participate in cell signaling cascades, help regulate delivery
and compartmentalization of stress-activated kinases, and they are
active in cell-matrix adhesion and directional migration [27,28].
The intranuclear network of IFs are composed of polymers of
lamin A, Bl and B2, C and other lamin isoforms. The IF
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nucleoskeleton provides a structural framework that facilitates
DNA repair, replication, transcription and modulates the archi-
tecture of chromatin [27-29].

Among the many different IF proteins, vimentin is one of the
best characterized [30]. Like other IF family members, vimentin
contains a central, o helical rod domain and variable, non-o
helical N-terminal head and C-terminal tail domains that contain
several phosphorylation sites. Vimentin monomers associate in
parallel to form a coiled-coil dimer, and the degree of assembly/
disassembly of vimentin into filament polymers is regulated by the
dephosphorylation/phosphorylation status of the vimentin head
and tail domains [31]. In other words, dephosphorylation induces
vimentin IF assembly, and phosphorylation induces disassembly.
There are a number of other post-translational modifications of
vimentin as well, including citrullination, sumoylation, and O-
GlcNac derivatization, all of which can affect vimentin structure
and function [32].

Attempts to define specific physiologic functions for vimentin
through gene targeting were originally inconclusive, as vimentin
knockout mice did not demonstrate an overt phenotype [33].
Later, however, vimentin knockouts were shown to have glial
abnormalities causing cerebellar and motor coordination deficits
[34], and impaired wound healing reflecting delayed fibroblast
migration and decreased wound contraction [35]. Other reports
showed that vimentin knockouts display reductions in lymphocyte
binding to endothelial cells and less vascular transmigration due to
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Figure 5. Integrin a3 protein is upregulated in podocytes of Alport glomeruli. A-C: Fresh frozen kidney sections from 4 week old Alport
mice were labeled with a combination of rabbit anti-integrin a3 and mouse anti-synaptopodin 1gGs, followed by the appropriate species-specific
Alexa Fluor secondaries. Anti-integrin a3 immunolabeling (A) is restricted to the epithelial podocyte layer, marked by synaptopodin staining (B), and
overlap of staining is shown in C (merge). D-F: Representative fluorescence micrographs are shown of anti-integrin o3 labeling of wild-type (D, wt), or
Alport (E) mouse glomeruli. The glomerular fluorescence intensities were averaged for n=3 mice of each genotype, wild-type (wt, blue) or Alport
(red), and integrin a3 signals were significantly greater in Alport. * p=0.006.

doi:10.1371/journal.pone.0050745.g005

decreases in expression of integrin B1 on lymphocytes and ICAM-
1 and VCAM-1 on endothelial cells [36].

The relatively abundant presence of vimentin in mammalian
podocytes has been known for some time [23,37,38]. Vimentin
appears to be associated with another IF protein, nestin, in the cell
body and primary processes of podocytes, and some studies show
an extension of vimentin into the actin microfilament- and
microtubule-rich terminal foot processes [24]. Upregulation of
vimentin and reorganization of podocyte IFs have also previously
been observed in rats with puromycin aminonucleoside nephrosis
[39,40], mice with podocyte-selective deletion of the microRNA
generating enzyme, dicer, which results in podocyte foot process
effacement, split GBMs, and proteinuria [41], and in human
glomerular diseases [42,43]. The overexpression of vimentin seen
here and in the examples cited above is probably related to
podocyte shape change that leads to broadening of foot processes
during effacement, but may reflect other intracellular activities of
vimentin in response to podocyte injury. Among other functions,
vimentin is now known as a key regulator of cell adhesion through
its direct and indirect interaction with integrins [30].

