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Abstract

Podocytes are morphologically complex cells, the junctions of which form critical elements of the
final filtration barrier. Disruption of their foot processes and slit diaphragms occur early in the
development of many glomerular diseases. Here, we biochemically purified fractions enriched
with slit diaphragm proteins and performed a proteomic analysis to identify new components of
this important structure. Several known slit diaphragm proteins were found, such as podocin and
nephrin, confirming the validity of the purification scheme. However, proteins on the apical
membrane such as podocalyxin were neither enriched nor identified in our analysis. The chloride
intracellular channel protein 5 (CLIC5), predominantly expressed in podocytes, was enriched in
these fractions and localized in the foot process apical and basal membranes. CLICS5 colocalized
and associated with the ezrin/radixin/moesin complex and with podocalyxin in podocytes /n vivo.
It is important to note that CLIC5~/~ mice were found to have significantly decreased foot process
length, widespread foot process abnormalities, and developed proteinuria. The ezrin/radixin/
moesin complex and podocalyxin were significantly decreased in podocytes from CLIC5~/~ mice.
Thus, our study identifies CLIC5 as a new component that is enriched in and necessary for foot
process integrity and podocyte function in vivo.
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The podocyte is a postmitotic, structurally complex cell in the glomeruli of kidneys.
Podocytes reside on the outer aspect of the glomerular basement membrane in the urinary
space. Podocytes extend large and small processes that terminate in structures called foot
processes.! These foot processes interdigitate with neighboring foot processes that are
further connected by ‘zipper-like” protein complexes called slit diaphragm (SDs).2 In
addition to endothelial cells and the glomerular basement membrane, podocytes, through
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their tight junction-like SDs, form the final filtration barrier that is essential for the filtering
units of the kidneys.

Glomerular diseases are the most common cause of adult chronic and end-stage renal
diseases, and current therapies are limited. There is a growing body of literature elucidating
the importance of podocyte injury in the pathogenesis of many glomerular diseases.3-13 Two
important studies using transgenic methods to make podocytes selectively susceptible to
diphtheria toxin or anti-CD25 immunotoxin revealed that podocyte loss leads directly to
glomerulosclerosis.8 Genetic evidence pointing to the importance of SD dysfunction in
glomerular diseases comes from the existence of several human congenital and familial
nephrotic syndromes that encode for mutations in SD proteins, such as nephrin, podocin,
CD2AP, and TRPC6.14-20 |n addition, studies in knockout mice implicate the loss of SDs
and foot processes in these diseases.?! Given the importance of the SD complex in
maintaining foot process integrity and function,22:23 we used a proteomics approach to
identify molecules that are likely to make up the SD to ascertain their physiological function
in podocytes. One such protein identified was chloride intracellular channel protein 5
(CLICS).

CLIC5 was originally identified as a protein that associates with ezrin and is tightly
associated with the cytoskeleton of placental microvilli.2425 CLIC5 is a member of a family
of intracellular chloride channels that are known to have a putative single transmembrane
domain and have been shown to localize in the plasma membrane, cytosol, and intracellular
organelles.?2>-28 CLIC proteins are not only capable of transporting chloride but can also
function as nonselective ion channels.29-32 The topology of CLICs is highly divergent from
other chloride channels and evidence of their function as ion channels /in vivois lacking,
raising the possibility that they have other functions, such as cytoskeletal scaffolding.25:33:34
spontaneous CLC5™~ mouse, Jitterbug, has hearing loss and vestibular dysfunction from
destruction of the stereocilia of cochlear and vestibular hair cells.3® Here, we identify CLIC5
as a protein enriched in podocyte processes that associates with the ezrin/radixin/moesin
(ERM) complex and with podocalyxin. We further show the importance of CLIC5 for the
integrity of foot processes and the filtration barrier /in vivo.

Biochemical isolation and enrichment of slit diaphragm proteins

The slit diaphragm is a protein complex that tightly interconnects two opposing membranes,
similar to gap junctions and the synapses of neurons. This structure consists of a tightly
associated complex of proteins involved in maintaining foot process integrity. Mutations of
these known proteins have been linked to congenital and hereditary forms of nephrotic
syndrome, such as a-actinin-4, nephrin, CD2AP, and podocin. We reasoned that because the
slit diaphragm complex is similar to a tight junction, many of its constituents should be
resistant to detergent and be bound or tightly associated with the plasma membrane. On the
basis of this hypothesis, we have designed and validated a biochemical purification method
to purify, or at least enrich for, proteins that make up the slit diaphragm complex. To this
end, glomeruli that were purified from adult rats were homogenized in a sucrose-HEPES
buffer, and nuclei and unlysed cells were removed from the extract by centrifugation. The
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supernatants were then centrifuged to sediment the dense membranes. This membrane pellet
was then homogenized again in a hypotonic buffer and centrifuged. The pellet was
detergent-extracted with Triton X-100 and centrifuged to isolate the insoluble protein
fraction containing slit diaphragm proteins. A schematic diagram of the enrichment
procedure is shown in Figure 1a. All of these fractions were analyzed by immunoblotting.
Proteins known to be located in the slit diaphragm, such as nephrin and podocin, were
present in the final insoluble pellet, indicating that this fraction did contain slit diaphragms
(Figure 1b). Proteins located in the nucleus, mitochondria, and cytoplasm, WT1, COX 1V,
and PSMAZ2, respectively, were all located in earlier fractions of the purification protocol
(Figure 1b). None of these proteins were detected in appreciable amounts in the final slit
diaphragm-containing fraction. Podocalyxin, a protein located in the apical surface of foot
processes, but not localized in the slit diaphragm itself, was not enriched in the final slit
diaphragm-containing fraction (Figure 1b). This suggests that this protocol did enrich for
proteins located specifically in the slit diaphragm. It is important to note that nephrin and
podocin were present in the final protein fraction at considerably higher amounts than many
other proteins. Membrane microdomains known as lipid rafts can be isolated from cells on
the basis of their detergent insolubility. To ascertain to what extent the slit diaphragm-
enriched fraction resembled a lipid raft, these fractions were immunoblotted with antibodies
to flotillin 1 and transferrin receptor, markers of lipid rafts and nonraft domains,
respectively. The final slit diaphragm-enriched fraction contained both flotillin 1 and
transferrin receptor (Figure 1b), indicating that this purification procedure did not simply
isolate lipid rafts.

