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Abstract. Hyperglycemia promotes podocyte apoptosis and 
contributes to the pathogenesis of diabetic nephropathy (dn). 
However, the mechanisms of hyperglycemia-induced podocyte 
apoptosis remain unknown. recent studies have implicated 
Src-associated substrate during mitosis of 68 kda (Sam68) 
in various cellular processes including rna metabolism, 
apoptosis, signal transduction. This study sought to examine 
the effect of Sam68 on high glucose (HG)-induced podo-
cytes apoptosis, and the mechanism underlying this effect. 
immortalized mouse podocytes were exposed to medium 
containing normal glucose, or HG and Sam68 sirna, respec-
tively. The expression of Sam68 in podocytes was determined 
by fluorescence quantitative PCR (qPCR), immunofluores-
cence and immunoblotting. The role of Sam68 in HG-induced 
podocyte apoptosis was further evaluated by inhibiting Sam68 
expression by Sam68 siRNA and performing flow cytometry. 
The mrna and protein expression of pro-apoptosis gene Bax 
and anti‑apoptotic gene Bcl‑2 were assessed by qRCR and 
immunoblotting. In the present study, it was first demonstrated 
that Sam68 was upregulated in a time and dose-dependent 
manner in in vitro HG-treated podocytes. Pretreatment with 
Sam68 sirna markedly decreased nuclear Sam68 expres-
sion. Moreover, the effects of HG-induced apoptosis were 
also abrogated by Sam68 knockdown in cultured podo-
cytes. Furthermore, HG increased Bax and decreased Bcl-2 
protein expression in cultured podocytes, and this effect was 
blocked by Sam68 knockdown. The results of the present 
study revealed that Sam68 mediated HG-induced podocyte 

apoptosis, probably through the Bax/Bcl-2 signaling pathway, 
and thus may be a potential therapeutic target for dn.

Introduction

The prevalence of diabetic nephropathy (dn) worldwide has 
markedly increased and dn has become a leading cause of 
end-stage renal disease (1). it is characterized by the appear-
ance of albuminuria, hypertension and a gradual decline in the 
glomerular filtration rate (2,3). Despite emerging strategies, 
no treatment has been able to reverse disease progression (1). 
Therefore, much effort has been devoted to unraveling the 
mechanisms that promote glomerular damage in dn with the 
hope of identifying promising therapeutic targets.

Podocytes are terminally differentiated visceral epithelial 
cells located on the glomerular basement membrane outside 
the glomerular capillaries; their injury or loss leads to protein-
uria and disease progression (4-6). a large body of evidence 
has demonstrated that podocyte apoptosis plays a vital role in 
the pathogenesis of dn (7-9) and inhibition of podocyte apop-
tosis is a promising therapeutic target for dn (10). However, 
the concert mechanisms involved in dn have not been fully 
elucidated.

Src-associated substrate during mitosis of 68 Kda (Sam68), 
also known as K homology (KH) domain-containing, rna 
binding, signal transduction associated 1 (KHdrBS1), 
is a member of the signal transduction activator of rna 
(STar) family of rna-binding proteins (11,12). Sam68 is 
a versatile protein with roles in various cellular processes 
including rna metabolism, apoptosis, and signal transduc-
tion (13). Previous results have suggested that dysregulation 
of Sam68-regulated splicing events is a key event in tumor 
development and progression (14,15). in addition, some studies 
have also revealed that Sam68 modulates nuclear transcription 
factor kappa B (nF-κB) activation, thus inducing inflamma-
tion (16,17). recently, increasing evidence has implicated 
Sam68 in cell apoptosis (17,18). However, Sam68 expression 
and its biological functions in podocytes are unclear. The 
aim of this study was to explore Sam68 expression in vitro in 
podocytes treated with high glucose (HG) and its function in 
HG-induced podocyte apoptosis.
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Materials and methods