Integrins mediate cell-cell and cell-extracellular matrix (ECM)
interactions and are comprised of non-covalent heterodimers of
transmembrane protein o and B subunits [44]. Their large N-
terminal ectodomains bind extracellular ligands (such as basement
membrane laminins and type IV collagen), and their short C-
terminal cytoplasmic tails bind cytoskeletal elements and signal
transduction proteins [44]. Depending upon the cell type, the
integrin isoform(s) it expresses, and available substrates, integrins
can become organized into specific cell adhesion structures. For

PLOS ONE | www.plosone.org

example, in keratinocytes, the ectodomain of integrin a6p4 binds
to laminin while the cytoplasmic domain of integrin B4 binds to
plectin, which loosely connects the integrin to intracellular keratin
IFs [30]. This association is strengthened by recruitment of bullous
pemphigoid protein 180 (BP180), which then links to keratin IFs
through another protein, BP230. Together, this complex forms a
hemidesmosome, which is a highly stable cell-lECM adhesion
junction that anchors keratinocytes firmly to the dermal-epidermal
junctional basement membrane [30]. Hemidesmosomes are
recognized ultrastructurally by the presence of a discrete electron
dense plaque just internal to the basal plasma membrane, and an
accumulation of IFs that radiate apically from the plaque. Notably,
hemidesmosomes are absent in the basal membranes of glomer-
ular endothelial cells and podocytes, as well as in mesangial cell
membranes.

Vimentin-associated matrix adhesions (VAMs) are similar to
hemidesmosomes in that integrin ovf3 binds to vimentin IFs
through plectin [30], although in endothelial cells, integrin a2p1
assoclates with vimentin directly [45]. Unlike desmosomes, there is
no intracellular electron dense plaque in VAMSs, and actin
microfilaments can also be present. Also unlike desmosomes,
VAMSs are dynamic, transient structures important for cell
migration and shape change [30].

In addition to its involvement with integrin-dependent cell-
matrix adhesion, vimentin also mediates the vesicular trafficking of
integrins to the plasma membrane during integrin turnover [30].
Specifically, unphosphorylated vimentin oligomers have been
shown to bind to endocytic vesicles bearing integrins. Phosphor-
ylation of vimentin N-terminal serines by PKCe decouples
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Figure 6. There is no change in expression of integrin 1 in Alport glomeruli. A-C: Fresh frozen kidney sections from 4 week old wild-type
(wt) mice, immunolabeled with anti-integrin f1 (A), anti collagen a304a5(1V) (B) and overlap of labeling is shown in C (merge). D-F: Representative
fluorescence micrographs of wildtype (D) and Alport glomeruli immunolabled with anti-integrin B1. Glomerular fluorescence intensities were
averaged for n=3 mice of each genotype, wild-type (wt, blue) or Alport (red), and there is no statistical difference.

doi:10.1371/journal.pone.0050745.9006

vimentin from vesicle membranes, which allows the vesicles
bearing integrins to recycle to and fuse with the plasma membrane
[30,46]. The uncoupled phospho-vimentin-PKCe complex then
associates with vimentin polymers that are dephosphorylated,
PKCe dissociates, vimentin binds to incoming vesicles, and the
cycle repeats [30,46]. Inhibition of vimentin phosphorylation
results in accumulation of integrins within intracellular vesicles,
reduction of integrins at the plasma membrane, and loss of
directional cell motility [30,46].

Although integrin proteins were not detected in the discovery
proteomics phase of this study, the findings for vimentin
implicated a role for integrins, and we therefore tested this new
hypothesis with additional experimentation. Specifically, there
were significant increases in mRNAs encoding integrin a3 and 1
from isolated Alport glomeruli, more integrin ol protein in Alport
mesangial cells, and more integrin a3 protein in Alport podocytes.
Integrin o1 B1, believed to function primarily as receptor for type
IV collagen [47], has been shown previously to be upregulated in
proliferating mesangial cells in glomerulonephritis [48,49]. This
integrin also negatively mediates collagen IV synthesis and integrin
al null mice suffer more severe glomerular fibrosis after renal
injury [50,51]. On the other hand, Alport mice with genetic
deletion of integrin al experience less mesangial matrix expansion
and reduced podocyte foot process effacement [11]. Clearly,
additional work is needed to determine what role upregulated
integrin ol plays, if any, in Alport mesangial cells.

