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Pardeep K. Aggarwal,1 Delma Veron,1 David B. Thomas,2 Dionicio Siegel,3

Gilbert Moeckel,4 Michael Kashgarian,4 and Alda Tufro1

Semaphorin3a Promotes Advanced
Diabetic Nephropathy
Diabetes 2015;64:1743–1759 | DOI: 10.2337/db14-0719

The onset of diabetic nephropathy (DN) is highlighted
by glomerular filtration barrier abnormalities. Identify-
ing pathogenic factors and targetable pathways driving
DN is crucial to developing novel therapies and im-
proving the disease outcome. Semaphorin3a (sema3a)
is a guidance protein secreted by podocytes. Ex-
cess sema3a disrupts the glomerular filtration barrier.
Here, using immunohistochemistry, we show increased
podocyte SEMA3A in renal biopsies from patients
with advanced DN. Using inducible, podocyte-specific
Sema3a gain-of-function (Sema3a+) mice made dia-
betic with streptozotocin, we demonstrate that sema3a
is pathogenic in DN. Diabetic Sema3a+ mice develop
massive proteinuria, renal insufficiency, and extensive
nodular glomerulosclerosis, mimicking advanced DN
in humans. In diabetic mice, Sema3a+ exacerbates
laminin and collagen IV accumulation in Kimmelstiel-
Wilson-like glomerular nodules and causes diffuse
podocyte foot process effacement and F-actin col-
lapse via nephrin, avb3 integrin, and MICAL1 in-
teractions with plexinA1. MICAL1 knockdown and
sema3a inhibition render podocytes not susceptible
to sema3a-induced shape changes, indicating that
MICAL1 mediates sema3a-induced podocyte F-actin
collapse. Moreover, sema3a binding inhibition or
podocyte-specific plexinA1 deletion markedly ame-
liorates albuminuria and abrogates renal insufficiency
and the diabetic nodular glomerulosclerosis phenotype
of diabetic Sema3a+ mice. Collectively, these findings
indicate that excess sema3a promotes severe diabetic
nephropathy and identifies novel potential therapeutic
targets for DN.

Diabetic nephropathy is the major cause of end-stage
renal disease worldwide (1). It affects approximately 30%

of both type 1 and type 2 diabetic patients. The precise
determinants of susceptibility to developing diabetic ne-
phropathy are unknown, and the pathogenic molecular
mechanisms causing progression to renal failure are not
fully understood (2,3). Thus identification of novel path-
ogenic factors and targetable signaling pathways mediat-
ing diabetic nephropathy is critical to developing new
therapies and improving the disease outcome (4).

The onset of diabetic nephropathy is highlighted by
glomerular filtration barrier functional and morphologic
abnormalities, namely, microalbuminuria, hyperfiltration,
glomerular basement membrane (GBM) thickening, and
glomerulomegaly (2,5). Vascular endothelial growth factor
(VEGF)-A locally mediates some of these changes, modu-
lated by reactive oxygen species, advanced glycosylation
end products, angiotensin II, and low nitric oxide, which
act in concert with the diabetic milieu (reviewed by Forbes
and Cooper [2] and Tufro and Veron [6]). Additional an-
giogenic factors, such as platelet-derived growth factor-B
and angiopoietin 2, contribute to the development of pro-
teinuria in diabetic mice (7–11).

Semaphorin3a (sema3a), a member of the Semaphorin
family of guidance proteins, is characterized by the ability
to collapse the actin cytoskeleton and disassemble F-actin
in multiple cell types (12,13). Podocytes and ureteric bud-
derived tubular cells synthesize sema3a in the kidney (14).
Sema3a is required for normal development of the glomer-
ular filtration barrier and podocyte differentiation (15), but
Sema3a gain of function disrupts the slit diaphragm, causing
foot process effacement and proteinuria (15,16). Sema3a cell
autonomously induces podocyte contraction and F-actin
collapse (16). A membrane protein complex consisting of
a binding receptor, neuropilin1, and a signaling receptor,
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plexinA1, mediates sema3a signals (12,17,18). Neuropi-
lin1 is also a coreceptor for VEGF-A, and both ligands,
sema3a and VEGF-A, compete for neuropilin1 binding
(19). PlexinA1 intracellular signaling involves several
pathways to regulate cell shape and cytoskeleton, includ-
ing integrins, molecules interacting with CasL (MICALs),
collapsing response mediator protein, and small GTPases,
as well as interactions with receptor tyrosine kinases and
other membrane proteins (reviewed by Tran et al. [12]).
In podocytes, plexinA1 interacts directly with nephrin
(16). MICALs are cytoplasmic flavin mono-oxygenases
that regulate cell shape, migration, and exocytosis through
a redox-dependent mechanism (20). MICALs directly bind
plexinA receptors and induce F-actin loss by decreasing
actin polymerization, bundling, and branching (21–23),
thereby linking extracellular semaphorin signals to actin
dynamics and the cytoskeleton (13,21).

We observed sema3a upregulation in diabetic mouse
kidneys (24), but the pathophysiologic function of sema3a
in diabetic nephropathy remains unknown. To determine
whether this finding is relevant for human diabetic ne-
phropathy, we examined renal biopsies from diabetic
patients. Here we report that sema3a is upregulated in
human diabetic nephropathy. Using a diabetic, inducible
gain-of-function mouse model, we provide evidence that
sema3a is pathogenic in diabetic nephropathy, promoting
advanced diabetic nodular glomerulosclerosis and leading
to massive proteinuria and renal failure. We found that,
in the context of diabetes, sema3a causes diffuse podocyte
foot process effacement and F-actin collapse via nephrin,
avb3 integrin, and MICAL1 interactions with plexinA1.
MICAL1 knockdown or sema3a binding inhibition abro-
gates sema3a-induced F-actin collapse in podocytes.
Moreover, sema3a inhibition in vivo or podocyte-specific
plexinA1 deletion significantly attenuates diabetic ne-
phropathy. Collectively, these data reveal that excess
sema3a promotes severe diabetic nephropathy and iden-
tify novel potential therapeutic targets for diabetic
nephropathy.

RESEARCH DESIGN AND METHODS

Human Kidney Biopsy Studies
Frozen sections of de-identified kidney biopsy samples
from human patients diagnosed with class III or IV diabetic
nephropathy (n = 6; 1 with type 1 diabetes, 2 with type 2
diabetes, 3 with unspecified diabetes mellitus) or nondia-
betic renal disease (n = 4; 1 with hypertension, 1 with
obesity, 2 with proteinuria) were obtained from NephroCor
following institutional review board approval of the study.
Sema3a and podocin fluorescent immunohistochemistry
were performed as described elsewhere (24).

