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Nox4-SH3YL1 complex is involved
in diabetic nephropathy

Sae Rom Lee,1 Hye Eun Lee,1 Jung-Yeon Yoo,1 Eun Jung An,1 Soo-Jin Song,2 Ki-Hwan Han,2 Dae Ryong Cha,3

and Yun Soo Bae1,4,*

SUMMARY

Nox4-derived H2O2 generation plays an important role in the pathogenesis of chronic kidney diseases
(CKDs) such as diabetic nephropathy (DN). Here, we showed that SH3 domain-containing Ysc84-like 1
(SH3YL1), a Nox4 cytosolic activator, regulated DN. Streptozotocin (STZ)-induced type I diabetic models
in SH3YL1 whole-body knockout (KO) mice and podocyte-specific SH3YL1 conditional KO (Nphs2-Cre/
SH3YL1fl/fl) mice were established to investigate the function of SH3YL1 in DN. The expression of fibrosis
markers and inflammatory cytokines, the generation of oxidative stress, and the loss of podocytes were
suppressed in diabetic SH3YL1KO andNphs2-Cre/SH3YL1fl/flmice, compared to diabetic controlmice. To
extrapolate the observations derived from diabetic mice to clinical implication, we measured the protein
level of SH3YL1 in patients DN. In fact, the SH3YL1 level was increased in patients DN. Overall, the
SH3YL1-Nox4 complex was identified to play an important role in renal inflammation and fibrosis, result-
ing in the development of DN.

INTRODUCTION

Diabetic nephropathy (DN) is the leading cause of kidney failure in patients diabetic.1,2 It is characterized by thickening of the glomerular

basement membrane (GBM) due to the accumulation of extracellular matrix (ECM) including collagens and matrix glycoproteins.3–5 Renal

dysfunction with features such as increased urinary albumin secretion and a reduced glomerular filtration rate (GFR)2,6 is strongly correlated

with structural changes including mesangial expansion, podocyte apoptosis, and tubulointerstitial fibrosis.3,4 The progression of DN is

marked by glomerular hypertrophy or inflammation of the glomeruli and by the accumulation of ECM in tubulointerstitial regions. Although

multiple factors are involved in the progression of DN, oxidative stress is closely associated with renal inflammation and fibrosis.7–9 The acti-

vation of NADPH oxidase (Nox) appears to play an important role in the generation of renal oxidative stress.7,8,10–12

To date seven human Nox isozymes (gp91phox/Nox2, Nox1, Nox3, Nox4, Nox5, Duox1, and Duox2) have been identified.8,9,13 Nox iso-

zymes regulate receptor-mediated reactive oxygen species (ROS) generation during physiological signaling events in cell growth, differen-

tiation, apoptosis, and fibrosis.9 Various Nox isozymes including Nox1, Nox2, Nox4, and Nox5 are expressed in normal kidney tissues.8,13

However, the expression of Nox isozymes is upregulated in renal pathologies,12,14–19 leading to ROS generation as a source of renal oxidative

stress. Several lines of evidence have suggested that exposure to high glucose (HG), or transforming growth factor b1 (TGFb1) stimulatesNox-

derived ROS generation, resulting in inflammatory and fibrotic response in mesangial cells, podocytes and tubular cells.10,20–22 Especially,

TGFb1 plays an important role in fibrosis including the expression of extracellular matrix components such as collagen types I and IV.21,23

Importantly, the concerted action of TGFb1 and oxidative stress stimulates ECM production in renal fibrosis.22

Because of the toxicity associated with uncontrolled ROS generation, the activation of Nox isozymes is tightly regulated in cells. In fact, the

activation of Nox isozymes is controlled by various cytosolic proteins or inorganic molecules such as calcium.24,25 However, the regulation of

the Nox4 isozyme, predominantly expressed in kidney tissues, is far from clear. Recently, we reported that a novel SH3 domain-containing

Ysc84-like 1 (SH3YL1) bound and activated Nox4 in response to LPS.26 We also found that SH3YL1 constitutively interacted with the

COOH-terminal region of Nox4 and that the SH3 domain of SH3YL1 transiently coordinated with the proline-rich region (PRR) of p22phox pro-

tein in response to lipopolysaccharide (LPS) stimulation, leading to the formation of the ternary p22phox-SH3YL1-Nox4 complex. The result

suggested that the ternary complex of p22phox-SH3YL1-Nox4 induced severe renal failure in the LPS-induced acute kidney injury (AKI) model.

Although Nox4 activation plays an important role in TGFb1-mediated inflammation and fibrosis in kidney tissues, the regulatory mechanism

by which TGFb1 regulates Nox4 activity in fibrosis and DN remains unclear. Here, we report the function of SH3YL1 as a novel regulator of

Nox4 in streptozotocin (STZ)-induced type I diabetes as a DN model and present a downstream signaling cascade of Nox4-SH3YL1 in renal

fibrosis.
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RESULTS

SH3YL1 interacts with Nox4-p22phox dimer and stimulates Nox4-dependent H2O2 generation in kidney mesangial cells

Our first question was whether SH3YL1 binds to the Nox4-p22phox dimer and stimulates Nox4 activity in mesangial cells in response to TGFb1

as a representative cytokine in DN pathogenesis.9 To resolve the question, we performed biochemical analyses including examining the for-

mation of endogenous SH3YL1-Nox4-p22phox ternary complex andmeasuring H2O2 in primarymousemesangial cells (pMMCs). The immune

complex was analyzed by immunoblotting with antibodies against endogenous Nox4, SH3YL1, and p22phox in pMMCs. Interestingly, TGFb1

stimulation had no effect on the interaction of Nox4 with SH3YL1, whereas SH3YL1 interacted with p22phox an agonist-dependent manner in

pMMCs, indicating that TGFb1 induced ternary complex formation of endogenous of Nox4, SH3YL1,26 and p22phox (Figure S1A). To measure

Nox4/SH3YL1-mediated H2O2 generation in pMMCs, we used Peroxy Orange-1 (PO-1) as a specific H2O2 indicator. The stimulation of wild-

type (WT) pMMCswith TGFb1 significantly increasedH2O2 generation, whereas pMMCs from SH3YL1 KOorNox4 KOmice failed to generate

H2O2 in response to TGFb1 (Figure S1B). To determine the relationship betweenNox4 and SH3YL1 in TGFb1-inducedH2O2 generation, Nox4

protein was overexpressed in pMMCs fromWTand SH3YL1 KOmice. Nox4 overexpression in SH3YL1-deficeint pMMCs failed to induceH2O2

generation in response to TGFb1, compared to WT pMMCs (Figures S1C and S1D). The result indicated that SH3YL1 serves as an adaptor

protein Nox4-p22phox-dependent H2O2 generation in response to TGFb1. To validate the function of p22phox in TGFb1-induced H2O2 gen-

eration, we performed knockdown experiment of p22phox in pMMCs. The knockdown expression of p22phox by siRNA led to inhibit intracel-

lular H2O2 generation in response to TGFb, indicating that p22phox plays an important role in Nox4-SH3YL1 complex formation (Figures S1E

and S1F). These results indicated that SH3YL1 was essential for Nox4-p22phox-dependent H2O2 generation in the mesangial cells in response

to TGFb1.

To investigate whether SH3YL1-Nox4 axis is involved in DN, we developed a type I diabetic nephropathy model using SH3YL1 KO and

Nox4 KO mice by streptozotocin (STZ) injection (Table S1). We measured blood pressure (BP) from diabetic SH3YL1 KO and Nox4 KO

mice (Table S2). There was no statistical difference of BP in between diabetic WT and diabetic SH3YL1 KO or diabetic Nox4 KO mice

(Table S2). We questioned whether Nox4 or SH3YL1 induces H2O2 generation in DN. The renal tissues derived from diabetic mice were sub-

jected to staining with dihydroethidium (DHE) as a marker of ROS level. The glomeruli from diabetic WT mice showed increased ROS levels,

whereas the level was attenuated in diabetic SH3YL1 KO and diabetic Nox4 KO mice (Figures 1A and S2A). Although Nox4 expression was

enhanced in diabetic SH3YL1 KO mice, ROS level was not changed in the mice (Figures S2B and S2C). The results suggested that SH3YL1

plays a key role in ROS generation.We next investigated high glucose (HG)-mediatedDHE level in primarymouse tubular cells andmesangial

cells fromWT, SH3YL1 KO, andNox4 KOmice. Incubation ofWT primary mouse tubular cells or mesangial cells with HG resulted in increased

ROS level (Figures S2D and S2E). However, HG failed to stimulate ROS generation in primary mouse tubular cells and mesangial cells from

SH3YL1 KO andNox4 KOmice. In addition, level of nitrotyrosine (Figures 1B and S2F) and 8-isoprostane in urine (Figure 1C) was enhanced in

diabetic WT kidney tissues. However, two markers were suppressed in diabetic SH3YL1 KO and Nox4 KO mice. These results indicated that

the Nox4-SH3YL1 axis plays an important role in oxidative stress in STZ-induced diabetes.