Podocyte culture and treatments. a conditionally immor-
talized mouse podocyte cell line was kindly provided by 
Professor Jochen reiser (rush university Medical center, 
chicago, uSa). The mouse podocyte clone-5 (MPc-5) is 
characterized by expression of T antigen stimulated by γ-iFn 
and SV40 heat-sensitive variant gene (19). cells were ampli-
fied at 33˚C in RPMI‑1640 medium (Gibco BRL; Thermo 
Fisher Scientific, inc. Waltham, Ma, uSa) supplemented 
with 10% fetal bovine serum (Gibco Brl; Thermo Fisher 
Scientific, Inc. Waltham, MA, USA) and recombinant IFN‑γ 
(cYT-358, ProSpec-Tany Technogene ltd., rehovot, israel). 
After passaging, the cells were cultured at 37˚C under 5% 
co2 for 10-14 days in rPMi-1640 medium without iFn-γ to 
induce differentiation. differentiated podocytes were cultured 
for 24 h in serum-free dMeM basic (1X) medium (Thermo 
Fisher Scientific, Inc.) before being exposed to various experi-
mental conditions. The cells were divided into the following 
groups: i) a normal glucose group (nG, 5.3 mM glucose); 
ii) a high glucose group (HG) incubated in basic dMeM 
(1X) containing various concentrations of glucose (20, 30 or 
40 mM); and iii) a mannitol group (Ma) incubated in nG 
(5.3 mM) medium supplemented with 24.7 mM d-mannitol 
(Sigma-aldrich; Merck KGaa, darmstadt, Germany) as an 
osmotic control. The time-points of HG (30 mM) intervention 
were 6, 12, 24, 48 and 72 h. all the glucose used in this study 
was d(+)glucose (Sigma aldrich; Merck KGaa). all experi-
ments were performed in triplicate.

Transfection of small interfering RNA. Three pairs of 
siRNA sequences that targeted Sam68 and one pair of 
control-sirna were designed and synthesized by riboBio 
Co., Ltd. (Guangzhou, China). The siRNA sequences were 
as follows: Sam68-sirna1: Gaa aGa acG cGT GcT 
GaT a; Sam68-sirna2: GaG GaG aaT TaT TTG GaT T; 
Sam68-sirna3: TTa cGa aGc cTa cGG aca a; and the 
product no. of con-sirna: sin05815122147. Transfection 
was carried out in 6-well plates or 50 cm2 culture plates with 
sirnas (50 nM) using lipofectamine 2000 (invitrogen; 
Thermo Fisher Scientific, inc.) transfection reagent. The 
transfection efficiency was evaluated by assessing the mRNA 
expression of Sam68 using qPCR.

Immunofluorescence staining. Podocytes cultured under 
different conditions (nG, Ma, HG, HG + Sam68-sirna and 
Con‑siRNA) were fixed with cold methanol for 20 min at 
‑20˚C, and then blocked with 5% bovine serum albumin for 
30 min at room temperature. Then, the cells were incubated 
with rabbit anti-Sam68 antibody (1:100; cat. no. ab109197; 
abcam, cambridge, Ma, uSa) and goat anti-synaptopodin 
antibody (1:100; cat. no. sc21536; Santa cruz Biotechnology, 
Inc., Dallas, TX, USA) overnight at 4˚C. Subsequently, the 
cells were incubated with donkey anti-goat alexa Fluor 488 
(1:250; cat. no. a-11055) and donkey anti-rabbit alexa Fluor 
546 (1:250; cat. no. a10040; both from life Technologies; 
Thermo Fisher Scientific, Inc.) at room temperature. Cells 
were stained for 10 min with 4'-6-diamidino-2-phenylindole 
(daPi; 1:1,000; Sigma aldrich; Merck KGaa) for 10 min 
to visualize the nuclei. images were captured with confocal 

microscopy (lcSM, Zeiss KS 400; Zeiss aG, oberkochen, 
Germany).

