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Abstract

Background: Increased DAN protein (Grem1, Grem2, Grem3, Cerberus, NBL1, SOST, and 

USAG1) levels are often associated with severe disease-states in adult kidneys. Grem1, SOST, and 

USAG1 have been demonstrated to be upregulated and play a critical role in the progression of 

diabetic nephropathy (DN); however, the expression and the role of other DAN family members in 

DN have not been reported yet. In this study, we investigated the expression and the role of Grem2 

in the development of renal lesions in mice with type 2 DN.

Methods: Fourteen-week-old BTBRob/ob (a mouse model of type 2 diabetes mellitus) and control 

(BTBR, wild type) mice were evaluated for renal functional and structural biomarkers. Urine was 

collected for protein content assay, and renal tissues were harvested for molecular analysis with 

real-time PCR, Western blotting, and immunohistochemistry. In vitro studies, human podocytes 

were transfected with Grem2 plasmid and were evaluated for apoptosis (morphologic assay and 

Western blotting). To evaluate the Grem2-mediated downstream signaling, the phosphorylation 

status of Smad2/3 and Smad1/5/8 was assessed. To establish a causal relationship, the effect of 

SIS3 (an inhibitor for Samd2/3) and BMP-7 (an agonist for Smad1/5/8) was evaluated on Germ2-

induced podocyte apoptosis.

Results: BTBRob/ob mice showed elevated urinary protein levels. Renal tissues of BTBRob/ob 

mice showed an increased expression of Grem2; both glomerular and tubular cells displayed 

enhanced Grem2 expression. In vitro studies, high glucose increased Grem2 expression in cultured 
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human podocytes, whereas, Grem2 silencing partially protected podocyte from high glucose-

induced apoptosis. Overexpression of Grem2 in podocytes not only increased Bax/Bcl2 expression 

ratio but also promoted podocyte apoptosis; moreover, an overexpression of Grem2 increased the 

phosphorylation of Smad2/3 and decreased the phosphorylation of Smad1/5/8; furthermore, SIS3 

and BMP-7 attenuated Grem2-induced podocyte apoptosis.

Conclusions: High glucose increases Grem2 expression in kidney cells. Grem2 mediates 

podocyte apoptosis through Smads.
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1. Introduction

Diabetic nephropathy (DN) is one of the major complications of diabetes mellitus, 

manifesting in the form of progressive proteinuria, a decline in glomerular filtration rate 

(GFR), hypertension, and a higher risk of cardiovascular morbidity and mortality. It is the 

largest single cause of end-stage renal disease (ESRD) in many developed countries 

including the United States [1]. In China, glomerulonephritis was used to be considered as 

the leading cause of ESRD [2, 3]; a recent study has revealed that at least in large cities such 

as Beijing and Shanghai, the percentage of patients with chronic kidney disease related to 

diabetes exceeded the percentage of patients with chronic kidney disease related to 

glomerulonephritis [4]. Since pathogenesis of the development and progression of DN is not 

fully understood, its management is predominantly dependent on controlling the blood sugar 

levels. However, current therapeutic approaches are not effective in controlling the 

development and progression of DN; therefore, the majority of patients still progress to 

ESRD, creating a socioeconomic burden in the society [5]. This necessitates the 

identification and validation of unexplored pathogenic molecules contributing to DN, and 

the efforts to develop relevant therapeutic strategies to prevent or delay DN progression.

The DAN family represents a collection of Bone morphogenetic protein (BMP) antagonists 

including seven members: Grem1 (Gremlin-1), Grem2 (Gremlin-2 or PRDC), Grem3 

(Coco), Cerberus, NBL1 (Dan), SOST, and USAG1 (Wise) [6]. These members are highly 

expressed during embryonic development, and occupy important roles in the limb bud 

formation and digitation, the kidney formation and morphogenesis, and the left-right axis 

specification [7–11]. In adults, however, increased DAN protein levels are often associated 

with severe disease-states, including pulmonary and renal fibrosis and cancer [6]. For 

instance, Grem1 is not expressed in normal human adult kidneys, but is abundantly 

expressed in those kidneys with DN and possibly contributing to renal dysfunction [12–15]. 