Deficiency of SH3YL1 ameliorates kidney function in diabetic nephropathy

To evaluate the function of SH3YL1 in type I diabetic nephropathy (DN), we measured the glomerular volume, tuft area, and fractional me-

sangial area in diabetic WT, SH3YL1 KO, and Nox4 KOmice (Figures 1D–1F and S2G). The three parameters analyzed by periodic acid-Schiff

(PAS) staining were significantly increased in WT mice, but not in SH3YL1 KO or Nox4 KO mice (Figures 1D–1F and S2G). Kidney-to-body

weight ratio in diabetic SH3YL1 KO was suppressed compared to diabetic WT mice (Table S2). To investigate the effect of SH3YL1 on renal

function, the albumin-to-creatinine ratio (ACR) and the total albumin secretion in urine weremeasured. DiabeticWTmice showed a significant

increase in ACR and total albumin secretion (Figures 1G and 1H). However, the levels of albuminuria and the ACRwere attenuated in diabetic

SH3YL1 andNox4 KOmice (Figures 1G and 1H). In addition, the blood urea nitrogen (BUN) levels were increased in diabeticWTmice, but not

in diabetic SH3YL1 KO or diabetic Nox4 KO mice (Figure 1I).

SH3YL1 deficiency prevents renal inflammation and fibrosis in diabetic mice

Inflammation is closely associated with the progression of DN.27,28 To measure macrophage infiltration as an index of inflammation, diabetic

WT, SH3YL1 KO, andNox4 KOmice were subjected to F4/80 staining as amacrophagemarker. Macrophage infiltration was significantly sup-

pressed in kidney tissues (tubulointerstitium and glomerulus) derived from diabetic SH3YL1 KO and diabetic Nox4 KO mice, compared to

non-diabetic or diabetic WT mice (Figures 2A and 2B). To validate the effect of SH3YL1 on inflammation, the expression of MCP-1 as an in-

flammatory cytokine was analyzed. The levels of MCP-1 mRNA in kidney tissues derived from STZ-injected SH3YL1 KO and Nox4 KO mice

(Figure S3A) and the concentration ofMCP-1 protein in serum fromSTZ-injected SH3YL1 KOandNox4 KOmice (Figure S3B) were significantly

suppressed, compared to diabetic WT mice.

DN progression is characterized by mesangial expansion as well as glomerulosclerosis and tubulointerstitial fibrosis.4,5 To investigate the

role of SH3YL1 in fibrosis, the mRNA levels of fibrosis markers including collagen type I, PAI-I, collagen type IV, fibronectin and a-SMA were

measured in renal tissues fromdiabeticWT, SH3YL1 KO, andNox4 KOmice (Figure S4). ThemRNA levels of fibrosismarkers were increased in

the STZ-treatedWT group, whereas STZ-injected SH3YL1 KO or Nox4 KOmice showed a significantly reduced expression of the fivemarkers.

We then evaluated the role of SH3YL1 andNox4 in renal fibrosis viaMasson’s trichrome staining, and IHC staining for collagen type I, collagen

type IV, TGFb1, and a-SMA. DiabeticWT kidneys showed substantially more positive areas ofMasson’s trichrome staining and collagen type I
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Figure 1. SH3YL1 and Nox4 regulate kidney function in diabetic nephropathy

WT, SH3YL1 and Nox4 KOmice were divided into two groups of control or diabetic mice. After inducing type I diabetes with STZ, the mice were euthanized after

12 weeks.

(A) Quantification of DHE fluorescence staining intensity using ImageJ (images from Figure S2A). Five to six tissue fields were analyzed. (N = 5–6 per group, data

shown as mean G SEM, *p < 0.005, **p < 0.05, as determined by the Student’s t test).

(B) Quantification of nitrotyrosine-positive area from Figure S2F. Twenty fields were analyzed with Image-Pro Plus 7 (N = 6 kidneys per group, data shown as

mean G SD, *p < 0.005, **p < 0.05 as determined by the Student’s t test).

(C) Urine samples from control or diabetic WT, SH3YL1, and Nox4 KO mice. 8-Isoprostane was measured using an ELISA kit according to the manufacturer’s

protocol (N = 5–7 per group, data shown as mean G SD, *p < 0.005, **p < 0.05 as determined by the Student’s t test).

(D) The glomerular volume (E) tuft area and (F) fractional mesangial area (PAS-positive area/tuft area) were evaluated using Image-Pro Plus 7 software (images

fromFigure S2G). (N = 5–6 per group, data shown asmeanG SD, *p < 0.005, **p < 0.05 as determined by the Student’s t test). Blood and urine were collected and

several markers were measured to evaluate the renal function.

(G) ACR and (H) the total albumin secretion per day were measured in the urine samples using the ELISA kits indicated in ‘‘STAR Methods’’ (N = 6–8 per group,

data shown as mean G SD, *p < 0.005, **p < 0.05, as determined by the Student’s t test).

(I) BUN was also measured (N = 7 per group, data shown as mean G SD, *p < 0.005, **p < 0.05 as determined by the Student’s t test).
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or IV with IHC staining than diabetic SH3YL1 or Nox4 KOmice (Figures 2C–2F). Moreover, the levels of TGFb1 and a-SMA were enhanced in

diabetic WT kidneys (Figures 2C, 2G, and 2H). In contrast, the expression of both TGFb1 and a-SMA was significantly suppressed in renal

tissues from STZ-injected SH3YL1 KO and Nox4 KO mice (Figures 2C, 2G, and 2H). We further conducted Western blot to identify collagen

type I and IV expression in kidney tissue. STZ treatment stimulated the expression of collagen type I and collagen IV in WT mice, but atten-

uated their expression in SH3YL1 KO and Nox4 KO mice (Figures S5A and S5B). Many reports have shown that TGFb1 stimulates collagen

types I and IV expression inmesangial cells, leading to renal fibrosis.29,30 To explore the role of the SH3YL1-Nox4 complex in TGFb1-mediated

ECM accumulation, the expression of collagen types I and IV in pMMCswas assessed byWestern blot. The expression of collagen types I and

IV was induced via TGFb1 stimulation in pMMCs from WT cells, whereas pMMCs from SH3YL1 KO or Nox4 KO failed to increase collagen

expression (Figures S5C–S5F).

SH3YL1 deficiency prevents glomerular basement membrane thickness and the loss of podocytes in diabetic mice

The glomerular basement membrane (GBM) is a glomerular filtration barrier that resides between endothelial cells and podocytes in the

glomerulus.31 To validate the function of SH3YL1 in TGFb-mediated H2O2 generation, we performed knockdown experiment of SH3YL1 in

mouse podocyte cells (MPCs). The knockdown of SH3YL1 by siRNA in MPCs failed to induce intracellular H2O2 generation in response to

TGFb (Figures S6A and S6B). Podocyte cells aremainly composed of extracellularmatrix proteins such as collagens and laminins.31,32 Increase

in GBM thickness is a result of the excessive accumulation of ECM and are an important predictor of DN progression.5 GBM thickness in dia-

betic mice was measured by transmission electron microscope (TEM) using a digital camera (Morada, Soft Imaging System, Münster, Ger-

many). Diabetic mice showed about 3.76-fold increase in GBM thickness compared to controls. However, diabetes-induced GBM thickness

and foot process width were suppressed in diabetic SH3YL1 KO and diabetic Nox4 KOmice (Figures 3A–3C). Podocyte injury is strongly asso-

ciated with the pathogenesis of DN. Podocin and nephrin are representative podocye markers. Reductions in the two marker proteins during

diabetes reflect the injury of podocytes.33 The expression of podocin and nephrin in glomeruli was measured by IHC with antibodies against

podocin and nephrin. The expression of the two marker proteins was suppressed in WT diabetic kidneys, whereas the expression level of the

two proteins did not change in diabetic kidneys from SH3YL1 KO orNox4 KOmice (Figures 3D–3F). Nephrin is associated with GBM integrity.

