
Re-expression of Sall1 in podocytes protects against
adriamycin-induced nephrosis
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The highly conserved spalt (sal) gene family members encode proteins characterized by multiple double zinc finger motifs
of the C2H2 type. Humans and mice each have four known Sal-like genes (SALL1–4 in humans and Sall1–4 in mice). Sall1 is
known to have a crucial role in kidney development. To explore the significance of Sall1 in differentiated podocytes, we
investigated podocyte-specific Sall1-deficient mice (Sall1 KOp°d°/p°d°) using a podocin-Cre/loxP system and siRNA Sall1
knockdown (Sall1 KD) podocytes. Under physiological conditions, Sall1 KOp°d°/p°d° mice exhibited no proteinuria during
their lifetime, but foot-process effacement was detected in some of the podocytes. To elucidate the role of Sall1 in
injured podocytes, we used an adriamycin (ADR)-induced model of nephrosis and glomerulosclerosis. Surprisingly, the
expression of Sall1 was elevated in control mice on day 14 after ADR injection. On day 28 after ADR injection, Sall1 KOp°d°/
p°d° mice exhibited significantly higher levels of proteinuria and higher numbers of sclerotic glomeruli. Differentiated
Sall1 KD podocytes showed a loss of synaptopodin, suppressed stress fiber formation, and, ultimately, impaired
directed cell migration. In addition, the loss of Sall1 increased the number of apoptotic podocytes following ADR
treatment. These results indicated that Sall1 has a protective role in podocytes; thus, we investigated the endoplasmic
reticulum stress marker GRP78. GRP78 expression was higher in ADR-treated Sall1 KOp°d°/p°d° mice than in control
mice. Sall1 appeared to influence the expression of GRP78 in injured podocytes. These results suggest that Sall1 is
associated with actin reorganization, endoplasmic reticulum stress, and apoptosis in injured podocytes. These protective
aspects of Sall1 re-expression in injured podocytes may have the potential to reduce apoptosis and possibly
glomerulosclerosis.
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Podocyte foot processes (FP) and their interposed slit
diaphragms (SD) are key components of the permeability
barrier in glomeruli. Podocyte damage or loss can severely
impair kidney function and is an early symptom of many
kidney diseases involving nephrotic syndrome and/or glo-
merulosclerosis. Podocyte FP effacement and/or molecular
reorganization of the SD are characteristic pathological
features of nephrotic syndrome.1 Elucidating the molecular
mechanisms involved in the response of podocytes to damage
is essential to understand podocyte pathogenesis.

The Spalt (sal) gene family encodes zinc finger proteins that
both control normal development and apparently function as

tumor suppressors in humans and mice.2 SALL1–SALL4 in
humans have DNA sequence homologies with the Drosophila
sal gene.3 The Sall1 protein binds to A/T-rich sequences of the
major satellite DNA via its C-terminal double zinc fingers,
thereby localizing it to heterochromatin.4 This protein also
functions as a transcriptional repressor.5 In humans, SALL1
mutations cause an autosomal dominant disorder character-
ized by limb, ear, anus, heart, and kidney malformations.6

The importance of Sall1 in kidney development has been
investigated using Sall1 knockout mice. Homozygous Sall1
knockout mice die from kidney agenesis or severe dysgenesis
within 24 h after birth.7 Sall1 is essential for ureteric bud
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invasion and is required for the initial key step in metanephric
development.7 In the embryonic kidney, Sall1 is highly
expressed in mesenchyme-derived structures, including con-
densed mesenchyme, S-shaped bodies, comma-shaped
bodies, renal tubules, and podocytes.7 In a previous study,
we generated podocyte-specific Sall1 knockout mice (Sall1
KOp°d°/p°d°) to investigate the role of Sall1 after
development.8 In contrast to homozygous Sall1 knockout
mice, these mice were generated using the podocin promoter
Cre-loxP system. Podocin is present in podocytes from the
early capillary loop stage in developing nephrons and at the
basal pole along the glomerular basement membrane (GBM)
in mature glomeruli.9 In the developing kidney, Sall1
expression begins before the capillary loop stage, indicating
that Sall1 continues to be expressed until its suppression by
the podocin promoter in podocyte-specific Sall1
KOp°d°/p°d° mice.

In our previous study, we observed that the Sall1
KOp°d°/p°d° mice showed no obvious phenotype under
physiological conditions, with no significant difference in
the level of urinary protein between wild-type (WT) and Sall1
KO p°d°/p°d° mice, even beyond 48 h after the injection of
lipopolysaccharide (LPS). Thus, this disease model exhibits
minimal changes.8 However, we also showed that LPS induces
significant podocyte detachment from the GBM in these mice
at 48 h after LPS injection.8 Podocyte detachment from the
GBM has been proven to cause progressive glomerulosclerosis
and loss of kidney function.10,11

Adriamycin (ADR) treatment has been established as a
model for nephrosis and focal segmental glomerular sclerosis
(FSGS) in rats and mice.12 Recent studies have used this
model to elucidate some of the molecular details of kidney
damage in ADR-induced nephrosis mice.13–15 ADR induces
podocyte apoptosis and loss of podocytes from the GBM,
leading to glomerulosclerosis.14,15

Whether Sall1 has a role in the pathogenesis of adult
kidneys in conditions marked by severe nephrosis is
unknown. To address this question, we used an ADR-
induced mouse model of nephrotic syndrome to determine
whether re-introduction of Sall1 expression in injured
podocytes causes reorganization of the actin cytoskeleton
and apoptosis. We investigated the role and downstream
effects of Sall1 in injured podocytes.