Animal studies have demonstrated that renal tubular overexpression of Grem1 aggravates 

renal damage in DN in transgenic mice [16]. On the other hand, allelic depletion of grem1 

attenuates diabetic kidney disease [17].

In addition to Grem1, SOST and USAG1, are also up-regulated in DN, but down-regulation 

of their expression slows down the progression of renal lesions [18–21]. The role of other 

DAN family members, including Grem2, Grem3, NBL1, and Cerberus, in the development 
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and progression has not been investigated yet. Since Grem2 shows high homology with 

Grem1 in the amino acid sequence [6], we reasoned that it might play a similar role as 

Grem1 in the pathogenesis of DN. In addition, Grem2 has been reported to suppress the 

BMP-2-induced osteogenesis [22], suggesting that it may also suppress the role of BMPs in 

the kidney. In this study, we investigated the expression and the role of the remaining DAN 

family members with a focus on Grem2 in the development of DN in type 2 diabetes mouse 

model.

2. Materials and Methods

2.1. Animal experiments

All animal experiments complied with Institutional Animal Care and Use Committee 

(IACUC)-approved protocols. BTBRob/ob mice, a type 2 diabetic mouse model, and control 

mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA), and were housed 

within the rodent holding facilities in the Feinstein Institute for Medical Research 

(Northwell Health) in Manhasset, New York. It is under temperature, light and humidity 

control. Adequate food, water, and bedding were provided. Two male and female of each 

group mice (14 weeks old) were used in this study. Mice were sacrificed by carbon dioxide 

asphyxiation, and death was confirmed by cervical dislocation.

2.2. Culture of human podocytes

Human podocytes were cultured as previously reported [23–24]. Briefly, immortalized 

human podocytes proliferated in the growth medium containing RPMI 1640 supplemented 

with 10% fetal bovine serum, 1 X penicillin- streptomycin, 1 mM L-glutamine, and 1 X 

insulin, transferrin, and selenium (ITS) (Invitrogen, Grand Island, NY) at permissive 

temperature (33°C). When the cells reached about 80% confluence, they were transferred to 

37°C for differentiation in a medium without ITS for 7 days.

2.3. Grem2 overexpression

Human podocytes (5 × 105) were cultured in 60 mm dish. After differentiation for 7 days, 

the cells were transfected with 1 mg pCMV3-Grem2 plasmid (Sino Biological, Wayne, PA) 

by using the Effectene Transfection Reagent (Qiagen, Germantown, MD) following the 

manufacturer’s instruction.

2.4. Real-time PCR

Total RNA was isolated from mouse kidney tissue using Trizol reagent (Invitrogen). Five 

micrograms of total RNA were reverse transcribed using the first-strand synthesis system 

(Invitrogen). Real-time PCR was performed in a Prism 7900HT sequence-detection system 

(Applied Biosystems, Foster City, CA, USA). Relative mRNA levels were determined and 

standardized with a GAPDH internal control using a comparative CT method. Sequences of 

primers for the targeting genes are listed in Table 1.
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2.5. Western blot analysis

Western blotting was performed using established methodology [23–24]. Briefly, cells were 

washed with PBS and lysed in RIPA buffer (1 X PBS, pH7.4, 0.1% SDS, 1% NP-40, 0.5% 

sodium deoxycholate, 1.0 mM sodium orthovanadate, 10 ml of protease inhibitor cocktail 

(100 x, Calbiochem) per 1 ml of buffer, and 100 mg/ml PMSF). Proteins (20–30 mg) were 

separated by 12% SDS-polyacrylamide gel electrophoresis (PAGE) and then transferred on 

an Immuno-Blot polyvinylidene fluoride (PVDF) membrane (Bio-Rad, Hercules, CA). After 

blocking in PBS/Tween (0.1%) with 5% nonfat milk, the membrane was incubated with 

primary antibodies overnight at 4ºC followed by horseradish peroxidase-conjugated 

secondary antibodies (Santa Cruz Biotechnology, 1:5000) and then developed using 

Enhanced Chemiluminescent (ECL) solution (Pierce). Primary antibodies used were rabbit 

anti-Grem2 (Novus Biologicals, NBP1–31150, 1:1000), rabbit anti-Bax (Santa Cruz 

Biotechnology, sc-526, 1:1000), goat anti-Bcl2 (Santa Cruz Biotechnology, sc-492-g, 