Animal Studies
In podocin-rtTA:tet-O-Sema3a mice generated previously (15)
(herein called Sema3a+mice), an FVB genetic background was
maintained for.10 generations. Diabetes was induced (low-
dose Animal Models of Diabetic Complications Consortium

[AMDCC] protocol) in 6- to 8-week-old male Sema3a+ mice
by intraperitoneal administration of streptozotocin (STZ;
50 mg/kg) five times daily (24). Diabetes (random blood
glucose concentration .300 mg/dL) was confirmed using
a glucose oxidase biosensor blood glucose meter (OneTouch
Ultra-2; LifeScan) 1 week after the last STZ injection. Di-
abetic Sema3a+ (DM-Sema3a+; n = 15) and non-DM-Sema3a+

mice (n = 18) were fed a diet containing doxycycline (0.625
mg/kg chow; Harlan-Teklad) or standard chow for 12–16
weeks. After 12–16 weeks of diabetes, 24 h of urine was
collected in metabolic cages; blood and kidney samples
were collected under anesthesia. For sema3a inhibition stud-
ies, DM-Sema3a+ mice were fed chow containing doxycycline
for 8 weeks, then Alzet osmotic pumps (Model 1004) con-
taining xanthofulvin (0.5 mg/mL in PBS; n = 4) (25) or saline
(n = 2) were implanted subcutaneously. All mice were fed
doxycycline-containing chow for the following 4 weeks.

Generation of Conditional Podocyte-Specific PlexinA1

Knockout Mice
To selectively delete plexinA1 in podocytes in a doxycycline-
dependent manner, previously reported plexinA1+/fl mice
(26) were bred with tet-Cre mice (27) and double hetero-
zygous mice were bred to Sema3a+ mice, maintaining an
FVB background. Quadruple transgenic mice (plexinA1fl/fl:
tet-O-Cre:podocin-rtTA:tet-O-Sema3a; n = 6) and their double
or triple transgenic littermates lacking the tet-regulated
transgenes were made diabetic (n = 5), fed a diet containing
doxycycline, and examined after 12 weeks, following the
protocol described above. Genotyping was performed by
PCR using previously reported primers (15,26,27). All
animal protocols were approved by the Yale Animal Care
and Use Committee.

Renal Phenotype Analysis
Urinary albumin was measured using mouse albumin
ELISA (Bethyl Laboratories) and SDS-PAGE/Coomassie
blue staining, as described elsewhere (16). Plasma and
24-h urine creatinine were measured by high-performance
liquid chromatography (16). Transmission electron mi-
croscopy (TEM) was performed using standard techniques
(16). Glomerular area was measured using ImageJ soft-
ware (National Institutes of Health, Bethesda, MD;
http://rsb.info.nih.gov/ij/) in 34 6 2.1 glomeruli/kidney
from 4 mice per experimental condition. A renal pathol-
ogist (G.M.) examined in a blinded fashion kidney speci-
mens stained with periodic acid Schiff and assigned
a semiquantitative pathology score based on the percent-
age of the area (0 = none; 1 = 1–25%; 2 = 26–50%; 3 = 51–
75%; 4 = 76–100%) with the following features: glomer-
ular nodules, mesangiolysis, mesangial sclerosis, and in-
terstitial fibrosis (24). The percentage of glomeruli per
section containing mesangiolysis or nodules was calcu-
lated (28).

Mouse Plasma and Urine Sema3a ELISA
Plasma and urine samples, appropriately diluted, were
dispensed into microtiter plates and incubated overnight
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at 4°C. Plates were washed, blocked with 5% powdered
milk in wash buffer, and incubated with sema3a antibody
(sc-1148; Santa Cruz Biotechnology) for 2 h at 37°C, fol-
lowed by extensive washes. Plates then were incubated in
peroxidase-conjugated rabbit antigoat IgG (305–035–003;
Jackson ImmunoResearch Laboratories) for 1 h at 37°C
and washed, followed by incubation in peroxidase sub-
strate (34022; Pierce) for 30 min, 2 mol/L H2SO4. Optical
density was measured at 450 nm using a microplate
reader (BioRad). Recombinant mouse sema3a (15) served
as the standard.

Immunohistochemistry
Fluorescent immunostaining studies were performed on
frozen kidney sections, as described elsewhere (15), using
the following primary antibodies: antilaminin (L9393;
Sigma), collagen IV (Southern Biotech), sema3a (R&D
AF1250), nephrin (20R-NP002; Fitzgerald Inc.), WT1
(sc-192; Santa Cruz), podocin (P0372; Sigma), and avb3
integrin (EMD Millipore). Dual immunolabeling was per-
formed using appropriate Cy2 and Cy3 fluorescent-tagged
secondary antibodies (Jackson ImmunoResearch Labora-
tories), and signals were visualized by confocal microscopy
(FluoView 300; Olympus) and quantitated using ImageJ
software (16).

Immunoblot Analysis
Equal amounts of protein from four or more kidney
lysates per experimental condition were pooled and
resolved by SDS-PAGE. Using a standard technique,
immunoblotting was performed with the following pri-
mary antibodies: WT1, podocin, nephrin, laminin, sema3a
(sc-28867; Santa Cruz), b3-integrin (sc-14009; Santa Cruz),
b1-integrin (AB1952; EMD Millipore), neuropilin1 (17),
matrix metalloproteinase (MMP)-2 (MAB13434; EMD
Millipore), MMP-9 (AB19016; EMD Millipore), plexinA1
(sc-25639; Santa Cruz), VEGF receptor 2 (2479; Cell
Signaling Technologies), and MICAL1 (14818–1-AP;
Proteintech). Actin (A2066; Sigma) or tubulin (Sigma)
was used as a loading control. Signals were detected with
appropriate horseradish peroxidase–conjugated secondary
antibodies, visualized by chemiluminescence, and quanti-
fied using ImageJ software.

PlexinA1-MICAL1 Coimmunoprecipitation
Sema3a+ podocytes were lysed in immunoprecipitation
buffer, as described elsewhere (16). Lysates were pre-
cleared, incubated with MICAL1 antibody (14818–1-AP;
Proteintech), incubated overnight with protein A agarose,
eluted, and analyzed by immunoblotting using plexinA1,
MICAL1, and actin antibodies, detected by enhanced
chemiluminescence. Rabbit serum served as the negative
control, and lysate from MICAL1/plexinA1-transfected
HEK cells served as the positive control.