MATERIALS AND METHODS
Antibodies
The following antibodies were used in immunohistochemistry
and western blot analysis: monoclonal mouse anti-Sall1
antibody (PPMX, Tokyo, Japan), polyclonal guinea pig anti-
nephrin antibody (Progen, Heidelberg, Germany), polyclonal
rabbit anti-WT1 antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), monoclonal mouse anti-synaptopodin
antibody (Progen, Heidelberg, Germany), monoclonal mouse
anti-GAPDH antibody (Abcam, Cambridge, UK), monoclo-
nal rabbit anti-glucose-regulated protein 78 antibody

(Cell Signaling Technology, Beverly, MA, USA), and poly-
clonal rabbit anti-cleaved caspase 3 antibody (Cell Signaling
Technology, Beverly, MA, USA). Polyclonal rabbit anti-
podocin antibody and polyclonal rabbit anti-synaptopodin
antibody have been described previously.16

Mouse Models
We mated Sall1 floxed mice (Sall1fl°x/fl°x) with podocin-Cre
mice to generate Sall1 KOp°d°/p°d° mice.17,18 Transgenic mice
(Sall1 floxed mice, Sall1fl°x/fl°x) were obtained from the
Department of Kidney Development, Institute of Molecular
Embryology and Genetics, Kumamoto University, Japan.18

Podocin-Cre mice have been previously described.17 Sall1
KOp°d°/p°d° mice were backcrossed onto a BALB/c back-
ground (412 generations). Podocin-Cre-negative Sall1fl°x/fl°x

littermates were used as control animals.
We used Sall1 KO p°d°/p°d°mice weighing ~ 30 g at 12 weeks

of age for ADR (doxorubicin hydrochloride; Wako, Osaka,
Japan)-induced nephropathy. All mice in this experiment had
a BALB/c background. Proteinuria was induced via tail vein
injection of ADR diluted with 0.9% saline.15 A low dose of
ADR (8 mg/kg body weight) was used in the control mice
group to induce proteinuria with only a few sclerotic
glomeruli. We did not use the high dose of ADR (13 mg/kg
body weight) used in our previous study because it caused
high rates of death in Sall1 KOp°d°/p°d° mice.

ADR was injected into littermate control mice. The urinary
albumin/creatinine ratio (ACR) was measured using an
immunoassay (DCA 2000 systems; Siemens Medical Solutions
Diagnostics, Munich, Germany) with a Bayer DCA 2000+
chemical analyzer (Bayer Diagnostics, Elkhart, USA).19 Using
pentobarbital sodium (100 mg/kg body weight) (Dainippon
Sumitomo Pharma, Osaka, Japan) for anesthesia, 4–8 mice
were sacrificed on days 0, 7, 14, 21, and 28 after ADR
injection. Specific pathogen-free conditions prevented
infections.

All animal handling and experiments were performed
strictly in accordance with the recommendations of the
guidelines for the Care and Use of Laboratory Animals of the
Juntendo University Faculty of Medicine. The experimental
protocol was approved by the Animal Care and Use
Committee of Juntendo University, Tokyo, Japan.

Cell Culture and Transient Transfection
The conditionally immortalized murine podocyte cell lines
have been described previously.20 To evaluate the reaction to
ADR in vitro, cells were treated with 0.2 μg/ml of ADR in
regular medium; the medium was refreshed at 24 h after ADR
treatment. Immunofluorescence (IF) microscopy of the
cultured podocytes was performed as described previously.16

Stable gene silencing of Sall1 in podocytes was performed
using pSUPER system as described previously.21 The
Sall1-specific insert used the following 19-nucleotide
sequence: 5-GCCTGAAGTCTGTGGAGAA-3. Stable clonal
populations of siRNA knockdown podocyte cell lines were

Sall1 is protective in podocytes
Y Hosoe-Nagai et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 97 November 2017 1307

http://www.laboratoryinvestigation.org


established. We used randomized siRNA (a control vector
pSUPER)-transfected podocytes as a control.21

Renal Histology and Immunohistochemistry
Mouse kidneys were removed, fixed by perfusion with 4%
paraformaldehyde in phosphate-buffered saline (PBS), per-
fused with a cryoprotectant (20% sucrose in PBS) and
embedded in paraffin for light microscopy and morphometric
analysis of glomerulosclerosis and interstitial fibrosis. For the
histological study, 3-μm thick kidney sections were stained
with periodic acid–Schiff (PAS) reagent or Azan–Mallory
staining to examine interstitial fibrosis. Blue-stained inter-
stitial fibrotic areas were carefully observed in each tissue
section. These sections were observed under the light
microscope (Olympus BX41; Olympus, Tokyo, Japan).15 At
least 200 glomeruli were randomly selected for determination
of glomerulosclerosis. Glomeruli that exhibited adhesion of
the capillary tuft to Bowman’s capsule, capillary obliteration,
mesangial expansion, or fibrotic crescents were defined as

glomerulosclerotic.22 Sclerotic glomeruli per section were
assessed using a total number count, as described
previously.15