1:1000), rabbit anti-P-Smad2/3 (Abcam, ab63399, 1:1000), rabbit anti-P-Smad1/5/8 

(Millipore Sigma, AB3848-I, 1:1000), and mouse anti-actin (Santa Cruz Biotechnology, 

sc-8432, 1:3000). For protein expression quantification, the films were scanned with a 

CanonScan 9950F scanner, and the acquired images were then analyzed using the public 

domain NIH image program (http://rsb.info.nih.gov/nih-image/).

2.6. Immunofluorescent microscopy

Immunofluorescent microscopy was performed as discussed in our previous publications 

[23, 24]. Briefly, the kidneys were perfused in situ and then fixed with fresh 4% PFA and 

stored at −80°C. Subsequently, paraffin sections (4 µm) were prepared and de-paraffinized in 

xylene and re-hydrated through graded concentrations of alcohol. Epitope retrieval was 

carried out by heating the samples at 98 °C for 2 h in Retrieveall-1 (Sign et Laboratories, 

Inc.). Subsequently, cooled samples were permeabilized with 0.3% Triton X-100 for 10 min, 

and were blocked with 2% BSA in 0.1% Triton X-100 for 1h at room temperature. Sections 

were then incubated with primary antibodies overnight at 4°C, followed by Alexa Fluo r 

secondary antibodies (Invitrogen, 1:800), donkey anti-rabbit IgG Alexa Fluor 568 or donkey 

anti-goat lgG Alexa Fluor 488, for 1 hour at room temperature. Primary antibodies included 

rabbit anti-Grem2 (Novus Biologicals, NBP1–31150, 1:100), goat anti-nephrin (R&D 

system, 1:100). All antibodies were diluted in 0.1% Triton X-100, 2% BSA in PBS. Cells 

were then counterstained with Hoechst33342 (Sigma-Aldrich) to identify nuclei. 

Morphological changes were visualized and captured with a ZEISS microscope (Carl Zeiss 

MicoImaging GmbH, Jena, Germany) equipped with a digital imaging system.

2.7. Apoptotic cell determination

We detected apoptotic cells by using Hoechst33342 staining as described in our previous 

publications [23, 25]. Briefly, after appropriate treatment, the culture media was removed, 

and the cells were fixed with 4% PFA for 15 min. After that, Hoechst 33342 (10 µg/ml) was 

added. After 10 min, cell images were taken with a ZEISS microscope (Carl Zeiss 

MicoImaging GmbH, Jena, Germany) equipped with a digital imaging system. Apoptotic 

cells were identified as nucleus condensed and fragmented.
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2.8. Statistical analyses

Data were presented as means ± standard deviation (SD) unless otherwise noted. All 

experiments were repeated at least three times with duplicate or triplicate samples in each 

assay. All data were evaluated statistically by the analysis of variance (ANOVA), followed 

by Newman-Keuls multiple comparison tests using software (Prism 4.0, GraphPad 

Software). In the case of single mean comparison, data were analyzed by t-test. P values < 

0.05 were considered as statistically significant.

3. Results

3.1. Hyperglycemia associated with podocyte apoptosis in mice

Compared with age-matched wild type mice, BTBRob/ob mice (14 weeks old) showed overt 

manifestations of diabetes, such as an increased body weight (control, 25 ± 3 g vs. 

BTBRob/ob, 38± 5 g) and higher blood glucose concentrations (control, 130 ± 20 mg/dl vs. 

BTBRob/ob, 585± 80 mg/dl). We also monitored the blood glucose concentrations of both 

wild type and BTBRob/ob mice from 8 to 14 weeks old, and found that they didn’t 

significantly change (data not shown). The BTBR ob/ob mice also showed a higher urinary 

albumin-to-creatinine ratio and a greater percentage of apoptotic cells in their glomeruli 

(Figure 1); these findings suggest that the kidney function was affected by hyperglycemia in 

BTBRob/ob mice.