Podocyte Morphology Assay
Sema3a+ podocyte cell line was described previously (16).
Sema3a+podocytes were exposed to RPMI 1640 medium
plus 1% FBS, RPMI 1640 medium plus 0.1 mmol/L

xanthofulvin, RPMI 1640 medium plus 100 ng/mL rat
recombinant sema3a (15), or RPMI 1640 medium plus
xanthofulvin and sema3a for 16 h and then were fixed
and stained with rhodamine-phalloidin (16). Images
were acquired (Zeiss Axiovert) and the podocyte area
(square micrometers) was measured using Zeiss AxioVi-
sion software, as described previously (16); 71 6 4 cells
per experimental condition from three independent
experiments were measured.

Podocyte MICAL1 Knockdown and Morphology Assay
Podocyte MICAL1 knockdown was induced using a mouse
MICAL1 small interfering RNA (siRNA) oligonucleotide
(CAGGUGCCAUGACUAAGUAUU) (Dharmacon) (29).
Briefly, podocytes were transfected with 200 pmol
MICAL1 siRNA or scrambled siRNA using Oligofect-
amine (Invitrogen) and incubated for 72 h. MICAL1
knockdown was confirmed by immunoblot. Podocytes
with or without MICAL1 knockdown were exposed
for 6 h to mouse recombinant sema3a (100 ng/mL).
Podocytes were fixed, permeabilized, and stained with
rhodamine-phalloidin; their morphology was analyzed
as described above.

Statistical Analysis
Data are expressed as mean 6 SEM. Unpaired Student t
test or ANOVA were used to compare experimental
groups, as appropriate. Linear association between two
variables was evaluated by Pearson correlation, and asso-
ciation between categorical variables was assessed using
the Fischer exact test. P , 0.05 was deemed statistically
significant.

RESULTS

Podocyte SEMA3A Is Increased in Human Diabetic
Nephropathy
Dual immunostaining of renal biopsy sections from type 1
and type 2 diabetic patients with class III and IV diabetic
nephropathy (n = 6) with sema3a and podocin anti-
bodies revealed significantly more immunoreactive
SEMA3A localized to podocytes (Fig. 1A–C and H)
than in nondiabetic patients (n = 4) with hypertension,
obesity, or proteinuria due to minimal change disease
(MCD) (Fig. 1D–G). Immunoreactive SEMA3A also was
detected in renal tubules in all biopsies examined but
was not differentially expressed in diabetic and nondi-
abetic specimens. Quantitation of immunofluorescent
signals showed almost twofold higher glomerular
SEMA3A in diabetic than in nondiabetic glomeruli
(Fig. 1I and J).

Sema3a+ Gain of Function Increases Plasma and Urine
sema3a in Diabetic Mice
To determine whether excess podocyte sema3a influences
the severity of diabetic nephropathy, we used an inducible
podocyte Sema3a+ gain-of-function mouse model, made di-
abetic by low-dose streptozotocin (AMDCC protocol) (24),
that increases renal sema3a two- to fourfold (15). Geneti-
cally identical diabetic and nondiabetic mice were fed
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doxycycline-containing or standard chow for 12–16 weeks
(15). Plasma sema3a concentrations were similar in control
diabetic and nondiabetic mice (Fig. 2A), suggesting that the
diabetic milieu per se does not increase sema3a. By con-
trast, podocyte Sema3a+ gain of function increased sema3a

plasma concentrations in both nondiabetic and diabetic
mice (Fig. 2A), suggesting that podocyte sema3a secretion
is a significant determinant of sema3a plasma concentra-
tions. The increase in Sema3a was larger (approximately
threefold vs. twofold) in diabetic mice than in nondiabetic

Figure 1—Podocyte SEMA3A is increased in human diabetic nephropathy. Dual fluorescent immunohistochemistry with SEMA3A and
NPH2 antibodies was performed in frozen sections from human renal biopsies. A–C: Representative images from a biopsy with class IV
diabetic nephropathy show a strong SEMA3A signal (A, red) localized to podocytes, as indicated by colocalization with podocin (B, green)
shown in a merge (C, yellow/orange). Scale bars = 50 mm. D–F: Representative images from a nondiabetic kidney biopsy (a patient with
hypertension and no evidence of renal pathology) show minimal SEMA3A signal localized to podocytes. Scale bars = 50 mm. G: Repre-
sentative low-magnification image from nondiabetic kidney biopsy (MCD) shows minimal SEMA3A in three glomeruli, whereas podocin
expression is intact. Scale bar = 200 mm. H: Representative low-magnification image from a diabetic kidney biopsy shows strong
glomerular SEMA3A expression and variable colocalized podocin expression. Scale bar = 200 mm. I and J: Quantitation of immunofluo-
rescent signals shows that SEMA3A increases approximately twofold in diabetic glomeruli (red bars) compared with nondiabetic glomeruli
(white bars), whereas podocin (green bars) does not change or decreases slightly. Data are expressed as mean6 SEM immunofluorescent
integrated density/mm2 (I) and percentage of glomerular area stained on immunofluorescence (J). All glomeruli present in the biopsies were
included in this quantitative analysis. DM, diabetes mellitus.
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mice, likely because of changes in clearance. Podocyte
Sema3a+ gain of function increased sema3a excretion
approximately eightfold and urine output increased ap-
proximately fourfold in diabetic mice, whereas no change
in sema3a excretion was detected in nondiabetic mice

(Fig. 2B and J), suggesting that diabetes exacerbates
sema3a secretion. Glomerular immunoreactive sema3a
was increased in Sema3a+ diabetic mice (Supplementary
Fig. 1), as previously described in mice with advanced
diabetic glomerulosclerosis (24).