RNA extraction and quantitative‑PCR. Total rna of cultured 
podocytes under different conditions (nG, Ma, HG, HG + 
Sam68-sirna and con-sirna) was extracted using Trizol 
Reagent (Invitrogen; Thermo Fisher Scientific, Inc.). Then, 
RNA (1 µg) was reverse‑transcribed at 37˚C for 30 min and 
85˚C for 5 sec using the PrimeScript™ RT reagent Kit (Takara 
Biotechnology co., ltd., dalian, china). Quantitative-Pcr 
was performed using an ABI PRISM7900 Sequence Detection 
System (Applied Biosystems; Thermo Fisher Scientific, Inc.) 
with SYBr Green real-Time Pcr Master Mix (Takara 
Biotechnology Co., Ltd.). Samples were amplified at 95˚C for 
2 min, 40 cycles at 95˚C for 30 sec, 95˚C for 5 sec, 60˚C for 
5 sec, and 72˚C for 10 min. The primers sequences were as 
follows: Sam68 upstream, 5'-TTa TGG ccc aTG cTa TGG 
aaG a-3' and downstream, 5'-aGG Tac Tcc GTT caa GTa 
GGa c-3; GaPdH upstream 5'-aGG TcG GTG TGa acG GaT 
TTG-3' and downstream, 5'-TGT aGa cca TGT aGT TGa 
GGT CA‑3'. In order to confirm amplification specificity, the 
Pcr products from each primer pair were subjected to melting 
curve analysis and subsequent agarose gel electrophoresis. All 
reactions were performed in triplicate and were normalized 
to GaPdH. ratio results were calculated based on the 2-ΔΔCq 
method (20).

Western blotting. differentiated podocytes were collected with 
a cold plastic cell scraper and lysed with lysis buffer (Beyotime 
institute of Biotechnology) containing 20% SdS, glycerol and 
1mM PMSF. a nuclear and cytoplasmic extraction kit (nanjing 
KeyGen Biotech co., ltd., nanjing, china) was used to obtain 
nuclear proteins from the cultured podocytes. Protein concen-
trations were measured with a Pierce bicinchoninic protein 
assay kit (Pierce; Thermo Fisher Scientific, inc.). cellular 
proteins (40 µg) were separated by 10% SdS-polyacrylamide 
denaturing gel and transferred to nitrocellulose membranes, 
which were then blocked in 5% non-fat dry milk for 1 h, 
then, incubated overnight at 4˚C with primary antibodies 
against Sam68 (1:10,000; cat. no. ab109197; abcam), Histone 
H3 (1:1,000; cat. no. 9715S; cell Signaling Technology, inc., 
danvers, Ma, uSa), Bax (1:500; cat. no. sc7480; Santa cruz 
Biotechnology, inc.), Bcl-2 (1:1,000; cat. no. ab59348; abcam) 
and GaPdH (1:1,000; cat. no. aP0063; Biogot Technology 
co., ltd., nanjing, china). after being washed in TBS-Tween 
buffer, the membranes were incubated with anti-rabbit igG 
(1:5,000; cat. no. 7074; cell Signaling Technology, inc.) for 1 h 
at room temperature. Protein bands were visualized with ecl 
reagent (advansta, inc., Menlo Park, ca, uSa). The intensi-
ties of the identified bands were quantified with ImageJ 1.47 
software (national institutes of Health, Bethesda, Md, uSa). 
GaPdH or Histone H3 was used as the internal control to 
standardize protein expression.

Analysis of apoptosis by flow cytometry. apoptosis of the 
podocytes was assessed 48 h after exposure to various treat-
ments (nG, Ma, HG, HG + Sam68-sirna and con-sirna). 
apoptosis was determined with an annexin V-FiTc/prop-
idium iodide (Pi) apoptosis detection kit according to the 
manufacturer's instructions (nanjing KeyGen Biotech.co., 



Molecular Medicine rePorTS  20:  3728-3734,  20193730

Ltd.). Briefly, podocytes were trypsinized and centrifuged at 
878 x g for 3 min at room temperature. The cells were then 
suspended in 1X binding buffer and incubated with 5 µl 
Annexin V‑FITC and 5 µl PI in the dark for 10 min. Cell fluo-
rescence was then assessed by using a cell lab QuantaTM Sc 
flow cytometer (Beckman Coulter, Inc., Brea, CA, USA). Cells 
that stained positive for annexin V-FiTc and negative for Pi 
were considered apoptotic.

Statistical analysis. The data were analyzed with SPSS17.0 
(SPSS, inc., chicago, il, uSa). all values are presented as 
the means ± SeM. Multiple comparisons among the groups 

were performed with one-way analysis of variance (anoVa) 
with a Bonferroni/Tukey's test or dunnett's T3-test. P<0.05 
was considered to indicate a statistically significant difference.