3.2. Grem2 is upregulated in high glucose milieu

We performed real-time PCR to investigate the expression of DAN family members in the 

kidneys of adult wild type and BTBRob/ob mice. Results showed that the expression of 

Grem1, Grem2, and SOST were all up-regulated in BTBRob/ob mice when compared with 

age-matched wild type controls (Figure 2); while USAG1 expression was not altered overtly. 

As to the other DAN family members (Cer1, Nbl1, and Grem3), their expressions were 

barely detectable (data not shown). Since the role of Grem2 on DN has not been reported 

yet, we focused on it in the present study.

To confirm the expression of Grem2 in the kidneys of BTBRob/ob mice, we performed 

Western blotting to detect renal tissue protein expression. The results showed that renal 

tissue expression of Grem2 in BTBRob/ob mice was higher than that in control wild type 

mice (Figure 3AB). We also performed immunofluorescent studies on kidney paraffin 

sections, and found that in control mice, the Grem2 expression was barely presented, while 

in BTBRob/ob mice its expression was significantly higher (Figure 3CD). We also found that 

the expression of Grem2 was co-localized with Nephrin (a molecular marker of podocyte 

phenotype), indicating that Grem2 expression was increased in podocytes of BTBRob/ob 

mice (Figure 4).

To examine the role of high glucose on Grem2 expression in vitro, we treated human 

podocytes with normal (5 mM) and high glucose (30 mM) for 48 h, and then collected 

cellular lysate for Western blotting. Results showed that the expression Grem2 in high 

glucose media was higher than that in normal glucose media (Figure 5). Combined, these 

results demonstrated that Grem2 expression could be upregulated by high glucose.
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3.3. Overexpression of Grem2 increases podocyte apoptosis

Grem1 has been reported to induce podocyte apoptosis [26]. To test whether Grem2 has a 

similar function, we overexpressed Grem2 in human podocytes, and then counted the cells 

with apoptotic phenotype. We found that podocytes overexpressing Grem2 showed enhanced 

apoptosis when compared with control podocytes (Figure 6AB). To further confirm this 

observation, we collected the cellular lysates and performed Western blotting for the 

expression of apoptosis-related molecules. Results showed that overexpression of Grem2 

increased the expression of Bax (a pro-apoptotic molecule) and decreased the expression of 

Bcl2 (an anti-apoptotic molecule) (Figure 6C-F). These results indicate that the expression 

of Grem2 carries a potential to enhance podocyte apoptosis.

3.4. Suppressing Grem2 attenuates high glucose-induced podocyte apoptosis

Although it has been shown that high glucose can induce podocyte apoptosis [27–29], it was 

previously unknown whether Grem2 plays an important role in this process. To test this 

possibility, we silenced Grem2 expression by using siRNA and then treated them with high 

glucose. Heochst33342 staining results showed that high glucose caused podocyte apoptosis 

while silencing Grem2 expression decreased the number of apoptotic cells in the high-

glucose milieu (Figure 7).

3.5. Grem2 mediates high glucose-induced apoptosis through Smads

Grem1 has been reported to activate Smad2/3 and suppress the activation of Smad1/5/8. To 

test whether Grem2 has a similar function, we overexpressed Grem2 in human podocytes 

and performed Western blotting to determine the phosphorylation of Smad2/3 and 

Smad1/5/8. Results showed that Grem2 overexpression significantly increased the 

expression of p-Smad2/3 but decreased the expression of Smad1/5/8 (Figure 8).

To detect the role of Smad2/3 and Smad1/5/8 in Grem2-mediated apoptosis, we transfected 

pCMV3-Grem2 plasmid to human podocytes and then added either SIS3, an inhibitor 

specific for Smad2/3 phosphorylation, or recombinant BMP-7, an agonist for Samd1/5/8. 

