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Podocyte-Specific Loss of Kriippel-Like Factor
6 Increases Mitochondrial Injury in Diabetic Kidney
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Mitochondrial injury is uniformly observed in several
murine models as well as in individuals with diabetic
kidney disease (DKD). Although emerging evidence has
highlighted the role of key transcriptional regulators in
mitochondrial biogenesis, little is known about the reg-
ulation of mitochondrial cytochrome c oxidase assem-
bly in the podocyte under diabetic conditions. We recently
reported a critical role of the zinc finger Kriippel-like
factor 6 (KLF6) in maintaining mitochondrial function and
preventing apoptosis in a proteinuric murine model. In this
study, we report that podocyte-specific knockdown of
KIf6 increased the susceptibility to streptozotocin-induced
DKD in the resistant C57BL/6 mouse strain. We observed
that the loss of KLF6 in podocytes reduced the expres-
sion of synthesis of cytochrome c oxidase 2 with resultant
increased mitochondrial injury, leading to activation of the
intrinsic apoptotic pathway under diabetic conditions.
Conversely, mitochondrial injury and apoptosis were sig-
nificantly attenuated with overexpression of KLF6 in cul-
tured human podocytes under hyperglycemic conditions.
Finally, we observed a significant reduction in glomerular
and podocyte-specific expression of KLF6 in human kid-
ney biopsies with progression of DKD. Collectively, these
data suggest that podocyte-specific KLF6 is critical to
preventing mitochondrial injury and apoptosis under di-
abetic conditions.

Diabetes is the leading cause of chronic kidney disease
worldwide (1). A large body of evidence suggests that glo-
merular injury is the inciting event in the development
of diabetic kidney disease (DKD) (2). Although all cellular
components of the glomerulus (endothelial cells, mesangial
cells, and podocytes) have been implicated in the develop-
ment and progression of DKD, podocyte loss remains a hall-
mark feature in DKD (2). Podocytes are terminally
differentiated epithelial cells in the glomerulus that are
essential for the maintenance of the renal filtration barrier.
In DKD, podocyte loss directly hampers the functional
capacity to maintain this filtration barrier (3) and is the
best predictor of albuminuria and chronic kidney disease in
patients with diabetes (4-6). Mitochondrial injury is also
uniformly observed in DKD and accompanied by mitochon-
drial DNA damage and altered expression of genes involved
in mitochondrial biogenesis, function, and fragmentation
(7-10). Recent studies have demonstrated that respiratory
complex (RC) activity is also reduced in diabetic kidneys
(8,11). However, the mechanism by which RC activity is
reduced in DKD is undear. Although all RCs are required
for oxidative phosphorylation, cytochrome c oxidase (COX;
RC IV) is the terminal enzyme of the respiratory chain and
catalyzes the transfer of electrons from reduced cytochrome
¢ to molecular oxygen. Furthermore, defective COX assembly
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has been directly implicated in mitochondrial dysfunction
and reduced oxidative phosphorylation in several fatal mi-
tochondrial diseases (12-15). However, to the best of our
knowledge, transcriptional regulation of key COX assem-
bly factors has never been investigated in DKD.

Along with others, we have reported an essential role of
Kriippel-like factors (KLFs) in glomerular biology (16-18).
KLFs are a subtype of zinc-finger transcriptional factors
that are involved in several fundamental cellular processes
(18,19). We previously reported the essential role of KLF6
in podocyte apoptosis (20). Specifically, we demonstrated
that KLF6 is an early-inducible injury response gene that
regulates cytochrome c oxidase (COX) expression, thereby
abrogating the release of cytochrome ¢ and activation of
apoptosis in the setting of cell stress (20). In the setting of
cell stress, we also showed that the loss of Kif6 in podo-
cytes reduced the expression of key transcripts involved in
mitochondrial replication, transcription, function, and COX
assembly (20). Based on these previous studies, we hypoth-
esize that the podocyte-specific loss of KLF6 accelerates
DKD by increasing the susceptibility to mitochondrial dys-
function, leading to activation of the intrinsic apoptotic
pathway, and eventual podocyte apoptosis. In this study, we
report that the podocyte-specific loss of KIf6 in mice renders
the kidney susceptible to early DKD. We also observed that
the loss of KLF6 increases mitochondrial fragmentation and
reduces COX expression. Finally, gene expression arrays
from independent cohorts combined with immunostaining
of human kidney biopsies demonstrated a significant re-
duction in glomerular and podocyte-specific KLF6 expres-
sion with progression of DKD.

RESEARCH DESIGN AND METHODS

Genotyping of Podocin-Cre KIf6"*/f°x Mice

Mice with KIf6 targeting vector (C57BL/6) were previously
generated using the targeting strategy as previously de-
scribed (21). KIf6™f°* mice were crossed with mice
expressing Cre recombinase driven by the podocin pro-
moter (B6.Cg-Tg [NPHS2-cre] 295Lbh/J; The Jackson
Laboratory, Bar Harbor, ME). Male offspring expressing
Cre with two floxed KIf6 alleles were used as the experi-
mental group (Podocin-Cre KIf6"/fioy Mice with two wild-
type alleles and Cre expression were used as controls
(Podocin-Cre KIf6™"). Genotyping by tail preparation and
PCR were performed at 2 weeks of age as described (21).
Confirmation of podocyte-specific knockdown and extent
of injury was previously described (20).

