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Podocyte apoptosis is a major factor inducing podocyte depletion that predicts the progressive
course of glomerulosclerosis. However, the molecular mechanisms underlying podocyte apopto-

sis are still not well understood. Autophagy is a lysosomal degradation system involving the
degradation and recycling of obsolete, damaged, or harmful cytoplasmic materials and organelles.
Recent advances in the understanding of the molecular processes contributing to autophagy have
provided insight into the relationship between autophagy and apoptosis. However, their cross-
talk remains largely obscure until now. Here, we found that podocytes both in vivo and in vitro
always exhibited high basal levels of autophagy, whereas autophagy inhibition could induce
podocyte apoptosis, suggesting the pro-survival role of autophagy in podocytes. Besides, we
found that autophagy inhibition by 3-methyladenine (3-MA) could induce the activation of
endoplasmic reticulum stress even without any external stimulations, whereas knockdown of
CHOP could effectively improve podocyte apoptosis and down-regulated expression of slit-
diaphragm proteins induced by autophagy inhibition. Collectively, this study demonstrated that

autophagy might act as a crucial regulatory mechanism of apoptotic cell death by modulating the
balance between the pro-survival pathway and the pro-apoptotic pathway of endoplasmic
reticulum stress, which might provide a novel mechanistic insight into the interface between
autophagy and apoptosis in the progression of podocyte injury.

& 2014 Elsevier Inc. All rights reserved.
Introduction

Podocyte is the most spectacular cell type whose location,
architecture and relevance are unique [1]. In 1989, Fries et al.
were the first to suggest that an inability of podocytes for cell
replication in the adult represented the major factor underlying
nephron degeneration [2]. In subsequent years, numerous studies
Inc. All rights reserved.
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have pointed to podocyte depletion as a hallmark of both primary
and secondary forms of glomerulosclerosis [3]. Podocyte apopto-
sis, the early glomerular phenotype in the progression of diabetic
and non-diabetic renal diseases, has now been suggested to
contribute to progressive podocyte depletion and glomerulo-
sclerosis [4]. However, until now, the molecular mechanisms
underlying podocyte apoptosis in chronic progressive glomerular
, tail blood glucose; CHOP, CCAAT-enhancer-binding protein
eticulum
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diseases remain largely unknown. Therefore, deeper understand-
ing of the cell biology of podocyte will help us to develop rules on
how to protect podocytes from apoptosis and halt the progression
of chronic renal diseases.

Autophagy is a physiologically regulated and evolutionarily
conserved process mostly implicated in the recycling of portions
of cytosol and in the removal of superfluous or damaged
organelles [5]. Because of its internal needs to maintain cellular
homeostasis [6], autophagy is essential for the survival, differ-
entiation and development. Dysregulated autophagy has been
suggested to play pathogenic roles in a variety of diseases
including cancer, neurodegeneration, diabetes, aging, heart dis-
ease and so on [7]. It is believed that autophagy is important in
cell death decisions and could protect cells by preventing them
from undergoing apoptosis [8,9]. Nevertheless, autophagy may
also result in cell death called “autophagic cell death” through
excessive self-digestion and degradation of essential cellular
constituents under certain circumstances [10,11]. Thus, it seems
that the relationship between autophagy and apoptosis is com-
plex [12].

Our previous studies have demonstrated that high basal levels
of autophagy were essential for podocyte biology and defective
autophagy happening in the progression of diabetic nephropathy
might facilitate podocyte injury [13]. In this study, we further
demonstrated that defective autophagy was associated with
podocyte apoptosis and the interplay between autophagy and
apoptosis was important in the pathogenesis of diabetic podocyte
injury. Since autophagy played an important role in endoplasmic
reticulum quality control [14,15], here we indicated that defective
autophagy commonly seen in diabetic nephropathy could induce
the activation of endoplasmic reticulum stress. Knockdown of
CHOP expression by siRNA not only prevented autophagy
inhibition-induced podocyte apoptosis, but also restored autop-
hagy inhibition-induced down-regulated expression of slit-
diaphragm proteins. Our studies identified autophagy as a reg-
ulatory mechanism of apoptotic cell death by modulating the pro-
survival pathway of endoplasmic reticulum stress. Autophagy
inhibition in diabetes and aging might induce podocyte apoptosis
by activating the pro-apoptotic pathway of endoplasmic reticulum
stress.
Materials and methods