Integrin a3B1, believed to function primarily as a receptor for
laminins [52], has been shown to be critical for development and
maintenance of glomerular capillary loops. Global integrin o3
knockouts die at birth with severe glomerular abnormalities
including disorganized GBMs and podocyte effacement [53], and
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the same result is obtained in podocyte-specific, conditional
mutants [54]. Laminin overexpression in the GBM has been
observed previously in human Alport patients and in dog and
mouse models of Alport disease [12,13], and perhaps the
upregulation of integrin a3 in Alport podocytes seen here reflects
the increased presence of its laminin ligand in the diseased GBM.
Alternatively, the overexpression of vimentin within podocytes
may have influenced integrin trafficking to their basal membranes,
possibly affecting podocyte adherence and glomerular barrier
properties.

In summary, our results show that an absence of collagen
a30405(IV) in the Alport GBM resulted in increased expression of
mesangial cell integrin ol and podocyte integrin o3 and vimentin.
Much future work is necessary before we can learn how the Alport
GBM induced changes in patterns of integrin and vimentin
expression, whether these changes were linked directly, indirectly,
or independent from one another, and how they might have
contributed to the progression of Alport glomerulopathy. Never-
theless, these findings suggest that an altered distribution of
glomerular integrins and vimentin are likely to be important for
the pathogenesis of Alport disease.

Materials and Methods

Animals

Ethics Statement. All experiments with mice strictly fol-
lowed policies and procedures established by the Animal Welfare
Act and the Public Health Service Policy on the Humane Care
and Use of Laboratory Animals. The experimental protocol was
approved by the Institutional Animal Care and Use Committee at
the University of Kansas Medical Center (protocol number 2011-
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1972). Surgeries were conducted while mice were deeply
anesthetized with ketamine HCl-xylazine, and all efforts were
taken to minimize suffering.

Mice with a targeted deletion encoding the non-collagenous one
(NC1) domain of the Col4a3 gene on the 129/Sv] background
have been described previously [8], and were obtained from the
Jackson Laboratory (129-Col4a3™P<J Bar Harbor, ME). Mice
were genotyped using the polymerase chain reaction (PCR).

Glomerular isolation

Glomeruli were collected from 5 week old Co/4a3 null and
wildtype littermate controls (n=3 of each genotype) by the
magnetic bead perfusion technique [55]. Briefly, mice were
anesthetized with 1 mg/10 grams body weight ketamine and
0.15 mg/10 grams body weight xylazine. Blood was washed from
the animals by perfusion of the heart with Hank’s balanced salt
solution (HBSS) followed by intracardiac injection of 2x10°
Dynabeads M-450/ml (Invitrogen, Carlsbad, CA) in HBSS. After
40 ml was perfused, kidneys were removed and minced with a
razor blade on ice, followed by digestion at 37°C with 1 mg/mL
collagenase and 100 U/ml DNase I for 30 minutes. Digested
kidneys were filtered twice with 100 micron Falcon cell strainers,
and tissue was pelleted by gentle centrifugation (200 g, 5> minutes).
Glomeruli were isolated with a DynaMag-2 magnetic particle
concentrator (Invitrogen), and resuspended in HBSS containing
protease inhibitors (1:100 of protease inhibitor cocktail (PIC),
(Sigma-Aldrich Co., St. Louis, MO), and 0.1 mM phenylmethyl-
sulfonyl fluoride, PMSF). After two additional rounds of magnetic
isolation and resuspension, the glomeruli were snap frozen in
liquid nitrogen and stored at —80°C.

2D gel and mass spectrometry analysis

Glomerular proteins were solubilized with extraction buffer
(7 M urea, 2 M thiourea, 4% CHAPS, 25 mM DTT, 5 mM
EDTA, and 30 mM Tris-HCI, pH 8.0) for 20 minutes at room
temperature. Magnetic beads and insoluble debris were removed
by centrifugation and soluble proteins were recovered in the
supernatant. Protein concentration was determined with a 2-D
Quant kit (GE Healthcare, Piscataway, NJ), and adjusted to
2.0 mg/ml.