Proteomic analysis of the slit diaphragm-enriched fraction

To identify proteins that are located in the slit diaphragm, we scaled up the purification
procedure for proteomic analysis using glomeruli from 20 young adult rats. These fractions
were then separated by sodium dodecyl sulfate—polyacrylamide gel electrophoresis, and the
gel was stained with Coomassie blue (Figure 2). The lanes containing the slit diaphragm-
enriched proteins were then cut and the proteins were in-gel digested with trypsin. The
peptide fragments were then separated and analyzed by liquid chromatography-mass
spectrometry/mass spectrometry (LC-MS). Two independent protein purifications and
proteomic analyses were performed for protein identification, and these data were organized
and analyzed according to their molecular weights. A partial list of identified proteins is
given in Table 1.

Several known slit diaphragm proteins were identified, such as nephrin, a-actinin-4, and
podocin (Table 1). Thus, this fraction consists of proteins that are tightly associated with the
slit diaphragm, or with membrane complexes of similar density and detergent resistance.
Many identified proteins are members or regulators of the cytoskeleton. Interestingly, the
presence of myosins and dynein components suggests that vesicular trafficking or migration
takes place at slit diaphragms.36:37 Consistent with this idea, several members of the
endocytic machinery were identified, including clathrin heavy chain and adaptor protein-2
(AP-2) complex subunits (Table 1).38 Several molecules that are located in lipid rafts were
also identified, including flotillin, caveolin, and Src family kinases, indicating that the
membrane complexes that were identified contained some lipid raft components (Table 1).39
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Finally, although not indicated in the table, almost every band that was excised and analyzed
contained ubiquitin, indicating that many of the proteins in this complex were ubiquitinated.
This observation suggests that this post-translational modification may have a role in slit
diaphragm homeostasis and function.

CLICS is present in slit diaphragm-enriched fractions

One of the proteins identified from our analysis was CLIC5 (band 11; Table 1). CLIC5 is a
member of the CLIC family of putative chloride channels. To confirm that CLIC5 was
indeed located in this biochemical fraction, immunoblotting was performed. Both isoforms
of CLIC5, CLIC5A and CLIC5B were located in the final SD-enriched fraction (Figure 3).
CLIC5B seemed to be more enriched in the SD-enriched fraction as compared with CLIC5A
(Figure 3). These data verified the proteomic identification of CLICS5 in this protein mixture,
suggesting that CLICS5 is either located in SDs or is present in membrane regions with
similar biochemical properties. The immunoblotting also suggested that CLIC5 is located in
other subcellular locations as well, such as in the detergent-soluble fraction in which
podocalyxin was enriched.

CLIC5 is predominantly expressed in podocytes of the glomeruli

To determine which cell type in the glomeruli expresses CLIC5, immunofluorescent labeling
of CLICS in Kkidney tissues was initially performed. The immunofluorescent labeling of
CLICS5 revealed that CLIC5 mainly localized in cells with foot processes (Figure 4a). The
merged image indicated that CLIC5 labeled predominantly WT1* cells, a marker of
podocytes (Figure 4aD). Therefore, CLICS5 is expressed in podocytes and is localized to both
cell body and foot processes. Immunoelectron microscopy of mouse kidneys revealed
CLICS labeling in foot processes of podocytes and glomerular endothelial cells (Figure 4b).
In foot processes, CLICS5 localized to both the apical and basal membranes, and to areas
adjacent to slit diaphragms. Control labeling with the secondary gold-conjugated antibody
did not label any of these areas (data not shown).

CLICS5 is localized at actin filament tips and is enriched in regions of cell-cell contact

The subcellular distribution of CLIC5 was determined using primary podocytes, which made
elaborate extensions and developed a complex morphology. Immunofluorescent labeling of
CLICS5 and actin filaments revealed that CLIC5 has a punctate subcellular distribution that is
predominantly located at actin filament tips, characteristic of filopodia (Figure 5aA and D).
Interestingly, CLIC5 was concentrated in regions where podocytes contacted each other
(Figure 5bD), suggesting that CLICS is important in subcellular regions of cell—cell contact
and possibly cell-substratum contact.