Figure 2—Excess Sema3a in diabetic mice causes massive proteinuria and renal failure. A: Sema3a+ gain of function and diabetes have
additive effects, increasing plasma concentrations of sema3a. B: Diabetes increases sema3a excretion, and Sema3a+ gain of function
induces a synergistic increase. C: Quantification of albuminuria by ELISA (notice the logarithmic scale): Sema3a+ gain of function in diabetic
mice causes massive albuminuria, ;40-fold higher than in control diabetic mice. D: Coomassie blue stain of urine resolved by SDS-PAGE
illustrates proteinuria (in the nephrotic range) in diabetic mice with Sema3a+ gain of function (DM-Sema3a+ +dox). E: Diabetic mice with
Sema3a+ gain of function develop hypoalbuminemia. F–H: Sema3a+ gain of function in diabetic mice induces renal failure. F: Sema3a+ gain
of function induces a doubling of plasma creatinine in diabetic mice and a lesser increase in nondiabetic mice. Creatinine clearance
decreases ;60% in diabetic mice with Sema3a+ gain of function (G) and correlates inversely with plasma sema3a concentration (H). I:
Albuminuria correlates directly with urine sema3a excretion. J: Bar graphs show body weight, kidney weight, urine output, and blood
glucose in all experimental groups. Notice severe polyuria in Sema3a+ gain-of-function diabetic compared with control diabetic mice,
without a significant change in random blood glucose. *P < 0.05 vs. corresponding control. #P < 0.05 vs. nondiabetic control. White bars
are diabetic controls (-dox); black bars are diabetic sema3a gain-of-function (+dox); light gray are nondiabetic (-dox); dark gray are
nondiabetic sema3a gain-of-function (+dox). BW, body weight; DM, diabetes mellitus; dox, doxycycline; MW, molecular weight.
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Sema3a+ Gain of Function in Diabetic Mice Causes
Massive Proteinuria and Renal Failure
Induction of podocyte Sema3a+ gain of function in dia-
betic mice dramatically exacerbates albuminuria to ;40-
fold higher than diabetic controls (Fig. 2C and D; note the
logarithmic scale in 2C). This massive proteinuria results
in nephrotic syndrome, indicated by associated hypoalbu-
minemia (Fig. 2E). By contrast, nondiabetic Sema3a+gain-
of-function mice develop modest albuminuria (Fig. 2C),
and their plasma albumin remains normal (4.8 6 0.65
g/dL). Podocyte Sema3a+ gain of function in diabetic
mice decreases creatinine clearance by ;60% and in-
creases plasma creatinine more than twofold (Fig. 2F
and G), whereas creatinine clearance decreases ;35% in
nondiabetic mice. Creatinine clearance correlates inversely
with plasma sema3a (Fig. 2H), and albuminuria correlates
directly with sema3a urine excretion (Fig. 2I). General
parameters are shown in Fig. 2J.

Sema3a+ Gain of Function in Diabetic Mice Causes
Advanced Diabetic Nephropathy
Examination of uninduced nondiabetic kidneys showed
normal histology (Fig. 3A), whereas induction of Sema3a+gain
of function resulted in mesangial expansion (Fig. 3B), as
previously described (16). Uninduced diabetic kidneys (DM-
Sema3a+–dox) showed mesangial expansion and glomerulo-
megaly, the expected mild STZ-induced diabetic nephropathy
phenotype (Fig. 3C and D). By contrast, diabetic kidneys with
Sema3a+ gain of function (DM-Sema3a++dox) with an iden-
tical genotype revealed extensive mesangiolysis, nodular and
diffuse glomerulosclerosis, as well as mesangial sclerosis,
arteriolar hyalinosis, interstitial fibrosis, protein casts,
and fibrin caps, consistent with advanced diabetic ne-
phropathy (Fig. 3E–M). Blinded morphometric analysis
confirmed these observations, summarized by a semiquan-
titative pathological score including glomerular nodules,
mesangiolysis, mesangial sclerosis, and interstitial fibrosis
(Fig. 3N). Quantitation of Kimmelstiel-Wilson-like nod-
ules showed that 55 6 4% of glomeruli from diabetic
Sema3a+ gain-of-function mice have periodic acid Schiff–
positive nodules, whereas no nodules were observed in
glomeruli from control diabetic mice (0 6 0%) (Fig. 3N).
The nonrandom association of Sema3a+gain of function with
glomerular nodules and mesangiolysis in diabetic mice was
confirmed by Fischer exact tests (P = 0.0079 and P = 0.047,
respectively). Together, these findings demonstrate that
Sema3a+ gain of function induces diabetic nodular glomer-
ulosclerosis and advanced diabetic nephropathy.

TEM of diabetic control kidneys showed mild, focal
foot process effacement and GBM thickening (Fig. 4A). By
contrast, diabetic kidneys with Sema3a+ gain of function
revealed diffuse foot process effacement, podocyte
vacuoles, absence of slit diaphragms, GBM thickening
(Fig. 4B), and endothelial injury consisting of glomerular
endothelial cell swelling, detachment with expansion of
the subendothelial space and narrowing of the capillary
lumen, as well as extensive mesangial sclerosis and

fibrillar electron-dense deposits in some nodules (Fig. 4E).
No microthrombi or fibrin deposition was observed. Unin-
duced nondiabetic Sema3a+mice had a normal glomerular
ultrastructure (Fig. 4C). In nondiabetic mice, Sema3a+ gain
of function induced significantly less severe podocyte and
endothelial cell lesions (Fig. 4D), as previously described
(16). Quantitation of ultrastructural abnormalities showed
that all diabetic kidneys had a significantly thicker GBM
than nondiabetic ones; Sema3a+ gain of function caused
further GBM thickening and a more than threefold in-
crease of podocyte foot process width in diabetic mice
compared with diabetic and nondiabetic controls (Fig. 4F
and G). Collectively, TEM findings indicate that Sema3a+

gain of function in diabetic mice exacerbates the hall-
mark features of diabetic nephropathy, leading to class
IV–like diabetic nodular glomerulosclerosis.

Laminin and Collagen IV Are Increased in DM-Sema3a+

Glomerular Nodules
Laminin and collagen IV were significantly increased in
glomeruli of Sema3a+ gain-of-function diabetic mice (Fig.
5A–C), although total kidney laminin was decreased
(Fig. 5D). Expression of MMP-2 and -9, major glomerular
collagenases, was downregulated in Sema3a+ gain-of-
function mice (Fig. 5E), consistent with the collagen IV accu-
mulation observed by immunohistochemistry. Since
podocyte VEGF-A gain of function in diabetic mice
causes nodular glomerulosclerosis (24), we examined
VEGF-A expression in Sema3a+ diabetic mice. Plasma
concentrations of VEGF-A were higher in all diabetic
mice (irrespective of transgene induction) than in non-
diabetic mice, but kidney VEGF-A and VEGFR2 expression
were downregulated in Sema3a+ gain-of-function diabetic
mice (Fig. 5F–H), indicating that excess VEGF-A is not
a determinant of glomerular nodule development in
diabetic Sema3a+ gain-of-function mice.

Sema3a+ Gain of Function Downregulates Nephrin,
WT-1, and avb3 Integrin and Accentuates
Podocytopenia in Diabetic Mice
Nephrin was downregulated in all diabetic mice (Fig. 6A,
B, and E). Podocin was not significantly decreased by im-
munoblotting or immunofluorescence (Fig. 6B and E), ex-
cept in extensively damaged glomeruli (Fig. 6D). In
addition, Sema3a+ gain of function induced a marked
downregulation of WT1 that was not observed in control
diabetic mice (Fig. 6B). Exacerbation of podocytopenia
was confirmed by WT1+ cell count (Fig. 6C). Sema3a+

gain of function induced avb3 integrin downregulation
in diabetic glomeruli (Fig. 6D and E), suggesting that de-
creased integrin activity may contribute to podocyte loss.
Increased podocytopenia is consistent with the observa-
tion of focal GBM denudation in glomeruli of Sema3a+

gain-of-function diabetic mice (Fig. 6H).