The mixed internal standard methodology was used as
previously described [56], with the following modifications.
Briefly, individual glomerular extracts from wild-type or Alport
mice were labeled with ¢y3 or cyd such that two of the three
samples from a given group were labeled with the same dye (such
as cy3) and the third sample with the other dye (cy5) to avoid any
dye-labeling bias in the data. Cy3/5 pairs of wild-type/Alport
samples were then mixed with an aliquot of a cy2-labeled mixture
of all six samples, which served as an internal standard. The
resulting tripartite mixtures were then added to unlabeled
glomerular protein from wild-type animals, and 0.5 mg total
protein was loaded per 2D gel. All 2D DIGE equipment was
manufactured by GE Healthcare. The resulting three sets of
glomerular protein mixtures were then resolved by isoelectric
focusing (24 cm IPG pH 4-7) using a manifold-equipped IPGphor
II, followed by 12% SDS-PAGE (to separate proteins ranging
from ~12-150 kDa) in a DALT12 electrophoresis chamber using
hand-cast gel cassettes with one plate treated with bind-silane to
facilitate robot spot excision, all using the manufacturer’s
recommended protocols. Fluorescent images consisting of 16-bit
.tiff files were acquired at 100 micron resolution at each mutually
exclusive excitation/emission setting for cy2, cy3, or cy) using a
Typhoon Multivariable Imager, per the manufacturer’s protocol.
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DIGE expression values and univariate statistical analysis was
carried out using DeCyder-2D v6.5 (GE Healthcare), which
normalized the ratios across all six samples relative to the cy2
signal on each gel for each specific protein, one-by-one, thereby
reducing influence due to gel-to-gel variation. The threshold for
significant change in relative protein abundance was set at >1.5
fold, which was greater than 2 standard deviations of the mean
abundance change when considering only pair-wise, wild-type/
Alport comparisons on each gel separately.

DIGE gels were post-stained with Spyro Ruby (Molecular
Probes, Carlsbad, CA) and proteins of interest were excised
directly from these gels and processed for in-gel trypsin protease
digestion and preparation for mass spectrometry using an
automated Ettan Spot Handling Workstation (GE Healthcare).
Peptide ion mapping/fingerprinting was carried out on a Voyager
4700 mass spectrometer (Applied Biosystems/Life Technologies,
Carlsbad, CA); MALDI-MS was internally calibrated using trypsin
autolytic fragments in digests to provide mass accuracy to within
20 ppm. Additional TOF/TOF tandem mass spectrometry
provided fragmentation data on selected peptide ions which was
used in conjunction with the peptide ion masses in database
searches to provide statistically significant candidate protein
identifications. The Mascot database search algorithm (Matrix-
Science, Boston, MA) was used for protein identification,
searching against the complete Swiss-Prot and NCBInr databases
(2009 database release dates) without constraining protein
molecular weight, isoelectric point, or molecular species. Carba-
midomethylation of cysteines was performed and partial oxidation
of methionine residues was allowed in search parameters. Species
constraints were invoked for second-pass searches as needed.
Additional mass spectrometry using liquid chromatography
coupled with tandem mass spectrometry was carried out for a
few proteins of interest using an LTQ linear ion trap mass
spectrometer (Therm Fisher Scientific, Waltham, MA), coupled
with a nanoflow HPLC pump (Eksigent, Framingham, MA)
running at 5 pl/minute. The peptides were resolved on a hand
made fused silica capillary column, 100 um I.D. X15 cm, pressure
packed with C18 resin (Jupiter Cyg, 5 pm, 300 A, Phenomonex,
Torrance, CA). The resulting spectra were searched against the
mouse database using the Sequest algorithm [57], with data
filtering and analysis using IDPicker [58].

qPCR

RNA was extracted from glomerular samples (n=3 of each
genotype) using RNeasy micro kits (Qiagen, Valencia, CA),
quantified and diluted to 10 ng/pl. Real time PCR was carried
out using gene-specific primers (Table 2) and a QuantiTect SYBR
Green RT-PCR kit (Qiagen) using an iCycler (Bio-Rad, Hercules,
CA). The primer sets were validated for efficiency by the
comparative Ct method [59], using standard curve analysis. RT-
PCR products were sequenced and verified with the Basic Local
Alignment Search Tool (BLAST, http://www.ncbi.nlm.nih.gov/
BLAST) and/or analyzed as single peaks on melt curve analysis.