Results

Sam68 is increased in HG‑treated podocytes in vitro. To 
evaluate the effect of HG on Sam68 expression, Sam68 expres-
sion was assessed under different treatments (nG, Ma, HG, 
HG + Sam68-sirna and con-sirna) by using real-time 
PCR, immunoblotting and immunofluorescence staining. As 
revealed in Fig. 1a and B, real-time Pcr revealed that HG 

Figure 1. Sam68 is increased in HG-treated podocytes in vitro. (a) The effects of HG with different concentrations on the mrna expression of Sam68. (B) The 
effects of HG at different time‑points on the mRNA expression of Sam68. The mRNA level of Sam68 was detected using real‑time‑quantitative PCR, and was 
calculated with the 2-ΔΔCq method. (c) The protein level of Sam68 was detected by immunoblotting in the nuclear extract of podocytes treated with different 
concentrations of glucose. Histone H3 was used as a nuclear protein loading control. (d) densitometric analysis of three independent experiments displayed in 
c. data are expressed as the mean ± SeM. *P<0.05 HG (20 mM, 30 mM, 40 mM) vs. nG. (e) The protein expression of Sam68 was detected by immunoblotting 
in the nuclear extract of podocytes incubated with HG at different time-points. Histone H3 was used as the nuclear protein loading control. (F) densitometric 
analysis of three repetitions of the experiment displayed in e. data are expressed as the mean ± SeM. *P<0.05, 24 HG (30 mM) or 48 h HG (30 mM) or 72 h HG 
(30 mM) vs. nG. Sam68, Src-associated substrate during mitosis of 68 kda; HG, high glucose; Pcr, polymerase chain reaction.



cHen et al:  Sam68 MediaTeS HG-induced PodocYTe aPoPToSiS 3731

stimulation significantly increased the mRNA levels of Sam68 
in a dose- and time-dependent manner (P<0.05). Western 
blot analysis also demonstrated that the protein expression of 
Sam68 was increased in HG-cultured podocytes after 48 h in 
a dose-dependent manner (Fig. 1c). in a time-response experi-
ment, higher expression of Sam68 protein was observed in 
the nuclear extracts of podocytes treated with HG (30 mM) 
for 48 h (Fig. 1d). densitometric analysis of the immunoblots 
is presented in Fig. 1e and F. Similar results from confocal 
microscopy also demonstrated that Sam68 protein expression 

was markedly increased in cultured podocytes treated with 
30 mM HG for 48 h, and this effect was blocked by concurrent 
treatment with Sam68 sirna (Fig. 2). collectively, these data 
indicated that HG treatment increased Sam68 expression in 
differentiated mouse podocytes, and this effect was prevented 
by concurrent treatment with Sam68 knockdown.

Sam68 mediates HG‑induced podocyte apoptosis. 
in agreement with previous results, the number of 
annexin V-FiTc+/Pi- (apoptotic) cells in the HG group 

Figure 2. Increased Sam68 expression in cultured podocytes with HG is inhibited by Sam68 knockdown. (A) The effects of siRNA sequences targeting Sam68 
on the mrna expression of Sam68 in in vitro cultured podocytes. Three pairs of siRNA sequences that targeted Sam68 and one pair of control‑siRNA were 
designed and synthesized. The third pair of siRNA sequence was selected for further experiments based on the interference effect. NG (5.3 mM) group. Values 
are expressed as the mean ± SeM. *P<0.05 nG+Sam68-sirna1 or nG+Sam68-sirna2 vs. nG; #P<0.01, nG+Sam68-sirna1-3 vs. nG+con-sirna. (B) The 
effects of Sam68 sirna on the mrna expression of Sam68 in HG-cultured podocytes. The mrna level of Sam68 was examined with real-time-Pcr, and 
was calculated with the 2-ΔΔCq method. (C) Double immunofluorescence staining of Sam68 (red), synaptopodin‑identified podocytes (green), DAPI‑stained 
nuclei (blue) and merged images (purple) in cultured podocytes treated with HG for 48 h. (d) The protein expression of Sam68 was detected by immunoblot-
ting in the nuclear extract of podocytes incubated with HG (30 mM) for 48 h. Histone H3 was used as the nuclear protein loading control. (e) densitometric 
analysis of three independent experiments displayed in d. nG (5.3 mM) group; HG (30 mM) group; Ma, nG (5.3 mM)+Ma (24.7 mM) group, as an osmolality 
control; HG+Sam68-sirna, HG (30 mM)+Sam68-sirna (50 nM) group; HG+con-sirna, HG (30 mM)+non target-sirna (50 nM) group. Values are 
expressed as the mean ± SeM. *P<0.05, HG or HG+con-sirna vs. nG; #P<0.05, HG+Sam68-sirna vs. HG. Sam68, Src-associated substrate during mitosis 
of 68 kda; HG, high glucose; Pcr, polymerase chain reaction; nG, normal glucose; HG, high glucose; Ma, mannitol.
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(16.18±1.09%) was significantly greater than that in the NG 
group (9.2±0.44%) and the mannitol group (10.20±0.29%) at 
48 h (Fig. 3; all P<0.01). as anticipated, mannitol treatment did 
not have this effect, thus indicating that the apoptosis effect 
under HG did not result from high osmolarity.