The diabetic condition induces podocyte damage, leading to loss of nephrin structure and allowing to measure the protein in urine.34 The

level of nephrin in urine from diabetic SH3YL1 KO and Nox4 KOmice was suppressed, compare to WTmice, indicating that SH3YL1 or Nox4

deficiency protected damage of podocytes from diabetes (Figure 3G). The TEM observation indicated that podocyte nuclei showed a rela-

tively healthy appearance in diabetic SH3YL1 KO and diabetic Nox4 KO mice (Figure 3A). However, the foot process effacement of the po-

docytes in diabetic SH3YL1 KO and diabetic Nox4 KO mice was mitigated, compared to diabetic WT mice (Figures 3A and 3C).

Podocyte-specific SH3YL1 conditional knockout mice fail to generate reactive oxygen species

To validate the role of SH3YL1 in diabetes-induced podocyte damage, we generated podocyte-specific SH3YL1 conditional KO (cKO) mice

(Nphs2-Cre/SH3YL1fl/fl) (Figures 4A and S6C). The knockout of SH3YL1 expressionwas validated byWestern blots (Figure 4B) in the cell lysates

of primary mouse podocytes from control Nphs2-Cre and Nphs2-Cre/SH3YL1fl/fl mice (Figure 4B). The type I diabetic Nphs2-Cre/SH3YL1fl/fl

mouse model was established by STZ injection (Table S3). Our first question in the type I diabetic model of Nphs2-Cre/SH3YL1fl/fl mice was

whether podocyte-specific SH3YL1 deficiency regulated oxidative stress in DN. The glomeruli from diabetic Nphs2-Cre control mice showed

increasedDHE staining, whereas the DHE levels were suppressed in diabetic Nphs2-Cre/SH3YL1fl/fl mice (Figures 4C and 4D). IHC staining for

nitrotyrosine in kidney tissue (Figures 4E and 4F) and 8-isoprostane (Figure 4G) in urine from diabetic Nphs2-Cre/SH3YL1fl/fl mice were

reduced, compared to diabetic Nphs2-Cre control mice.

Podocyte-specific SH3YL1 conditional knockout mice are resistant to diabetes

The STZ-injection stimulates kidney-to-body weight ratio in both of control Nphs2-Cre mice and Nphs2-Cre/SH3YL1fl/fl mice (Figure S6D).

However, tuft area, and fractional mesangial area were attenuated in diabetic Nphs2-Cre/SH3YL1fl/fl mice compared to diabetic Nphs2-

Cre mice (Figures 5A–5C). The glomerular volume in diabetic Nphs2-Cre/SH3YL1fl/fl mice was slightly decreased, compared to diabetic

Nphs2-Cremice (Figure 5D). These results suggest that SH3YL1 in podocytes is involved in diabetes-induced glomerular injury andmesangial

expansion. We next investigated renal function in STZ-injected Nphs2-Cre/SH3YL1fl/fl mice. STZ-injected Nphs2-Cre mice had an increased

ACR and total albumin secretion per day in response to STZ injection. However, STZ injection to Nphs2-Cre/SH3YL1fl/fl mice failed to

Figure 2. SH3YL1 and Nox4 deficiency prevent renal inflammation and fibrosis in diabetic mice

(A) Paraffin kidney sections were stained with F4/80 to evaluate macrophage infiltration (400X, scale bar = 50 mm).

(B) For quantification, F4/80 positive cells were counted in 25 different kidney fields in the tubulointerstitium and glomeruli areas (N = 5–6 of per group, data

shown as mean G SD, *p < 0.005, **p < 0.05 as determined by the Student’s t test).

(C) Paraffin sections of kidney tissues were stained with Masson’s trichrome stain or IHC-stains specific for collagen type I and IV, TGF-b1 and a-SMA to see

fibrosis. Masson’s trichrome staining (600X, scale bar = 20 mm), collagen type I and IV, TGF-b1 and a-SMA (400X, scale bar = 50 mm).

(D) Quantification of each positively stained area was done in 25–30 different fields of Masson’s trichrome stained field and 20 to 25 (E) collagen type I and (F) IV,

(G) TGF-b1 and (H) a-SMA-stained using Image-Pro Plus 7 program. (N = 5 to 7 per group, data shown asmeanG SD, *p < 0.005, **p < 0.05as determined by the

Student’s t test).

ll
OPEN ACCESS

iScience 27, 108868, February 16, 2024 5

iScience
Article



Figure 3. SH3YL1 and Nox4 regulate GBM thickness and the loss of podocytes in diabetic mice

(A) TEM image. Red means GBM thickness and yellow means foot process width.

(B) Quantification of GBM thickness from TEM images (N = 60–73).

(C) Quantification of foot process width from TEM images. (N = 8–14, data shown as mean G SD, *p < 0.005, **p < 0.05 as determined by the Student’s t test).

(D) Paraffin embedded kidney sections were IHC stained with podocin or nephrin (600X, scale bar = 20 mm).

(E and F) Quantification of the positive area of each protein per glomerulus. Glomeruli (25–30) were analyzed with Image-Pro Plus 7 (N = 5–6 of kidney per group,

data shown as mean G SD, *p < 0.005, **p < 0.05 as determined by the Student’s t test).

(G) Urinary nephrin from control or diabetic WT, SH3YL1, andNox4 KOmice were detected using an ELISA kit according to themanufacturer’s protocol. (N = 6–8

per group, data shown as mean G SD, *p < 0.005, **p < 0.05 as determined by the Student’s t test).
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Figure 4. Podocyte-specific SH3YL1 cKO mice fail to generate ROS

(A) Schematic figure of the generation of podocyte-specific SH3YL1 knockout mice. Mice expressing Cre recombinase driven by the podocyte-specific Nphs2

promotor were crossed with SH3YL1fl/fl mice to generate podocyte-specific SH3YL1 knockout mice.

(B) Freshly isolated primary mouse podocytes were lysed and the protein lysates were immunoblotted against SH3YL1 to confirm SH3YL1 deletion in the

podocytes. Podocin was used as a podocyte marker.

(C) Frozen kidney sections were stained with DHE to detect ROS generation. Representative image of DHE staining of kidney tissue (480X, scale bar = 20 mm).

(D) Quantification of DHE fluorescence intensity using ImageJ software. Five to eight fields were analyzed in each section (N= 6 per group, data shown asmeanG

SD, *p < 0.005, **p < 0.05 as determined by the Student’s t test).

(E) Nitrotyrosine IHC staining image in paraffin section of a kidney (600X, scale bar = 20 mm).
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enhanced ACR and total albumin secretion (Figures 5E and 5F). Moreover, BUN levels were reduced in diabetic Nphs2-Cre/SH3YL1fl/fl mice

compared to diabetic Nphs2-Cre mice (Figure 5G).

Podocyte-specific SH3YL1 conditional knockout mice prevents mesangial fibrosis and the loss of podocytes in the diabetic

kidney

To evaluate the role of podocyte-specific SH3YL1 expression in renal fibrosis, Masson’s trichrome staining and IHC staining for collagen type I

and collagen type IV were measured. Glomerular fibrosis indicated by areas stained positively with Masson’s trichrome stain and the expres-

sion of collagen types I and IV in diabetic Nphs2-Cre/SH3YL1fl/fl mice was significantly suppressed, compared to the Nphs2-Cre mice

(Figures 6A–6D). In the progression of DN, podocyte injury is associated with glomerular fibrosis.35,36 To investigate the function of

SH3YL1 in podocyte damage, podocyte-specific proteins including podocin or nephrin were measured. The expression level of podocin

and nephrin was decreased in the glomeruli from diabetic Nphs2-Cre mice (Figures 6E–6G). However, the levels of neither proteins were

changed in diabeticNphs2-Cre/SH3YL1fl/flmice, indicating that SH3YL1 regulates podocyte damage in diabetes (Figures 6E–6G). To evaluate

the function of SH3YL1 in apoptosis, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was performed in kidney

tissues from diabetic Nphs2-Cre/SH3YL1fl/fl mice. TUNEL staining was substantially higher in kidney tissues from diabetic Nphs2-Cre mice

than in those from diabetic Nphs2-Cre/SH3YL1fl/fl mice (Figure 6H).