Animal model

As described previously [13], Male CD-1 mice weighed �18–22 g
were acquired from the Specific Pathogen-Free (SPF) Laboratory
Animal Center of Nanjing Medical University. According to the
guidelines of the Institutional Animal Care and Use Committee of
the National Institutes of Health at Nanjing Medical University,
animals were treated humanely and rendered diabetic by intra-
peritoneal injections of 50 mg/kg streptozotocin daily (STZ, Sigma,
St. Louis, MO) for 5 days. For the sham-operated group, normal
saline was administered. Tail blood glucose (TBG) levels were
monitored consecutively and diabetic status was confirmed by the
manifestation of weight loss, polyuria, and TBG level greater than
500 mg/dl. The diabetic mice were sacrificed at 12-weeks after
the treatment; serum and urine were collected and the kidneys
were harvested for various analyses.
Human renal biopsy specimens

Renal biopsy specimens were obtained from patients undergoing
diagnostic evaluation at the Division of Nephrology, The Second
Affiliated Hospital of Nanjing Medical University. A total of 6
subjects were (age range, 29–45) selected from our database with
the criteria of having at least 10 glomeruli in the block available
for histological sectioning. All biopsy specimens were evaluated
by a single pathologist who was unaware of the results of
molecular studies. The patients (n¼3) with mild mesangium
proliferative glomerulonephritis whose proteinuria were about
0.3270.174 g/24 h were chosen as a control group. The diabetic
patients (n¼3) whose proteinuria were about 5.2171.863 g/24 h
were chosen as a diabetes group.

Cell culture and treatment

The conditionally immortalized mouse podocyte cell line was
kindly provided by Dr. Zhihong Liu (Research Institute of Nephrol-
ogy, Nanjing General Hospital of Nanjing Military Command,
Nanjing, Jiangsu Province, China) while their cell lines were
provided by Dr. Peter Mundel (Mount Sinai School of Medicine,
New York, NY, USA) and described previously [16]. Cells were
cultured at the permissive temperature (33 1C) in RPMI-1640
medium supplemented with 10% fetal bovine serum (Invitrogen,
Grand Island, NY) and recombinant interferon-γ (Invitrogen,
Carlsbad, CA, USA). To induce differentiation, podocytes were
grown under non-permissive conditions at 37 1C for 10–14 days in
the absence of interferon-γ. After serum starvation for 16 h, cells
were exposed to the treatment for indicated time periods.

Immunofluorescence staining

Indirect immunofluorescence staining was performed according
to an established procedure [17]. For immunofluorescence stain-
ing of kidney sections, cryosections at 5 μm thickness were
prepared and fixed in cold methanol/acetone (1:1) for 10 min.
After being blocked with 2% normal donkey serum in PBS for
40 min, the sections were incubated with primary antibodies
against LC3 (no. 2775S, Cell Signaling), laminin (L9393, Sigma-
Aldrich), podocin (P0372, Sigma-Aldrich), WT1 (sc-192, Santa
Cruz Biochemical) and cleaved caspase-3 (no. 9661S, Cell Signal-
ing), respectively, in PBS containing 1% BSA overnight at 4 1C. As a
negative control, the primary antibody was replaced with either
nonimmune mouse or rabbit IgG, corresponding to species of the
primary antibodies. Sections were then washed thoroughly in PBS
and incubated with FITC and TRITC-conjugated secondary anti-
body (Sigma-Aldrich) at a dilution of 1:500 in PBS containing 1%
BSA(bovine serum albumin) in the dark for 1 h. After being
thoroughly washed with PBS, slides were mounted with VECTA-
SHIELDs anti-fade mounting media (Vector Laboratories, Burlin-
game, CA) and viewed with a Nikon Eclipse 80i Epi-fluorescence
microscope equipped with a digital camera (DS-Ri1, Nikon). In
each experimental setting, images were captured with identical
light exposure parameters and aperture settings.
Cells cultured on cover slips were washed twice with cold PBS

and fixed with cold methanol/acetone (1:1) for 10 min at �20 1C.
Following three extensive washings with PBS, the cells
were blocked with 2% normal donkey serum in PBS buffer for
40 min at room temperature. Then the cells were incubated with
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anti-cleaved caspase-3 (no. 9661S, Cell Signaling), anti-GRP78 (sc-
13968, Santa Cruz Biochemical) and anti-CHOP (sc-7351, Santa
Cruz Biochemical) respectively, followed by staining with FITC- or
TRITC-conjugated secondary antibodies. Finally, cells were double
stained with 4,6-diamidino-2-phenylindole to visualize the
nuclei. Slides were also viewed with a Nikon Eclipse 80i Epi-
fluorescence microscope equipped with a digital camera (DS-Ri1,
Nikon).
GFP-LC3 transfection