Streptozotocin-Induced Type 1 Diabetes Murine Model

In the streptozotocin (STZ) model (22), Podocin-Cre
Kif6™/fiox and Podocin-Cre KIf6™* (12 weeks of age)
were administered STZ (50 mg/kg) in 50 mmol/L sodium
citrate buffer (pH 5.4) by intraperitoneal injection over the
course of 5 days (22,23). On day 14, blood glucose was
measured from the tail vein after mice were fasted for 6 h
using a OneTouch glucometer (LifeScan, Milpitas, CA)
(23). To verify hyperglycemia, repeat fasting blood glucose
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measurements were taken monthly. Diabetes was defined
as sustained fasting blood glucose >250 mg/dL at two
distinct time points 2 weeks post-STZ injection (22). Mice
were sacrificed 12 weeks posttreatment.

Measurement of Urine Albumin and Creatinine

Urine albumin was measured by ELISA as previously de-
scribed (Bethyl Laboratories, Inc., Houston, TX). Urine
creatinine levels were measured in the same samples using
the QuantiChrom Creatinine Assay Kit (DICT-500; Bio-
Assay Systems). The urine albumin excretion rate was
expressed as the ratio of albumin to creatinine (23).

Measurement of Glomerular Filtration Rate

Glomerular filtration rate (GFR) in mice was determined
using the clearance of fluorescein isothiocyanate-inulin
(FITC-inulin) as described in the Animal Models of Di-
abetic Complications Consortium and Rieg (24). Briefly,
anesthetized mice were injected retro-orbitally with di-
alyzed 5% FITC-inulin (2 pL/g body wt). Blood was col-
lected from the tail at 3, 5, 7, 10, 15, 35, 56, and 75 min
after injection. Separated serum was buffered in 0.5 mol/L
HEPES, pH 7.4, and fluorescence was measured as de-
scribed previously (24). GFR was calculated using the two-
compartment clearance model with the following equation:

I
GFR:A—+B’
a B

where I is the total amount of FITC-inulin delivered in the
bolus injection retro-orbitally, A is the y-intercept of the
rapid phase of elimination, B is the y-intercept of the slow
phase of elimination, « is the decay constant for elimina-
tion, and B is the decay constant for distribution.

Blood Pressure Monitoring

Blood pressure was measured using the CODA-programmable
noninvasive tail-cuff sphygmomanometer (Kent Scientific,
Torrington, CT) on conscious mice as previously described
(23,25). Mice were initially subjected to an acclimation
period of five cycles before blood pressure assessment.
Subsequently, blood pressure was measured in each mouse
for 60 continuous cycles and an average of systolic blood
pressure and diastolic blood pressure quantified as pre-
viously described (23,25,26).

Cell Culture

Conditionally immortalized human podocytes were gifts
from Dr. Moin Saleem (University of Bristol, Southmead
Hospital, Bristol, UK.). These cells proliferate under
permissive conditions (33°C), but differentiate under non-
permissive conditions (37°C). Methods for podocyte cultiva-
tion, immortalization, and differentiation were based on
previously described protocol (27).

Short Hairpin RNA-Mediated KLF6 Knockdown Using
Lentivirus

KLF6 knockdown in human podocytes was performed
using the expression arrest GIPZ lentiviral shRNAmir



2422  KLF6 and Diabetic Kidney Disease

system (Thermo Fisher Scientific, Huntsville, AL) as pre-
viously described (20). Cells expressing short hairpin RNA
(shRNA) were selected with puromycin for 2 to 3 weeks
prior to use in all studies. EV-shRNA serves as empty vector
control. Confirmation of KLF6 knockdown was previously
shown (20).

LentiORF-KLF6 Overexpression

The LentiORF-KLF6 clone was purchased from Thermo
Fisher Scientific, and stable KLF6 overexpression was
achieved by lentiviral delivery. Cells expressing LentiORE-
KLF6 were selected with blasticidin for 2 to 3 weeks prior to
use in all studies. LentiORF-control serves as the GFP control
vector. GFP expression and Western blot were performed
to confirm KLF6 overexpression as previously shown (20).

Real-time PCR

Total RNA was extracted by using TRIzol (Gibco). First-
strand cDNA was prepared from total RNA (1.5 mg) using
the SuperScript III First-Strand Synthesis Kit (Life Tech-
nologies), and ¢cDNA (1 mL) was amplified using SYBR
GreenER qPCR Supermix on ABI QuantStudio 3 (Applied
Biosystems). Primers for mouse collagen 1a 1 (Collal), a—
smooth muscle actin (a-SMA), fibronectin, and CTGF were
designed using National Center for Biotechnology Infor-
mation Primer-BLAST and validated for efficiency before
application (Supplementary Table 3). Light-cycler analysis
software was used to determine crossing points using the
second derivative method. Data were normalized to house-
keeping genes (GAPDH or 3-actin) and presented as fold
increase compared with RNA isolated from the control
group using the 2 ** threshold cycle method.

High-Glucose Treatment of Podocytes in Culture
Human podocytes were differentiated for 14 days at 37°C
prior to all experiments. To stimulate hyperglycemic con-
ditions, cells were serum starved for 12 h prior to treat-
ment with 30 mmol/L p-glucose (high glucose [HG]),
25 mmol/L p-mannitol plus 5 mmol/L pD-glucose (osmotic
control), and 5 mmol/L p-glucose (normal glucose [NG])
for 7-14 days.

Western Blot

Podocytes were lysed with a 2X Laemmli buffer and then
quantified using Pierce BCA Protein Assay (23225; Thermo
Fisher Scientific). Lysates were subjected to immunoblot
analysis using primary antibody as previously described
(20) for the target of interest: mouse anti—3-actin (A3854;
Sigma-Aldrich, St. Louis, MO), rabbit anti-cleaved caspase-
3 (9644; Cell Signaling Technology), and rabbit anti-
synthesis of cytochrome c oxidase 2 (SCO2; AB115877;
Abcam).

