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Background: Chronic hypoxia contributes to progressive tubulointerstitial injury and,
consequently, renal failure. However, the effect of hypoxia on glomerular podocytes, which are
integral to the slit diaphragm complex and responsible for selectivity of the glomerular filtration
barrier, has not been completely determined.

Methods: Conditionally immortalized mouse podocyte cells were exposed to hypoxic (1% O,) or
normoxic (room air) conditions for 24, 48, or 72 hours, after which cell viability was determined
by MTT assay. Cells were stained with podocin and phalloidin to determine podocin and intrac-
ellular actin distribution. Expression of synaptopodin, CD2-associated protein (CD2AP), NcK,
transforming growth factor-f1 (TGF-B1), hypoxia-inducible factor (HIF-10) were evaluated by
real-time polymerase chain reaction.

Results: Podocytes exposed to hypoxia had significantly reduced viability at 48 (87%) and
72 hours (66%). There was disarrangement of intracellular filament actin by phalloidin staining,
a 30% weaker fluorescence intensity by podocin staining, significantly reduced expression of
synaptopodin (12%), CD2AP (42%), NcK (38%), and increased expression of TGF-B1 and
P-ERK after hypoxia treatment.

Conclusion: Podocyte exposure to hypoxia leads to reduced viability and SD protein expression,
which may explain persistent and/or increasing proteinuria in patients with progressive renal
failure. Increased expression of TGF-f1 and P-ERK is associated with apoptosis and fibrosis,
which could be the link between hypoxia and glomerular injury.
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Introduction

Podocytes function to maintain the permeability of the glomerular filtration barrier.
Studies have established!? an association between the development of progressive
kidney disease and podocyte failure,* 7 as seen in gene mutations of podocyte-specific
proteins leading to nephrotic syndrome, renal injury, and failure. The slit diaphragm
(SD), which is the intercellular junction between the podocyte foot processes, is
composed of different proteins synthesized by podocytes such as podocin, nephrin,
CD2-associated protein (CD2AP), NcK, ZO-1, and actinin4.®'° The integrity of the
SD, as regulated by protein expression in podocytes, plays a key role in regulating
cytoskeletal dynamics and signaling in and between the podocytes.'"* This is criti-
cal for maintaining the selectivity of the glomerular filtration barrier. Injury to this
barrier leads to proteinuria, which is known as one of the important contributors to
progressive renal injury.
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Along with proteinuria, current studies have reported
chronic hypoxia as one of the most important factors in pro-
gressive renal injury.'*!> Recent research has viewed hypoxia-
induced injury to the tubulointerstitium as the most important
factor for progressive renal injury.>!¢ Despite reports of chronic
hypoxia as the common pathogenic mechanism driving the
progression of glomerular injury, as in cyanotic congenital heart
disease, renal transplant and glomerulosclerosis,'”!® the effect
of hypoxia on podocytes has yet to be completely elucidated.
A recent study evaluating the role of hypoxia-regulated cellular
processes has reported increased risk of glomerular disease
with von Hippel-Lindau (VHL) gene inactivation.'* Studies
have also reported the importance of hypoxia-inducible factors
(HIF) in glomerular development.'

We hypothesize that acute or chronic hypoxia can injure
the podocyte and influence SD protein expression. This
may have important implications for progression of renal
injury, as podocyte injury secondary to hypoxia may be an
overlooked but important contributor to progressive, and
possibly, irreversible renal injury.

Materials and methods

This study was conducted using immortalized podocytes,
which were kindly given to us by Dr Peter Mundel.?® The
podocytes were subjected to hypoxic (1% O,, 5% CO, bal-
anced with N,) and normoxic (room air, 5% CO,) culture
conditions per experimental protocol, as detailed below.

Cell culture

The clonal cell line of conditionally-immortalized mouse
podocytes was cultured in RPMI 1640 (Invitrogen, Carlsbad,
CA) with 10% fetal calf serum (Atlanta Biologicals,
Lawrenceville, GA), 100 IU/mL penicillin, and 100 pg/mL
streptomycin (MP Biomedicals, Solon, OH), along with
interferon y (IFN v, 10 IU/mL) (Sigma, St Louis, MO), at
33C on collagen type I (0.1 mg/mL) (Sigma) coated surfaces.
The podocytes were differentiated by culturing them in the
same medium without IFN y at 37°C for 10—12 days prior
to the experiments. Cells from the fifth to the seventeenth
passages were used for the experiments. Podocytes were
dispensed into a 6-well plate (3 x 10* cells/well), 24-well
plate (6 x 10° cells/well) or 96-well (1.5 x 10° cells/well)
plate for differentiation.