CLICS5 expression in podocytes is absent in CLIC5™~ mice

To verify whether Jitterbug mice lacked CLIC5 expression in podocytes, whole cellular
lysates prepared from CLIC5** | CLIC5*/~, and CLIC5~/~ glomeruli were immunoblotted
with CLIC5 and actin antibodies (Figure 6a). Both isoforms of CLIC5 were present in the
highest abundance in CLIC5** glomeruli, at a relatively lower abundance in CLIC5*/~
glomeruli, and were not detectable in CLIC5™~ glomeruli. In addition, CLIC5B expression
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was lower than that of CLIC5A in glomeruli. These findings were further supported by
immunofluorescent labeling of CLICS5 in glomerular sections (Figure 6b). CLIC5 expression
in CLIC5~/~ kidney was not evident as compared with the CLIC5*/* kidney. It is important
to note that CLIC5 and WT1 double immunofluorescent labeling revealed that WT1* cells
expressed CLICS5 (Figure 6b). These data confirmed the findings in Figure 4 that CLIC5 was
expressed in podocytes, and that both CLIC5A and CLIC5B were absent in CLIC5™~ mice.

ERM and podocalyxin expressions are dependent on CLIC5

To determine whether CLIC5 modifies the expression of other podocyte proteins, western
blot analysis was performed on whole cellular lysates derived from CLIC5**, CLIC5*/-,
and CLIC57~ glomeruli (Figure 7a). ERM,*° podocalyxin, and to a lesser extent, nephrin
levels were reduced in CLIC5~/~ podocytes. The expression levels of podocalyxin, nephrin,
and ERM were normalized against actin (Figure 7b). A graded reduction of podocalyxin and
ERM was observed in CLIC5*~ and CLIC5~/~ glomeruli, which suggests that the genetic
dosage of CLIC5 affects ERM and podocalyxin levels. Although not as pronounced, nephrin
also exhibited a decrease in expression between CLIC5** and CLIC5™/~ glomeruli (Figure
7a and b). There were no differences between the levels of phosphorylated-ERM (pERM)
and ERM among genotypes (Figure 7b), indicating that CLICS5 regulated the level of ERM,
but not its phosphorylation. These data were reinforced by pERM, podocalyxin, and nephrin
immunofluorescent labeling in CLIC5*/* mice compared with CLIC5™~ mice (Figure 7c).
Total ERM antibodies did not reliably immunofluorescently label glomerular tissues. Taken
together, these results indicated that CLIC5 expression directly influenced the abundance of
podocalyxin and ERM in podocytes /in vivo.

Podocalyxin and ERM associate with CLIC5

Because CLICS deletion resulted in a decrease of ERM and podocalyxin expression, the
association of these proteins with CLIC5 was examined by coimmunoprecipitation.
Detergent extracts from CLIC5*/* and CLIC5~/~ glomeruli were subjected to CLIC5
immunoprecipitation, followed by immunoblotting using pPERM, ERM, podocalyxin, and
CLICS5 antibodies. pERM, ERM, and podocalyxin associated with CLIC5 (Figure 8a). As
expected, CLIC5 was not detected in immunoprecipitates from CLIC5~/~ glomeruli, and the
immunoprecipitations of pPERM, ERM, and podocalyxin were lost as well (Figure 8a). The
lack of coimmunoprecipitation of ERM and podocalyxin was not due to their reduced
expression in CLIC5™~ glomeruli, as pERM, ERM, and podocalyxin were all detected in the
supernatants from the immunoprecipitations (Figure 8a). Neither nephrin nor podocin
coimmunoprecipitated with CLIC5 (data not shown), indicating that CLIC5 did not associate
with these proteins.

The expression patterns of CLIC5, pERM, and podocalyxin were examined in mouse
glomeruli. As seen previously (Figures 4a and 6), CLIC5 was highly expressed in podocytes
that extended processes along the outer aspect of glomeruli. pERM also had a similar pattern
of expression and, on overlaying the coimmunofluorescent labels, a significant amount of
colocalization was observed by confocal microscopy (Figure 8bC). Double
immunofluorescent labeling of CLIC5 and podocalyxin also showed regions of
colocalization within glomeruli, but to a lesser extent than pERM (Figure 8b). The lower
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level of colocalization between podocalyxin and CLIC5 was likely to be partly due to the
lower sensitivity of the rabbit CLIC5 antibody that was necessary to colabel with the goat
podocalyxin antibody (compare Figure 8bA versus D). To examine the subcellular
distribution of colocalization between pERM and CLICS5, primary podocytes were examined
using coimmunofluorescent labeling. There was some colocalization between pERM and
CLICS, in contrast to podocin and CLIC5, which did not overlap (Figure 8cC and |
respectively). CLIC5™~ podocytes were also examined for pERM and podocin localization.
CLIC5 labeling was absent in primary podocytes from CLIC5~/~ mice, and pERM labeling
decreased dramatically, suggesting that a considerable amount of its expression requires
CLICS. Interestingly, the highest level of colocalization between CLIC5 and pERM occurred
at the cellular edges and at regions of cell—cell contact, where actin filaments terminate. We
were unable to obtain consistent labeling with the available total ERM antibodies, but
immunoblotting analysis indicated that both pERM and total ERM decline coordinately
(Figure 7), suggesting that CLICS is required to maintain the level of ERM complexes. In
contrast, there was no change in podocin expression or localization in CLIC5*/* and
CLIC5~'~ primary podocytes. Taken together, these data indicate that CLIC5 associated with
podocalyxin and pERM /n vivo, and is most highly colocalized at the regions of cell—cell
contact and at the cellular edges of actin filaments.