For the immunofluorescence study, fixed kidneys were
frozen in an optimal cutting temperature compound. Frozen
sections (4–5 μm) were immunostained with primary anti-
bodies followed by the respective secondary antibodies, as
described previously.15 We randomly examined 4100
glomeruli in each experimental group to determine the
number of cells double-positive for WT1 and 4′,6-diamidino-
2-phenylindole (DAPI) and calculated the average. To obtain
further morphological information, sections were analyzed by
electron microscopy (EM) using an electron microscope
(H-7100; Hitachi, Tokyo, Japan) at 75 kV as described
previously.15

For the immunohistochemical study, slides of kidney
cortex samples from mice were dewaxed, washed with PBS,
and subjected to microwave heating at 600W for 15 min for
antigen retrieval. The slides were incubated with 1.3%

Figure 1 The phenotype of podocyte-specific Sall1 KO mice under physiological conditions. (a,b) Periodic acid–Schiff staining images of kidney sections
showing normal glomeruli and tubules in both WT littermate mice (a) and 12-week-old Sall1 KO p°d°/p°d° mice (b) on LM (original magnification, 400 × ).
(c) No FP effacement is observed in control glomeruli on EM (original magnifications: lower, 3000 × ; higher, 8000× ). (d) Glomeruli in Sall1 KOp°d°/p°d°
mice exhibit FP effacement (arrows) and arcade formation of endothelial cells (circles) on EM (original magnifications: lower, 3000 × ; higher, 8000 × ).
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H2O2/Tris-buffered saline (TBS) for 15 min and then treated
with blocking buffer (3% bovine serum albumin and 0.05%
Tween-20 in TBS) for 60 min. The slides were then incubated
with anti-Sall1 antibody at 4 °C overnight. Immune com-
plexes were detected using a DAB substrate solution kit
(Histofine Mouse Stain kit and DAB substrate solution kit;
Nichirei Bioscience, Tokyo, Japan). The enzyme-labeled
antibodies method was used to detect Sall1 in
ADR-injected mice.

Western Blot Analysis
Mouse glomeruli were isolated from the kidneys using a
graded sieving method, as described previously.23 Isolated
glomeruli were lysed, and western blot analysis was
performed as described previously.23 Membranes were
incubated with the primary antibodies overnight at 4 °C.

After washing with 0.05% Tween-20 in TBS, membranes were
incubated with either horseradish peroxidase-labeled goat
anti-rabbit immunoglobulin (Ig)G antibody or anti-mouse
IgG antibody, and labeling was detected using a Western
Lightning Chemiluminescence Reagent Kit (Life Science
Products, Boston, MA, USA). GAPDH was used as the
internal control.

Wound-Healing Assay
Wound-healing assays were performed as described
previously,24 with some modifications. Differentiated control
podocytes and Sall1 knockdown (KD) podocytes (5 × 105)
were seeded into six-well plates and wounded with a 200-μl
pipette tip. The wounded monolayers were washed with PBS
and incubated in Roswell Park Memorial Institute 1640
medium. Time-lapse images were taken using a 10 × phase

Figure 2 (a) Control mice, (b) Sall1 KO p°d°/p°d°. Expression of Sall1 is lost in the early capillary stages of the developing kidneys of 2-day-old mice and is
simply driven by a podocin promoter in the Sall1 KOp°d°/p°d° mice (original magnifications: lower, 400× ; higher, 1000× ).
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contrast objective and an All-in-One Fluorescence Micro-
scope (Keyence, Osaka, Japan) at 0, 12, and 24 h. At the
indicated time points, monolayers were photographed using
the grid as a marker, and the wound width (μm) was
measured at each time point using the All-in-One software
(Keyence). Migratory rates were calculated as (A−B)/
A× 100% and (A−C)/A × 100%, with A, B, and C represent-
ing the width of the wound at 0, 12, and 24 h, respectively.
Data are presented as the mean± s.e. of five independent
experiments.

Cell Migration and Apoptosis Assays
Differentiated control and Sall1 KD podocytes (7 × 105 each)
were added to a 24-well migration plate (Cell Biolabs, CA,
USA). Migration assays were performed for 24 h, and the
upper insert was removed. Cells on the bottom of each well
were stained with crystal violet staining solution (Sigma-
Aldrich, MO, USA), and the number of stained cells was
counted.

To detect apoptotic cells in vivo, an Apop Tag Plus
Peroxidase in vivo Apoptosis Detection Kit (Chemicon
international, Temecula, California, USA) was purchased for
the TdT-mediated dUTP nick end-labeling (TUNEL) assay.
TUNEL-positive cells in the nonsclerotic parts of the
glomeruli were counted as described previously.15

Measurement of Apoptosis by Annexin V and Propidium
Iodide
Cells (6 × 105) were treated with 0.15 μg/ml of ADR for 48 h
and then washed and suspended in a binding solution
containing annexin V-FITC at dilutions recommended by the
manufacturer’s protocol (BioVision, Milpitas, CA, USA).
After 20 min, propidium iodide (PI; 1 μg/ml) was added. At
least 10 000 cells per sample were analyzed using
fluorescence-activated cell sorting. Early and late apoptosis
were determined as percentages of annexin V+/PI − and
annexin V+/PI+ cells, respectively.