SH3YL1 expression is elevated in streptozotocin-induced diabetic mice and patients diabetic nephropathy

Several lines of evidence have indicated that Nox4-derived ROS generation plays a pivotal role in the progression of DN.12,13,37 Previous re-

ports suggested that the expression and activation of Nox4 are induced in diabetic kidneys.12,13,37–39 To validate TGFb1-dependent SH3YL1

expression, cell lysates of pMMCs were subjected to Western blotting using an antibody to SH3YL1. SH3YL1 expression was enhanced in

pMMCs in response to TGFb1 (Figures 7A and 7B). To validate the expression of SH3YL1 in diabetic mice kidneys, immunofluorescence stain-

ing with an antibody against SH3YL1 was performed. SH3YL1 expression was increased in STZ-induced diabetic kidneys (Figures 7C and 7D).

Further, SH3YL1 expression in glomeruli was suppressed from diabetic Nphs2-Cre/SH3YL1fl/fl mice, compared to diabetic Nphs2-Cre mice

(Figure S7).

We next investigated whether SH3YL1 expression was enhanced in kidney tissues from patients type II diabetic. The participants included

biopsy-proven patients DN (N = 23) and healthy controls whowere living, related renal transplant donors (N = 16), all of whom showed normal

renal biopsies and were enrolled from the Korea University Hospital. The renal biopsy procedure was approved by the Korea University

Research and Education Institute Investigational Review, and informed consents was obtained from each patient. The mean ages of partic-

ipants in DN group (12 males, 11 females) and control group (7 males, 9 females) were 55.6 G 11.0 years and 37.5 G 6.6 years, respectively

(Table S4 and Figures 7E and 7F). Participants in DN group presented higher systolic blood pressure (127 G 10mmHg) and diastolic blood

pressure (78 G 8mmHg) than control group (115 G 7mmHg and 72 G 7mmHg, respectively). The mean eGFR in DN group showed signif-

icantly lower than that in control group (68.1G 28.6 mL/min/m2 and 104.6G 10.1 mL/min/m2, respectively). Participants in DN group showed

significantly higher levels of serum creatinine concentration (1.19 G 0.59 mg/dL vs. 0.70 G 0.3 mg/dL), cholesterol concentration (180 G

42 mg/dL vs. 164 G 32 mg/dL), fasting blood glucose (138 G 41 mg/dL vs. 95 G 9 mg/dL), and urinary protein excretion (1354 G

942 mg/g Cr vs. 120 G 87 mg/g Cr) than those in control group. The mean HbA1c in DN group was 6.69 G 0.79% (5.1–8.2). The SH3YL1

expression patterns were scored from 0 to 3. The SH3YL1 expression in renal tissues obtained from patients DN was higher than that in

the healthy controls (Figures 7E and 7F). These clinical data indicate that enhanced SH3YL1 expression is likely important pathogenic mech-

anism of the progression of DN.

DISCUSSION

DN is a well-known chronic disease of diabetic complications.1,2 The pathogenesis of DN is initiated by chronic hyperglycemia and even-

tually leads to structural changes in the kidneys such as thickening of GBM and mesangial expansion as well as increased tubular and inter-

stitial fibrosis.5,6,40 These structural changes lead to renal dysfunctions and end-stage renal disease (ESRD). Although the controlled and

timely generation of ROS is an important mediator of cell proliferation, death, differentiation, and immune defense, the uncontrolled levels

of ROS in pathophysiologic conditions are cytotoxic, resulting in inevitable cell damage.24,25 The exposure of kidney cells to continued

high glucose levels triggers uncontrolled ROS generation, inducing structural changes in kidney tissues.10 Recent reports indicated that

Nox-derived ROS generation triggered oxidative stress in the pathophysiological states of renal inflammation and fibrosis.12,37–39 Nox4

expression in mesangial cells was enhanced in diabetic conditions. The elevated Nox4-dependent ROS levels stimulated glomerular

expansion and mesangial ECM accumulation. Interestingly, oxidative stress and mesangial ECM accumulation were attenuated in diabetic

Nox4 KO41 and ApoE/Nox4 dKO mice.39 These studies indicated that the expression and activation of Nox4 played a critical role in me-

sangial expansion.

Figure 4. Continued

(F) Quantification of Nitrotyrosine-positive areas. Fields (25–30) were analyzed with Image-Pro Plus 7 (N = 5–6 of kidneys per group, data shown as meanG SD,

*p < 0.005, **p < 0.05 as determined by the Student’s t test).

(G) Urine samples from both control and diabetic Nphs2-Cre and control and diabetic Nphs2-Cre/SH3YL1fl/fl mice. 8-Isoprostane was measured using an ELISA

kit according to the manufacturer’s protocol (N = 7 per group, data shown as mean G SD, *p < 0.005, **p < 0.05 as determined by the Student’s t test).
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Molecular interaction of Nox isozymes with their cytosolic activators has been well established in cell signaling networks.24,25 However,

cytosolic regulator-dependentNox4 activationwas far from clear. Previously, we reported that SH3YL1 interactedwith theNox4-p22phox com-

plex and, in turn, induced Nox4 activation in response to LPS.26 Here, we demonstrated that the Nox4-SH3YL1-p22phox ternary complex was

involved in diabetic-mediated renal damages. The damages resulted from diabetic pathophysiological events including fibrosis of mesangial

cells, apoptosis of podocytes (Figure 7G). Podocyte damage was strongly associated with urinary albumin secretion as an indication of

DN. Because SH3YL1 was expressed in podocytes, we investigated the function of SH3YL1 in diabetic-induced podocyte damage in

Figure 5. Podocyte-specific SH3YL1 cKO mice are resistant to diabetes

Nphs2-Cre or Nphs2-Cre/SH3YL1fl/fl mice were divided into two groups, control and STZ-injected groups.

(A) The kidney sections were PAS-stained to observe mesangial expansion. Glomeruli (26–30) images were taken by microscopy (Nikon, DS/F3, 400X, scale bar =

50 mm).

(B) Tuft area (C) Fractional mesangial area (PAS-positive area/tuft area), and (D) Glomerular volume were evaluated using Image-Pro Plus 7 software. (N = 6–8 per

group, data shown as meanG SD, *p < 0.005, **p < 0.05, n.s. represents not significant, as determined by the Student’s t test). Blood and urine were collected

and several markers were measured to evaluate the renal function.

(E) ACR, and (F) total albumin secretion per day were measured in urine samples using the indicated ELISA kit indicated in ‘‘STARMethods’’ (N = 7–10 per group,

data shown as mean G SD, *p < 0.005, **p < 0.05 as determined by the Student’s t test).

(G) BUN (N = 7–10 per group, data shown as mean G SD, *p < 0.005, **p < 0.05, n.s. represents not significant, as determined by the Student’s t test).
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Figure 6. Podocyte-specific SH3YL1 cKO mice show reduced mesangial fibrosis and the loss of podocytes in the diabetic kidneys

Kidney tissues from eachmouse were stained with (A) Masson’s trichrome stain (600X, scale bar = 25 mm) and IHC stain against collagen types I and IV (600X, scale

bar = 20 mm). The positively stained areas turned brown with DAB application (B-D) Quantification of Masson’s trichrome staining and collagen types I and IV

positive areas. Fields (26–30) were analyzed with Image-Pro Plus 7 software (N = 5–8 kidney per group, data shown as mean G SD, *p < 0.005, **p < 0.05 as

determined by the Student’s t test).

(E) IHC staining with antibodies against podocin and nephrin. (600X, scale bar = 20 mm).

(F and G) Quantification of podocin or nephrin positive areas. Fields (25–30) were analyzed with Image-Pro Plus 7 (N = 6 per group, data shown as mean G SD,

*p < 0.005, **p < 0.05 as determined by the Student’s t test).

(H) Apoptotic cells were analyzed by the percentage of cells positive for both TUNEL and WT-1 per WT-1-positive cells in the glomerulus. Five to ten fields were

analyzed for each mouse (N = 5–6 per group, data shown as mean G SD, *p < 0.005, **p < 0.05 as determined by the Student’s t test).
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podocyte-specific SH3YL1 conditional KO (cKO) mice (Nphs2-Cre/SH3YL1fl/fl). Indeed, Nphs2-Cre/SH3YL1fl/fl mice were resistant from STZ

challenge. Diabetic Nphs2-Cre/SH3YL1fl/fl mice ameliorated renal structural changes (suppression of glomerular volume, tuft area, and frac-

tional mesangial area) and functions (increased ACR, reduced total urinary albumin secretion, and BUN level). Moreover, podocyte damages

Figure 7. SH3YL1 expression is elevated in STZ induced diabetic mice and patients DN

(A) Immunoblot analysis of SH3YL1 expression in response to TGF-b1 (10 ng/mL) in time-dependent manner in mouse primary mesangial cells.