Podocytes were plated at a density of 2�105 on glass cover slips
in six-well plates and cultured up to 70% confluence. Transient
transfections with GFP-LC3 plasmid (kindly provided by Dr.
Wenxing Ding, Department of Pharmacology, Toxicology & Ther-
apeutics, University of Kansas Medical Center) were carried out by
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) as per
manufacturer0s recommendation. Microphotographs of GFP-LC3
fluorescence were obtained with a fluorescence microscope.
Fig. 1 – Podocytes exhibit high basal levels of autophagy in vivo. (
immunostained with anti-LC3 antibody (green) to identify autoph
(red) to sever as a marker for the basement membrane (B). Mergin
Immunofluorescence staining shows the occurrence of autophagy
identify autophagosomes (D) and podocin staining to recognize po
presented in F. (H–J): Immunofluorescence staining further demon
illustrated by colocalization of LC3 staining to identify autophago
Merging the LC3 and podocin staining images is presented in J.
The detection of punctated staining of GFP-LC3 from the diffuse
staining indicated the formation of autophagosomes.

Apoptosis assay by flow cytometry

Podocyte apoptosis and necrosis were determined by flow
cytometry exactly as recently reported [18]. Briefly, podocytes
were trypsinized and resuspended in 1� binding buffer (Annexin
V-FITC Apoptosis Detection Kit, Sigma). Annexin V staining was
applied for 10 min at room temperature (see producer protocol)
and before analysis 5 μl PI was added. For the assay, 20,000–
25,000 cells were analyzed by flow cytometry (BD Biosciences).

Apoptosis detection by fluorescent dye H-33258/PI
double-staining

Nuclear chromatin morphology was examined by staining with
the fluorescent dye H-33258 (5 ug/ml) as described previously
[19]. Briefly, cells cultured on cover slips were washed with
A–C): Frozen sections of kidneys from CD-1 mice were
agosomes (A), followed by staining with anti-laminin antibody
g the LC3 and laminin staining images is presented in C. (D–F):
in podocytes, as illustrated by colocalization of LC3 staining to
docytes (E). Merging the LC3 and WT1 staining images is

strates that podocytes exhibit high basal levels of autophagy, as
somes (H) and podocin staining to recognize podocytes (I).
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phosphate-buffered saline, fixed with 3% paraformaldehyde, and
followed by staining with H-33258 for 10min at 37 1C and then
incubated with 100 ul PI (50 ng/ml) in Dark Place at 4 1C for 20min.
Slides were viewed with a Nikon Eclipse 80i Epi-fluorescence
microscope equipped with a digital camera (DS-Ri1, Nikon).
Western immunoblot analysis

Immortalized mouse podocytes and 3-MA-treated cells were
lysed with SDS sample buffer (62.5 mM Tris �HCl, pH 6.8, 2%
SDS, 10% glycerol, 50 mM DTT, and 0.1% bromophenol blue).
Samples were heated at 100 1C for 5–10 min before loading and
were separated on precast 10 or 5% SDS polyacrylamide gels (Bio-
Rad, Hercules, CA). Detection of protein expression by western
blotting was carried out according to the established protocols
described previously [20]. The primary antibodies used were as
follows: Anti-Beclin1 (sc-48381, Santa Cruz Biochemical), anti-
Atg12 (sc-68884, Santa Cruz Biochemical), anti-LC3β (no. 2775S,
Cell Signaling), anti-cleaved-caspase 3 (no. 9664, Cell Signaling),
anti-caspase 3 (no. 9662, Cell Signaling), anti-phospho-eIF2 alpha
(sc-101670, Santa Cruz Biochemical), anti-total eIF2 alpha (sc-
133132, Santa Cruz Biochemical), anti-caspase 12 (sc-5627, Santa
Cruz Biochemical), anti-cleaved-caspase 12 (no. 2202S, Cell Sig-
naling), anti-CHOP (sc-7351, Santa Cruz Biochemical), anti-
podocin (P0372, Sigma-Aldrich) and anti-α-tubulin (T6074,
Sigma-Aldrich). Quantification was performed by measurement
Fig. 2 – Defective autophagy is virtually always accompanied by po
Immunofluorescence detection of LC3 (green), cleaved caspase-3 (
mouse model, suggesting that podocyte apoptosis is accompanied
(E–H): the group of 12-week diabetic mice. (I–N) Double immunofl
in nondiabetic patients and diabetic patients, further demonstrati
defection. (I–K): nondiabetic renal biopsies specimens; (L–N): diab
of the intensity of the signals with the aid of the National
Institutes of Health Image software package.
RT-PCR analysis