After 48 h, we evaluated the number of apoptotic cells. We found that overexpression of 

Grem2 significantly increased the number of apoptotic cells, while the addition of either 

SIS3 or BMP-7 protected induction of apoptosis in Grem2 expressing podocytes (Figure 9); 

these findings suggest that inhibition of Smad3 or activation of Smad1/5/8 prevented 

Grem2-induced podocyte apoptosis.

4. Discussion

As a secreted member of cysteine knot superfamily, Grem2 belongs to a family of bone 

morphogenetic proteins (BMPs) antagonists. It interacts with these BMPs, in particular with 

BMPs −2, −4, and −7, blocking their bindings to their specific receptors, and regulating 

downstream related processes [6, 22]. The amino acid sequence of Grem2 shows high 

homology with that of Grem1, indicating that they may play similar roles in kidney fibrosis. 

In this study, we found that Grem2 expression in podocyte is significantly increased in high 

glucose milieu, and that genetic enhancing or silencing Grem2 expression divergently 

affected high glucose-induced apoptosis. Also, we found that overexpression of Grem2 in 
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podocyte activates Smad2/3 but suppress Smad1/5/8, while inhibiting Smad2/3 or activating 

Smad1/5/8 could attenuate Grem2-induced apoptosis. Taken together, these results 

demonstrate that Grem2 contribute, at least partially, to the development and progression of 

podocyte injury in DN. To our knowledge, this is the first report to show the role of Grem2 

in kidney disease.

The Grem2 expression has been reported to be highest in the brain but much lower in kidney 

and lung [30]; consistent with this, we also found that Grem2 expression was barely detected 

in the kidney of wild type mice. However, we found its overt expression in the kidney of 

diabetic mice. Additionally, high glucose-induced Grem2 expression in cultured human 

podocytes. These results indicate that Grem2 expression can be induced by high glucose 

milieu in adult kidney. Whether high glucose also increases its expression in other organs, 

such as the brain, still need to be determined.

TGF-β and BMPs (especially BMP-2, −4, and −7) are the key members in the TGF-β 
superfamily, playing important but diverse roles in chronic kidney diseases (CKDs). They 

share similar downstream Smad signaling pathways but counter-regulate each other to 

maintain the balance of their biological activities. TGF-β acts as an essential mediator in 

kidney diseases through the phosphorylation of fibrosis-associated Smad2/3; whereas BMPs 

exhibits its anti-fibrotic and anti-inflammatory properties through the phosphorylation of 

reno-protection-associated Smad1/5/8 [31]. In our study, we found that Grem2 participates 

in both pathways, because overexpression of Grem2 significantly increased the 

phosphorylation of Smad2/3 but decreased the phosphorylation of Smad1/5/8. We also noted 

that inhibition of Smad2/3 with SIS3 or activation of Smad1/5/8 with BMP-7 attenuated 

Grem2-induced podocyte apoptosis. These results demonstrate that both Smad2/3 and 

Smad1/5/8 are involved in the Grem2-associated renal cell injury. Interestingly, SIS3 could 

prevent Germ2-induced apoptosis completely, whereas, BMP-7 could prevent it only 

partially, suggesting that Smad2/3 may be the involved major pathway in Grem2-induced 

podocyte apoptosis.

The protein peptide sequences of matured Grem1 and Grem2 show high homology [6], 

suggesting their similar properties with a similar role in the development and progression of 

DN. In this study, we found that Grem2 induces podocyte apoptosis mainly through 

activation of Smad2/3, and this is akin to the role played by Grem1, which has been reported 

to promote podocyte apoptosis through TGF-β/Smad2/3 signaling pathway [26]. It is 

reported that tubular overexpression of Grem1 contributes to renal damage susceptibility in 

mice [16, 32]; while allelic depletion of grem1 prevents diabetic kidney disease [17]. 

Considering the high homology between Grem1 and Grem2, we speculate that 

overexpression of Grem2 will also contribute to renal damage susceptibility in mice, and 

suppression of its expression will attenuate diabetic kidney disease. To validate this 

hypothesis, it will be interesting to carry out in vivo studies with modulation of Grem2 

expression (both up and down) in future.