(B) Quantification of SH3YL1 from (A) (N = 3, the data are shown as the means G SD, *p < 0.005 as determined by Student’s t test).

(C) Assessment of SH3YL1 protein expression in STZ-induced diabetic mice kidney by immunofluorescence staining. The images were analyzed by confocal

microscopy. Magnification for SH3YL1 (500X, scale bar = 20 mm).

(D) Four to seven fields of each sample were analyzed in arbitrary unit using LSM 880 Airyscan software (N= 8–9 for SH3YL1, data shown asmeanG SD, *p < 0.005,

as determined by the Student’s t test).

(E) Assessment of SH3YL1 protein expression in paraffin section of normal individuals or patients DN by immunofluorescence staining. Images were analyzed by

confocal microscopy (320X, scale bar = 50 mm). Sixteen samples from the normal group and twenty-three patient samples were analyzed.

(F) SH3YL1 staining was scored by pathologist visual scores (Data shown as mean G SD, *p < 0.005, as determined by the Student’s t test).

(G) Proposed model for Nox4-SH3YL1 mediating diabetic nephropathy.
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were suppressed in diabetic Nphs2-Cre/SH3YL1fl/fl mice. These results from diabetic Nphs2-Cre/SH3YL1fl/fl mice provided that SH3YL1 in

podocytes contributes DN pathogenesis.

In fact, SH3YL1 was first identified in keratinocytes and shown to regulate the hair cycle.42 The protein carries two functional domains. The

COOH-terminal region contains the SYLF (SH3YL1, Ysc84p/Lsb4p, Lsb3p, and plant FYVE proteins) domain interacting with phosphatidyli-

nositol 3,4,5-trisphosphate [PI(3,4,5)P3] and phosphatidylinositol 3,4,5-bisphosphate [PI(3,4)P2] in the circular dorsal ruffle in response to

PDGF. The NH3-terminal region is comprised of the Src homology 3 (SH3) domain, interacting with proline-rich region (PRR).43,44 The func-

tional domains of SH3YL1 recruit cytosolic proteins. SH3YL1 was even shown to interact with Rac GEF Dock4 protein, which stimulates cell

migration via Rac1 activation.45 To date, several studies have suggested that Nox4 activation is not required for Rac and PIP3.25,46 However,

the molecular mechanism of Nox4 activation in SH3YL1 and its binding partners require further studies.

It is likely that molecular role of Nox4 and SH3YL1 was different in mesangial cells and tubular epithelial cells. It suggested that H2O2

generation by the concerted action of Nox4-SH3YL1 is a common upstream mechanism regulating the LPS-dependent cell death of

kidney tubular epithelial cells26 and diabetes or TGFb1-induced fibrosis of mesangial cells (Figures 2 and S5). We demonstrated that

the Nox4-SH3YL1 complex in tubular epithelial cells mediated cell death in response to LPS.26 Additionally, LPS-challenged SH3YL1

KO mice showed strong survival rates and diminished apoptosis in renal tubular epithelial cells, compared to WT mice. Nox4-

SH3YL1-induced H2O2 generation regulated LPS-dependent NF-kB activation underlying the expression of pro-inflammatory cytokines,

leading to AKI. In contrast, the complex in mesangial cells regulated ECM expression in mesangial cells in response to TGFb1 and STZ-

induced diabetes in SH3YL1 KO mice, resulting in a significant decrease in the expression of fibrogenic markers and mesangial expan-

sion compared to WT mice (Figures 2 and 7G). Nox4-SH3YL1-induced H2O2 generation induced TGFb1-dependent the expression of

ECM proteins in the progression of renal fibrosis (Figures 2 and 7G). The role of Nox4-SH3YL1-induced H2O2 in regulating differential

cell signaling cascades remains to be elucidated.

Since renin-angiotensin-aldosterone system (RAAS) inhibitors as a blood pressure (BP) lowering agents has been used to alleviate DN, we

investigated the effect of SH3YL1 on BP in diabetic SH3YL1 KOmice (Table S2). Although there was no statistical difference of BP in between

WT and SH3YL1 KO or Nox4 KOmice (Table S2), the BP of SH3YL1 KO and Nox4 KOmice was slightly lower than WT. Interestingly, patients

DN having high level of SH3YL1 level in kidney tissues presented higher blood pressure than normal control group (Figure 7F and Table S4).

To validate the effect of renal SH3YL1 expression on blood pressure, we performed multiple linear regression analysis in patients DN and

healthy control group. The analysis indicated that we excluded the effect of SH3YL1 expression in kidney tissues of patients DN on blood

pressure; systolic blood pressure [Unstandardized Coefficients (Beta) = �0.032, Standardized Coefficient (b) = �0.444 (p = 0.055)] and dia-

stolic blood pressure [(Unstandardized Coefficients (Beta) = 0.012, Standardized Coefficient (b) = 0.130 (p = 0.570)]. The results suggested

that SH3YL1 expression is unlikely correlated with blood pressure. Several lines of evidence suggest that angiotensin II was involved in

ROS generation, regulating physiology of smooth muscle cells.47–49 Moreover, angiotensin-converting enzyme (ACE) inhibitor suppressed

Nox activity, mitigating oxidative stress.50 However, endothelium-targeted Nox4 overexpression (Tg) had lower systemic blood pressure

than WT, indicating that there was no direct experimental evidence on Nox4-mediated hypertension.51 Therefore, the link between

SH3YL1 as a Nox4 activator and blood pressure requires further research data.

ROS homeostasis is regulated from a balance between ROS generation and elimination in healthy condition.52,53 The homeostasis in hu-

man body is similar with water balance in water tank. Just as a certain amount of water in tank remains when the inlet and outlet of water are

maintained. Redox homeostasis is similar to water tank model that of a certain amount of ROS remaining in the human body. The remained

ROS serves as secondmessenger in cell growth, differentiation, and tissue regeneration. In contrast to healthy condition, pathophysiological

stage stimulates ROS level, leading to contribute the progression of various diseases such as DN. The regulation of typical protein expression

is associated with the initiation or progression of disease. In this study, we showed that SH3YL1 expression was increased in the kidney tissues

of diabetic mice (Figures 7 and S7). The level of SH3YL1 expression in the renal tissues of patients DN was higher than in healthy controls,

which suggested that enhanced SH3YL1 levels were associated with DN progression. Because Nox4 expression was enhanced in diabetic

conditions loop15,54 the increased expression of SH3YL1 as aNox4 cytosolic activator in the kidney tissues of patients DN inducedNox4-medi-

ated ROS generation and ECM accumulation in the glomeruli, leading to DNprogression (Figure 7G). These results provide potentially useful

information for the development of treatment strategies such as the development of Nox inhibitors or intervention for SH3YL1-Nox4 inter-

action in patients DN.

In summary,we found that (i) the ternarycomplex formationofp22phox-SH3YL1-Nox4byTGFb1 stimulatedH2O2generationandcollagen types

I and IV accumulation in pMMCs; (ii) structural glomeruli deformation, podocyte damage, and kidney dysfunction were significantly alleviated in

STZ-induced diabetes in SH3YL1 KO and podocyte-specific SH3YL1 cKO mice; and (iii) SH3YL1 expression was increased in patients DN. Taken

together, our data provide a molecular mechanism by which the Nox4-SH3YL1 complex regulates renal inflammation and fibrosis (Figure 7G).