To assess the effect of Sam68 on apoptosis regulation, 
Sam68-sirna was further used to determine the role of 
Sam68 in podocyte apoptosis induced by HG treatment. as 
presented in Fig. 3, the apoptosis-inducing effect of HG was 
abolished by Sam68-sirna knockdown (16.18±1.09% vs. 

11.45±0.60%, P<0.01). These results demonstrated that Sam68 
mediates HG-induced podocyte apoptosis and may play a 
proapoptotic role in HG-induced podocyte apoptosis.

Sam68 regulates Bax and Bcl‑2 expression in podocytes 
under HG. To further investigate the probable mechanism of 
Sam68-mediated apoptosis in podocytes treated with HG, the 
effect of Sam68 on the protein expression of proapoptotic Bax 
and antiapoptotic Bcl-2 was investigated. as revealed in Fig. 4, 
HG increased the pro-apoptotic Bax protein and decreased the 

Figure 3. Sam68 mediates HG‑induced podocyte apoptosis. (A) Podocytes cultured under different conditions were stained with Annexin V‑FITC/PI for flow 
cytometric analysis. cells that stained positive for annexin V-FiTc and negative for Pi were considered apoptotic. (B) Histogram revealing changes in the 
percentage of apoptotic cells. nG (5.3 mM) group; HG group (30 mM); Ma, nG (5.3 mM)+Ma (24.7 mM) group, as an osmolality control; HG+Sam68-sirna, 
HG (30 mM)+Sam68-sirna (50 nM) group; HG+con-sirna, HG (30 mM)+non target-sirna (50 nM) group. data are expressed as the mean ± SeM. The 
experiments were performed in triplicate. *P<0.01, HG or HG+con-sirna vs. nG; #P<0.01, HG+Sam68-sirna vs. HG. Src-associated substrate during 
mitosis of 68 kda; HG, high glucose; nG, normal glucose; HG, high glucose; Ma, mannitol.

Figure 4. Sam68 regulates Bax and Bcl-2 expression in HG-cultured podocytes. (a) The protein expression of Bax and Bcl-2 were determined by western blot-
ting analysis (n=3). (B and c) densitometric analysis of three independent experiments presented in a. nG (5.3 mM) group; HG, (30 mM); Ma, nG (5.3 mM) 
+ Ma (24.7 mM) group, as an osmolality control; HG+Sam68-sirna, HG (30 mM)+Sam68-sirna (50 nM) group; HG+con-sirna, HG (30 mM)+non 
target-sirna (50 nM) group. all data are expressed as the mean ± SeM. *P<0.05 HG or HG+con-sirna vs. nG; #P<0.05 HG+Sam68-sirna vs. HG. 
Src-associated substrate during mitosis of 68 kda; HG, high glucose; nG, normal glucose; HG, high glucose; Ma, mannitol.
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anti-apoptotic Bcl-2 protein in in vitro cultured podocytes, 
in contrast, in Sam68-sirna-knockdown podocytes, the 
pro-apoptotic Bax protein was decreased while the anti-apop-
totic Bcl-2 protein was increased (P<0.01). according to these 
results, Sam68 is implicated in the regulation of Bax and Bcl-2 
expression in HG-treated podocytes.