Per the experimental protocol, differentiated podocytes
were cultured in a hypoxia chamber (Modular Incubator
Chamber; Billups-Rothenberg, Del Mar, CA) with gas flow of
1% O,, 5% CO, and balance with nitrogen, or in a normoxic
condition, (room air, 21% O,, 5% CO,), at 37°C.

Cell viability

MTT assay

MTT assay involves the conversion of the water-soluble MTT
[3-(4,5-dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide]
to an insoluble formazan by live cells only. The formazan is
then solubilized by sodium dodecyl sulfite (SDS) solution and
determination of the optical density at 570 nm as an estimate
of the percentage of live cells.?! Upon differentiation of the
podocytes, 100 uL of culture medium and 10 uL of 12 mM
MTT (Invitrogen) stock solution were added to each well.
Plates were then incubated at 37°C for 4 hours, after which
100 uL of 10% SDS-0.01M HCI solution (Sigma) were
added and incubated at 37°C for 4-18 hours. The absorbance
at 570 nm was determined using a plate reader (SpectraMax
250; Molecular Devices, Sunnyvale, CA).

Podocin and phalloidin staining

Cells were differentiated on coverslips for 10—12 days and then
fixed for 5 minutes with cold acetone. After being washed three
times with Hank’s buffered salt solution (Invitrogen), 0.3%
Triton-X 100 was added to the cells. The cells were then treated
with 5% bovine serum albumin for 30 minutes and incubated
with rabbit anti-mouse podocin (primary) antibody (1:200;
Sigma) and FITC-conjugated goat anti-rabbit (secondary)
antibody (Sigma). As controls, cells were stained with rabbit
serum and then secondary antibody. Fluorescently conjugated
phalloidin (1:40; Molecular Probes Inc, Eugene, OR), which
binds to the interface between F-actin subunits, was used for
staining the podocytes for evaluation of the cytoskeletal cell
framework. The stained cells were then examined under a
Nikon Eclipse E-600 fluorescence microscope (480 nm, 20x;
Nikon, Tokyo, Japan). The fluorescent intensity was compared
using software (Simple PCI, Sewickley, PA).

Real-time PCR

Total RNA was extracted from cell lysates according to the
manufacturer’s instructions for the RNeasy Mini kit (Qiagen,
Valencia, CA). Briefly, lysis buffer with B-mercaptoethanol
(B-ME) was added to the cells, which were then homogenized
with syringe, and then the same volume of 80% ethanol was
added. Then, the lysates were applied to a mini-column and
washed and digested with DNase I (Qiagen, Valencia, CA), then
washed again. RNA samples were analyzed with a Nano-Drop,
ND-1000 spectrophotometer (Thermo Scientific, Wilmington,
DE); and samples with 260/280 ratio in the range of 1.9-2.2
(indicative of minimal DNA contamination) were selected
for further analysis. RNA 6000 Pico Assay and Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA) were used
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to determine 18S and 28S ribosomal bands and ensure no RNA
degradation was present. 100 ng of total RNA was reverse tran-
scribed into cDNA using iScript cDNA Synthesis Kit (Bio-Rad,
Hercules, CA), and housekeeping genes such as -actin and
18S RNA were evaluated as internal controls to normalize the
expression of the study genes and comparison between hypoxia
and normoxia culture conditions. All real-time PCR primers
(Table 1) were synthesized by Sigma-Aldrich (St Louis, MO).
After determining the optimal primer concentration, the sample
and primers were used, mixed with iQ Sybr Green Supermix
for real-time PCR, under an iQ Real-Time thermocycler (Bio-
Rad). Each sample was assayed in triplicate for each gene. The
thermal cycler conditions were 10 minutes at 95°C, followed by
40 cycles of 15 seconds at 95°C, and then 30 seconds at 60°C,
followed by a melting curve.

Western blot

Cultured cells were scraped of their substrate while on ice
with lysis buffer. Cell lysates were then incubated on ice for
half an hour and subsequently centrifuged at 9300 x g for
15 minutes at 4°C. The supernatant was collected and proteins
were measured by BCA protein assay (Pierce, Rockford, IL);
25 ug of lysate protein were applied on polyacrylamide gel
electrophoresis. The protein was then transferred to the PVC
membrane at 90V for 2 hours on ice. The PVC membrane was
blocked with 10% skim milk for 1 hour and incubated with
anti-phosphorylated ERK (P-ERK) or anti-total ERK (T-ERK)
antibodies (1:5000) (Cell Signal Technology, Danvers, MA) for
more than 2 hours. After washing (four times), the membrane
was incubated with secondary HRP antibody, washed, and
developed with an ECL kit (GE Healthcare, Piscataway, NJ).