Limitations of the study

In this report, we presented that SH3YL1 plays an important role in kidney inflammation and fibrosis from type I diabetic nephropathy mouse

model. The detailed SH3YL1 function in type II diabetic nephropathy mouse model such as db/db mice needs to be further investigated.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

SH3YL1 antibody This laboratory N/A

Nox4 antibody This laboratory N/A

Collagen type I antibody Abcam Cat# ab34710; RRID: AB_731684

Collagen type IV antibody Abcam Cat# ab6586; RRID: AB_305584

TGF-b1 antibody Santa Cruz Cat# sc-146; RRID:AB_632486

Nitrotyrosine antibody Millipore Cat# AB5411; RRID:AB_177459

F4/80 antibody AbD Serotec; Bio-Rad Cat# MCA497; RRID:AB_2098196

a-SMA antibody Dako Cat# M0851; RRID:AB_2223500

Podocin antibody Sigma-Aldrich Cat# P0372; RRID:AB_261982

Nephrin antibody Progen Cat# GP-N2; RRID:AB_2904121

p22 phox antibody abcam Cat# ab75941; RRID:AB_1924907

Flag antibody Sigma-Aldrich F3165; RRID:AB_259529

Chemicals, peptides, and recombinant proteins

Recombinant human TGFb1 R&D systems Cat# 240-B-010

Peroxy Orange 1 Tocris Bioscience Cat# 4944

Periodic acid dehydrate JUNSEI Cat# 24185-0410

Schiff’s fuchsin-sulfite reagent Sigma-aldrich Cat# S5133

Masson’s trichrome stain kit Polyscience Cat# 25088

Collagenase type 2 Worthington Biochemical Corp Cat# LS004176

Collagenase and dispase 2 Roche Cat# 10269638001

Dihydroethidium (Hydroethidine) Invitrogen Cat# D1168

Critical commercial assays

Mouse albumin ELISA ALPCO Cat# 41-ALBMS-E01

enzymatic colorimetric DetectX Urinary Creatinine Assay kit ARBOR ASSAYS Cat# K002-H1,

Urea Nitrogen (BUN) colorimetric detection kit ARBOR ASSAYS Cat# K024-H1

Mouse CCL2/JE/MCP-1 Quantikine ELISA Kit R&D Systems Cat# MJE00B

In situ Cell Death Detection kit Roche Cat# 11684795910

Mouse Nephrin ELISA kit MyBioSource Cat# MBS010504

DHE (Dihydroethidium) Assay Kit Abcam ab236206

8-isoprostane ELISA kit Cayman Cat# 516351

Experimental models: Organisms/strains

Mouse: SH3YL1 knock out This laboratory KOMP (Sh3yl1tm1a(KOMP)Wtsi)

Mouse: Nox4 knock out This laboratory Macrogen (NOX4-03 #34)

Mouse: Nphs2-Cre mice stock # 008205 Jackson Laboratories,

Mouse: Nphs2-Cre/SH3YL1fl/fl mice This laboratory N/A

Oligonucleotides

For list of oligonucleotides, see Table S5 N/A N/A

Recombinant DNA

pCSX(C)-3X Flag-Nox4 This laboratory N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yun Soo Bae

(baeys@ewha.ac.kr).

Materials availability

The antibodies, plasmids and mouse lines underlying this article will be shared upon request to the lead contact.

Data and code availability

� This study does not generate proteomic and genomic sequencing datasets.
� This study does not report original code.
� All data reported in this studyandanyadditional information required to reanalyze thedata is available fromthe leadcontactupon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Conventional SH3YL1 and Nox4 KO mice were used for the experiments.26 In detail for SH3YL1 KO mice, a targeting vector containing

knockout first mutated SH3YL1 was obtained from the Knockout Mouse Project (KOMP) Repository and transferred to the US Davis Mouse

Biology Program (MBP).26 Elctroporated SH3YL1 Ko construct in to KOMP embryonic stem cell line (JM8A3.N1) in C57BL/6N background.26

QuantitivePCRwasused to screen for homologous recombination usingTaqmanqPCRby relativeCtmethod.Correctly identifiedcloneswere

used for further generation of SH3YL1 KOmice. Since first allele of KO is flanked by loxP sites, Flp recombinase exposure enables to generate

conditional SH3YL1 knockout mice with CRE excision. For generation of Nox4 KOmice, genomic DNA of 129/SvJ mouse J1 embryonic stem

cell was used as DNA template.55 Deletion of 2875-bp of Nox4 gene 50 2.5-kb short arm fragment and 30 7.3-kb long arm fragment ligated into

the pOSDupDel.Neo vector.55 Correctly modified Nox4 gene was screened after electroporation of targeting vector into 129/SvJ mouse J1

embryonic stem cell which was used to produce chimeric mice in C57BL/6N background. The chimeric mice were bred in C57BL/6N mice

for heterozygous Nox4 mice for generating Nox4 KO mice.55 All mice were fed with regular food and water ad libitum and housed in 12-h

light/12-h dark cycle at condition of 21�C G 2�C with 55% G 5% humidity in specific pathogen-free facility. All animal procedures were

approved and performed by the Institutional Animal Care and Use Committees (IACUC) and ethical guidance at Ewha Womans University.

Generation of podocyte-specific SH3YL1 KO mice

To produce podocyte-specific SH3YL1 knockout mice, SH3YL1fl/+ mice that were generated from SH3YL1 KO mice26 were used to generate

conditional-ready knockout mice following exposure to flp recombinase. Heterozygous SH3YL1 floxed mice were crossed with B6.Cg-Tg

(Nphs2-Cre) 295Lbh/Jmice developed by LawrenceHolzman, University of Pennsylvania, purchased from Jackson Laboratories (Jackson Lab-

oratories, stock # 008205). To obtain homozygous floxed-SH3YL1 mice with an Nphs2-Cre transgene, Nphs2-Cre/SH3YL1fl/+ mice were

crossed with SH3YL1fl/+ without the Nphs2-Cre transgene. DNA was isolated from the tails and used for genotyping analysis by PCR method

usingMyTaqHSDNAPolymerase (BIO-21111, Bioline). The following primers were used for genotyping: transgene forward 50 GCGGTCTGG

CAGTAAAAACTATC 3’; transgene reverse 50 GTGAAACAGCATTGCTGTCACTT 3’; internal control forward 50 CTAGGCCACAGAATT

GAA AGA TCT 3’; internal control reverse 50 GTAGGT GGA AAT TCT AGC ATC ATC C 3’; CSD-loxF 50 GAG ATGGCG CAA CGC AAT TAA

TG 3’; CSD-SH3YL1-R 50 TCA CATGGAGGTGCT ATAGAAGGGC 3’; and CSD- SH3YL1-F 50 TGAGGT ATG TTC TGTGCTGAGACCC 3’;

CSD- SH3YL1-ttR 50 CTT TGC GTA GAT AAG GCC AGA AGC C 3’. The primer sets were used: (1) Nphs2-Cre transgene primer set (from

Jackson Laboratories): Transgene fw/Transgene rv & Internal control fw/Internal control rv. (2) Wild-type/PostFlp primer set: CSD-SH3YL1-

F/CSD-SH3YL1-ttR and (3) Floxed primer set: CSD-loxF/CSD-SH3YL1-R.

STZ-induced type I diabetes model

To induce type I diabetes, 8week-oldofmalemicewere intraperitoneally injectedwith streptozotocin (STZ) (Sigma-Aldrich) at 50mg/kg in citrate

buffer for 5 consecutive days. Blood from the tip of the tail was used to check blood glucose levels using a glucometer (Accucheck; Roche) every

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

GraphPad Prism 8 GraphPad Software N/A

Image-Pro Plus 7.0 software Media Cybernetics N/A

ImageJ Wayne Radband, National institute

of Health, USA

http://imagej.nih.gov/ij
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4 weeks. A fasting blood glucose level of over 300mg/dL was considered diabetic and themice were used for further experiments. The conven-

tional SH3YL1 andNox4 KOmice or conditional SH3YL1 KOmice were divided into two groups of control or diabeticmice. After inducing type I

diabetes with STZ, the mice were euthanized after 12 weeks.

Patient information

The participants included patients DN (N= 23) and healthy controls whowere living, related renal transplant donors (N= 16), all of whomwere

enrolled from Korea University Hospital. The renal biopsy procedure was approved by the Korea University Research and Education Institute

Investigational Review Board (2018AS0281), and informed consent was obtained from each patient. In patients DN, biopsy was performed to

exclude non-diabetic renal disease and patients with systemic diseases such as autoimmune diseases, hepatic diseases, and malignancies

were excluded. All patients were treated with renin-angiotensin system blockade. In patients DN, all patients showed typical pathologic

feature of DN characterized by thickened glomerular basement membranes (GBMs) and diffuse mesangial expansion. Detailed information

of the patients are provided in Table S4.

METHOD DETAILS

Mice euthanasia and metabolic parameter measurements

After 12 weeks of diabetes induction, the mice were placed individually in metabolic cages for 24 h for urine collection. Then the mice were

euthanized and sera were obtained for further analysis. The kidneys were dissected rapidly for paraffin or frozen sections and protein or RNA

analysis. Urinary albumin levels were measured using a commercial ELISA kit (41-ALBMS-E01, ALPCO). To measure urinary creatinine levels,

the enzymatic colorimetric DetectX Urinary Creatinine Assay kit (K002-H1, ARBOR ASSAYS) was used. The ACR was calculated using the total

albumin and urinary creatinine levels. BUN was measured with a colorimetric assay kit (K024-H1, ARBOR ASSAYS).