Statistical Analysis
Quantification of western blots was performed using image-
processing software (Image J). Data are presented as the
mean± s.e. Urinary protein data were log-transformed before
statistical analysis to stabilize the variance. Student’s t-test was
used to analyze differences between the two groups. Analysis
of repeat t-tests, followed by Bonferroni correction, was used
when more than two groups were compared. All experiments
were repeated at least three times, and representative
experiments are shown. Two-factor repeated measures
analysis of variance (ANOVA) was used when there were
two or more dependent variables. Differences were regarded
as significant at Po0.05.

Figure 3 Continued.

Figure 3 ADR injection causes heavy proteinuria and glomerulosclerosis in the Sall1 KOp°d°/p°d° mice. (a) The number of sclerotic glomeruli and area of
interstitial fibrosis are greatly increased in Sall1 KOp°d°/p°d° mice on day 28 after ADR injection. The area of interstitial fibrosis is stained blue with
Azan–Mallory staining. PAS staining (A, B, E, F, I, J, M, N); Azan–Mallory staining (C, D, G, H, K, L, O, P) (lower magnification, 400 × ; higher magnification,
1000 × ). (b) Levels of urinary protein are significantly increased in Sall1 KOp°d°/p°d° mice on days 7 and 28 (Po0.05; n= 8). (c) The sclerotic glomeruli/
total glomeruli ratio is significantly higher in Sall1 KOp°d°/p°d° mice than in control mice on day 28 (Po0.05; 300 glomeruli each in n= 5). (d) Mean
podocyte numbers per nonsclerotic glomeruli on days 0, 14, and 28 are shown for cells double-positive for WT1 and DAPI. Magnification, 600 × . (e)
Before ADR injection, the number of podocytes (WT1-positive cells) in Sall1 KOp°d°/p°d° mice is higher than that in control mice (Po0.05; 100 glomeruli
each in n= 3). On day 28 after ADR injection, the number of podocytes in Sall1 KOp°d°/p°d° mice is significantly lower than that of control mice (Po0.05;
100 glomeruli each in n= 3). (f) Podocytes in control mice 14 days after ADR injection exhibit FP effacement on the GBM. (g) Podocytes in Sall1 KOp°d°/
p°d° mice 14 days after ADR injection exhibit larger areas of FP effacement and irregular actin accumulation (arrows) (original magnifications: lower,
3000 × ; higher, 12 000 × ).
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RESULTS
Phenotype of Podocyte-Specific Sall1 KO Mice
There were no significant differences in body weight between
the podocyte-specific Sall1 KO mice groups at any time point
(Supplementary Figure 1). Urinary protein tests were negative
during the 2.5 years (data not shown).

There were no obvious histological abnormalities in the
12-week-old Sall1 KOp°d°/p°d° mice by LM (Figure 1a and b).
To examine morphology in detail, we performed EM.
Glomeruli in the Sall1 KOp°d°/p°d° mice partially showed FP
effacement and arcade formation of the endothelial cells
(Figure 1c and d). Arcade formation of the endothelial cells
has been found to show cellular hypertrophy induced by
endothelial injury ultrastructurally.25 In acute glomerular
lesions, dissociation of endothelial cells from the GBM was
observed in association with subendothelial edema, which is
recognized as arcade formation.26

We studied FP effacement by quantitating the FP width and
examined arcade formation by endothelial cells as a marker of
endothelial cellular hypertrophy induced by injury to the
endothelial ultrastructure. For each glomerulus, the average
percentage of GBM length with arcade formation was
calculated via division of the total length of arcade formation
by the total length of the GBM. No significant differences
were observed, but the results showed a tendency to increase
FP effacement and arcade formation in the Sall1 KOp°d°/p°d°
mice (Supplementary Figure 2).

We investigated Sall1 expression in the developing kidneys
of 2-day-old mice via immunofluorescence microscopy.
Expression of Sall1 was still observed in podocytes in the
early capillary stages of developing kidneys in the control mice
(Figure 2a). In contrast, expression of Sall1 was lost in the
podocytes of Sall1 KO p°d°/p°d° mice (Figure 2b).

ADR Injection Caused Heavy Proteinuria and
Glomerulosclerosis in Sall1 KO p°d°/p°d° Mice
To elucidate the role of Sall1 in injured podocytes, we used an
ADR-induced nephrosis model. On day 7, partial glomerulo-
sclerosis and expansion of the mesangial area appeared in the
ADR-injected Sall1 KOp°d°/p°d° mice (data not shown). Sall1

KOp°d°/p°d° mice developed even more glomerulosclerosis and
interstitial fibrosis on day 28 (Figure 3a,M-P). Urinary ACR
levels were significantly elevated in Sall1 KOp°d°/p°d° mice on
day 7 (ACR [log]: Sall1 KOp°d°/p°d° mice vs control mice,
2.3± 0.3 vs 1.4± 0.2; Po0.05; n= 8) and on day 28 (3.0± 0.1
vs 2.5± 0.3, respectively; Po0.05; n= 8) (Figure 3b). Hema-
turia was not observed in either group during the experi-
mental period. On day 28, the sclerotic glomeruli/total
glomeruli ratio was significantly higher in Sall1 KOp°d°/p°d°
mice than in control mice (Sall1 KOp°d°/p°d° vs control mice,
17.3± 1.9 vs 2.0± 1.0%, respectively; Po0.05; 300 glomeruli
each in n= 5) (Figure 3c).