Mitochondrial Fragmentation Studies

To visualize mitochondrial morphology, differentiated hu-
man podocytes were incubated with a Rosamine-based
MitoTracker probe (Invitrogen) at 100 nmol/L for 30 min.
After the incubation period, cells were washed with PBS
and fixed with 3.7% formaldehyde in growth medium as
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previously described (20). Mitochondrial fragmentation
was quantified using previously described methods (20,28).
Briefly, mitochondrial morphology was assessed in each cell
by a blinded investigator into a tubular (>75% of mito-
chondria with tubular length >5 mm), intermediate (25—
75% of mitochondria with tubular length >5 mm), or
fragmented pattern (<25% of mitochondria with tubular
length >5 mm).

Histopathology and Morphometric Studies by Bright-
Field Light Microscopy

Mice were perfused with PBS, and the kidneys were fixed in
10% phosphate-buffered formalin overnight and switched
to 70% ethanol prior to processing for histology. Kidney
tissue was embedded in paraffin by American Histolabs
(Gaithersburg, MD), and 3-pwm-thick sections were stained
with periodic acid Schiff (PAS; Sigma-Aldrich) and Masson
trichrome (23).

Quantification of mesangial area and glomerular vol-
ume was performed as described (29,30). In brief, digitized
images were scanned, and profile areas were traced using
ImageJ 1.26t software (National Institutes of Health; rsb.
info.nih.gov/ij). Mean glomerular tuft volume (GV) was
determined from mean glomerular cross-sectional area
(GA) by light microscopy. GA was calculated based on
average area of 30 glomeruli in each group, and GV was
calculated based on the following:

B

K

GV = X GA3?,

where B = 1.38, the shape coefficient of spheres (the
idealized shape of glomeruli), and k = 1.1, the size distri-
bution coefficient.

Mesangial expansion was defined as PAS-positive and
nuclei-free area in the mesangium. Quantification of mesan-
gial expansion was based on 30 glomeruli cut at the vascular
pole in each group.

Quantification of podocyte number per glomerulus was
determined using WT1-stained podocytes. Kidney sections
from these mice were initially prepared in identical fash-
ion. Subsequently, 4-pum-thick sections were stained with
rabbit anti-WT1 (Novus Biologicals, Littleton, CO) as pre-
viously described (31). Counting of podocytes and mea-
surement of glomerular area and volume were performed
using ImageJ and by the method described by the Animal
Models of Diabetic Complications Consortium (29).

Histopathology and Morphometric Studies by
Transmission Electron Microscopy

Mice were perfused with PBS and then immediately fixed
in 2.5% glutaraldehyde for electron microscopy (EM).
Sections were mounted on a copper grid and photographed
under a Hitachi H7650 microscope. Briefly, negatives were
digitized, and images with a final magnitude of approxi-
mately X10,000 were obtained (32). The quantification of
podocyte effacement was performed as previously de-
scribed (33). In brief, ImageJ was used to measure the
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length of the peripheral glomerular basement membrane
(GBM), and the number of slit pores overlying this GBM
length was counted. The arithmetic mean of the foot
process width (Wgp) was calculated using the following:

m _ Y. GBM Length
Wep = 4 % Y slits ’

where 3 GBM length indicates the total GBM length
measured in one glomerulus, 3 slits indicates the total
number of slits counted, and 7 is the correction factor for
the random orientation by which the foot processes were
sectioned) (33).

Quantification of GBM thickness was performed as
described (34). The thickness of multiple capillaries was
measured in three to four glomeruli per mouse. A mean of
418 measurements was taken per mouse (from podocyte to
endothelial cell membrane) at random sites where GBM
was displayed in the best cross section.

Immunofluorescence

Kidney sections from each experimental group of mice
were prepared in identical fashion. Immunostaining was
performed using the primary antibody for target of interest:
rabbit anti-KLF6 (AB135783; Abcam), mouse antinestin
(MAB353; Millipore), mouse anti-endothelial nitric oxide
synthase (eNOS; 610296; BD Biosciences), mouse anti-WT1
(SC7385; Santa Cruz Biotechnology), rabbit anti-cleaved
caspase-3 (8172S; Cell Signaling Technology), rabbit anti-
cleaved caspase-9 (9505; Cell Signaling Technology), rabbit
anti-SCO2 (AB115877; Abcam), rabbit anti-vimentin
(D21H3; Cell Signaling Technology), rabbit anti-Collal
(AB34710; Abcam), mouse anti-GBM «a-SMA rabbit (A5228),
anti-translocase of outer mitochondrial membrane 20
(TOMM20; AB78547; Abcam), and mouse anti-cytochrome
¢ (AB13575; Abcam) antibodies. After washing, sections were
incubated with the corresponding fluorophore-linked sec-
ondary antibody (Alexa Fluor 568 anti-rabbit IgG or Alexa
Fluor 488 anti-mouse IgG from Invitrogen). After staining,
slides were mounted in Prolong gold antifade mounting media
(P36930; Invitrogen) and photographed using a Nikon Eclipse
190 microscope (Nikon, Melville, NY) with a digital camera.

Terminal deoxynucleotidyl TUNEL staining was per-
formed using the In Situ Cell Death Detection Kit as per
the manufacturer’s instructions (12156792910; Roche).
Briefly, tissue sections were incubated for 15-30 min at
room temperature with Proteinase K working solution
(10 pg/mL). Subsequently, tissue sections were rinsed
twice in PBS, and 50 wL of TUNEL reaction mixture
was added to each section. After the incubation period,
tissue sections were kept at 37°C in the dark for 60 min
prior to repeat PBS wash and mounting.