Total RNA was prepared using a TRIzol RNA isolation system
according to the instructions specified by the manufacturer
(Invitrogen). The first strand of cDNA was synthesized using
2 ug of RNA in 20 ul of reaction buffer using moloney leukemia
virus-RT (Promega, Madison, WI) and random primers at 42 1C for
30 min. PCR was performed using a standard PCR kit on 1 ul
aliquots of cDNA and HotStarTaq polymerase (Promega) with
specific primer pairs. The sequences of primer pairs were as
follows: WT1 (forward) 50–GGG CAG TTA GTA AAT GGG AAC–30

and (reverse) 50–GGA AAG TGT GCA AAC TGC TTC–30; Nephrin
(forward) 50–TTC AGC AAG GAG ACC TTC AAG AA–30 and (reverse)
50–GCC CCT CAA TCC ACA GCT T–30; GADPH (forward) 50–CCA TGT
TCG TCA TGG GTG TGA ACC A–30 and (reverse) 50–GCC AGT AGA
GGC AGG GAT GAT GTT C–30; The PCR products were size
fractionated on a 1.0% agarose gel and detected by NA-green
(D0133, Beyotime) staining.
Statistical analysis

Western blotting, RT-PCR, and immunofluorescence staining were
all repeated at least three times independently. For Western blot
docyte apoptosis under diabetic conditions. (A–H):
red), and DAPI (blue) of control and diabetic glomerular in
by autophagy defection in diabetic mice. (A–D): control group;
uorescence staining for LC3 (green) and cleaved caspase-3 (red)
ng that podocyte apoptosis is accompanied by autophagy
etic renal biopsies specimens.
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analysis, quantitation was performed by scanning and analyzing
the intensity of the hybridization signals using the NIH Imagine
software. Statistical analysis was performed using the Sigma Stat
software (Jandel Scientific Software, San Rafael, CA). Comparisons
between groups were made using one-way ANOVA, followed by
Student0s t-test. Po0.05 was considered significant.
Results

In vivo, podocytes exhibit high basal levels of autophagy

To explore the role of autophagy in the regulation of podocyte
apoptosis, we first used immunofluorescence staining to evaluate
the basal levels of autophagy in normal renal tissue. As shown in
Fig. 1(A–C), immunofluorescence staining showed that the autop-
hagosomes (stained with the anti-LC3 antibody, green) were
localized on the epithelial side of the glomerular basement
membrane (stained with the anti-Laminin antibody, red) where
the podocytes line. To further confirm, double immunostaining
experiments was performed with antibodies to the podocyte
markers WT1 and podocin, coupled with the autophagosome
marker LC3. The colocalization of LC3 and WT1/podocin revealed
that podocytes exhibited high basal levels of autophagy in vivo.
Defective autophagy is always accompanied by apoptosis
in podocytes under diabetic conditions

Since autophagy and apoptosis have now been shown to be
interconnected by several molecular nodes of crosstalk and
podocyte apoptosis has been indicated as an early phenomenon
at the onset of diabetic nephropathy which triggers the initiation
of glomerular lesions, to determine whether defective autophagy
Fig. 3 – High levels of autophagy are induced under serum starvat
in vitro experiments. (A) Western blot showed the time course of
podocytes were incubated in 2 ml serum-free culture medium for
immunoblotted with antibodies against Beclin-1, Atg12-5, LC3 and
Atg12-5 protein abundances in different times as indicated. Relativ
α-tubulin. The data are presented as means7S.E. of three experim
fluorescence staining of GFP-LC3 under serum starvation. Mouse p
The appearance of punctuated staining (marked by the white arro
is involved in podocyte apoptosis in diabetic nephropathy, we
assessed caspase-3 activation and its substrate cleavage by
immunofluorescent microscopy to evaluate podocyte apoptosis.
Accompanying a gradually weakening staining for LC3 protein in
the diabetic glomeruli not only in mouse model but also in renal
biopsy specimens of patients (Fig. 2 A, E, I and L), there were
always much more cleaved caspase 3-positive cells (Fig. 2 B, F, J
and M). These findings suggested a correlation between defective
autophagy and podocyte apoptosis in the development of podo-
cyte injury under diabetic conditions.