To count the number of podocytes on the GBM, double-
positive cells for WT1 and DAPI were counted in nonsclerotic
glomeruli (Figure 3d). Before ADR injection, the number of
podocytes (WT1-positive cells) was greater in Sall1 KOp°d°/p°d°
mice than in control mice (16.9± 0.7 vs 13.1± 1.1, respectively;
Po0.01; 100 glomeruli each in n= 3) (Figure 3e). Podocyte
loss was detected from day 14. On day 28 after ADR injection,
the number of podocytes (WT1-positive cells) in Sall1
KOp°d°/p°d° mice had significantly decreased compared with
that of control mice (7.2± 0.8 vs 9.3± 0.5, respectively;
Po0.05; 100 glomeruli each in n= 3) (Figure 3e).

To further address the differences in glomerular abnorm-
alities between control and Sall1 KOp°d°/p°d° mice, we used
transmission EM to examine the glomerular ultrastructure
(Figure 3f and g). In both control and Sall1 KOp°d°/p°d° mice,
FP effacement was detected on podocytes 14 days after ADR
injection. Podocytes in control mice showed dark-staining
actin belts on the GBM (Figure 3f). In contrast, podocytes in
Sall1 KOp°d°/p°d° mice showed irregular actin accumulation
(Figure 3g).

Expression of Sall1 Significantly Increased in Control
Glomeruli After ADR Injection
To check Sall1 expression in injured podocytes, we immu-
nostained Sall1 in tissue samples (Figure 4a). Expression of
Sall1 was significantly elevated on day 14 after ADR injection
in control mice. On day 7 and thereafter, expression of Sall1
was elevated in the glomeruli of the ADR-injected control

Figure 4 Sall1 expression significantly increases on day 14 after ADR injection. (a) By immunohistochemical analysis, Sall1 expression is increased in the
glomeruli of ADR-injected control mice on day 7 and thereafter. Expression of Sall1 is absent in Sall1 KOp°d°/p°d° mice. Magnification, 600 × . (b)
Immunohistochemical analysis of Sall1 immunoreactivity. Expression of Sall1 is significantly elevated on day 14 after ADR injection in control mice. (c,d)
Western blot analysis shows that Sall1 expression is significantly elevated on day 14 after ADR injection in control mice (Po0.05; n= 5). The molecular
weights of Sall1 and GAPDH proteins are 140 and 40.2 kDa, respectively. To verify the expression level objectively, we measured bands using Image J,
and the correction was performed by GAPDH. (e) Western blot analysis shows that Sall1 expression is very low in Sall1 KOp°d°/p°d° mice. (f) TUNEL
staining to detect apoptotic cells in vivo. The number of TUNEL-positive cells in the nonsclerotic glomeruli is significantly increased in the Sall1
KOp°d°/p°d° mice on day 14 (counted TUNEL-positive cells/total nonsclerotic glomeruli of control mice vs Sall1 KOp°d°/p°d° mice; Po0.05; n= 8). (g) To
identify TUNEL-positive cells, we stained serial sections of the TUNEL assay samples. Positive cells (red arrow) are positive for synaptopodin in
ADR-injured Sall1 KOp°d°/p°d° mice (day 14). (h) TUNEL-positive cells in the glomeruli of ADR-injected Sall1 KOp°d°/p°d° mice (day 14). (i) Western blot
analysis of cleaved caspase 3 to confirm podocyte apoptosis at the protein level in ADR-injured WT mice and Sall1 KOp°d°/p°d° mice. Image J was used as
in Figure 4d. Bands were adjusted to control as 100. In WT mice, the level of cleaved caspase 3 increased on day 14 and decreased on day 28. In Sall1
KOp°d°/p°d° mice, cleaved caspase 3 was present even on day 0, increased on day 14, and decreased on day 28.
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mice (Figure 4b). On western blot analysis, expression of Sall1
was significantly elevated in the glomeruli on day 14 after
ADR injection (Figure 4c and d). In Sall1 KO p°d°/p°d° mice,
expression of Sall1 was not detected during the experiments
(Figure 4a and e).

We previously reported that ADR-induced nephropathic
mice showed an increased number of apoptotic podocytes,
leading to glomerulosclerosis.15 To detect apoptotic cells
in vivo, TUNEL staining was performed. The ratio of TUNEL-
positive cells to total nonsclerotic glomeruli was significantly
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higher in Sall1 KOp°d°/p°d° mice on day 14 relative to that of
control mice. (Sall1 KOp°d°/p°d° vs control mice, 3.3± 0.4 vs
1.3± 0.5%, respectively; Po0.05; n= 8) (Figure 4f).

To determine whether the TUNEL-positive cells were
podocytes, we stained the cells simultaneously with synapto-
podin. The same cells were positive in the TUNEL assay and
synaptopodin immunofluorescence staining (Figure 4g and h).

To evaluate podocyte apoptotic damage, we measured
cleaved caspase 3 levels in ADR-treated cells in vivo. The level
of cleaved caspase 3 in WT mice increased after ADR treatment.
Interestingly, in Sall1 KOp°d°/p°d° mice, cleaved caspase 3 was
elevated both before and after ADR treatment (Figure 4i).
Surprisingly, on day 28 after ADR treatment, this expression
decreased in both WT and Sall1 KOp°d°/p°d° mice (Figure 4i).