Quantification of eNOS, KLF6, vimentin, and SCO2
expression in the glomerulus was determined by measur-
ing the percent area stained in the glomerulus in 20 high-
power field (X20) digitized images using ImageJ (20).
Quantification of TUNEL staining was determined by
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quantifying the number of TUNEL" cells per glomerular
cross section. Cleaved caspase-3 and cleaved caspase-9
staining in the glomerulus was determined by the percentage
of glomeruli with positive staining. Cytosolic cytochrome c
expression was determined by quantifying the percentage of
glomerular cytochrome ¢ and TOMM20 colocalization by
Image].

Human Kidney Biopsies

De-identified human kidney biopsy specimens from Stony
Brook Medicine and the University of Utah were obtained
for staining of KLF6. Human kidney biopsy specimens
were categorized into early-stage (<10%) and late-stage
(>50%) chronic tubulointerstitial fibrosis by a renal pa-
thologist (M.P.R.). Control kidney biopsy specimens were
acquired from the unaffected pole of kidneys removed due
to renal cell carcinoma. Quantification of KLF6 staining
in the podocytes was determined by quantifying the ratio of
cells that are KLF6"WT1"Hoechst" to the number of cells that
are WT1 Hoechst" staining using ImageJ 1.26t software.

COX Activity in Kidney Sections

Immunohistochemistry for COX activity was performed
as previously described (35,36). Briefly, 4-pum thickness
mouse kidney cryosections were allowed to dry at room
temperature for 1 h. Bovine catalase (2 pug) was added to
prepared incubation solution (1X 3,3'-diaminodbenzidine
with 100 pwmol/L) as previously described (36). Slides were
incubated in 37°C for 40 min in the incubation solution
containing bovine catalase, subsequently washed with 0.2
mol/L phosphate buffer (37), and dehydrated in ethanol.
Slides were then placed in xylene for 10 min and mounted
with Entellan prior to imaging. Quantification of COX
activity in the glomerulus was determined by measuring
the percent area stained in the glomerulus in 20 high-
power field (X20) images using ImageJ (20).

Annexin V and Propidium lodide With FACS
Differentiated human podocytes were trypsinized and
washed with PBS. Cells were initially suspended in 1X
Annexin binding buffer (V13246; Thermo Fisher Scien-
tific) and subsequently stained with conjugated Annexin V
(559933; BD Pharmingen) was followed by propidium
iodide (PI; 556463; BD Pharmingen) as per the manufac-
turer’s protocol. Cells were incubated in the dark at room
temperature for 15 min and then analyzed by an FACS-
Calibur flow cytometer with data analysis of 10,000 gated
events. Quantification was determined as a fold change in
percentage of apoptotic cells relative to NG-treated EV-
shRNA cells, which was defined as cells with low PI and
high Annexin binding.

Extracellular Oxygen Consumption Rate

Differentiated human podocytes were plated at 2,000
cells/well in a black 96-well assay plate (3603; Corning).
HG treatment was introduced for 7-14 days according to
the specific experimental conditions. Extracellular oxygen
consumption rate (OCR) was measured using the OCR
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Assay Kit (600800; Cayman Chemical) as per the manu-
facturer’s instructions and as previously described (38).
Briefly, a MitoXpress Xtra (600801; Cayman Chemical)
phosphorescent oxygen-sensing probe was introduced and
sealed with HS Mineral Oil Assay Reagent (660910; Cay-
man Chemical) to prevent the loss of extracellular oxygen.
Fluorescence at 380 nm was read every 3 min with a micro-
plate reader at 37°C for 120 min, and OCR was calculated
as the ratio of change in oxygen consumption over time and
expressed as a fold change in OCR relative to NG-treated
control cells.

COX Activity in Cell Culture

Mitochondria were initially isolated as previously de-
scribed (39) from differentiated human podocytes after
specific experimental conditions. Briefly, 10% digitonin
was used for cell permeabilization followed by homog-
enization with a mannitol buffer supplemented with
dithiothreitol and protease inhibitors. To pellet mitochon-
dria, differential centrifugation was performed at 15,000g
for 10 min. COX activity was subsequently measured
calorimetrically using the COX Human Enzyme Activity
Microplate Assay Kit as per the manufacturer’s instruc-
tions (ab109909; Abcam). Total mitochondria were nor-
malized per sample by measuring mitochondrial protein
concentration using a Bradford assay. COX activity is
a product of the initial rate of oxidation of cytochrome
¢, which is determined by measuring the absorbance at
550 nm every 3 min for 120 min and calculating the change
in absorbance over time. Data are expressed as a fold change
in COX activity relative to NG-treated control cells.

Statistical Analysis

An unpaired t test was used to compare data between two
groups and one-way ANOVA with Tukey posttest to com-
pare data among more than two groups. Because we could
not assume normality on some of the other data sets with
smaller sample sizes, nonparametric SPSS was performed
using the Mann-Whitney test to compare data between
two groups and Kruskal-Wallis test with Dunn posttest to
compare data among more than two groups. x> or Fisher
exact test, as appropriate, was used to compare the sig-
nificance between categorical variables. The exact test used
for each experiment is denoted in the figure legends. Data
were expressed as mean = SEM and medians and inter-
quartile ranges (25th and 75th percentiles) or numbers of
patients for categorical variables. All experiments were
repeated a minimum of three times, and representative
experiments are shown. Statistical significance was con-
sidered when P < 0.05. All statistical analysis was per-
formed using GraphPad Prism 6.0.

Study Approval

All animal studies conducted were approved by the Stony
Brook University Animal Institute Committee. The Na-
tional Institutes of Health Guide for the Care and Use of
Laboratory Animals was followed strictly. The Stony Brook
University Institutional Review Board approved the use
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of archived de-identified human biopsy specimens for
immunostaining.