MICAL1 Mediates Sema3a-Induced Podocyte F-Actin
Collapse
We examined sema3a signaling in the kidney downstream
from plexinA1–nephrin interaction (16). Immunoblotting
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detected MICAL1 in whole kidney lysates and in cultured
podocytes (Fig. 7A and B). PlexinA1, MICAL1, and b3
integrin were significantly downregulated in Sema3a+

gain-of-function diabetic mice, whereas they were not

dysregulated in control diabetic or nondiabetic mice (Fig.
7A), suggesting that changes in expression levels were
caused by sema3a-induced severe diabetic nephropathy. Us-
ing coimmunoprecipitation, we determined that plexinA1

Figure 3—Sema3a+ gain of function in diabetic mice causes advanced diabetic nephropathy. Periodic acid Schiff (PAS) stain of non-
diabetic kidneys (Sema3a+) shows normal histology in control kidney (-dox) (A), whereas a kidney from a mouse receiving doxycycline
(+dox) shows mesangial expansion (B). C: PAS staining of a biopsy sample from a control diabetic kidney (diabetes mellitus [DM]-Sema3a+ -dox)
shows mild mesangial expansion. D: Quantification of glomerular area indicates that Sema3a+ gain of function in diabetic mice induces
glomerulomegaly (DM-Sema3a+ +dox vs. DM-Sema3a+ -dox; n = 4 kidneys each, 34 6 2 glomeruli/kidney). E–M: PAS and Jones’ silver
stains of Sema3a+ gain-of-function diabetic kidneys (DM-Sema3a+ +dox) show nodular Kimmelstiel-Wilson-like glomerulosclerosis (white
arrows), mesangiolysis (black arrows), diffuse glomerulosclerosis (white open arrow), fibrin caps (blue arrows), arteriolar hyalinosis (yellow
arrows), foam cells (blue asterisks), protein casts (black asterisks), and interstitial infiltrates (yellow asterisk). N: Quantification of glomerular
nodules and mesangiolysis, shown as a percentage of glomeruli with nodules or mesangiolysis per kidney in diabetic Sema3a+ gain-of-function
(+dox) vs. diabetic control mice (-dox) (134 6 6 and 121 6 5 glomeruli/kidney were counted in n = 5 and n = 4 kidneys, respectively;
P < 0.05). Semiquantitative pathology score shows significantly increased mesangial sclerosis in all Sema3a+ gain-of-function kidneys,
whereas interstitial fibrosis occurs exclusively in Sema3a+ gain-of-function diabetic mice (black bars). Scale bars = 50 mm (A–C, E–L). *P< 0.05,
Sema3a+ gain-of-function vs. diabetic control mice.
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Figure 4—Sema3a+ gain of function in diabetic mice causes diffuse foot process effacement (FPE), mesangial sclerosis, and endothelial
injury. A: TEM shows focal FPE and a thick GBM in control diabetic glomeruli. B: TEM of Sema3a+ gain-of-function diabetic glomeruli
shows diffuse FPE, podocyte vacuolization, and absence of slit diaphragms, GBM thickening, mesangial sclerosis, and endothelial injury
(endothelial cell swelling and expansion of the subendothelial space). C: TEM of nondiabetic control glomeruli show normal glomerular
ultrastructure. D: TEM of nondiabetic Sema3a+ gain-of-function glomeruli shows focal FPE, mild endothelial swelling, and mesangial sclerosis.
E: Sema3a+ gain-of-function diabetic glomerulus shows complete FPE with collapsed F-actin (darker gray), thick GBM, mesangial matrix
(mes) interposition (thin arrows), extensive mesangial matrix accumulation with electron-dense fibrillar material (thick arrows), and narrow
capillary lumen (cap). pod, podocyte. F: Quantitation of GBM thickness shows that excess sema3a exacerbates GBM thickening in
diabetic mice (black bar vs. white bar), whereas it does not alter GBM in nondiabetic mice (gray bars). G: Quantitation of foot process
width shows mild FPE in control mice with diabetes (DM) (white bar) and nondiabetics (non-DM) with excess sema3a (dark gray bar) and
massive FPE (approximately threefold vs. control mice with diabetes) in Sema3a+ gain-of-function mice with diabetes (black bar). Scale
bars = 2 mm. dox, doxycycline.
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interacts with MICAL1 in cultured podocytes (Fig. 7C).
Moreover, actin coimmunoprecipitates with the plexinA1–
MICAL1 complex (Fig. 7C). To evaluate whether sema3a-

induced podocyte F-actin collapse observed in vivo is
caused by MICAL1-mediated actin depolymerization
(21,22), we performed MICAL1 knockdown by siRNA in

Figure 5—Laminin and collagen IV are increased in diabetic (DM)-Sema3a+ glomerular nodules. A: Dual-fluorescent immunohistochemistry
shows increased laminin (green) and collagen IV (red) colocalized to glomeruli from diabetic Sema3a+ gain-of-function mice (DM-Sema3a+ +
doxycycline [dox]). Quantitation of immunoreactive laminin (B) and collagen IV (C) signals demonstrates a significant increase in glomeruli
from diabetic Sema3a+ gain-of-function mice. D: Western blotting shows decreased total kidney laminin in diabetic Sema3a+gain-of-
function kidneys. E: MMP-2 and -9 are downregulated in Sema3a+ gain-of-function diabetic kidneys. F–H: Renal VEGF-A signaling is
not upregulated in diabetic mice with Sema3a+ gain of function. F: Plasma VEGF-A is elevated in all diabetic mice compared with non-
diabetic mice, irrespective of Sema3a+ gain-of-function induction. G: Kidney VEGF-A protein expression measured by ELISA is down-
regulated in diabetic mice with Sema3a+ gain of function. H: VEGFR2 kidney protein expression is decreased in diabetic mice with Sema3a+

gain of function. *P < 0.05 vs. corresponding control. #P < 0.05 vs. nondiabetic control.
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Figure 6—Combined nephrin, WT1, and avb3 integrin downregulation accentuates podocytopenia in diabetic Sema3a+ gain-of-function
mice. Nephrin downregulation is shown by immunofluorescence (IF) (A) and Western blotting (B) in all diabetic (DM) mice and in nondiabetic
(non-DM) mice with excess sema3a; IF shows the least immunoreactive nephrin in Sema3a+ gain-of-function diabetic glomeruli (A and E ).
Podocin immunoblotting and IF are not significantly changed by diabetic nephropathy or excess sema3a (B and G), except in severely
damaged glomeruli (diabetic-Sema3a+ + doxycycline [dox]; D). WT1 downregulation shown by immunoblotting (B) and IF WT1+ podocyte
counts (C) in diabetic Sema3a+ gain-of-function kidneys (black bar), indicating podocytopenia; -dox and +dox nondiabetic WT1+ podocyte
counts were not different and were pooled (gray bar). D: Dual-IF shows avb3 integrin downregulation in diabetic Sema3a+ gain-of-function
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cultured podocytes, which decreased MICAL1 expression
by 73 6 2.6% (Fig. 7D). Using a cell assay and rhodamine-
phalloidin staining (16), we determined that MICAL1
knockdown renders podocytes not susceptible to sema3a-
induced contraction (Fig. 7E). Together, these findings
indicate that MICAL1 mediates sema3a-induced podo-
cyte F-actin collapse.