CLICS5 is critical for podocyte morphology and the glomerular filtration barrier

Given the dependence of expression and association of podocalyxin, ERM, and, to some
extent, nephrin on CLIC5, and its unique subcellular localization, we examined the
ultrastructural morphology of CLIC5** and CLIC5~/~ podocytes using s.e.m. and
transmission electron microscope. Most of the CLIC5™~ podocyte cell bodies (Figure 9aB
and D) seemed to have a ‘smoother’ cell surface than CLIC5*/* podocytes (Figure 9aA and
C), which were found to have microvilli-like structures extension on their cell surfaces using
s.e.m. analysis. At higher magnifications, many foot processes were observed to be shorter
in length in CLIC5™/~ versus CLIC5*/* podocytes (Figure 9aC-D), and measurements of
these processes revealed a significant reduction in longitudinal length by >50% in CLIC5™/~
versus CLIC5** mice (Figure 9b). These foot processes under a transmission electron
microscope were also noted to have significant disorganization, but not complete effacement
(Figure 9aE and F), because at higher magnification, the SDs were intact (data not shown).
The extent of proteinuria was measured and expressed as urine protein/creatinine ratios from
adult CLIC5**, CLIC5*~, and CLIC5~~ mice. There was an increase in proteinuria with
CLICS5 deletion (Figure 9c). By light microscopy, we did not observe glomerulosclerosis
using periodic acid-Schiff and tricrome staining, and examination of a smaller group of
animals to 6 months did not show further worsening of proteinuria (data not shown). Taken
together, these data showed that a lack of CLICS5 significantly altered the podocyte
morphology at the foot process level and these changes resulted in a partial loss of the
glomerular filtration barrier.

DISCUSSION

A proteomic analysis of biochemical fractions enriched in SD proteins led to the
identification of CLIC5. Immunofluorescence microscopy of glomeruli indicated that CLIC5
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was expressed in podocytes and was present throughout their processes. By immunoelectron
microscopy, CLIC5 was seen in foot processes on both the apical and basal membranes and
within close proximity to SDs. CLIC5 was also observed in glomerular endothelial cells. At
the subcellular level, CLIC5 was concentrated at the tips of actin filaments and was enriched
at points of contact between podocytes. Consistent with a potential role as a linker between
actin filaments and the plasma membrane, CLIC5 associated with the ERM complex and
podocalyxin. In CLIC5™/~ mice, the expression levels of ERM, podocalyxin, and, to some
extent, nephrin were reduced in glomeruli. Ultrastructurally, CLIC5™~ podocytes exhibited
significantly reduced longitudinal foot process length. It is important to note that CLIC5™~
mice had significant proteinuria within 3 months of age, consistent with the morphological
changes observed in the foot processes by transmission electron microscope in summary.
CLICS is a protein necessary for the maintenance of foot process morphology, which likely
serves as a linkage point between foot process membranes and the actin cytoskeleton.

The purification procedure that we used to enrich for SD proteins did not make use of
stronger detergents, such as sarcosyl. Although these more stringent conditions would
isolate tightly associated proteins and are more likely to enrich specifically for the SD
complex, these conditions would exclude proteins that are loosely associated with this
complex, as well as with closely located regions of the plasma membrane. Our intention in
using the Triton X-100 fraction as the starting material for proteomic analysis was to ensure
that we did not remove potentially important regulators of foot process structure and
function that are not tightly associated with the SD. CLIC5 seems to be such a protein. It
cannot be concluded with certainty from this study that CLIC5 is in SD, but the
immunofluorescence and immunoEM analyses suggest that CLICS is located proximal to
SDs, and is more broadly present in both apical and basal membranes throughout the
podocyte processes. In addition, although CLIC5B expression was lower than that of
CLIC5A in glomeruli, CLIC5B was more highly abundant in the SD-enriched fraction
compared with CLIC5A, which was more abundant in the Triton-soluble fraction. The
identification of CLICS5 from this proteomic analysis, and its characterization as being
critical for foot process morphology and podocyte function, serves to validate the utility of
this proteomic procedure for the identification of proteins that are important for podocytes.
Using sarcosyl extraction and density gradients to further isolate proteins that are solely
present in the SD complex will reveal which proteins are tightly associated components of
the SD and which proteins are peripherally associated regulators and closely localized
membrane constituents. These data may unravel how the SD is regulated, turned over, and
modified by the local foot process milieu. These studies will also form a basis for examining
how diseases alter these structures in adaptive and pathophysiological manners.