Results
Mouse podocytes exhibit decreased
viability and proliferation in response

to hypoxia
Podocytes showed decreased viability by MTT assay
when cultured in hypoxic conditions for 24 (90%) hours,

Table | Primers used for RT-PCR

48 (87%) hours and 72 (66%) hours (Figure 1A). When
podocytes were exposed to hypoxia for a fixed period and
then cultured in normoxia conditions, the number of cells
increased. This could be related to the proliferative cellular
response exhibited by the immortalized podocyte cell line
under hypoxic culture conditions (Figure 1B).

Hypoxia induces podocyte actin

filament disruption

Phalloidin binds to the filamentous actin (F-actin), allowing
the visualization of the podocyte actin framework. Podocytes
under normoxia culture conditions displayed a regular
arrangement of the podocyte central actin fibers (Figure 2).
Cells treated with hypoxia (48 hours) showed disarrangement
and disruption of the podocyte actin framework (Figure 2)
with phalloidin staining.

Slit diaphragm molecules expression level reduced

in podocytes cultured in hypoxia conditions

Slit diaphragm molecules, CD2AP, Nck, and synaptopodin
(SD-associated protein), were evaluated by real-time PCR,
and podocin expression was evaluated by immunofluores-
cence microscopy. All the molecules showed decreased
expression under hypoxia culture conditions. The expres-
sion of CD2AP and Nck was significantly reduced (n = 3;
P < 0.05) (Figure 3), while the reduction in synaptopodin
was not statistically significant (P = 0.10).

Podocin staining under hypoxia
and normoxia condition
Podocin showed weaker staining by immunofluorescence
in cells cultured under hypoxic conditions (Figure 4A,
left panel) (48-hour treatment) compared to cells cultured
under normoxic culture conditions (Figure 4A, right panel).
Reduced podocin expression was confirmed by western blot
(Figure 4B).

TGF-B1 and HIF-1o expression were studied as
mediators of hypoxia-induced podocyte damage (Figure 5).

Name Forward sequence

Reverse sequence

Synaptopodin
Beta-actin
TGF-B1
HIF-1ou
CD2AP

NcK

18S RNA

AGAAGCTACAGTTCTGTTCCCGCA
TCGTACCACAGGCATTGTGATGGA
TACGTCAGACATTCGGGAAGCAGT
AGCTGAGGACTTTCCAGGTGTTGA
TCAGCCACATCCACAAACCAAAGC
CCAAGCTATTGACCGTGCCATTGA
CGCCGCTAGAGGTGAAATTC

TTCTACAAGAGGCACAAGGCAGGA
TGATGTCACGCACGATTTCCCTCT
AAAGACAGCCACTCAGGCGTATCA
ACACAGGATGCCTTCCTTGGATCT
ATTGTTCAGGGTTCCACTCCACCA
AGGTGCCTCTTCGAGACAAGGTTT
TTGGCAAATGCTTTCGCTC

Abbreviations: TGF-B1, transforming growth factor Beta I; HIF-10, Hypoxia-inducible factor I, alpha subunit; CD2AP, CD2-associated protein; NcK, NcK adaptor protein;

18S RNA, 18S ribosomal RNA.
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Figure | MTT assay and cell viability of podocytes under hypoxia and normoxia culture conditions. MTT assay (A) showed decreased cell viability under hypoxia treatment
at 24 (P=0.11), 48 hours (*P < 0.05) and 72 hours (**P < 0.01). (B) Significantly (P < 0.05) increased podocyte cell numbers after 24, 48, and 72 hours of hypoxia culture

conditions were noticed compared to normoxia culture conditions.

Real-time PCR showed that the relative expression level
of TGF-B1 increased significantly (P = 0.01) after hypoxia
treatment, compared to podocytes under normoxia only
(expression of B-actin and 18S RNA was evaluated as
internal controls). Activated TGF-B1 has a half-life of
only a few minutes, and it is primarily degraded within
the cell. Therefore, increased expression of TGF-B1 in
just 30 minutes of hypoxia exposure suggests the role of
TGF-B1-mediated pathways in podocyte response to hypoxia
and subsequent injury.