Xanthofulvin Prevents Sema3a-Induced Podocyte
Damage and Attenuates Diabetic Nephropathy in Mice

Sema3a binding inhibitor xanthofulvin (30,31) prevented
sema3a-induced podocyte F-actin collapse, shape change,
and contraction (Fig. 8A and B), as assessed by rhodamine-
phalloidin and morphometry. Next, we tested whether
xanthofulvin infusion in vivo ameliorates the phenotype

glomeruli. Quantitation of glomerular IF signals for nephrin (E), avb3 integrin (F ), and podocin (G). H: TEM from a Sema3a+ gain-of-function
diabetic glomerulus shows an open capillary loop with GBM “denuded” of podocytes, illustrating the severe podocytopenia assessed by
low podocyte (WT1+) counts shown in C. *P < 0.05 vs. corresponding control. #P < 0.05 vs. nondiabetic control. Scale bars = 20 mm (A),
50 mm (D), and 2 mm (H).

Figure 7—Sema3a signals in podocytes are mediated by MICAL1. A: Western blots show that the sema3a signaling pathway is expressed
in the kidney. PlexinA1, MICAL1, and b3 integrin are downregulated in Sema3a+ gain-of-function diabetic (DM) mice (black bar). Quanti-
tation by densitometry is shown in adjacent bar graphs. Data are expressed as mean 6 SEM from three or more independent experiments.
B: MICAL1 is expressed in cultured podocytes and is not altered by 4-h exposure to high glucose. C: Coimmunoprecipitation (IP)
demonstrates an endogenous plexinA1–MICAL1 interaction in podocytes; actin coprecipitates with the plexinA1–MICAL1 complex. Rabbit
serum (RS) and whole-cell lysate from HEK cells transiently transfected with full-length MICAL1 (HEK) were used as controls. D: Immu-
noblot shows MICAL1 knockdown of;75% by siRNA, confirmed by densitometric analysis. E: MICAL1 knockdown (KD) prevents sema3a-
induced podocyte contraction and F-actin collapse, assessed by rhodamine-phalloidin staining. Data from three or more independent
experiments are shown. *P < 0.05 vs. corresponding control. #P < 0.05 vs. nondiabetic control. OD, optical density.
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of Sema3a+ gain-of-function diabetic mice. Xanthofulvin
was administered by constant subcutaneous infusion
(;1.8 mg/day) for 30 days (weeks 8–12), with no appar-
ent side effect, stable body weight, and blood glucose
(474 6 28 mg/dL; Supplementary Fig. 2). Sema3a binding
inhibition by xanthofulvin significantly decreases albu-
minuria, corrects hypoalbuminemia, abrogates renal in-
sufficiency, and markedly attenuates the diabetic
glomerulosclerosis phenotype of Sema3a+ gain-of-function

mice, as indicated by histology and TEM (Fig. 8C–E). Mor-
phometric analysis revealed significantly decreased GBM
thickness and foot process effacement in xanthofulvin-treated
Sema3a+ gain-of-function diabetic mice (Fig. 8F).

Deletion of plexinA1 Attenuates Diabetic Nephropathy
in Mice
We generated mice carrying a doxycycline-regulated,
podocyte-specific plexinA1 deletion (plexinA1pod) to test

Figure 8—The sema3a inhibitor xanthofulvin ameliorated the sema3a-induced diabetic nephropathy phenotype in vivo and prevented podocyte
contraction in vitro. Pretreatment with 0.1 mmol/L xanthofulvin for 60 min abrogates sema3a-induced podocyte F-actin collapse, shape change,
and contraction as assessed by rhodamine-phalloidin staining (A) and cell area morphometric analysis (B). Scale bars = 20 mm. C–E: Constant
subcutaneous infusion of xanthofulvin for 30 days (weeks 8–12 after diabetes onset) to Sema3a+ gain-of-function diabetic (DM) mice (DM-
Sema3a+ + doxycycline [dox] + xanthofulvin) resulted in improved albuminuria, normalized plasma albumin and creatinine clearance (C, blue
bars), mild mesangial hypercellularity, and extracellular matrix expansion (D, right panels) similar to control diabetic mice, a dramatic improvement
from the diabetic nephropathy phenotype of Sema3a+ gain-of-function diabetic mice (DM-Sema3a+ +dox; left panels). Scale bars = 50 mm (top
panels) and 100 mm (bottom panels). E: TEM: the left panel shows a thick GBM and complete foot process effacement (FPE) in Sema3a+ gain-of-
function diabetic glomerulus (+dox); the right panel shows focal FPE with a quite normal GBM in a glomerulus from a Sema3a+ gain-of-function
diabetic mouse receiving xanthofulvin infusion (+dox + xanthofulvin). Scale bars = 2 mm. F: Morphometry confirmed the improvement of GBM
and foot process (FP) width (blue bars). Black bars are diabetic sema3a gain-of-function (+dox); blue bars are diabetic sema3a gain-of-function
receiving xanthofulvin (+dox + xanthofulvin). *P < 0.05 vs. Sema3a+ gain-of-function diabetic mice. n.s., not significant.
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whether sema3a signaling in podocytes is responsible
for the severe diabetic nephropathy phenotype observed
in diabetic Sema3a+ gain-of-function mice. In contrast to
diabetic Sema3a+ gain-of-function mice (Fig. 9A, C, and
E), diabetic Sema3a+:plexinA1pod mice showed mild
mesangial proliferation and only focal foot process ef-
facement (Fig. 9B, D, F, and I), associated with mild
albuminuria and normal creatinine clearance (Fig. 9G
and H). Sema3a+:plexinA1pod and Sema3a+ gain-of-function
diabetic mice had similar hyperglycemia and severe polyuria
(450 6 26 vs. 533 6 62 mg/dL, respectively; P = not
significant; Supplementary Fig. 2). Collectively, Sema3a+:
plexinA1pod mice revealed a diabetic nephropathy phenotype
indistinguishable from that of diabetic Sema3a+ gain-of-
function mice treated with xanthofulvin or diabetic Sema3a+

control mice, demonstrating that deletion of podocyte
sema3a signaling attenuates diabetic nephropathy.