RESULTS

Diabetic Podocin-Cre KIf6"*/"* Mice Exhibit an
Increase in Glomerular and Interstitial Injury

To ascertain whether the podocyte-specific loss of Kif6
increases glomerular and interstitial injury under diabetic
conditions, we used the previously generated and validated
Podocin-Cre KIf6™/* and Podocin-Cre KIf6*"* mice on the
C57BL/6 background (20). Although treatment with STZ
induces diabetes, C57BL/6 mice are typically resistant to
STZ-induced DKD (23,40). Initially, we confirmed that STZ
induced a sustained increase in serum glucose measure-
ments in both the Podocin-Cre KIf6"f°* and Podocin-Cre
KIf6"* mice at 4, 8, and 12 weeks after STZ treatment
(Supplementary Table 1). Diabetic Podocin-Cre Kifeflox/flox
mice exhibited a significant increase in albuminuria and
kidney weight as compared with all other groups (Fig. 1A
and B and Supplementary Table 1). In addition, the diabetic
Podocin-Cre KIf6™™* mice demonstrated a significant in-
crease in GFR as compared with all other groups, consistent
with hyperfiltration observed in early-stage DKD (Fig. 10).
No significant differences in albuminuria, kidney weight, or
GFR were noted between the diabetic and wild-type Podocin-
Cre KIf6™" mice. Tail-cuff manometry of blood pressure did
not reveal a significant difference in the systolic blood
pressure, diastolic blood pressure, or mean arterial pressure
between groups, suggesting that the observed changes were
not due to hypertension (Supplementary Fig. 1). PAS stain-
ing revealed an increase in glomerular hypertrophy, mesan-
gial expansion, and glomerular eNOS expression with
a reduction in podocyte number in the diabetic Podocin-
Cre KIf6™™* mice as compared with all other groups (Fig.
2A-D). Furthermore, the diabetic Podocin-Cre KIf6o/fiox
mice exhibited an increase in GBM thickness and foot
process effacement as compared with all other groups by
transmission EM (Fig. 24, E, and F). Interestingly, Podocin-
Cre KIf6™/ mice also exhibited a decrease in podocyte
number and increase in GBM thickness as compared with
Podocin-Cre KIf6™* mice, independent of diabetic conditions
(Fig. 2D and E). In addition, Masson trichrome staining
showed an increase in glomerular collagen expression in the
diabetic Podocin-Cre KIf6™ mice as compared with all
other groups (Fig. 3A and B). Similarly, we also observed an
increase in glomerular vimentin in the diabetic Podocin-Cre
KIf6™/fo% mice as compared with all other groups (Fig. 3A
and (). To assess for interstitial fibrosis, we initially stained
for interstitial Collal and a-SMA and measured Collal,
a-SMA, fibronectin, and CTGF mRNA expression from all
four groups. Interestingly, only Collal mRNA and protein
expression was increased in diabetic Podocin-Cre KIf6/fio
mice as compared with all other groups, with no significant
changes in expression of other markers between the groups
(Supplementary Fig. 2). Combined, these findings suggest


http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-0958/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-0958/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-0958/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-0958/-/DC1

diabetes.diabetesjournals.org Horne and Associates 2425

*
A 600- ek B 1.5
g *%
5 3
5=
- D a i
E E 400 5% 1.0
Q= —
32 2E — =
S o =2
% 2004 2= 051
e e 5
£ &
> =
0 T T 0.0 T T
STZ - + - + STZ - + - +
Pod-Cre KIf6*"* Pod-Cre KIf6"f Pod-Cre KIf6** Pod-Cre Kif6™"f
12000
c —— Pod-CreKIf6** +Buffer
s 10000 + Pod-Cre KIf6"* +STZ
E 83  s000 —— Pad-Cre KIf§" +Buffer
400 58 =~ Pod-Cre KIf6"* +STZ
" § = 6000 1
S8
E 3004 2 g 4000 -
£ © 2000 1
= 200 T i —— B
AR A
& 1 .
0] oes I Time (minutes)
U T T
STZ - + = +
Pod-Cre KIf6*'* Pod-Cre Kif6 "

Figure 1—Diabetic Podocin-Cre KIf6™*/™* mice exhibit hyperfiltration and an increase in albuminuria. Podocin-Cre Kif6""°* (Pod-Cre Kif6"
fy and Podocin-Cre Kif6*"* mice were treated with STZ and vehicle at 12 weeks of age. Decapsulated kidney weight and total body weight
were measured, and urine was collected from each experimental group 12 weeks posttreatment. A: Urine albumin-to-creatinine (cr) ratio is
shown at 12 weeks post-STZ treatment (n = 10; **P < 0.01 vs. all other groups, Kruskal-Wallis test with Dunn posttest). B: Kidney weight/
body weight (g/g) ratio is shown (n = 10/group; *P < 0.05; **P < 0.01, Kruskal-Wallis test with Dunn posttest). Prior to being euthanized, mice
were injected retro-orbitally with dialyzed FITC-inulin to measure GFR using the two-compartment clearance model. C: GFR (uL/min) at
12 weeks post-STZ treatment is shown (n = 6/group; *P < 0.05 vs. all other groups, Kruskal-Wallis test with Dunn posttest). Inset: clearance

of FITC-inulin over time as measured by fluorescence.

that the podocyte-specific loss of Kif6 contributes to the
development of early DKD under diabetic conditions.