Expression of Sall1 Increased After ADR Treatment in
Cultured Differentiated Podocytes
To elucidate the role of Sall1 in vitro under pathological
conditions, we used a cultured murine podocyte cell line.20 On
IF staining, the expression of Sall1 gradually decreased and
correlated with podocyte differentiation (Figure 5a). Sall1
expression significantly decreased day by day under differentia-
tion as determined by fluorescent intensity (Figure 5b). To
confirm the expression of Sall1 in cultured podocytes during
differentiation, western blot analysis was performed. The
expression of Sall1 in differentiated podocytes was significantly
lower than in undifferentiated podocytes (Figure 5c and d).

To investigate the levels of Sall1 in injured podocytes, we
further examined the expression of Sall1 in differentiated

Figure 5 Expression of Sall1 is elevated on day 3 after ADR treatment in cultured differentiated podocytes. (a) IF microscopy clearly shows that Sall1
expression in undifferentiated podocytes overlaps with DAPI staining. Sall1 expression in cultured podocytes gradually decreases with differentiation
(original magnification, 1000 × ). (b) Confocal microscopy results analyzed for fluorescence intensity of Sall1 are presented in the bar graph. Sall1
expression is significantly lower in differentiated than in undifferentiated podocytes (*Po0.05; n= 5). (c,d) Western blot analysis shows that expression of
Sall1 in differentiated podocytes is significantly reduced (*Po0.05; n= 5). (e) Differentiated podocytes were treated with 0.2 μg/ml of ADR for 24 h. On
days 1 and 2 after ADR treatment, Sall1 expression is not detectable, and stress fibers are decreased in the differentiated podocytes. On day 3 after
ADR treatment, Sall1 expression increased in the nuclei of podocytes, and the reproduction of stress fibers is detected. (f) Western blot analysis shows
that Sall1 expression is significantly elevated on day 3 after ADR treatment in differentiated podocytes (*Po0.05; n= 5). (g) Cleaved caspase 3 in
ADR-treated, differentiated podocytes. The level of cleaved caspase 3 is higher on day 2 and lower on day 3 relative to that on day 1. Image J software
was used for analysis as in Figure 4d. Bar graph compares levels of cleaved caspase 3 relative to that on day 1, which is set as 100. To evaluate
podocyte injury at the protein level, we measured the expression of podocin in ADR-injected WT mice. After ADR injection, the expression of podocin
gradually decreased.
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ADR-treated podocytes. After ADR treatment (0.2 μg/ml),
Sall1 expression remained low on days 1 and 2. On day 3,
Sall1 expression increased significantly (Figure 5e and f).
Analysis of actin stress fibers showed that they were lost, with
the exception of cortical actin, on day 1 after ADR treatment.
On days 2 and 3, however, actin stress fibers were replenished
(Figure 5e).

Similar to the in vivo study, we measured cleaved caspase 3
expression in differentiated ADR-treated podocytes in vitro.
After ADR treatment (0.25 μg/ml), podocytes expressed
cleaved caspase 3 on days 1 and 2 (Figure 5g, upper panel),
with greater expression on day 2 than on day 1. However, for
unknown reasons, this expression decreased on day 3. Despite
this decrease, Sall1 may prevent podocyte damage. Further
experiments are required to study this potential action of Sall1
more thoroughly.

Sall1 KD in Cultured ADR-treated Podocytes Resulted in
Loss of Actin Stress Fiber Formation Under
Differentiation and Increased Apoptotic Damage
To explore the role of Sall1 in injured podocytes, we
generated Sall11 KD podocytes. Western blot analysis of Sall1
was performed after gene silencing by the stable expression of
a Sall1-specific siRNA in undifferentiated podocytes, and
stable Sall1 KD podocytes showed an almost complete loss of
Sall1 protein expression (Figure 6a). Differentiated WT
podocytes showed increased cell body size, with an arborized
appearance (Figure 6b). In contrast, the size of podocyte cell
bodies was barely increased under differentiated conditions in
Sall1 KD podocytes (Figure 6b).

Synaptopodin is an actin-associated protein that may have
a role in actin-based cell shape and motility in
podocytes.22,24,27 We hypothesized that Sall1 regulates stress
fiber formation and cell motility promoted by synaptopodin.
In western blot analysis, no synaptopodin expression was
observed in undifferentiated WT and Sall1 KD podocytes
(Figure 6c). Synaptopodin expression was significantly lower
in differentiated Sall1 KD podocytes than in differentiated
WT podocytes (Figure 6c). Glomerular synaptopodin is
highly unstable, and its decomposition generates a 44-kDa
fragment;24 however, there were no differences in synapto-
podin degradation between the two cell types (Figure 6c).
Synaptopodin was located in differentiated WT podocytes in a
typical pattern of stress fibers (Figure 6d). The abundance of
stress fibers was lower in differentiated Sall1 KD podocytes
(Figure 6d).

To examine whether the expression of Sall1 regulates
podocyte migration, wound-healing and migration assays
were performed. Sall1 KD podocytes significantly inhibited
directional podocyte migration at 24 h (WT vs Sall1 KD
podocytes, 99.8± 0.2 vs 73.9± 0.5%, respectively; P= 0.0001;
n= 5) (Figure 6e). Sall1 KD podocytes were significantly less
motile than were WT podocytes (WT vs Sall1 KD podocytes:
173.6± 11.9 cells vs 126.8± 7.6 cells, respectively; Po0.05;
n= 5) (Figure 6f).