Although CLIC5 is a member of a family of putative intracellular chloride channels, current
evidence to support this function in intact cells is limited. Furthermore, CLIC5 is not
homologous to known chloride channels, suggesting that there may be other cellular
functions for CLICS5. The results presented here indicate that CLIC5 likely functions as an
adapter between the plasma membrane of podocytes and the actin cytoskeleton. This is
consistent with previous studies identifying CLIC5 as a protein associated with the ERM
complex.24 Furthermore, the localization of CLIC5 to the base of stereocilia in hair cells
suggests that it has a linkage function between the cytoskeleton and membrane structures.3°
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CLIC5 seems to be a critical regulator of podocyte morphology, which is necessary for
maintenance of the filtration barrier. Future studies will examine the mechanism of this
effect and map the portions of CLICS that interact with podocalyxin and other associated
proteins. Furthermore, whether CLIC5A and CLIC5B have similar or unique functions and
subcellular targeting motifs in podocytes is an important unanswered question. The results
reported here raise the possibility that CLIC5 regulates or contributes to the pathogenesis of
glomerular diseases that results in proteinuria. Examining tissues of human and animal
models of glomerular diseases for alterations in CLIC5 expression will be a critical first
step.

MATERIALS AND METHODS

Purification and analysis of slit diaphragm-containing protein fractions

Given the similarities between synapses of neurons and the slit diaphragm of podocytes, we
used a modified synaptic junctional complex purification protocol4~43 to produce protein
fractions that were enriched in slit diaphragms. Briefly, glomeruli were purified from either
rats or mice using a differential sieving technique. These glomeruli were then homogenized
in a sucrose-HEPES buffer (0.32 mol/l sucrose, 4 mmol/l HEPES, pH 7.4, with protease and
phosphatase inhibitors). The crude homogenates obtained were centrifuged at 1000 x g for
15 min to remove nuclei and unlysed cells, and this supernatant was next centrifuged at
10,000 x g for 10 min to isolate mitochondria and dense cellular compartments. These
pellets were further homogenized in water and then quickly adjusted to pH 7.4 with HEPES.
The homogenate was centrifuged at 25,000 x g for 20 min and the pellet was detergent-
extracted with 0.1% Triton X-100. Finally, the resulting extracts were centrifuged at 32,000
x g for 20 min and this final pellet was analyzed by immunaoblotting for the presence of slit
diaphragm proteins. This final, detergent-insoluble pellet was used as the protein source for
the proteomic analysis.

To identify the proteins in the slit diaphragm-enriched fraction, this fraction was subjected to
sodium dodecyl sulfate—polyacrylamide gel electrophoresis. The gels were stained with
Coomassie blue and the bands (and gel regions) were cut out using a robotic spot cutter. The
proteins were digested in gel with trypsin and the peptide fragments were eluted and
subjected to LC-MSMS. Protein identifications were based on a Mascot search of the
peptide analysis and proteins were considered truly identified only if their Mascot score was
>32. A Mascot probability score of 200, for example, represents a 1020 chance of the
protein match being a random event. Two independent proteomic analyses were performed
and the identified proteins were compared. The second preparation contained several
additional proteins because it had five-fold more proteins. These analyses were conducted by
the Roswell Park Proteomics Core Facility (Buffalo, NY, USA).

Immunoblotting and immunoprecipitations

Protein extracts were separated using sodium dodecyl sulfate— polyacrylamide gel
electrophoresis and electroblotted onto polyvinylidene fluoride membranes. These blots
were washed with Tris-buffered saline with Tween 20 and blocked with 3% bovine serum
albumin in Tris-buffered saline with Tween 20. The blots were probed with primary
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antibodies, followed by use of the appropriate horseradish peroxidase-conjugated secondary
antibody. The immmunoblots were developed using a chemiluminescent substrate
(Supersignal, Pierce, Rockford, IL, USA) and quantified using ImageJ software (National
Institute of Health, Bethesda, MD, USA). The primary antibodies used were as follows: goat
polyclonal anti-nephrin and goat polyclonal anti-podocalyxin (R&D Systems, Minneapolis,
MN, USA); goat polyclonal anti-CLIC5 (Santa Cruz Biotechnology, Santa Cruz, CA, USA);
rabbit polyclonal anti-CLIC5 and anti-transferrin receptor (Sigma, Saint Louis, MO, USA);
anti-COX 1V, anti-PSMAZ2, rabbit polyclonal anti-ERM, rabbit polyclonal anti-pERM and
anti-flotillin 1 (Cell Signaling Technology, Danvers, MA, USA); rabbit polyclonal anti-
podocin (Sigma); and goat anti-actin and rabbit anti-WT1 (Santa Cruz). Immunoblotting and
immunoprecipitations were performed as described previously.

Mouse podocyte primary cell cultures

Kidneys were harvested from postnatal day-7 CLIC5*/* and CLIC5~/~ mice (Jitterbug,
Jackson Laboratory, Bar Harbor, ME, USA). The cortices were removed and minced into 1
mm sections that were then sieved successively through cell strainers (BD Biosciences, San
Jose, CA, USA). Pelleted glomeruli were resuspended and plated in 10% fetal bovine serum
and RPMI (Invitrogen, Carlshad, CA, USA). Glomeruli were seeded on collagen-coated
chamber slides. Podocytes were allowed to mature /n vitro for at least 14 days.