In vitro, podocytes exhibit high levels of autophagy under
serum starvation

To further confirm the relationship between autophagy and
apoptosis, in vitro, we first evaluated the basal autophagic activity
of podocytes using western blotting technique. We found that the
expressions of autophagy related proteins such as Beclin-1, Atg12-
5 and LC3 were up-regulated distinctly as early as 6 h and peaked
at 48 h during serum starvation which was one of the most
frequently performed procedures in vitro experiments (Fig. 3A
and B). Podocytes transfected with a green fluorescent protein
(GFP)-LC3 fusion plasmid was examined by fluorescence micro-
scopy, as shown in Fig. 3C and D, the appearance of punctuated
staining indicated the autophagosome-associated LC3-II. These
data suggested that high level of autophagy might be a process by
which the cells adapt their metabolism situations physiologically.

Inhibition of autophagy by 3-MA induces podocyte
apoptosis in vitro

Since previous in vivo data has suggested a correlation between
defective autophagy and podocyte apoptosis, next, the effects of
ion which is one of the most frequently performed procedures
the induction of autophagy under serum starvation. Mouse
various periods of time as indicated. Cell lysates were
α-tubulin, respectively. (B) Graphic presentation of Beclin-1 and
e Beclin-1 or Atg12-5 level was reported after normalizing with
ents. nPo0.05 versus controls. (C and D) Representative
odocytes were incubated with 2 ml culture media for 48 h.
w) indicates autophagosome-associated LC3-II.
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3-methyladenine (3-MA, a well-known autophagy inhibitor) on the
podocytes apoptosis were examined. During the period of autophagy
inhibition treated with 3-MA, we found the cells start to float and
not adherent anymore (data not shown). Fig. 4A shows representa-
tive flow cytometry data with the abscissa and ordinate representing
the fluorescence intensity of annexin V and PI, respectively. In
control group, 6.071.015% of podocytes were annexin V-positive/
PI-negative cells, representing early apoptotic podocytes. 3-MA could
increase apoptosis significantly at 6 h (14.871.201%, Po0.05), 12 h
(16.772.014%, Po0.05) and 24 h (24.272.521%, Po0.05). Besides, as
shown in Fig. 4(C–F), after treatment with 3-MA for 12 h, about 30%
podocytes underwent nuclear condensation and fragmentation as
visualized by H-33258 staining and about 18% podocytes were dead
Fig. 4 – Inhibition of autophagy by 3-MA induces podocyte apopto
podocytes exposed to 3-MA (2 mmol/L) for various periods of time
fluorescence intensity of annexin V and propidium iodide (PI), resp
death. Bar graph represents the mean percentages7SD of annexin
nPo0.05 versus controls; (C and E) Nuclear condensation of apopt
were incubated with 2 mmol/L 3-MA for 12 h. C: control group; E: 3
shown by propidium iodide staining. Podocytes were incubated w
group; G: Western blot demonstrates the kinetics of pro-caspase-3
antibodies against full-length caspase-3, cleaved caspase-3 and α-t
for various periods of time as indicated. (H and I): Representative
and 3-MA treated podocytes. Podocytes were incubated with 2 mm
as visualized by PI staining. Since caspase-3 is a key mediator of
apoptosis and indispensable for apoptotic chromatin condensation
and DNA fragmentation in all cell types examined [21], we further
performed western blot analysis with cleaved caspase-3 antibody
and caspase-3 antibody to evaluate caspase-3 activation and its
substrate cleavage. Cleaved caspase-3 is up-regulated after 3-MA
treatment as early as 1 h and sustained until 24 h (Fig. 4G). As
illustrated in Fig. 4H and I, cleaved caspase-3 exhibiting green
fluorescence was also detected in the cytoplasm around nucleolus
after 3-MA treatment. Therefore, it seems that autophagy might be
cytoprotective, at least under serum starvation, and autophagy
inhibition by 3-MA might lead to apoptotic cell death even without
any additional stimulus.
sis in vitro. A: representative flow cytometry results for
as indicated. The abscissa and ordinate represent the

ectively. B: quantitative analysis of 3-MA-induced podocyte cell
V-positive/PI-negative (early apoptotic) podocytes (n¼3).