Western blots

Glomerular isolates from five week old Alport and wildtype
mice were homogenized on ice in H buffer (40 mM Tris pH 7.5,
15 mM NaCl, 2 mM CaCl2), supplemented with protease
mhibitors (PIC 1:100, 0.1 mM PMSF). Samples were sheared
three times by passage through a syringe fitted with a 27.5 gauge
needle, and incubated in H buffer for 15 minutes on a rocker at
4°C. Samples were spun for 20 minutes at 4°C at 14,000 g
following 2 freeze/thaw cycles. The pellet was sonicated in H&E
buffer (40 mM Tris pH 7.5, 15> mM NaCl, 2 mM CaCl2, 10 mM
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Primer sequence

Product length
(bp)

5'-CTAAGGCCAACCGTGAAAAG-3’
5'-ACCAGAGGCATACAGGGACA-3’
5'-TCTATACTCGGCCATCCAATC-3'
5'-GATTTTGAGGCGGTCCAC-3’
5'-GACATCCAGGGCTCCAAA-3'
5'-AGGTGTCGAGCACGAAGAAT-3’
5'-CCGGCTTCCGAGATTTTC-3'
5'-GGATGCACTCATGCTGGAC-3’
5'-AAGCCCTTCCCTGACTTTGT-3’
5'-AGGGACCCCTCTCAGCTC-3'
5'-TGGACTCCAAAGCTGATCCT-3’
TCAGCCCATCTGACTGGAAT-3'

5'- TATCCTCCTGAGCGCCTTT -3/

5'- TGGCCTTTTGAAGAATCCAA -3’
5'-GGTTCTGCAGGATAGAAACCA-3’
5'-TGGACACCGTCTTCAGTAGAAA-3'
5'- TCAACATGGAGAACAAGACCA -3’
5'- CCAACCACAGCTCAATCTCA -3’
5'-TCAGTATTCAGGAGTAGCTTGGTG-3'
5'-TTTCTCTTGAAGAAGCCACACTT-3’
5'- ATGCAGGTTGCGGTTTGT -3’

5'- CATCCGTGGAAAACACCAG -3’
5'-TGGAGGTCAGAGTGAAAGCAG-3’
5'-CCGAACTTTCCAATGGACTC-3’
5'-CAGACGCCACTGTCGCTTT-3’
5'-TGTCTTTGGAACTTTGTCTGCAA-3’
5'-CTGAGTACCAGCAGTACCAGGAT-3’
5'-CTCTCTGCCTTAGGCCTCCT-3'
5'-CCAACCTTTTCTTCCCTGAA-3’
5'-TTGAGTGGGTGTCAACCAGA-3’

104

131

70

96

72

76

85

75

920

111

73

86

132

86

70

Table 2. Primers used in this study.
Gene Symbol Accession Primer designation
Actb NM_007393.3 ActbP64For
ActbP64Rev
Anxa3 NM_013470.2 Anxa3P27For
Anxa3P27Rev
Col6éal NM_009933.3 Col6a1P97For
Col6a1P9Rev
Ddx39b NM_019693.3 Bat1aP106For
Bat1aP106Rev
Dpysl2 NM_009955.3 Dpysl2P68For
Dpysl2P68Rev
Enpep NM_007934.3 EnpepP83For
EnpepP83Rev
Itgal NM_001033228.1 Itga1P18For
Itga1P18Rev
Itga2 NM_008396.2 Itga2P5For
Itga2P5Rev
Itga3 NM_013565.2 Itga3P17For
ltga3P17Rev
ltga6 NM_008397.2 ltga6P18For
ltga6P18Rev
Itgb1 NM_010578.1 Itgb1P19For
ItgbTP19Rev
Phb NM_008831.3 PhbP46For
PhbP46Rev
Ppia NM_008907 Cyclophilin For
Cyclophilin Rev
Tubb5 NM_011655.5 Tubb5P16Rev
Tubb5P16Rev
Vim NM_011701.3 VimP109For
VimP109Rev
doi:10.1371/journal.pone.0050745.t002