Primary murine mesangial cell preparation

8 to 9 weeks of male mice were sacrificed and the kidneys were isolated in PBS containing 1% penicillin and streptomycin (Gibco). Glomeruli

were isolated by standard sieving method with some modifications.56 Isolated glomeruli were plated onto culture dish and maintained at

37�C under 5% CO2 condition in low glucose Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supplemented with 20% (v/v) fetal bovine

serum (FBS; Gibco) and 1% antibiotic-antimycotic solution (Welgene). Isolated glomeruli were left undisturbed until enough migrated me-

sangial cells were observed. The cells were then sub-cultured and used for the further experiments.

Primary mouse tubular cell preparation

Primary mouse tubular cells were prepared with26 kidneys from male wild-type, SH3YL1 KO, Nox4 KO mice, were chopped with collagenase

type I (2 mg/ml; Worthington; dissolved in serum-deprived RPMI). Theminced kidneys were incubated at 180 rpm for 30min at 37�C and then

filtered through 100-mm nylon cell strainer (Falcon). Cells were centrifuged at 3000 rpm for 10 min, and Gey’s solution Gey’s solution (0.115 M

NH4Cl, 0.01 M KHCO3, 0.0005% phenol red) was used to remove red blood cells. After centrifugation at 3,000 rpm for 10 min, the pellet was

resuspended in 10% culture medium added with EGF (20 ng/mL). Cells were maintained at 37�C under 5% CO2 condition.

Mouse podocyte culture

The mouse podocyte cell (MPC) line was kindly gifted by Peter Mundel57 at the Albert Einstein College of Medicine, NY, USA. In the permis-

sive condition at 33�C, cells were maintained with 50 U/ml of recombinant mouse interferon-g (ProSpec, Rehovot, Israel). To differentiate

MPC, cells were thermoshifted to 37�C without interferon-g. After cells were differentiated for 7–14 days, medium was replaced to serum

free medium and then TGFb1 (10 ng/mL) was treated for indicated time for each experiments.

Dihydroethidium (DHE) staining

After 12 weeks of diabetes induction, mice were euthanized and perfused with PBS and the kidneys were isolated. Tissues were embedded in

frozen section compound (Leica) and rapidly frozen on dry ice. The frozen tissues were cut into 10-mm-thick sections and stained with 5 mM

DHE (D1168, Invitrogen) for 10min at 37�C. To evaluate superoxideproductionwithDHE, red fluorescence (585 nm)wasmeasured by the LSM

880 Airyscan (Carl Zeiss Vision System). The DHE level in primary mouse tubular cell and mesangial cell induced by 25 mM high-glucose stim-

ulation for 30 min was measured using DHE (Dihydroethidium) Assay Kit (Abcam, ab236206) according to manufacturer’s protocol.

Immunohistochemistry (IHC) staining

Kidney tissues were formalin fixed overnight and embedded in paraffin blocks. The blocks were cut into 4-mm-thick. The sections were rehy-

drated in a decreasing series of alcohol concentrations (100%, 95%, 90%, 80%, and 70%). Antigen retrieval for collagen type I (Abcam) or IV

(Abcam), TGF-b1 (Santa Cruz), podocin (Sigma) and nephrin (PROGEN Biotechnik GmbH), Nox4 (this lab) was performed in citrate buffer, pH

6.0 with heating for 15min at 95�C–100�C. Nitrotyrosine (Millipore, Sigma) and F4/80 (AbD Serotec; Bio-Rad) antigens were retrieved by pres-

sure-cooking in citrate buffer pH 6.0 at 120�C for 15min. For a-SMA (Dako) detection, Tris-EDTApH 9.0 buffer was used to retrieve antigens by

heating at 15 min at 95�C–100�C. To block endogenous hydrogen peroxidase activity of the tissue, 3% H2O2 was applied for 10 min at room
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temperature. Then, the samples were blocked in 2.5% normal horse serum (Vector Lab) (for collagen type I, podocin, and nephrin), 2.5%

normal goat serum (for a-SMA), 10% normal goat serum (for nitrotyrosine and F4/80), 5% normal goat serum with 0.3% Triton X-100 (for

Nox4) and protein block/serum free fromDako (for collagen type IV and TGF-b1) at RT for 30min. The slides were incubatedwith the indicated

primary antibody for 4�C overnight. The podocin slides were incubated with primary antibody at RT for 20 min. Then, the slides were washed

with PBS and incubated with HRP-conjugated secondary antibodies for 30 min at RT. The immunoreactive areas were stained brown by in-

cubationwith 3, 30-diaminobenzidine (DAB, Dako; Agilent) at room temperature followedby stainingwithMayer’s hematoxylin (Vector Lab) to

counterstain the nuclei. For nephrin, nitrotyrosine, and F4/80, Nox4, the Vectastain ABC kit was used to perform immunoperoxidase staining

before incubating with DAB. The stained slides were dehydrated andmounted with a xylene-basedmounting solution (Thermo Scientific). At

least 20 to 30 glomeruli or fields in the tissue were analyzed at the indicated magnifications with Image-Pro Plus 7.0 software.

8-Isoprostane ELISA

8-isoprostane levels in the urine samples from control or STZ-injected mice were analyzed with the 8-isoprostane ELISA kit (Cayman) accord-

ing to the manufactuer’s protocol.

PAS and Masson’s trichrome staining

Paraffin embedded kidney sections were cut in 4-mm-thick sections and PAS or Masson’s trichrome staining was performed. The tissues were

stainedwith periodic acid (Junsei) and Schiff reagent (Sigma) according to the standard protocol.Masson’s trichrome stainingwas done using

a Masson’s trichrome stain kit (25088, Polyscience, Warrington, PA, USA).

GBM and foot process width assessment

Kidney cortex sections were fixed overnight in cold 4% formaldehyde and 1% glutaraldehyde in phosphate buffer and then embedded in

Epon 812 resin. Sections (0.50-mm) were cut and stained with toluidine blue to identify the representative areas for subsequent sectioning

using an ultramicrotome. Ultrathin sections were stained with uranyl acetate and examined and photographed TEM (H-7650, Hitachi, Japan).

The images of podocytes (n = 60�73 in each group) were used to determine the GBM thickness, foot process width (Morada, Soft Imaging

System, Münster, Germany).

Urinary nephrin ELISA

Nephrin levels in the urine samples were measured in control and STZ-injected WT, SH3YL1, and Nox4 KO mice using the Mouse Nephrin

ELISA kit (MBS010504, MyBioSource).

Primary murine podocyte preparation

Primarymouse podocyteswere isolated as described58 using theMACS-microbeads separation system. Briefly, podocyteswere isolated from

5- to 6-week-old Nphs2-Cre and Nphs2-Cre/SH3YL1fl/fl mice. To isolate the podocytes, podocin antibody (1:50, P0372, Sigma-Aldrich) was

used and the cells were digested with 0.5 mg/mL of collagenase type 2 (#LS004176, Worthington Biochemical Corp) and 0.5 mg/mL of colla-

genase and dispase 2 (#10269638001, Roche). Then, the antibody-labeled cells were isolated using an anti-rabbit IgGmicrobead system from

MACS Microbeads for column based magnetic cell isolation (#130-048-602, Miltenyi Biotec, Bergisch Gladbach, Germany). The cells were

grown and differentiated for 7–10 days in RPMI 1640 (GIBCO) supplemented with 1% penicillin and streptomycin (GIBCO) at 37�C. The differ-

entiated cells were used for Western blot analysis or immunostaining to verify SH3YL1 knockout.

TdT-UDP nick end labeling (TUNEL) staining

Frozen kidney section were used for TUNEL staining. The samples were washed with 1X PBS and fixed with 3.5% paraformaldehyde (PFA) for

15 min at RT. After fixation, the samples were washed three times with 1X PBS and permeabilized with pre-chilled 0.1% Triton X-100 in 0.1%

sodium citrate buffer on ice for 5 min. The cells were washed again and the In situ Cell Death Detection kit (Roche) was used to label DNA

strand breaks during apoptosis at 37�C for 1 h. The labeled cells were washed with PBS and nuclei were counterstained with DAPI. Five to

eight glomeruli were visualized and analyzed by LSM 880 Airyscan confocal laser scanning microscopy (Carl Zeiss Vision System).

Western blots

Cells or renal tissues were lysed with NP40 lysis buffer (0.5%NP-40, 1% Triton X-100, 50 mM Tris (pH 8.0), 1 mMEDTA, 150 mMNaCl, 1 mg/mL

aprotinin, and 1 mg/mL leupeptin). The indicated antibodies for podocin (Sigma), Nox4 and SH3YL1 (rabbit polyclonal, Abclon) were used.