otic cells shown by H33258-PI fluorescent staining. Podocytes
-MA treated group; (D and F) DNA staining of apoptotic nuclei
ith 2 mmol/L 3-MA for 12 h. D: control group; F: 3-MA treated
activation. Cell lysates were immunoblotted with specific
ubulin, respectively, after incubation with 2 mmol/L of 3-MA
immunofluorescence staining for cleaved caspase-3 in control
ol/L 3-MA for 12 h. H: control group; I: 3-MA treated group.
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Inhibition of autophagy by 3-MA induces endoplasmic
reticulum stress in podocytes

Although studies have suggested that there was crosstalk
between the autophagic and apoptotic pathways, the mechanisms
mediating the complex counter-regulation of apoptosis and
autophagy are not yet fully understood [22]. Recently, growing
evidence has indicated that autophagy plays an important role in
the ER quality control system [23–25]. Thus, we reasoned that the
activation of endoplasmic reticulum stress might be involved in
the autophagy inhibition induced apoptosis since the quality
control system was destroyed. With respect to this hypothesis,
the phosphorylation of eIF2α, the activation of caspase-12 from
procaspase-12 and the expression of CHOP were detected with
western blotting. As shown in Fig. 5A, we observed that CHOP
expression which is typically up-regulated during severe ER stress
was dramatically increased after 6 h. At this time point, moreover,
there was also a significant increase in the amount of phosphory-
lated eIF2α and cleaved caspase-12. Microscopic analyses also
revealed that immunofluorescence staining of GRP78 and CHOP
was markedly increased at 24 h after 3-MA treatment (Fig. 5B–M).

Knockdown of CHOP by siRNA alleviates 3-MA induced
apoptosis

To further confirm the involvement of endoplasmic reticulum
stress in autophagy inhibition induced apoptosis, we next inves-
tigated whether suppression of CHOP by siRNA could abrogate
autophagy inhibition induced apoptosis since CHOP has been
considered to play a primary role in ER stress-induced apoptosis
[26]. The results showed that the up-regulation of cleaved
Fig. 5 – In vitro, inhibition of autophagy by 3-MA induces endopla
blot results showed that 3-MA (2 mmol/L) could induce the phosp
CHOP/GADD153 in a time-dependent manner in podocytes. (B–G) I
autophagy by 3-MA (2 mmol/L) induced the GRP78 expression in p
inhibition of autophagy by 3-MA (2 mmol/L) triggered the nuclear
caspase-3 was effectively abolished in cells transfected with CHOP
siRNA (Fig. 6A and B), whereas treatment with control siRNA had
no effect. Consistent with the results of western blotting, the
changes of H-33258 & PI staining positive-cell number (Fig. 6C–H)
and the cleaved caspase-3 fluorescence staining (Fig. 6I–Q) were
identical. Thus, it appears clear that the pro-apoptotic pathway of
endoplasmic reticulum stress is involved in autophagy inhibition
induced apoptosis.

Knockdown of CHOP by siRNA restores autophagy
inhibition induced down-regulated expression
of slit-diaphragm proteins

We also examined the expression of WT1 and slit-diaphragm
proteins. As shown in Fig. 7A and B, representative RT-PCR results
showed that the diminished mRNA expressions of Nephrin and
WT1 caused by 3-MA could be effectively restored in cells
transfected with CHOP siRNA, whereas treatment with control
siRNA had no effect. In Fig. 7C and D, western blot analysis also
showed that the diminished expressions of podocin caused by
3-MA could be restored by knockdown of CHOP. When immuno-
fluorescent staining analysis of WT1 was performed, similar result
was obtained (Fig. 7E–G). Considered together, it suggests that
autophagy may act to achieve a balance between pro-survival and
pro-apoptosis of endoplasmic reticulum stress (Fig. 8). Normal
autophagy function could contribute to balance the pro-survival
phase and pro-apoptosis phase of endoplasmic reticulum stress.
However, defective autophagy under physiological/pathological
situations might result in unresolved/amplified endoplasmic
reticulum stress that leads to apoptosis and the progression of
podocyte injury eventually.
smic reticulum stress in podocytes. (A) Representative western
horylation of eIF2α, the expression of cleaved caspase-12 and
mmunofluorescence staining shows that inhibition of
odocytes. (H–M) Immunofluorescence staining shows that
translocation of CHOP/GADD153 in podocytes.