Diabetic Podocin-Cre KIf6">'"* Mice Exhibit

Increased Apoptosis in the Glomeruli

To ascertain the mechanism by which podocyte-specific
loss of KIf6 induces glomerular injury under diabetic
conditions, we initially sought to identify changes in
podocyte number under diabetic conditions. The dia-
betic Podocin-Cre KIf6™" mice demonstrated a significant
reduction in podocyte number as compared with diabetic
Podocin-Cre KIf6*"* mice (Fig. 2E), suggesting that a loss of
podocytes might be contributing to the development of
early DKD in these mice. We previously reported that the
loss of KIf6 in podocytes increases the susceptibility to
mitochondrial injury with activation of the intrinsic apo-
ptotic pathway under cell stress (20). Because several cell
types exist in the kidney, we used immunostaining techni-
ques to demonstrate the spatial changes in mitochondrial
injury and apoptosis specifically in the glomerulus. Inter-
estingly, the Podocin-Cre KIf6"™ mice exhibited a significant

increase in TUNEL" cells per glomerular cross section as well
as an increase in the percentage of positive glomeruli with
cleaved caspase-3 and cleaved caspase-9 staining as com-
pared with the Podocin-Cre KIf6"* mice under diabetic
conditions (Fig. 4A-C), suggesting activation of the intrinsic
apoptotic pathway. To assess whether these changes are
specific to the podocyte, we costained for cleaved caspase-3
with nestin, a podocyte-specific marker previously reported
to maintain its expression in the setting of glomerular injury
(41). Representative images shown in Supplementary
Fig. 3 demonstrate the colocalization of nestin with cleaved
caspase-3, suggesting activation of apoptotic pathway in the
podocyte.

We previously demonstrated that SCO2, a mitochon-
drial membrane-bound metallochaperone critical for COX
assembly, is transcriptionally regulated by KLF6 (20). We
observed a reduction in glomerular COX activity and SCO2
expression in the Podocin-Cre KIf6™/"* mice as compared
with the Podocin-Cre KIf6*/* mice under diabetic conditions
(Fig. 4D and E). Interestingly, there was a trend toward
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Dunn posttest). AU, arbitrary units.

a reduction in glomerular COX activity and SCO2 expres-
sion in the Podocin-Cre KIf6™/"* mice as compared with
the Podocin-Cre KIf6*’* mice with buffer treatment, but it
did not reach statistical significance. To further demon-
strate the activation of the intrinsic apoptotic pathway in
the glomeruli in diabetic Podocin-Cre KIf6™™ mice, we
assessed for mitochondrial stability by measuring the
cytosolic release of cytochrome ¢ from the mitochondria
by costaining cytochrome ¢ with the mitochondria-specific
marker TOMM?20 protein. We observed a significant in-
crease in cytosolic cytochrome c expression in the diabetic
Podocin-Cre Kif6™/* mice as compared with all other

groups (Fig. 4F). These data suggest that the knockdown of
KIf6 in podocytes increases the susceptibility to podocyte
loss, which might be due to activation of the intrinsic
apoptotic pathway under diabetic conditions.

Loss of KLF6 in Podocytes Increases Mitochondrial
Injury and Apoptosis Under HG Conditions

Because cells other than podocytes can contribute to glo-
merular injury under diabetic conditions, we used differen-
tiated human podocytes in culture with KLF6 knockdown
(KLF6-shRNA) (20) to further explore the mechanism
by which podocyte-specific loss of KLF6 activates the



diabetes.diabetesjournals.org

Pod-Cre Kif6"*

Horne and Associates 2427

B Glomerular Trichrome Staining

Masson’s Trichrome
10x

40x

Vimentin

fIfl
Pod-Cre KiIf6 z 5
e *k
- g 40
Ky
w 30
1
E,g 20
[T
E 10
L
s 0 : :
STZ - + L +
Pod-Cre Kif6"*  Pod-Cre Kif6""

Glomerular Vimentin

0O

ng
o

%k

1.

-
<
£ 10
@
£
s

o
o

-
3
S
c
<
£
2
o
£
£
©
=
o
z
S
'S

+ - +

Pod-Cre KIf6** Pod-Cre KIf6""

Figure 3—Diabetic Podocin-Cre Kif6"/#°* (Pod-Cre Kif6™") mice exhibit increased glomerular extracellular matrix deposition. A: Repre-
sentative images of paraffin-embedded sections stained with Masson trichrome are shown at low power (X10) and high power (X40) to
demonstrate changes in glomerular collagen deposition. Immunofluorescence staining for vimentin was also performed, and representative
images are shown. Scale bars = 100 pm. Quantification of changes by Imaged is shown for glomerular collagen (B) and glomerular vimentin
(C). n = 20 glomeruli/mouse, n = 6 mice/group; *P < 0.01, Kruskal-Wallis test with Dunn posttest. AU, arbitrary units.

intrinsic apoptotic pathway under HG conditions. Efficiency
and specificity of KLF6 knockdown in cultured human
podocytes has been previously reported (20). Differenti-
ated EV-shRNA (control) and KLF6-shRNA human podo-
cytes were treated with HG (30 mmol/L), NG (5 mmol/L),
and mannitol (5 mmol/L glucose plus 25 mmol/L manni-
tol) for 7 days. HG-treated KLF6-shRNA human podocytes
exhibited a significant increase in cleaved caspase-3 ex-
pression as compared with HG-treated EV-shRNA human
podocytes (Fig. 5A and B). No significant changes were
observed under mannitol conditions (Supplementary Fig.
4A). We also validated these findings by staining for
Annexin V and PI and performing FACS to quantify the
percentage of apoptotic cells (Fig. 5C). We previously
reported that KLF6 regulates SCO2 under cell stress to
prevent mitochondrial injury, with a reduction in SCO2
expression in human podocytes with KLF6 knockdown
(20). Furthermore, HG-treated KLF6-shRNA podocytes
showed an increase in cells with mitochondrial fragmen-
tation as compared with HG-treated EV-shRNA human
podocytes (Fig. 5D). In addition, HG-treated KLF6-shRNA
podocytes exhibited a reduction in extracellular OCR and
COX activity as compared with HG-treated EV-shRNA
human podocytes (Fig. 5E and F). Collectively, these find-
ings suggest that the knockdown of KLF6 in cultured

human podocytes increases the susceptibility to mitochon-
drial injury, leading to apoptosis under HG conditions.