Immunofluorescent analysis of cells

Cells were fixed in 4% paraformaldehyde, and 0.1% Triton X-100 was used to permeabilize
the cells. Cells were incubated with the following primary antibodies: goat anti-CLIC5
(Santa Cruz Biotechnology), goat anti-podocalyxin (R&D Biosciences), rabbit anti-podocin
(Santa Cruz Biotechnology), rabbit anti-pERM (Cell Signaling Technology), and rabbit anti-
ERM (Cell Signaling Technology). This was followed by incubation with appropriate
secondary antibodies (Invitrogen). Actin filaments were stained with Phalloidin (Invitrogen).

Immunofluorescent analysis of kidney tissues

Kidneys from mice were perfused with phosphate-buffered saline, pH 7.4, before fixation
with either buffered formalin or Methyl Carnoy’s solution before sectioning into 4 pm
thickness. Immunofluorescence labeling was performed as previously described.4
Antibodies used were as follows: goat anti-CLIC5, rabbit anti-WT1, goat anti-podocalyxin,
rabbit anti-phospho-ERM (Cell Signaling Technology), goat anti-nephrin (R&D Systems),
and 4’,6-diamidino-2-phenylindole (DAPI, Vector Labs, Burlingame, CA, USA). Images
were taken using a Nikon Eclipse C1 Plus confocal microscope (Melville, NY, USA) and
analyzed using ImageJ (NIH, Bethesda, MD, USA).

Immunoelectron microscopy

Mice were cardiac perfused with phosphate-buffered saline, followed by perfusion fixation
in 3% paraformaldehyde in 0.1 mol/l phosphate buffer, pH 7.4. Tissues were dehydrated
through a graded series of ethanol, and embedded in LR white (Electron Microscopy
Sciences, Hatfield, PA). Ultrathin kidney cortical sections (70 nm) were mounted onto
Formvar/carbon-coated nickel grids (Electron Microscopy Sciences). Duplicate sections
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were analyzed for each condition. Aldehyde quenching with 0.05 mol/l glycine and antigen
retrieval with citrate buffer (Covance, Princeton, NJ, USA) were performed before blocking
with normal donkey serum, bovine serum albumin, Cold Water Fish Gelatin, and Tween20
(Electron Microscopy Sciences). Grids were placed in goat anti-CLIC5 (Santa Cruz) at 1:10
and 1:5 overnight at 4°C in blocking buffer plus 0.2% bovine serum albumin-c (Aurion;
Electron Microscopy Sciences). After washing, sections were incubated with a donkey anti-
goat antibody conjugated to 10 nmol/l gold particles at 1:20. After rinsing, grids were fixed
in 2.5% glutaraldehyde in 0.1 mol/I phosphate buffer, and poststained with uranyl acetate
and lead citrate. The sections were examined using a Philips CM100 electron microscope at
60 kV.

Transmission and scanning electron microscopy

Mice were cardiac perfused with phosphate-buffered saline, followed by perfusion with
2.5% glutaraldehyde in 0.1 mol/l Sorensen’s buffer (pH 7.4). For transmission electron
microscopy, kidney cortices were dissected and minced into 1-2 mm pieces. Further
processing was performed by the Microscopy & Image-analysis Laboratory at the University
of Michigan, Ann Arbor, MI, USA. This processing included postfixation in 1% osmium
tetroxide in the same buffer, rinsing in double-distilled water to remove phosphate salt, and
then en bloc staining with aqueous 3% uranyl acetate for 1 h. The tissues were then
dehydrated in ascending concentrations of ethanol, rinsed twice in propolynoxide, and
embedded in epoxy resin. The samples were ultrathin sectioned (70 nm) and stained with
uranyl acetate and lead citrate. The sections were examined using a Philips CM100 electron
microscope (FEI, Hillsboro, OR, USA) at 60 kV. Images were recorded digitally using a
Hamamatsu ORCA-HR digital camera system operated using AMT software (Advanced
Microscopy Techniques, Danvers, MA, USA). For s.e.m., samples were postfixed similarly.
They were then immersed in hexamethyldisilazane before mounting and sputter coating with
gold using a ‘Polaron’ sputter coater (POLARON SEM Coating System, Hatfield, PA,
USA). Images were examined using an Amray 1910FE scanning electron microscope
(SEMTech Solutions, North Billerica, MA, USA) and digitally imaged using X-stream
Imaging Software (SEMTech Solutions). All samples were imaged by a naive observer.

Foot process longitudinal length measurements

The s.e.m. images that were acquired at x 10,000 magnification were assessed. Longitudinal
length was traced from the beginning of each final branch point to the end of a foot process
from only areas that are perpendicular to the plane of the camera image. Each measurement
was analyzed using Imagel. ‘Foot process length” from each animal was averaged from a
total of 140-180 measured processes. Briefly, 15-18 individual foot processes were traced
from each image taken from 5-6 different glomeruli of at least 3—4 adult mice (4 months
old) of each genotype by a naive observer. Data are represented as mean + s.e.m. from three
to four mice of each genotype.