Fig. 6 – Knockdown of CHOP by siRNA alleviate 3-MA induced apoptosis. (A) Representative western blot analysis shows the
kinetics of pro-caspase-3 activation. Podocytes were treated with or without 3-MA (2 mmol/L), transfected with control siRNA or
with CHOP siRNA as indicated. (B) Graphic presentation of the relative abundance of cleaved caspase-3 after normalized by full-
length caspase-3. The data are presented as mean7S.E. of three experiments. nPo0.05 versus controls; #Po0.05 versus 3-MA
treated group. (C–H): H-33258 and propidium iodide staining demonstrated the podocyte apoptosis morphologically. Podocytes
were incubated with 2 mmol/L 3-MA for 12 h, transfected without or with CHOP siRNA. (I–Q): Representative immunofluorescence
staining indicated the activation and cleavage of caspase-3. Podocytes were incubated with 2 mmol/L 3-MA for 12 h, transfected
without or with CHOP siRNA.
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Discussion

Podocytes, the visceral glomerular epithelial cells that lines the
outer aspect of the glomerular basement membrane, are highly
specialized and terminally differentiated cells with limited mitotic
capacity. With their interdigitating foot processes, podocytes form
the glomerular filtration barrier together with glomerular
endothelial cells and glomerular basement membrane [1,3]. Given
the importance of podocytes in establishing the selective perme-
ability of the glomerular filtration barrier, podocytopathies have
now been proposed as a crucial hallmark of glomerulosclerosis
and are considered as a central problem in the progression of
renal diseases [27]. Thus, over the past decade, podocyte deple-
tion which was caused by detachment from glomerular basement
membrane and/or apoptosis has become the focal point of
research in deciphering molecular mechanisms of podocytopa-
thies. Since podocyte apoptosis was a major factor inducing
podocyte depletion [28], a comprehensive understanding of the
molecular mechanisms in modulating podocyte apoptosis could
provide new therapeutic targets for prevention and remission of
podocytopathies.
Autophagy, a term which was first coined by Christian de Duve

in 1963, is derived from the Greek and meaning “self-eating”. Since
autophagy is a eukaryotic, evolutionarily conserved catabolic
process in which unnecessary or dysfunctional cellular components
are sequestered in double-membrane vesicles and delivered to the
lysosomal machinery for degradation, autophagy is essential for
survival, differentiation, development and homeostasis of cells
[5,29]. Despite having an important role in starvation and stress
responses, the role of autophagy in cellular death and survival
remains controversial [30]. Numerous studies have indicated that
autophagy might function as a pro-survival mechanism wherein
autophagy might aid the cell in dealing with stress by executing
clearance of misfolded proteins, old or damaged cellular



Fig. 7 – Knockdown of CHOP by siRNA restores 3-MA induced down-regulated expression of slit-diaphragm proteins. (A)
Representative RT-PCR results show the mRNA levels of Nephrin and WT1 at 6 h after being treated as indicated. (B)The
quantitative data of RT-PCR results. Relative mRNA levels were determined after normalization with GADPH mRNA. The data are
presented as means7S.E. of three experiments. nPo0.05 versus controls; #Po0.05 versus 3-MA treated group. (C) Western blot
analysis shows the protein expression levels of podocin at 12 h after being treated as indicated. Cell lysates were immunoblotted
with Abs against podocin and α-tubulin, respectively. (D) Quantitative determination of podocin protein abundance after
normalization with α-tubulin. Data are presented as mean7SEM of three independent experiments. nPo0.05 versus controls. (E–
G) Variable immunofluorescence for WT1 in podocytes which were treated as indicated. E: control group; F: 3-MA treated group; G:
CHOP siRNA with 3-MA treated group.
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components [29,31–33]. However, at the same time, a large-scale
accumulation of autophagosomes has also often been observed in
dying cell, suggesting a possible link between autophagy and cell
death [34–36]. Therefore, the crosstalk between apoptosis and
autophagy seems to be complex. Researches investigating the
crosstalk between apoptosis and autophagy might not only enable
a complete understanding of the coordinate regulation of autophagy
and apoptosis but also present many opportunities for selective
therapeutic intervention in diseases. However, mechanisms of cross-
talk between autophagy and apoptosis in podocytopathies are
poorly understood. In this study, we showed that podocytes both
in vivo and in vitro always exhibited high basal levels of autophagy.
What0s more, we provided in vitro and in vivo evidence to support
that, there was a causal relationship between autophagy inhibition
and podocyte apoptosis. Using the popular inhibitor of the autop-
hagic pathway 3-MA, we found that inhibition of autophagy could
directly induce podocyte apoptosis. These data suggested that high
levels of constituent autophagy in non-renewable cells (such as
podocytes) might be important to preserve cell viability and
autophagy inhibition was involved in podocyte apoptosis.