Phosphorylated ERK expression increased

after 48-hour hypoxia treatment

Protein (25 ng) from podocytes exposed to hypoxia and
normoxia was isolated to compare total and phosphorylated
ERK expression. Compared to normoxia culture conditions,

Hypoxia Normoxia

Figure 2 Phalloidin staining to evaluate podocyte actin framework under hypoxia
and normoxia culture conditions (20x).

Note: Podocyte under hypoxia conditions showed disarrangement of intracellular
actin, compared to the regular arrangement observed under normoxia.

P-ERK expression was increased after 48 hours of hypoxia
treatment, while total ERK was unchanged (Figure 6).

Discussion

Integrity of the glomerular filtration barrier is the single most
important factor in preventing proteinuria, a known cause
of progressive renal injury. Our study demonstrates that
podocytes exposed to hypoxia have decreased expression
of some of the several proteins expressed in the SD, along
with decreased viability of the podocytes. Several molecules,
such as nephrin, podocin, CD2AP, NcK, synaptopodin, ZO-1,
actinin4, and P-cadherin, are associated with SD complex.
The integrity of the glomerular filtration barrier is dependent
on the intimate molecular cross-talk between podocyte foot
processes and the SD.?

1.4
1.2 4

0.8 1
0.6
0.4
0.2 A

Relative expression level

CD2AP Synaptopodin Nck

[[]Hypoxia [ Normoxia

Figure 3 RT-PCR evaluating mRNA expression level of SD molecules CD2AP,
synaptopodin, and Nck in podocytes exposed to hypoxia and normoxia.

Note: Reduced podocyte expression of slit diaphragm molecules, CD2AP
(**P < 0.01), Nck (*P < 0.05), and synaptopodin, was observed after 48 hours of
hypoxic culture conditions.
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Hypoxia Normoxia

Figure 4A Podocin staining under hypoxia and normoxia culture conditions (20x).
Note: Podocytes under hypoxia showed less immunofluorescence when compared
to podocytes under normoxia conditions.

Chronic hypoxic-ischemic injury to the renal
tubulointerstitium is currently viewed as one of the most
important factors in the progression of chronic renal injury.
The decreased expression of SD complex proteins and podo-
cyte injury due to hypoxia, as reported herein, could represent
an important contributor to progressive renal injury associ-
ated with hypoxia. Few studies have focused on the effect of
hypoxia on the glomerular podocytes and the slit diaphragm
proteins integral to the filtration barrier. A recent study by
Brukamp et al'® reported on glomerular injury secondary to
alterations in hypoxia-mediated cellular processes involving
VHL protein and HIF. In their study model, VHL-deficient
mice mimic podocyte hypoxia due to increased activity of HIF
(normal cellular response to hypoxia) and subsequent cellular
processes stimulated by HIF. The evaluation of podocyte-
specific genes in VHL-deficient podocyte cell lines showed
downregulation of synaptopodin and no change in nephrin
and C2DAP expression when evaluating the cells at 0, 24, and
48 hours of hypoxia (O, 1.5%). Our study shows decreased
in vitro expression of synaptopodin, C2DAP, and NcK by RT-
PCR, as well as decreased staining for podocin and disruption
of the podocin cytoskeletal framework in podocytes cultured

30 minutes 48 hours

Podocin

B-actin

H N H N

Figure 4B Western blot shows podocin expression reduced under hypoxia
treatment, both after 30 minutes and 48 hours.

in hypoxia (1% O,), in comparison to podocytes in normoxic
(21% O,) conditions. It is possible that in VHL inactivation in
the study by Brukamp et al,'* the podocyte gene expression
may have been altered by adenovirus-mediated delivery of Cre
recombinase to generate VHL deficient podocyte cell lines.
In addition, other studies involving VHL-deficient transgenic
mice have revealed different pathophysiologic processes lead-
ing to renal failure, such as immune complex mediated renal
injury? and crescentric glomerulonephritis, associated with
up-regulation of CXCR4.%