Urine protein/creatinine ratio measurements

Urine samples from CLIC5**, CLIC5*~, and CLIC5~/~ mice were collected by placing
them into urine collection containers for 4-6 h. A physical barrier prevented the mixing of
solid and liquid wastes, and urine samples free of fecal contamination were collected.
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Samples were diluted to 1:5, 1:10, or 1:50 with distilled water before total protein was
measured using a bicinchoninic acid protein assay kit (Pierce). Urine creatinine
measurements were taken using the Creatinine Companion kit (Exocell, Philadelphia, PA,
USA). Absorbances were measured using an EL x 800 microplate reader (BioTek
Instruments, Winooski, VT, USA).
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Figure 1. Biochemical enrichment of slit diaphragm constituents
Mouse glomeruli were isolated from kidney cortices, homogenized and fractionated to

enrich for SD proteins. (a) The enrichment method is diagrammed schematically, indicating
each fraction that was analyzed by immunoblotting (fractions 1-6). (b) An equal volume of
extract was analyzed in lanes 2-6 to allow for a direct comparison between fractions.
Replicate blots were probed with nephrin, podocin, podocalyxin, COX IV, PSMA2, WT1,
flotillin 1, and transferrin receptor (TfR) antibodies (labeled to the right of each panel). As
predicted, nephrin and podocin were located in the SD-enriched fraction, but podocalyxin,
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COX IV, PSMA2, and WT1 were absent from this fraction. Podocalyxin, COX IV, PSMA2,
WT1L, flotillin 1, and TfR receptor served as markers for apical membranes, mitochondria,
cytoplasm, nuclei, lipid rafts, and nonraft domains, respectively.

Kidney Int. Author manuscript; available in PMC 2017 August 01.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Pierchala et al.

Page 16

Slit diaphragm-
containing fraction

o)
=<
5
€
S
=

250 kDa

150 kDa

100 kDa

75 kDa

50 kDa

37 kDa

25 kDa

20 kDa

Figure 2. Proteomic analysis of the SD-enriched fraction
Protein fractions that were enriched in SD proteins were separated according to molecular

weight using sodium dodecy! sulfate—polyacrylamide gel electrophoresis and stained with
Coomassie blue. In all, 15 regions of the lane were excised, labeled from P1 to P15, and
digested in gel with trypsin for further proteomic analysis.
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Figure 3. Chloride intracellular channel protein 5 (CLIC5) is present in the slit diaphragm-
containing fraction

Protein fractions produced during the biochemical isolation of SDs were immunoblotted
with antibodies to nephrin and CLIC5. Nephrin and both isoforms of CLIC5 were identified
in the final SD-enriched fraction, as well as in other fractions (antibodies are labeled to the
right of each panel).

Kidney Int. Author manuscript; available in PMC 2017 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pierchala et al.

Page 18

Figure 4. Chloride intracellular channel protein 5 (CLICS5) is predominantly expressed in
podocytes

(a) Adult mouse kidney sections were double fluorescently labeled with (A) CLIC5 (red),
(B) WT1 (green), a marker for podocytes, and (C) 4”,6-diamidino-2-phenylindole (DAPI)
(blue), a nuclear marker. (D) A merged image that shows WT1 + podocytes colabeled with
CLICS5 (arrowheads). CLIC5 was noted to localize to the cell body and cell processes
(arrows) of podocytes. This is a representative fluorescence confocal image of a mouse
glomerulus. (b) Immunoelectron microscopic localization of CLIC5 in adult mouse kidney.
CLIC5 labeling was seen in foot processes with predominant localization in the apical and
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basal membranes and in regions proximal to slit diaphragms (arrowheads). CLIC5 also
localized to glomerular endothelial cells (arrows). These are representative images taken at x
64,000-180,000 magnification.
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Figure 5. Chloride intracellular channel protein 5 (CLICS) is localized at the tips of actin
filaments and is enriched in regions of cell-cell contact

(a) Primary podocyte cultures were labeled with (A) CLICS5 (red) and (B) actin (phalloidin,
blue). (C) A merged image and (D) a magnified inset from the merged image showing that
CLIC5 localized at the tips of actin filaments. This is a representative fluorescence confocal
image of primary mouse podocytes after 14 days /n vitro. (b) Three adjacent primary
podocytes were fluorescently labeled and imaged with (A) CLICS (red), (B) merged with
phalloidin (blue), (C) imaged with differential interference contrast, and (D) merged with
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differential interference contrast. CLIC5 had a punctate labeling pattern enriched at regions
of cell-cell contact. Images were taken at x 60 magnification for (a) and at x 40
magnification for (b).
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Figure 6. Chloride intracellular channel protein 5 (CLIC5) expression in podocytes is absent in
CLIC5™~ mice

(a) Whole cellular lysates (WCLs) were produced from isolated glomeruli, and CLIC5A and
CLIC5B expression levels were determined by western blot analysis. Actin immunoblotting
served as a loading control to enable protein expression comparisons between samples.
Expression of CLIC5A and CLIC5B decreased between CLIC5*/*, CLIC5*/~, and CLIC5™~
mice. There was no detectable expression of either CLIC5 isoform in CLIC5™/~ mice. (b)
Mouse kidney sections were double immunofluorescently labeled with CLIC5 (A and B)
and WT1 (C and D) antibodies, and nuclei were stained with 4”,6-diamidino-2-phenylindole
(DAPI, merge, E and F). CLIC5*"* glomeruli exhibited CLIC5 expression, whereas no
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CLIC5 was evident in kidney sections from CLIC5~/~ mice. Immunofluorescence for
CLIC5, WT1, and DAPI was merged, indicating that CLIC5 expression was absent in
podocytes of CLIC5™~ mice. Images were taken at x 60 magpnification.
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Figure 7. ERM and podocalyxin expression levels are dependent on chloride intracellular
channel protein 5 (CLIC5)