EDTA, 2 mM EGTA) supplemented with protease inhibitors (PIC
1:100, 0.1 mM PMSF). The pellet was boiled for 5 minutes in
SDS sample buffer with DTT and electrophoresed on a 4-15%
polyacrylamide Tris-HCI precast Bio-Rad gel. Proteins were
transferred to a polyvinylidene difluoride membrane. For detec-
tion of vimentin, the membrane was incubated with a 1:100
dilution of goat anti-vimentin (MP Biomedicals (formerly ICN),
Solon, OH). The membrane was incubated for 5 minutes at 50°C
in stripping buffer (100 mM beta-mercaptoethanol, 2% sodium
dodecyl sulfate (SDS), 62.5 mM Tris-HCL, pH 6.7). Equal
loading was confirmed by probing for mouse smooth muscle actin
using a SNAP ID protein detection system (Millipore, Billerica,
MA) according to the manufacturer’s instructions. Bound second-
ary antibodies were detected using chemiluminescence. Sources
for all of the antibodies used in this study are shown in Table 3.

Immunofluorescence and confocal image analysis
Kidneys were harvested from deeply anesthetized 18 or 28 day

old Col4a3 knockout or wildtype mice (n = 3 of each genotype) and

were frozen immediately in isopentane chilled in a dry ice-acetone
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bath surrounded by Tissue Tek O.C.T. Compound (Electron
Microscopy Sciences, Fort Washington, PA). For some studies,
kidneys were immersed in 0.2% paraformaldehyde overnight at
4°C, rinsed in PBS, and placed in 30% sucrose before freezing.
Five um-thick frozen sections were cut on a cryostat, rehydrated
and post-fixed in either cold methanol or 0.2% paraformaldehyde
in phosphate-buffered saline (PBS) for 10 minutes, followed by 3,
5 minute washes in PBS. Sections were incubated in primary
antibodies (Table 3) for 1 hour at room temperature. Following 3,
5 minute washes in PBS, secondary antibodies were incubated for
1 hour at room temperature. After 3, 5 minute washes, slides were
mounted in Prolong-Gold antifade reagent (Molecular Probes/
Invitrogen, Life Technologies, Grand Island, NY). Sections were
viewed by standard epifluorescence on a Leica SM5000B
microscope (Bannockburn, IL). For confocal microscopy and
fluorescence intensity quantification, labeling of slides for all 6
mice (n =3 wildtype and n=3 Col4a3~ ") was carried out on the
same day and under identical conditions. Confocal image
parameters were also identical and the optical section thickness
was set at 0.2 pm. Ten individual glomerular images were
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Table 3. Antibodies used in this study.

Antigen Species Clone name Source Catalog # or reference Secondary, Source

Collagen a3a4a5(1V) Mouse 26-20 Borza, D.B. [60] Goat anti-mouse 1gG1 AlexaFluor 594,
Invitrogen

GLEPP1 Rabbit Wiggins, R.C. [25] Chicken anti-Rabbit IgG AlexaFluor 594,
Invitrogen

ltgal Hamster Ha31/8 BD Pharmingen 550568 Goat anti-Hamster IgG AlexaFluor 488,
Invitrogen

ltgo2 Rabbit H-293 Santa Cruz 5c-9089 Chicken anti-Rabbit IgG AlexaFluor 488,
Invitrogen

Itga3 Rabbit H-43 Santa Cruz 5C-28665 Chicken anti-Rabbit IgG AlexaFluor 488,
Invitrogen

Itgal Hamster HMB1-1 Santa Cruz 5C-19656 Goat anti-Hamster IgG AlexaFluor 488,
Invitrogen

LampB1 Rat 5A2 Abrahamson, D.R. [61] Donkey anti-Rat I1gG AlexaFluor 594,
Invitrogen

Smooth muscle actin Mouse 1A4 Sigma A2547 Sheep anti-Mouse 1gG-HRP, GE
Healthcare (Western blot)

Synaptopodin Mouse G1D4 Biodesign Q44590M Goat anti-mouse IgG1AlexaFluor 594,
Invitrogen

Vim Goat ICN (now MP 64-740 Donkey anti-Goat IgG Alexa Fluor 488,

Biomedicals) Invitrogen and Rabbit anti-Goat 19G-HRP,

Sigma (Western blot)

doi:10.1371/journal.pone.0050745.t003

captured per animal with a Zeiss LSM 510 scanning laser confocal Author Contributions

microscope (Thornwood, NY). To measure glomerular fluores- . . .
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