In addition to Grem1 and Grem2, among the DAN family members, SOST and USAG1, 

have also been reported to play important roles in DN [18–21]. Consistent with these 

reports, we also found that the mRNA expression of SOST increased in the kidney of 
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diabetic mice. However, we did not found any significant difference in USAG1 expression 

between the wild type and diabetic mice. The expression of other DAN family members 

(Cer1, Nbl1, and Grem3) was barely detectable in kidney cells, suggesting that they may not 

be contributing to the development and progression of DN.

In the present study, we investigated the role of Grem2 on kidney disease. We found that 

Grem2 expression was significantly induced by high glucose in both in vivo and in vitro 
studies. Overexpression of Grem2 in podocytes increased apoptosis; while silencing of 

Grem2 expression partially attenuated high glucose-induced podocyte apoptosis. Grem2 

overexpression increased the phosphorylation of Smad2/3 but decreased that of Smad1/5/8 

in podocytes. Inhibition of Smad2/3 with its inhibitor, SIS3 or activation of Smad1/5/8 with 

BMP-7 protected podocyte from Grem2-induced apoptosis. These results suggest that in 

high glucose milieu, Grem2 promotes podocyte apoptosis through the activation of Smad2/3 

and suppression of Smad1/5/8. Out study demonstrates an important role of Grem2 in the 

development of kidney disease, and highlights new potential target for the prevention and 

therapy of DN.

5. Conclusions

High glucose increases Grem2 expression in kidney cells. Grem2 mediates podocyte 

apoptosis through Smads.
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Highlights

1. Grem2 expression in podocytes is upregulated in high glucose milieu.

2. Overexpression of Grem2 promotes podocyte apoptosis.

3. Grem2 suppression attenuates high glucose-induced podocyte apoptosis.

4. Grem2 mediates high glucose-induced podocyte apoptosis through Smads.
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Figure 1. Hyperglycemia causes severe kidney injury.
Fourteen-week-old BTBR wild type (WT) and diabetic (ob/ob) mice were used to 

investigate the kidney injuries caused by hyperglycemia. Urine samples were collected to 

determine the albumin-to-creatinine ratio (A). The mice were sacrificed, and the kidney 

samples were collected for TUNEL staining to detect the apoptotic cells in the glomeruli (B-

C). The results (mean ± SD) represent 10 randomly selected regions (B), and the 

representative figures are displayed (C). * P < 0.05 when compared with wild type (WT).
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Figure 2. Expression of DAN family members in mouse kidneys.
RNA samples were collected from the kidneys of 14-week-old BTBR wild type (WT) and 

diabetic (ob/ob) mice, and real-time PCR was performed to compare the expression changes 

of the genes for DAN family members. * P < 0.05 when compared with wild type (WT).
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Figure 3. Expression of Grem2 in mouse kidneys.
Fourteen-week-old BTBR wild type (WT) and diabetic (ob/ob) mice were used to 

investigate the expression of Grem2 in the kidney. The kidneys were homogenized, and the 

tissue lysates were subjected to Western blotting to detect the expression of Grem2 (A-B). 

Representative gels are displayed (A), and the protein bands were scanned, and the acquired 

images were analyzed using the public domain NIH image program for data quantification 

(B). Expression of Grem2 was normalized to β-actin, and the results (mean ± SD) represent 

three independent samples. Paraffin sections were prepared for immune-fluorescence 

staining to detect the Grem2 expression in the kidneys (C-D). Representative 

fluoromicrographs are displayed (C). The average fluorescence intensity was measured per 

region of interest (ROI) for Grem2, and the results (mean ± SD) represent 10 randomly 

selected regions (D). * P < 0.05 when compared with the wild type control mice.
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Figure 4. Expression of Grem2 in mouse glomeruli.
Paraffin sections were prepared from 14-week-old BTBR wild type (WT) and diabetic 

(ob/ob) mice for immunofluorescence staining to detect the Grem2 expression in the 

glomeruli. Nephrin was stained to display podocytes. Representative fluoromicrographs are 

displayed (A). The average fluorescence intensity was measured per region of interest (ROI) 

for Grem2, and the results (mean ± SD) represent 10 randomly selected regions (B). * P < 