We previously showed that ADR treatment directly
caused podocyte apoptosis in vitro.15 Measurement of
apoptosis by annexin V and PI staining showed that ADR
treatment induced severe apoptosis in Sall1 KD podocytes
(number of early apoptotic WT podocytes vs Sall1 KD
podocytes: 2.1± 0.3 vs 7.9± 0.8%, respectively; Po0.01)
(number of late apoptotic WT podocytes vs Sall1 KD
podocytes: 3.1± 0.3 vs 6.1± 0.2%, respectively; Po0.01,
n= 5) (Figure 6g).

Endoplasmic Reticulum Stress is Increased in ADR-
injected Sall1 KOp°d°/p°d° Mice
The 78-kDa glucose-regulated protein (GRP78), which is a
key molecular chaperone stimulated by ER stress, is
upregulated in podocytes and is involved in the movement
of nephrin from SDs to cell bodies.28 In ADR-injected control
and Sall1 KOp°d°/p°d° mice, low-level expression of GRP78
was detected by immunofluorescence staining from day 7,
with a gradual increase until day 28 (Figure 7a and b). On day
28, the expression of GRP78 was significantly higher in ADR-
injected Sall1 KOp°d°/p°d° mice than in ADR-treated control
mice (Figure 7c).

DISCUSSION
We investigated the role of Sall1 in injured podocytes using an
ADR-induced model of nephrosis and glomerulosclerosis.
Significantly higher levels of proteinuria and higher numbers
of sclerotic glomeruli were detected in Sall1 KOp°d°/p°d° mice
than in controls by 28 days after ADR treatment. Differ-
entiated Sall1 KD podocytes showed a loss of synaptopodin,
suppressed stress fiber formation, and, ultimately, impair-
ment of directed cell migration. Moreover, the absence of
Sall1 increased podocyte apoptosis following ADR treatment.
GRP78 expression was higher in ADR-treated Sall1 KOp°d°/
p°d° mice than in control mice. Thus, in injured podocytes,
Sall1 expression protects podocytes via stabilization of
synaptopodin and by reducing ER stress through increasing
GRP78 expression.

We observed that Sall1 expression is rarely detected in
mature glomeruli; however, this does not mean that Sall1
is not present. Sall1-expressing cells proliferate following
ischemia-reperfusion injury,29 that is, ischemic injury
increases Sall1 expression which is very little in adult kidney.
In Northern blot analysis, the highest level of Sall1 mRNA
expression in all adult tissues has been observed in human
kidney.30 These results indicate Sall1 exists at the mRNA level
in adult kidney, and Sall1 expression increases only after
podocyte injury.

Podocyte FP effacement and SD disruption in podocyte
injury-induced podocyte loss from the GBM are well-known
contributors to the progression of glomerulosclerosis.1,31,32

Podocyte hypertrophy is an initial response to podocyte loss
and is an attempt by the cell, which is relatively incapable of
proliferating, to cover the underlying GBM in denuded areas
where neighboring cells have detached or died.33 However,
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Figure 6 Knockdown (KD) of Sall1 in cultured podocytes results in loss of actin stress fiber formation, impairment of cell migration, and induction of
apoptosis with ADR treatment. (a) Western blot analysis of Sall1 was performed after gene silencing of Sall1 by stable expression of a specific siRNA in
undifferentiated podocytes. Sall1 KD podocytes exhibit nearly complete loss of the Sall1 protein (*Po0.05; n= 5). (b) Differentiated control podocytes
exhibit expanded cell bodies with an arborized appearance. In contrast, the cell bodies scarcely expanded under in differentiated Sall1 KD podocytes
(original magnification, 600 × ). (c) Western blot analysis shows that synaptopodin expression (110 kDa) was not detectable in undifferentiated control or
Sall1 KD podocytes. In differentiated Sall1 KD podocytes, synaptopodin expression is significantly lower than in control differentiated podocytes.
Synaptopodin degradation (44 kDa) did not differ between test and control cells (*Po0.05). (d) IF microscopy shows that synaptopodin was localized in
a typical stress fiber–associated pattern in differentiated control podocytes. Fewer stress fibers are present in differentiated Sall1 KD podocytes (original
magnification, 1000 × ). (e) Wound-healing assay. In differentiated Sall1 KD podocytes, wound closure is significantly delayed at 24 h. Compared with
differentiated control podocytes, Sall1 KD podocytes exhibit significantly impaired directed cell migration (++Po0.01). (f) Cell migration assay. Compared
with differentiated control podocytes, differentiated Sall1 KD podocytes exhibit significantly impaired motility in migration experiments (*Po0.05). (g)
Analysis of annexin V/PI double-positive populations (late apoptotic cells) and annexin V-positive (PI negative) populations (early apoptotic cells) in
cultured differentiated control and Sall1 KD podocytes after treatment with 0.15 μg/ml of ADR for 48 h. Treatment with ADR induces significant
podocyte apoptosis in Sall1 KD podocytes (*Po0.01; n= 5).
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several studies also have suggested that prolonged treatment
with angiotensin-converting enzyme inhibitors increases the
number of podocytes in the absence of podocyte hypertrophy;

this event is accompanied by and likely underlies the
regression of glomerulosclerosis.34–36 Our findings are con-
sistent with these observations.