Overexpression of KLF6 in Podocytes Attenuates
Mitochondrial Injury and Apoptosis Under HG
Conditions

Because the loss of KLF6 in podocytes increases the
susceptibility to mitochondrial injury and apoptosis under
HG conditions, we hypothesized that the overexpression
of KLF6 will ameliorate these changes. We used the differ-
entiated human podocytes with (LentiORF-KLF6) and with-
out (LentiORF-control) stable overexpression of KLF6 (20).
We previously confirmed the specificity of KLF6 overex-
pression in cultured human podocytes (20). Differentiated
LentiORF-control and LentiORF-KLF6 human podocytes
were treated with NG, HG, and mannitol for 14 days.
HG-treated LentiORF-KLF6 human podocytes exhibited
a decrease in cleaved caspase-3 expression with some res-
toration in mitochondrial fragmentation as compared with
HG-treated LentiORF-control human podocytes (Fig. 6A and
B and Supplementary Fig. 4B). Contrary to the loss of
SCO2 expression with KLF6 knockdown (20), HG-treated
LentiORF-KLF6 podocytes showed an increase in SCO2
expression, extracellular OCR, and COX activity as compared
with HG-treated LentiORF-control podocytes (Fig. 6C-E).
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Combined, these data suggest that KLF6 is critical to prevent-
ing mitochondrial injury and apoptosis under HG conditions.

Glomerular KLF6 Expression Is Reduced in Late-Stage
DKD

To assess the role of KLF6 in human DKD, we initially
interrogated the glomerular expression of KLF6 in pre-
viously reported expression arrays from isolated glomeruli
in human kidney biopsies with DKD as compared with
healthy donor nephrectomies (42,43). KLF6 expression
was significantly reduced in microdissected glomeruli
from kidney biopsies with DKD as compared with donor
nephrectomies in two independent cohorts (Fig. 7A and B).
To ascertain whether glomerular KLF6 protein expression
is also reduced in DKD, we obtained kidney tissue from
12 control subjects (healthy donor nephrectomies) and
kidney biopsies from 7 early-stage DKD and 17 late-stage
DKD specimens. Clinical characteristics of the participants
at the time of the kidney biopsy are shown in Supplementary
Table 2. Immunostaining and quantification for glomerular

KLF6 protein expression in kidney biopsies from con-
trols, early-stage DKD, and late-stage DKD validated the
findings from these independent expression arrays (Fig. 7C
and D). Because previous studies have reported significant
podocyte injury and loss with DKD progression (2,4,5), the
reduction in KLF6 expression might, in part, be secondary
to podocyte loss. To control for podocyte loss, we immu-
nostained for WT1 with KLF6 and quantified the ratio
of KLF6"WT1" cells to WT1" cells in the glomeruli. We
observed a decrease in podocyte-specific KLF6 expression in
kidney biopsies with early-stage DKD as compared with
control specimens, which was significantly exacerbated in
late-stage DKD specimens (Fig. 7E). Collectively, these
findings suggest that podocyte and glomerular KLF6 ex-
pression is reduced with the progression of DKD.

DISCUSSION

Mitochondrial injury in the podocyte is a hallmark feature
in the progression of DKD. Several molecules have been
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described to play an important role in mitochondrial DNA
damage, biogenesis, dynamics, and function under diabetic
conditions (2,7,9). Although KLFs have not previously
been implicated in DKD, several laboratories have dem-
onstrated a critical role of KLFs in various aspects of
mitochondrial structure and function (16,20,44,45). In
this study, we identify that KLF6 is a critical mediator
of mitochondrial injury in the podocytes under diabetic
conditions. This was demonstrated by the following: 1)
podocyte-specific knockdown of KIf6 increased the suscep-
tibility to DKD with mitochondrial injury and eventual
podocyte loss in a DKD-resistant mouse strain (C57BL/6),
and 2) shRNA-mediated KLF6 knockdown in human podo-
cytes resulted in increased mitochondrial fragmentation
and enhanced apoptosis under HG conditions. Interestingly,

induction of KLF6 under HG conditions increased the
expression of SCO2, a key factor in COX assembly, while
reducing apoptosis under HG conditions. Finally, we ob-
served that glomerular and podocyte-specific KLF6 expres-
sion was significantly reduced with progression of DKD in
human kidney biopsy specimens.

As previously described, podocyte-specific loss of KIf6
results in modest glomerular injury on the C57BL/6 back-
ground (20). Although the podocyte-specific knockdown of
KIf6 was sufficient to induce some histological changes
(podocyte loss and GBM thickness), it was not sufficient to
induce other histological changes (glomerular volume,
mesangial expansion, and foot process effacement) as
well as functional changes in the glomerulus (albuminuria
and hyperfiltration) and mitochondrial injury until exposure
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to diabetic conditions. These findings suggest a threshold
of podocyte injury in the Podocin-Cre KIf6™"* mice, which
is exacerbated under diabetic conditions. In addition, we
postulate that podocyte injury that results from knockdown
of KIf6 might contribute to excess eNOS production, leading
to glomerular hyperfiltration and increased glomerular vol-
ume due to podocyte—endothelial cross talk in the setting of
diabetes. Previous studies have demonstrated that eNOS
and endothelial injury play a critical role in glomerular
hyperfiltration and glomerular volume by modulating he-
modynamic changes (46-48). Furthermore, we postulate
that Podocin-Cre KIf6"/™* mice exposed to diabetic con-
ditions for longer duration might further exacerbate GBM
thickness and podocyte loss, resulting in further worsening
of kidney function. Several factors might also contribute to
the lack of severe glomerular injury in these mice at baseline,
including the mosaicism of the Cre recombinase as well as
the resistant nature of C57BL/6 background strain to
extensive DKD (40). Additional studies using alternate
podocyte-specific promoters driving Cre recombinase or
backcrossing the mice to a susceptible strain are necessary
to confirm these hypotheses. Alternatively, use of Crispr/