DISCUSSION
This study reveals that excess podocyte sema3a pro-
motes the development of advanced diabetic nephropa-
thy. We show that SEMA3A localized to glomerular
podocytes is increased in advanced diabetic nephropathy
in humans. We demonstrate that in diabetic mice,
podocyte Sema3a+ gain of function causes Kimmelstiel-
Wilson-like nodular glomerulosclerosis, massive protein-
uria, and renal insufficiency. We identify a signaling
pathway that mediates sema3a-induced podocyte F-actin
collapse by detecting plexinA1 interaction with MICAL1
and actin in podocytes, demonstrating that MICAL1 is
required to transduce sema3a effect to the podocyte ac-
tin cytoskeleton. We provide evidence that sema3a in-
hibition by xanthofulvin abrogates sema3a-induced
podocyte contraction in vitro. Importantly, xanthofulvin-
treatment or deletion of podocyte plexinA1 abrogates

Figure 9—Deletion of podocyte plexinA1 attenuates diabetic nephropathy in mice. A–D: Periodic acid Schiff and Jones’ silver stains show
severe diabetic (DM) nodular glomerulosclerosis in Sema3a+ gain-of function kidneys (A and C) and mild mesangial expansion and otherwise
normal histology in diabetic Sema3a+:plexinA1pod kidneys (B and D). A: *, foam cell; A and C: white arrows, nodule; black arrows, mesangiol-
ysis. Scale bars = 50 mm. TEM shows complete foot process (FP) effacement, thickened GBM, and endothelial swelling in Sema3a+ gain-of-
function diabetic glomeruli (E), whereas TEM of Sema3a+:plexinA1podmice shows very mild GBM thickening and virtually no FP effacement (F),
as confirmed by morphometric analysis (n = 4 per group; I). Scale bars = 2 mm.G and H: Deletion of podocyte plexinA1 in diabetic mice results
in mild albuminuria and normal creatinine clearance (green bars), similar to that in wild-type diabetic mice (white bar), whereas Sema3a+ gain of
function causes massive albuminuria and renal insufficiency (black bars). Black bars are diabetic sema3a gain-of-function (+dox); green bars
are diabetic plexinA1 knockout + sema3a gain-of-function (+dox); white bars are diabetic controls (-dox). *P < 0.05 vs. Sema3a+ gain of
function. #P < 0.05 vs. wild-type diabetic mice. BW, body weight; cap, capillary lumen; dox, doxycycline; pod, podocyte.
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the diabetic nodular glomerulosclerosis resulting from
Sema3a+ gain of function in vivo.

Previous studies by our group and others established
the essential roles of VEGF-A and nitric oxide in the
pathogenesis of diabetic nephropathy (reviewed in refs. 6,
7, and 11). We previously observed sema3a upregulation
in diabetic mice (24) and showed that podocyte-specific
Sema3a+ gain of function increases renal sema3a approx-
imately threefold, leading to glomerular disease (15,16).
Hence, we asked whether sema3a, which like VEGF-A is
constitutively secreted by podocytes (14), plays a patho-
genic role in diabetic nephropathy.

Here we demonstrate that podocyte SEMA3A is
significantly increased in renal biopsies from patients
with class III and IV diabetic nephropathy compared
with nondiabetic patients with hypertension, obesity, or
proteinuria caused by MCD. Although this finding does
not elucidate the role of SEMA3A in diabetes, it suggests
that dysregulation of semaphorin signaling might be
relevant for human diabetic nephropathy. Increased
tubular SEMA3A reported in renal biopsies from
patients with lupus nephritis (32) was not observed in
our study.

We found that podocyte Sema3a+ gain of function in
diabetic mice induces accelerated and advanced diabetic
nephropathy, as defined by the AMDCC and the Renal
Pathology Society criteria (33). Morphologically, diabetic
mice with Sema3a+ gain of function developed mesangioly-
sis and nodular glomerulosclerosis in .50% of glomeruli,
extensive mesangial sclerosis, and interstitial fibrosis
within 12–16 weeks. Moreover, Sema3a+ gain-of-function
glomerular histology and TEM revealed multiple features
of human advanced diabetic nephropathy (34), including
diffuse GBM thickening, widespread effacement and fu-
sion of podocyte foot processes, marked podocytopenia,
Kimmelstiel-Wilson-like nodular lesions, endothelial in-
jury, fibrin caps, and vascular pole hyalinosis. Few mouse
models of diabetic nephropathy have developed diabetic
nodular glomerulosclerosis, namely eNOS knockout
(35,36), b-cell calmodulin transgenics (37,38), podocyte-
VEGF-A gain-of-function (24), and BTBR Ob/Ob mice
(39). In most of these models, nodules become apparent
late in the course of the disease ($5 months), except
podocyte-VEGF-A gain of function (24). Genetic back-
ground might contribute to these time frame differences;
FVB mice are thought to be more susceptible to diabetic
nephropathy than B6 mice (40). Although Sema3a+ gain of
function resulted in endothelial injury in both diabetic and
nondiabetic kidneys, fibrin or other evidence of thrombotic
microangiopathy was not observed, suggesting that the
phenotype was caused by severe diabetic nephropathy
rather than an overlap of diabetes and nondiabetic renal
disease, as described in humans (41). Genetic manipulation
of Nos3, Vegf-a, Bkr1–2, and obesity in the setting of di-
abetes resulted in the most informative mouse models of
advanced diabetic nephropathy (35,36,39,42), consistent
with NOS3 and VEGF-A polymorphisms linked to human

diabetic nephropathy (6,43). Similarly, Sema3a+ gain-of-
function diabetic mice develop the most advanced nodular
glomerulosclerosis reported so far, mimicking class IV hu-
man diabetic nephropathy.

Functionally, Sema3a+ gain-of-function diabetic mice
developed massive proteinuria, leading to hypoalbu-
minemia and renal insufficiency, suggesting progressive
diabetic nephropathy, consistent with the advanced mor-
phologic phenotype. Previous mouse models of diabetic
nodular glomerulosclerosis have shown some, but not
all, of these functional abnormalities at once. For exam-
ple, diabetic eNOS knockout mice doubled their baseline
blood urea nitrogen and increased albuminuria approxi-
mately fourfold 5 months after the disease onset (36);
b-cell calmodulin transgenic mice developed hyperfiltra-
tion, massive proteinuria, and hypoalbuminemia at $6
months (37,38), and podocyte-VEGF-A gain-of-function
mice showed massive proteinuria and decreased hyperfil-
tration 3 months after disease onset (24), whereas BTBR
Ob/Ob mice developed hyperfiltration and massive albu-
minuria at 5 months of age (39).