The lysates were incubated at 4�C for 30 min and centrifugated at 14,000 rpm for 30 min. The protein concentration was determined by

the bicinchoninic acid (BCA) assay (Pierce, Rockford, IL, USA). The proteins were denatured with 5X sample buffer at 95�C for 10 min. The

protein samples were subjected to SDS-PAGE on 10% polyacrylamides gel and transferred to nitrocellulose (NC) membranes (GVS) at

100 V for 1 h. Then, the transferred blots were incubated with skim milk for 30 min at room temperature, followed by primary antibody incu-

bation at 4�C overnight. The blots were washed the next day with TBS-T buffer with 0.1% Tween 20 and then incubated with horseradish

peroxidase-conjugated rabbit or mouse IgG (Bio-Rad) was incubated for 30 min at room temperature. The blots were detected using ECL
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solution (Young In Frontier) and images were obtained by an Amersham Imager 680 (GE Healthcare Life Sciences). The blots were quantified

by the ImageJ program.

Co-immunoprecipitation (co-IP)

Primary murinemesangial cells were seeded and grown in 100mm culture dishes.When the cells were grown to confluency, they were serum-

starved overnight and stimulated with or without 10 ng/mL of TGF-b1 (R&D Systems) for 30 min. The cells were lysed with NP40 lysis buffer

(0.5%NP-40, 1% Triton X-100, 50mMTris (pH 8.0), 1 mMEDTA, 150mMNaCl, 1 mg/mL aprotinin, and 1 mg/mL leupeptin) and the lysates were

incubated with SH3YL1 polyclonal antibody at 4�C overnight with continuous rotation. The lysates were incubated with protein G-Sepharose

(GE Healthcare Life Sciences) at 4�C for 2 h. The immune complexes were washed with lysis buffer and the immunoprecipitated proteins were

mixed with 2 X SDS-PAGE sample buffer and boiled at 95�C for 10 min. The precipitates were subjected to Western blot with antibodies to

SH3YL1,26 Nox426 and p22phox (ab75941, Abcam) antibodies.

Measurement of intracellular hydrogen peroxide (H2O2) by Peroxy-orange (PO-1)

Primary mouse mesangial cells from wild-type mice or mouse podocytes were transfected with p22phox, SH3YL1 or control siRNA using lip-

ofectamine RNAiMAX (Invitrogen; Thermo Fisher Scientific, MA, USA) according to the manufacturer’s instruction. After 24 h of transfection,

the hypdrogen peroxide was measured using PO-1 staining. Full-length of Nox4 was subcloned to pCSX (C)-3X Flag vector and the construct

was transfected into WT or SH3YL1 KO primary mouse mesangial cells using effectene (Qiagen, Valencia, CA) for 24 h prior to PO-1 staining.

The cells were washed with Dulbecco’s PBS and incubated with both TGFb1 (10 ng/mL) and 5 mM PO-1 (4944, Tocris Bioscience) in PBS for

10 min. After incubation, the cells were washed again with PBS and then examined with a laser scanning confocal microscope LSM 880 Air-

yscan (Carl Zeiss Vision System). Four to five fields of cells were randomly selected and themean relative fluorescence intensity of each cell was

used to get the average intensity for each group. All experiments were repeated at least three times.

Immunofluorescence staining

Immunofluorescence staining was performed in paraffin embedded kidney tissue (mice and patients DN). Prior to staining, paraffin-

embedded kidney sections (4 mm) were deparaffinized and rehydrated. SH3YL1 antigens in the kidney tissue were retrieved with proteinase

K solution for 20 min. The tissues were blocked with serum-free Protein block, (Dako) for 30 min at RT, followed by incubation with a primary

antibody against SH3YL1 (rabbit polyclonal) at 4�C overnight. The next day, the tissues were incubated with goat anti-rabbit IgG (H + L) sec-

ond antibody conjugated with Alexa flour 488 (A-11008, Invitrogen; Thermo Fisher Scientific) for 30 min. The nuclei were counterstained with

DAPI (Sigma). Five fields of glomeruli in the cortex or cells were randomly assessed with the LSM 880 Airyscan (Carl Zeiss Vision System) at the

indicated magnification. The green fluorescence intensity was obtained using LSM 880 software.

RNA isolation and real-time PCR

Total RNA from pMMCs or kidney tissues was isolated using TRI Reagent (Molecular Research Center) following themanufacturer’s protocol.

cDNA was synthesized using RT-PCR with a SentiFAST cDNA Synthesis kit (Bioline) according to the manufacturer’s protocol. Quantitative

real-time PCR was performed using the StepOnePlus Real-Time PCR System (Applied Biosystems). KAPA SYBR fast qPCR kit (KAPA Bio-

systems) for primers shown in Table S5. The relative expression level of each target genes were normalized by 18S as a house-keeping gene.

MCP-1 ELISA

Serum MCP-1 protein levels were measured in the control and STZ-injected groups using a commercial Quantikine ELISA kit (MJE00B, R&D

Systems) according to the manufacturer’s protocol.

Blood pressure (BP) measurements

Blood pressure (BP) of systolic, diastolic and mean values were measured using noninvasive tail-cuff system (CODA-HT4; Kent Scientific Cor-

poration, Torrington, CT) according tomanufacturer’s protocol. Briefly,micewere acclimated to BPmeasurement conditions and the tail tem-

perature was adapted to 33�C–35�C. The BP measurements 5 times at the same time using multiple animal syste and the mean values of the

results were used for the data.59

QUANTIFICATION AND STATISTICAL ANALYSIS

For the quantification of the DHE fluorescence intensity, the ImageJ program was used and for all the other immunohistochemically positive

areas were analyzed by Image-Pro Plus 7. In case of fluorescent intensity for SH3YL1 in themouse kidney tissue was taken from the software of

confocalmicroscopy LSM880 airyscan. For the analysis of SH3YL1 expression in theDNpatient samples of kidney, SH3YL1 immunofluorescent

staining scores were evaluated and took average considering the range and staining intensity per glomerulus 0 to 3. The number of indepen-

dent replicates or number of animals analyzed and its details of statical analyses are described in the figure legends. All results are expressed

as the meanG SD orGSEM. Statistical significance between the groups was analyzed using two-tailed Student’s t test. p-values below 0.05

were considered statistically significant and all the tests were two-sided.

ll
OPEN ACCESS

20 iScience 27, 108868, February 16, 2024

iScience
Article


	ISCI108868_proof_v27i2.pdf
	Nox4-SH3YL1 complex is involved in diabetic nephropathy
	Introduction
	Results
	SH3YL1 interacts with Nox4-p22phox dimer and stimulates Nox4-dependent H2O2 generation in kidney mesangial cells
	Deficiency of SH3YL1 ameliorates kidney function in diabetic nephropathy
	SH3YL1 deficiency prevents renal inflammation and fibrosis in diabetic mice
	SH3YL1 deficiency prevents glomerular basement membrane thickness and the loss of podocytes in diabetic mice
	Podocyte-specific SH3YL1 conditional knockout mice fail to generate reactive oxygen species
	Podocyte-specific SH3YL1 conditional knockout mice are resistant to diabetes
	Podocyte-specific SH3YL1 conditional knockout mice prevents mesangial fibrosis and the loss of podocytes in the diabetic kidney
	SH3YL1 expression is elevated in streptozotocin-induced diabetic mice and patients diabetic nephropathy

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Mice
	Generation of podocyte-specific SH3YL1 KO mice
	STZ-induced type Ⅰ diabetes model
	Patient information

	Method details
	Mice euthanasia and metabolic parameter measurements
	Primary murine mesangial cell preparation
	Primary mouse tubular cell preparation
	Mouse podocyte culture
	Dihydroethidium (DHE) staining
	Immunohistochemistry (IHC) staining
	8-Isoprostane ELISA
	PAS and Masson’s trichrome staining
	GBM and foot process width assessment
	Urinary nephrin ELISA
	Primary murine podocyte preparation
	TdT-UDP nick end labeling (TUNEL) staining
	Western blots
	Co-immunoprecipitation (co-IP)
	Measurement of intracellular hydrogen peroxide (H2O2) by Peroxy-orange (PO-1)
	Immunofluorescence staining
	RNA isolation and real-time PCR
	MCP-1 ELISA
	Blood pressure (BP) measurements

	Quantification and statistical analysis