Cas9 to knock out Kif6 in the podocytes will ultimately be
required to determine the extent by which KIf6 is required to
prevent podocyte injury. In addition, inducible knockout of
KIf6 in adult mice needs to be performed to assess whether
the changes observed in this study are not primarily due
to Kif6 knockdown during development. Nonetheless, as
reported in other proteinuric murine models (20), podocyte-
specific loss of KIf6 increases the susceptibility to DKD
in the STZ murine model. These data further support that
podocyte-specific KIf6 is required to prevent mitochondrial
injury in the setting of cell stress. Interestingly, other
members of the KLF family have been recently reported
to play a critical role in mitochondrial biogenesis in other
tissue types (45). Furthermore, specificity proteins (paralogs
of KLFs) have been described to regulate cytochrome
¢ subunit genes in primary neurons (49). The focus of future
studies will involve demonstrating the overlapping and
antagonistic roles of these zinc fingers regulating mitochon-
drial biogenesis and dynamics in the podocyte.

Previous studies have demonstrated mitochondrial
fragmentation with reduced COX activity in DKD (8). We
previously reported that KLF6 transcriptionally regulates
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cells to WT1* cells. **P < 0.01, Kruskal-Wallis test with Dunn posttest. AU, arbitrary units.

the expression of nuclear-encoded COX assembly gene
SCO2 in the podocyte (20). In this study, we observe
that podocyte-specific loss of KLF6 results in reduced
SCO2 expression and COX activity under diabetic condi-
tions. Conversely, overexpression of KLF6 in cultured
human podocytes increased SCO2 expression regardless
of hyperglycemic conditions. Interestingly, studies dem-
onstrate a reduction in COX expression as well other
RC activity in kidneys from diabetic mice (8). However,
the mechanism by which RC activity is reduced in DKD
remains unresolved. Although DNA damage may reduce

the generation of intermediate subunits and lead to a de-
crease in RC activity, it remains undlear if the kinetics of RC
assembly are perturbed under diabetic conditions. Although
all RCs are required for oxidative phosphorylation, COX is
the terminal enzyme of the respiratory chain and catalyzes
the transfer of electrons from reduced cytochrome c to
molecular oxygen. Furthermore, defective COX assembly
has been directly implicated in mitochondrial dysfunction
with altered oxidative phosphorylation in several fatal mi-
tochondrial diseases (12-15). In addition, defective assem-
bly will permit accumulation of precursors, which might
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increase oxidative stress, as previously reported in SCO2
deficiency (50). Therefore, additional studies are required to
investigate the mechanism(s) by which knockdown of SCO2
results in defective COX assembly under diabetic conditions.

We recognize the pitfalls associated with the use of an
STZ-induced diabetic murine model. For instance, admin-
istration of STZ has previously been reported to cause
nephrotoxicity secondary to lipophilic derivatives of STZ
(51,52), hence podocyte injury independent of STZ-
induced diabetes cannot be excluded. Therefore, future
studies will focus on validating our findings in other murine
models of DKD. In addition, our efforts will also focus on
whether restoring KIf6 expression specifically in the podo-
cyte might improve mitochondrial injury and reverse podo-
cyte loss in murine models of DKD.

In a small cohort of archived human kidney biopsies, we
observe that podocyte-specific KLF6 expression is signif-
icantly reduced with progression of DKD. Interestingly,
independent expression arrays from isolated glomerular
fractions also confirm these findings (42,43). These find-
ings require validation in a larger cohort with additional
clinical parameters to stratify for potential confounders
that might also contribute to podocyte injury and changes
in KLF6 expression. Furthermore, the mechanism by
which KLF6 is regulated under diabetic conditions remains
unclear, especially because the significant reduction in
KLE6 is more pronounced in later stages of DKD. Conse-
quently, studies on posttranslational mechanisms of KLF6
regulation under diabetic conditions will be a focus of
future investigations. In addition, immunostaining for
KLEF6 in human kidney biopsies demonstrates its expres-
sion in the glomerular as well as the tubulointerstitial
compartments. Other laboratories have demonstrated that
tubular KLF6 might be involved in tubulointerstitial dis-
ease in models of renal fibrosis (53,54), suggesting a cell
context—dependent role of KLF6. Similarly, cell context-
dependent roles of KLF6 have been demonstrated in the
liver and the heart (55,56). Because the tubulointerstitial
compartment also plays an important role in the pro-
gression of DKD, future studies will also need to explore
the tubule-specific role of KLF6 under diabetic conditions.

In conclusion, these data suggest that podocyte-specific
KLF®6 is important to prevent mitochondrial injury, podocyte
loss, and eventual glomerular injury in DKD. These data also
validate our previous studies that the podocyte-specific loss of
KLF6 increases the susceptibility to podocyte apoptosis under
cell stress. To the best of our knowledge, this is the first study
to demonstrate that changes in regulation of cytochrome
assembly gene expression play an important role in the
development of podocyte injury under diabetic conditions.
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