0.05 when compared with the wild type control mice.
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Figure 5. High glucose increases Grem2 expression in cultured human podocyte.
Human podocytes were cultured in media with normal (5 mM) and high (30 mM) glucose 

for 48 h. Cellular lysates were collected for the Western blotting assay to detect Grem2 

protein expression. Representative gels are shown (A), and the protein bands were scanned, 

and the acquired images were analyzed using the public domain NIH image program for 

data quantification (B). Expression of Grem2 was normalized to β-actin, and the results 

(mean ± SD) represent three independent samples. P < 0.05 when compared with the 

treatment of 5 mM glucose.
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Figure 6. Overexpression of Grem2 increases podocyte apoptosis.
Human podocytes were transfected with Grem2 overexpression plasmid pCMV3-Grem2 and 

then were cultured in the medium for 48 h. A-B, apoptotic cells were examined and counted 

under microscope. Representative figures are displayed (A), and the results (mean ± SD) 

represent 10 randomly selected regions (B). C-F, cellular lysates were collected for Western 

blotting to detect the expression of apoptosis-related proteins, Bax and Bcl2. Representative 

gels are displayed (C). The protein bands were scanned, and the acquired images were 

analyzed using the public domain NIH image program for data quantification (D-F), and the 

results (mean ± SD) represent three independent samples. * P < 0.05 when compared with 

empty vector control.
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Figure 7. Silencing Grem2 partially attenuates high glucose-induced apoptosis.
Human podocytes were cultured in media with 5 or 30 mM glucose, and siRNA for control 

(SiCon) or for Grem2 (SiGrem2) were added to the cells. After 48 h, total RNAs were 

extracted, and real- time PCR was performed to determine the silence of Grem2 (A). In 

parallel experiments, apoptotic cells were determined with Hoechst33342 staining and were 

counted under a microscope (B). The results (mean ± SD) represent three independent 

samples. * P < 0.05 when compared with SiCon-5 mM; while # p < 0.05 when compared 

with SiCon-30 mM.
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Figure 8. Overexpression of Grem2 affects the phosphorylation of Smads in cultured podocyte.
Human podocytes were transfected with/without Grem2 overexpression plasmid. After 48 h, 

the cellular lysates were collected and were subjected to Western blotting. Representative 

gels are shown (A), and the protein bands were scanned, and the acquired images were 

analyzed using the public domain NIH image program for data quantification (B-D). 

Expression of Grem2 (B), p-Smad2/3 (C), and p-Smad1/5/8 (D) was normalized to β-actin. 

The results (mean ± SD) represent three independent samples. * P < 0.05 when compared 

with control.

Wen et al. Page 19

Biochimie. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. BMP-7 and SIS3 attenuate Grem2-induced podocyte apoptosis.
Human podocytes were transfected with/without Grem2 overexpression plasmid pCMV3-

Grem2, and were then added with BMP-7 (100 ng/ml), an agonist for Smad1/5/8, or SIS3 

(10 µM), an inhibitor for Smad2/3. After 48 h, the apoptotic cells were determined with 

Hoechst33342 staining and were counted under a microscope. The results (mean ± SD) 

represent 10 randomly selected pictures. * P < 0.05 when compared with control alone, 

while # p < 0.05 when compared with Grem2 overexpression alone.
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Table 1.

Primers for real-time PCR

Gene Forward primer Reverse primer

Cer1 TGTGCCCTTCAACCAGACCAT GTGGTGAATTTGGTGGGCGAG

Grem1 GCACATCCGAAAGGAGGAAG ATGGATATGCAACGGCACTG

Grem2 GGAGGACTCCTTCCAATCCTG TGTCGGAGTCACTCAGGTTCA

Grem3 CAGGGAGGAGGGCAGAGAGTAG AGGCCTGGAGATCACCTGAACA

Nbl1 GCGTGCCTAGGACAATGCTTC TCTACCAGCTTGTCCACCCTG

Sost TTGGAGAGTACCCCGAGCCTC CATGGGCCGTCTGTCAGGAAG

USAG1 TGGATCGGAGGAGGCTATGGA GTTGTGGCTGGACTCGTTGTG
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