Normal circulating sema3a concentrations in mice and
humans are not well established. We found that diabetes
per se does not increase plasma concentrations of sema3a
in mice; sema3a was similar in control diabetic and
nondiabetic mice. By contrast, podocyte Sema3a+ gain of
function increases plasma concentrations of sema3a, and
severe diabetic nephropathy seems to have an additive
effect, probably because of decreased glomerular filtration
rate, as suggested by an inverse correlation of plasma
sema3a concentration with creatinine clearance in dia-
betic mice. Interestingly, the range of increase in plasma
sema3a concentration (approximately threefold) is similar
to that of VEGF-A reported in diabetic mice and humans
(24,44). Myocardial-specific sema3a transgenic mice de-
velop ventricular tachyarrhythmia and sudden death
(25); unfortunately, their plasma concentrations of
sema3a were not reported. Further studies will elucidate
whether circulating sema3a concentration could be used
as a biomarker of diabetic nephropathy, cardiovascular
risk, and/or disease progression.

Plasma VEGF-A is elevated in STZ-induced diabetes,
irrespective of Sema3a transgene induction. Since local
VEGF-A signaling at the glomerular filtration barrier,
rather than a higher circulating concentration, mediated
advanced diabetic nephropathy (24), we measured kidney
VEGF-A and VEGFR2, which were downregulated in
Sema3a+ gain-of-function diabetic mice, indicating de-
creased VEGF-A signaling. Podocytopenia and sema3a
competition with VEGF-A for neuropilin1 binding, abro-
gating local amplification of VEGFR2 signaling, likely un-
derlie these observations (19). Together, these findings
argue that the advanced diabetic nephropathy phenotype
observed in Sema3a+ gain-of-function diabetic mice is not
attributable to excess VEGF-A signaling.

Elegant studies have elucidated sema3a effects on
multiple cell types and signaling pathways conserved
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from flies to humans (reviewed in refs. 12 and 13). Sema3a
repulsive cues lead to cell contraction (or retraction) by
regulating actin dynamics (16,22,23,45). Landmark stud-
ies showed that sema3a decreases motility and induces
F-actin collapse in endothelial cells (19,45). We demon-
strated that both sema3a receptors are expressed in podo-
cytes, transducing cell-autonomous sema3a signals that
induce podocyte contraction and apoptosis in vitro and
in vivo (14–16,46). Additional studies demonstrated that
plexinA1 interacts directly with nephrin (16). Here, we
identify for the first time MICAL1 protein in the kidney
and in cultured podocytes. We also demonstrate that
plexinA1, MICAL1, and actin interact in podocytes. Upon
sema3a binding to the neuropilin–plexinA1 complex, a di-
rect interaction between the MICAL1 C-terminus and the
plexinA1 cytoplasmic domain releases MICAL1 autoinhibi-
tion and is required for sema3a signaling (20,47). MICAL1
is a mono-oxygenase flavoprotein that selectively oxidizes
actin Met46 and Met49 residues to disassemble F-actin in
a reversible, redox-dependent manner (22,23,46). MICAL1
knockdown in cultured podocytes revealed that MICAL1 is
required for sema3a-induced podocyte shape changes and
F-actin collapse and suggests that sema3a signaling may
lead to H2O2 generation by MICAL1 in podocytes. This
mechanism might be a critical contributor to sema3a-
induced podocyte and endothelial injury. The important
role of reactive oxygen species in diabetic nephropathy is
well established, although the beneficial effect of antiox-
idants on diabetic nephropathy is considered limited
(reviewed in refs. 2, 3, and 6). Identifying and targeting
specific mechanisms generating reactive oxygen species,
such as MICAL1, may unravel a novel therapeutic ap-
proach to diabetic nephropathy.

A key finding of this study is that xanthofulvin abrogates
sema3a-induced podocyte F-actin collapse in vitro and
attenuates diabetic nephropathy in mice. Xanthofulvin
is a specific sema3a competitive binding inhibitor, naturally
produced by penicillium SPF-3059 and purified (28) or
synthesized de novo (31). Both fungal and synthetic xan-
thofulvin prevent sema3a-induced growth cone collapse in
vitro (31,48). Moreover, purified fungal xanthofulvin pro-
motes functional recovery of injured spinal cord by de-
creasing apoptosis and enhancing angiogenesis in vivo
(49). Because of the limited availability of fungal xantho-
fulvin, we performed in vitro experiments using synthetic
xanthofulvin. We determined that sema3a inhibition by
xanthofulvin has no deleterious effects on cultured podo-
cytes. Most notably, xanthofulvin infusion administered in
vivo to diabetic Sema3a+ gain-of-function mice decreased
albuminuria and abrogated renal insufficiency and the di-
abetic nodular glomerulosclerosis phenotype, providing
proof of principle that targeting sema3a is beneficial in
diabetic nephropathy.

To further confirm the relevant pathogenic role of
increased sema3a signaling in diabetic nephropathy, we
deleted podocyte plexinA1 in Sema3a+ diabetic mice to ab-
rogate sema3a signaling. Notably, diabetic plexinA1 pod:

Sema3a+ mice developed a mild diabetic nephropathy phe-
notype remarkably similar to that of xanthofulvin-treated
and uninduced Sema3a+ diabetic mice. Together, these
findings demonstrate that excess sema3a signaling exac-
erbates diabetic nephropathy in mice.

Additional studies using other severe genetic type 1 and
type 2 diabetic nephropathy models are needed to establish
whether inhibiting sema3a signaling can prevent diabetic
nephropathy or stop progression. Collectively, our findings
in human advanced diabetic nephropathy renal biopsies
and mechanistic studies of diabetic mice suggest that
establishing SEMA3A concentrations in healthy and
diabetic individuals and their correlation with estimated
glomerular filtration rate, proteinuria, and glomerular
immunoreactive SEMA3A in renal biopsies would ad-
vance our understanding of diabetic nephropathy. Sema3a
is thought to function as an osteoprotective factor, a negative
regulator of immune response and angiogenesis, an
arrhythmogenic factor, and a potential biomarker of
acute kidney injury (25,50–52). Future studies targeting
the sema3a signaling pathway should also evaluate
these functions. This study identifies podocyte SEMA3A
upregulation in biopsies from humans with advanced
diabetic nephropathy. Excess sema3a plays a pathogenic
role in diabetic nephropathy in mice, leading to severe
diabetic nodular glomerulosclerosis, massive protein-
uria, and renal failure, which can be attenuated by
a sema3a inhibitor or plexinA1 deletion. MICAL1 medi-
ates sema3a–plexinA1 signals in podocytes, leading to
F-actin collapse. Collectively, these findings indicate
that excess sema3a promotes severe diabetic nephrop-
athy and identifies novel potential therapeutic targets.
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