Figure 6 Continued.
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Mutations affecting several podocyte proteins, including
nephrin, podocin, α-actinin4, and synaptopodin, lead to renal
disease owing to disruption of the SD and rearrangement of
the actin cytoskeleton.27,37–39 Synaptopodin is essential for the
integrity of the podocyte actin cytoskeleton and for the
regulation of podocyte cell migration.24 In the present study,
we observed that the loss of Sall1 induces podocyte loss,
increased proteinuria, an increased number of sclerotic
glomeruli, and aggregation of actin filaments of FP in ADR-
injected Sall1 KOp°d°/p°d° mice. In addition, differentiated
Sall1 KD podocytes showed loss of synaptopodin and

suppressed stress fiber formation, ultimately leading to
impaired directed cell migration in vitro. These results suggest
that Sall1 regulates reorganization of the actin cytoskeleton by
upregulating the expression of synaptopodin in injured
podocytes and contributes to recovery from podocyte injury.
During kidney development, synaptopodin is absent in the
early stages of glomerular development, during which the
presumptive podocytes display a cortical actin cytoskeleton
characteristic of epithelial cells.20,40 Expression of synaptopo-
din commences during the subsequent capillary loop
stage, when podocytes start developing FP with characteristic

Figure 7 ER stress increased in ADR-injected Sall1 KOp°d°/p°d° mice, as determined by immunofluorescence staining of the ER stress marker GRP78. (a) In
the ADR-injected control mice, detection of GRP78 expression began on day 7 and slowly increased until day 28. (b) In ADR-injected Sall1 KOp°d°/p°d°
mice, increased GRP78 expression began on day 7 and persisted until day 28. (c) Fluorescence intensity of GRP78. On day 28, the intensity of GRP78
fluorescence was significantly elevated in Sall1 KOp°d°/p°d° mice (*Po0.05; n= 5) (original magnifications: lower, 600 × ; higher, 1000 × ).
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actin-based contractility. Thus, Sall1 may be required for this
initial key step of synaptopodin production. To increase
synaptopodin protein levels, Sall1 either directly promotes
synaptopodin expression or is associated with a pathway that
suppresses synaptopodin degradation. The degradation of
synaptopodin is known to cause major reorganization of the
actin cytoskeleton, FP effacement, and proteinuria.24,41 In our
experiments, synaptopodin degradation did not increase
in Sall1 KD podocytes, indicating that Sall1 may directly
promote synaptopodin expression.

Several groups have shown that apoptosis is a major cause
of podocyte loss from the GBM, leading to proteinuria and
glomerulosclerosis.1,42 In the in vivo experiments in the
present study, the loss of Sall1 increased the number of
apoptotic podocytes in ADR-injected Sall1 KOp°d°/p°d° mice.
In vitro, knockdown of Sall1 significantly increased the
apoptotic damage in ADR-treated podocytes. In Sall1
KOp°d°/p°d° mice, the number of apoptotic cells was
significantly elevated before ADR treatment as compare to
WT mice, but the level of cleaved caspase 3 was elevated even
before ADR treatment. There are several explanations as to
why Sall1 KOp°d°/p°d° mice or Sall1 KD podocytes exhibit
podocyte loss and apoptosis, respectively. Sall1 might directly
regulate podocyte apoptosis. In podocytes, Smad7 a tran-
scription factor that mediates transforming growth factor-β
(TGFβ)-induced apoptosis.43 By contrast, the activation of
cytoplasmic and nuclear estrogen receptors, which induces
the transcription of genes encoding mitochondrial proteins,
significantly protects podocytes against apoptosis.44 Thus,
Sall1 may be the first transcription factor found to have a
protective role against podocyte apoptosis.

In the present study, cleaved caspase 3 was not detected in the
isolated glomeruli of ADR-injected Sall1 KOp°d°/p°d° mice as
detected in ADR-treated Sall1 KD podocytes. In Sall1 KOp°d°/p°d°
mice, the ADR-injured podocytes may have already detached
from the glomeruli by day 28 during apoptosis.

The ER stress marker GRP78 is a key protein in the
pathogenesis of some kidney diseases. In the present study,
GRP78 expression was induced by ADR injection in controls
and Sall1 KOp°d°/p°d° mice, with elevated expression in Sall1
KOp°d°/p°d° mice. Yuan et al recently demonstrated that
GRP78 knockdown increased RhoA activity and decreased
Rac activity in MiaPaCa-2 cells.45 In contrast, GRP78
overexpression in Capan-2 cells resulted in decreased RhoA
and increased Rac activity. GRP78 knockdown cells also
exhibited significantly increased numbers of stress fibers.
Considering these results, the increased expression of GRP78
observed in this study would cause a decrease in actin bundles
in Sall1 KOp°d°/p°d° mice. Liu et al also demonstrated that
the expression of synaptopodin and GRP78 in podocytes
correlated negatively with proteinuria.46 As demonstrated in
our previous study, synaptopodin controls RhoA
expression.24 These results suggest that GRP78 upregulation
and synaptopodin downregulation suppresses RhoA expres-
sion and greatly decreases the number of stress fibers and

actin bundles. This fragile condition correlates with apoptosis,
which is related to the degradation of synaptopodin and ER
stress.

In this study, we demonstrate GRP78 upregulation in
ADR-injected Sall1 KOp°d°/p°d° mice and synaptopodin
downregulation in Sall1 KD podocytes. These results indicate
that the loss of Sall1 in podocytes increases ER stress and
apoptosis and abrogates stress fiber formation. In summary,
Sall1 may have a renoprotective effect by contributing to the
process of podocyte recovery from injury.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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