Discussion

Podocytes are highly differentiated cells that play a crucial 
role in the function of the glomerular filtration barrier (4,5). 
Podocyte depletion due to apoptosis plays a pivotal role in 
the initiation and development of dn (9,21). Previous results 
have demonstrated that a decrease in podocyte number due 
to apoptosis or detachment contributes to the development 
of proteinuria and glomerulosclerosis in dn (8,9,22,23). 
Therefore, preventing or inhibiting podocyte apoptosis may be 
a promising therapeutic target for treatment of dn.

In the present study, it was first revealed that the mRNA 
and protein expression of Sam68 were significantly increased 
in HG-cultured podocytes in vitro. Moreover, the effect of 
apoptosis induced by HG was abolished by Sam68 knock-
down. The first evidence that HG mediates podocyte apoptosis 
was provided through activation of Sam68, a specific target 
of the Src tyrosine kinase in mitosis. it was also further 
determined that Sam68 may mediate HG-induced apoptosis 
by significantly increased Bax expression and decreased 
Bcl-2 expression (P<0.01). These data indicated that the 
Sam68/Bax/Bcl-2 signaling pathway may play a proapoptotic 
role in HG-induced podocyte apoptosis.

Sam68, which was originally identified as a substrate 
for Src kinase phosphorylation, is a member of the STar 
family of KH domain-containing rna-binding proteins, 
which link signaling pathways to rna processing (11,12). 
Sam68 is broadly expressed in various tissues and cell 
types, and it regulates a variety of cellular processes, 
such as alternative splicing, gene transcription and signal 
transduction (14,15,18). Sam68 has also been identified 
as an important signaling molecule that regulates nF-κB 
activation and apoptosis mediated by the tumor necrosis 
factor receptor (17). Moreover, several tumor-associated 
proteins, including Bcl-x, cyclin d1b and cd44 are targets 
of Sam68 (18,24,25). Previous studies have demonstrated the 
importance of Sam68 in carcinogenesis and have provided 
evidence that Sam68 promotes tumor development (26,27), 
whereas other studies have reported a tumor-suppressive 
function of Sam68 (28). The present study demonstrated 
that the expression of Sam68 was increased in podocytes 
treated with HG in vitro. Knockdown of Sam68 with sirna 
in HG-treated podocytes attenuated apoptosis, as assessed 
by flow cytometry, thus indicating that Sam68 may exert a 
proapoptotic function in podocytes. Podocyte apoptosis has 
been reported to play a vital role in the pathophysiology of 
dn. Bax and Bcl-2 are two key markers of cell apoptosis 
that play critical roles in a variety of cell systems, including 
podocytes (29,30). The present study investigated whether 
Bax and Bcl-2 are also involved in Sam68-induced apoptosis 
in podocytes treated with HG. The present study demon-
strated that the expression of the pro-apoptotic protein Bax 
increased, whereas that of the anti-apoptotic protein Bcl-2 

decreased in in vitro HG-cultured podocytes, and this effect 
was attenuated by Sam68 knockdown, whereas mannitol had 
no such effect.

Several limitations of this study must be taken into 
account. Firstly, the concrete mechanism on Sam68 
expression-triggered apoptosis is still lacking. does nF-κB 
or other signaling pathways contribute to the changes, 
through transcriptional induction or inhibition of Bax or 
Bcl-2? Secondly, apoptosis was evaluated with only one 
method (flow cytometry based on annexin V staining). 
Thirdly, only apoptosis was studied, cell viability was not 
investigated. These issues aforementioned should be further 
studied in future research.

in conclusion, the expression of Sam68 was investigated 
in in vitro cultured mouse podocytes with HG stimulation and 
it was determined whether this expression led to podocyte 
apoptosis. The mechanism of Sam68-mediated apoptosis in 
podocytes treated with HG was also further explored. The 
results revealed that the apoptosis-promoting effect of HG 
was abolished by Sam68 knockdown. HG also significantly 
increased Sam68 expression in a time and dose-dependent 
manner, and this effect was completely blocked by Sam68 
knockdown. Moreover, it was revealed that HG increased 
Bax, and decreased Bcl-2, protein expression. These results 
indicated that preventing or inhibiting the Sam68/Bax/Bcl-2 
pathway may be a promising therapeutic target for treating 
podocyte apoptosis under hyperglycemic conditions.
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