Over the last decade, although extensive efforts have been
made to elucidate the molecular nodes of interface between
autophagy and apoptosis [12,37], the mechanisms mediating the
complex counter-regulation of apoptosis and autophagy are not
yet fully understood [38]. Multiple direct and indirect mechanistic
overlap and interaction between the apoptosis machinery and
autophagy proteins have been described, such as p53 [39], p62
[40], Beclin-1 [41], Bcl family proteins [42], FADD [43], Reactive
Oxygen Species [44,45] and so on. However, much is still
unknown about the crosstalk between autophagy and apoptosis;
therefore, it is likely that future research might be needed to
identify more mechanisms.



Fig. 8 – Autophagy acts to achieve a balance between pro-survival and pro-apoptosis of endoplasmic reticulum stress. The diagram
illustrates that normal autophagy function contributes to balance the pro-survival phase and pro-apoptosis phase of endoplasmic
reticulum stress. However, autophagy defection might result in unresolved/amplified endoplasmic reticulum stress that leads to
apoptosis and the progression of disease eventually.
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The endoplasmic reticulum (ER) is the most important organelle for
protein synthesis, folding and maturation in the eukaryotic cell.
Intracellular proteins transit through this compartment and only
properly folded proteins are allowed to leave the ER while misfolded
proteins are degraded [46]. Under ER stress conditions, too many
unfolded or misfolded proteins are accumulated in the ER lumen that
finally leads to apoptotic cell death [47]. To maintain fidelity, the ER
has a strict quality-control system for protein proof-reading and
disposal [46,48]. Since growing evidence has suggested that the ER
was the main contributor to the autophagosomes [49–51], autophagy
which was a bulk degradation system that could degrade all forms of
misfolded proteins has been identified to play an important role in
the ER quality control system. In light of these observations, it is
conceivable to speculate that the pro-apoptotic pathway of ER stress
might be involved in autophagy inhibition induced apoptosis since
the quality-control system was destroyed. Besides, numerous studies
have also proven that ER was involved in calcium homeostasis [52],
redox control [44,45,52], the alternative functions of different BCL-2-
related proteins [53] and so on. Thus, taken together, ER stress seems
to play a crucial important role in autophagy inhibition induced
apoptosis. Our studies here found that autophagy inhibition could
induce the activation of ER stress even without any external stimula-
tion. To confirm the involvement, we further used the siRNA knock-
down technique to suppress the expression of CHOP which has been
considered to play a primary role in ER stress-induced apoptosis [26].
We found that knockdown of CHOP could effectively improve
podocyte apoptosis and down-regulated expression of slit-
diaphragm proteins induced by autophagy inhibition. These results
in this study suggested that defective autophagy happening in aging
and diabetes might directly induce podocyte apoptosis and the
progression of podocytopathies, not just an innocent bystander. Since
ER stress has been proven to be involved in autophagy inhibition
induced apoptosis, it suggested that modulation of ER stress might
present many opportunities for therapeutic interventions in diabetic
nephropathy.
In summary, we have shown herein that inhibition of autop-

hagy by 3-MA could induce podocyte apoptosis by activating the
pro-apoptotic pathway of endoplasmic reticulum stress. The
endoplasmic reticulum stress seems to be an important mechan-
ism mediating the cross-regulation of apoptosis and autophagy.
Thus, researches elucidating the molecular mechanism of ER
stress in the coordinate regulation of autophagy and apoptosis
will not only enable a more complete understanding of the
crosstalk but also unveil novel therapeutic approaches for pre-
venting and halting the progression of chronic kidney disease.
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