Proteinuria is a significant contributor to progressive kid-
ney damage; however, the underlying processes, especially
hypoxia, have yet to be elucidated in detail. Andersson et al'!
reported that mild ischemia (15 minutes, not sufficient to cause
tubular injury) reperfusion injury in rats resulted in severe pro-
teinuria and altered the permeability of the glomerular filtration
barrier. Electron microscopy of the kidneys did not show any
significant changes in the podocytes or glomerular basement
membrane. Although ischemia injury followed by reperfusion
injury induces the formation of free radicals, the results of our
studies provide an alternative injury pathway for the findings
reported by Andersson et al.!! This is important, as direct injury
to the podocytes by hypoxia could initiate or possibly account
for persistent injury in acute or chronic renal failure. Our study
shows that hypoxia of 30 minutes is associated with increased
HIF, which is one of the major factors mediating cellular
response to oxygen deprivation. Podocyte injury frequently
leads to reorganization of the SD and reorganization of the foot
process structure.?* Macconi et al*® reported that angiotensin I1
induces actin cytoskeletal reorganization, thereby altering the
permeability of the glomerular filtration barrier. It is currently
hypothesized that alterations of the charge in the glomerular
basement and integrity of the SD are essential for the integrity
of the glomerular filtration barrier. Alteration of the podocyte
proteins is expressed in the SD; therefore, the podocyte skel-
etal framework, as reported herein, is important, as decreased
perfusion leading to hypoxia is a common underlying factor
in acute or chronic renal injury. Our findings, when viewed
in light of other reports of podocyte injury (with or without
hypoxia) and the importance of hypoxia in progressive renal
injury, point toward an aspect of renal injury (podocyte and
hypoxia) which is yet to be elucidated in detail.

It is interesting to note that the immortalized mouse cell
line in the study showed a proliferative response to hypoxia.
This could be due to the inability of some of the immortalized
mouse podocytes (with constitutively active SV40 T antigen) to
exit the cell cycle upon differentiation experiments. Podocytes
in culture differ from those in vivo, as the initiation of podocyte
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Figure 5 Relative mRNA expression level of TGF-$ and HIF in podocytes after 30 minutes and 48 hours of hypoxia.
Note: There is significant increase in expression of TGF-B (**P < 0.01) and HIF (*P < 0.05) after just 30 minutes of podocyte hypoxia exposure.

Abbreviations: TGF-f, transforming growth factor; HIF, hypoxia-inducible factor.

differentiation is intimately linked to the cells leaving the cell
cycle and stopping cell division.”® Studies have shown that
persistent injured podocytes (in vivo experiments) undergo
either apoptosis or necrosis, instead of proliferation.?”

Transforming growth factor-B (TGF-P) is an anti-inflam-
matory and profibrotic cytokine.? The involvement of TGF-3
in the development of progressive glomerular injury has been
reported in cell culture experiments, animal studies, and
human disease.?-3%3! Woroniecki et al reported that deficiency
of CD2AP leads to the development of glomerular lesions
resembling human focal segmental glomerulosclerosis,
between 3—4 weeks, associated with increased expression lev-
els of TGF-B.3° There is an early increase in podocyte TGF-3
expression in nearly all glomerular diseases.*'*? Generally,
TGF-B is considered the important molecule in the cascade
of progressive renal fibrosis.* It has numerous effects on the
glomerulus, including increased extracellular matrix produc-
tion,! hypertrophy, and podocyte apoptosis.>

The Smad and MAPK pathways mediate the cellular
effects of TGF-B1. The two pathways interact by certain MAP

> 3
2
6 hours 48 hours 32 25
c 2
P-ERK -%
§1.5
Y
51
20
T-ERK &
o
H N H N

Figure 6 Expression of P-ERK and T-ERK by western blot.

o

kinases, such as extracellular signal-regulated protein kinase
(ERK), c-Jun N-terminal kinase (JNK), and p38 kinase,*
which have been shown to activate or inhibit Smad path-
ways by phosphorylating Smad proteins. Hayashida et al,*
in a study on skin fibroblasts, reported increased expression
of fibrogenic connective tissue growth factor secondary to
TGF-B-mediated Smad and ERK pathways. Omori et al*
reported that in rat kidney, the expressions of activated ERK
and P-ERK were closely correlated with that of TGF-[3. The
increased expressions of TGF-f1 and P-ERK in our result
suggests early (6 hours) and continued (48 hours) activation of
fibrogenic pathways in the podocytes subjected to hypoxia.

Our study findings elucidate that hypoxia-induced
podocyte injury, as evidenced by decreased cell viability
and disruption of glomerular filtration barrier permeability,
corresponds with decreased expression of SD podocyte
proteins. This could lead to proteinuria, an important mediator
of progressive renal injury. This aspect of renal injury needs to
be studied in detail, as reversal or slowing of these pathways
could affect the outcome of progressive renal injury.

6 hours

48 hours
- Hypoxia . Normoxia

Notes: Podocytes exposed to hypoxic (H) conditions show increased P-ERK expression when compared to podocytes under normoxic (N) conditions. At 48 hours, the
increase is almost 2.5 times, suggesting a role of P-ERK-mediated pathways in podocyte response to hypoxia.
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