(a) Western blot analysis was performed on whole cellular lysates (WCLSs) derived from
CLIC5**, CLIC5*~, and CLIC5~/~ glomeruli. pERM, total ERM, podocalyxin, and nephrin
(labeled to the right of each blot) were detected using the appropriate antibodies, and
immunoblotting for actin was performed to allow protein expression comparisons between
each genotype. (b) To determine the relative protein expression levels, the signal intensities
for ERM, podocalyxin, and nephrin were normalized to actin by densitometric analysis. To
investigate whether the phosphorylation of the ERM protein complex differed between
genotypes, a ratio of phosphorylated ERM to total ERM expression was calculated. Data
were graphed as the mean * range. No difference between genotypes was detected for the
level of pERM compared with total ERM. However, there was more than a 1.5- and 2.5-fold
decrease in the expression of total ERM in CLIC5*/~ and CLIC5~/~ mice, respectively, when
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compared with total ERM expression in CLIC5*/* mice. Podocalyxin expression diminished
by almost 1.5- and 3-fold for CLIC5*/~ and CLIC5~/~ mice, respectively. There was also a
decrease in nephrin expression when CLIC5** mice were compared with CLIC5~/~ mice.
(c) Images of glomeruli were obtained from kidney sections that were immunofluorescently
labeled for CLIC5, pERM, podocalyxin, and nephrin. CLIC5** glomeruli (A, C, E and G)
and CLIC5~/~ glomeruli (B, D, F and H).
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Figure 8. Chloride intracellular channel protein 5 (CLIC5) associates with pERM, total ERM,
and podocalyxin
(a) Glomeruli were isolated from CLIC5** and CLIC5™/~ kidneys, detergent extracts were

produced from them, and CLIC5 was immunoprecipitated. Immunoblotting of podocalyxin
(top panel), pERM (second panel), and total ERM (third panel) showed
coimmunoprecipitation of CLIC5 with these proteins. Blots were reprobed with anti-CLIC5
to confirm immunoprecipitation of CLIC5 (fourth and fifth panels). Immunablotting of
supernatants with actin controlled for equal amounts of lysates analyzed, and
immunoblotting the supernatants for podocalyxin, pPERM, and ERM confirmed their
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presence in extracts from CLIC5*/* and CLIC5™~ glomeruli. (b) Images of mouse whole
glomeruli fixed and labeled with CLIC5 (A and D, red), pERM (B, green), podocalyxin (E,
green), and merged images (C and F). (C) The pERM-CLIC5 merged image shows
colocalization of these proteins that appeared as yellow labeling in the podocyte processes
(magnified inset). Colocalization of CLIC5 with podocalyxin was also noted as yellow
labeling in the merged image (F). Fluorescence confocal images were taken at x 60
magnification. (c) Primary podocyte cultures from CLIC5*/* (A-C and G-I) and CLIC57~
(D-F and J-L) mice were grown for 14 days in vitro before they were fluorescently labeled
with CLIC5 (A, D, G, and J, red), pERM (B and E, green), podocin (H and K, green), and
phalloidin-labeled actin filaments (blue); merged images (C, F, I, and L). CLIC5 labeling
was only detected in CLIC5*"* podocytes and was absent from CLIC5~/~ podocytes. The
merged image (C) indicated that CLIC5 colocalized with pERM and was most evident near
edges and cell-cell contact regions of the podocytes. The merged image of CLIC5 with
podocin (1) showed no colocalization.
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Figure 9. Chloride intracellular channel protein 5 (CLIC5) is critical for podocyte morphology
and the glomerular filtration barrier

(a) Representative s.e.m. images of whole glomeruli from CLIC5*/* mice (A) versus
CLIC5™~ mice (B) at 4 weeks of age. These images were taken at x 2000 magnification. (C
and D) Representative images of podocyte cell bodies and processes were taken at higher
magnification, x 10,000 (C, CLIC5*™* and D, CLIC5~/~). White arrowheads show the
‘longitudinal’ length of foot processes that were measured using ImageJ in b below. Images
of transmission electron microscopy were taken at x 19,000 magnification. (b) Longitudinal
lengths of foot processes in micrometers. Data are represented as mean + s.e.m. from three
to four mice of each genotype. A total of 140-180 processes were measured from each
mouse (see methods for details.) *~-value <0.001 as compared with CLIC5** mice. (c)
Urine protein/creatinine ratios (mg/mg) were determined from male, 3-month-old CLIC5*/*,
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CLIC5*~, and CLIC5~~ mice. Data were represented as mean * s.e.m., /=4 per data group.
**PLvalue <0.001 as compared with the CLIC5** group.
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