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Our previous work demonstrated a protective role of protein S in early diabetic kidney disease (DKD). Protein S exerts
antiinflammatory and antiapoptotic effects through the activation of TYRO3, AXL, and MER (TAM) receptors. Among the
3 TAM receptors, we showed that the biological effects of protein S were mediated largely by TYRO3 in diabetic kidneys.
Our data now show that TYRO3 mRNA expression is highly enriched in human glomeruli and that TYRO3 protein is
expressed in podocytes. Interestingly, glomerular TYRO3 mRNA expression increased in mild DKD but was suppressed
in progressive DKD, as well as in focal segmental glomerulosclerosis (FSGS). Functionally, morpholino-mediated
knockdown of tyro3 altered glomerular filtration barrier development in zebrafish larvae, and genetic ablation of Tyro3 in
murine models of DKD and Adriamycin-induced nephropathy (ADRN) worsened albuminuria and glomerular injury.
Conversely, the induction of TYRO3 overexpression specifically in podocytes significantly attenuated albuminuria and
kidney injury in mice with DKD, ADRN, and HIV-associated nephropathy (HIVAN). Mechanistically, TYRO3 expression
was suppressed by activation of TNF-α/NF-κB pathway, which may contribute to decreased TYRO3 expression in
progressive DKD and FSGS, and TYRO3 signaling conferred antiapoptotic effects through the activation of AKT in
podocytes. In conclusion, TYRO3 plays a critical role in maintaining normal podocyte function and may be a potential new
drug target to treat glomerular diseases.
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Introduction
Podocyte loss occurs in both primary and secondary glomerular disease, leading to the progression of  kidney 
disease (1, 2). Several studies demonstrated that podocyte number or density is strongly associated with the 
amount of  proteinuria and decline of  renal function (3). Therefore, large efforts have been devoted to develop 
specific treatments targeting podocyte injury (4). To develop such a therapy, it is critical to not only under-
stand the mechanisms of  podocyte injury, but also to identify molecules mediating the protective pathways 
against podocyte injury. A large body of  evidence suggests that reduction in podocyte number in glomerular 
disease, such as focal segmental glomerulosclerosis (FSGS) and diabetic kidney disease (DKD), is caused by 
either detachment or apoptosis (5, 6). However, the protective mechanisms of  podocyte injury in the early 
stage of  glomerular diseases are much less understood. We recently performed a proteomic analysis of  iso-
lated glomeruli from diabetic rats with early DKD, and we identified protein S (PS) to be among the highly 
upregulated proteins in diabetic kidneys (7). Interestingly, expression of  PS, which was significantly increased 
in the podocytes during the early stages of  DKD, was decreased at the late stages. We further showed that 
podocyte-specific KO of PS aggravated podocyte injury and progression of  DKD in mice, whereas podo-
cyte-specific overexpression of  PS attenuated kidney injury, supporting a protective role of  PS in DKD (7).

PS shares structural similarities with its homolog GAS6, which also plays an important role in the 
pathogenesis of kidney disease (8). Both PS and GAS6 bind to TYRO3, AXL, and MER (TAM) receptors 

Our previous work demonstrated a protective role of protein S in early diabetic kidney disease 
(DKD). Protein S exerts antiinflammatory and antiapoptotic effects through the activation of 
TYRO3, AXL, and MER (TAM) receptors. Among the 3 TAM receptors, we showed that the biological 
effects of protein S were mediated largely by TYRO3 in diabetic kidneys. Our data now show 
that TYRO3 mRNA expression is highly enriched in human glomeruli and that TYRO3 protein is 
expressed in podocytes. Interestingly, glomerular TYRO3 mRNA expression increased in mild DKD 
but was suppressed in progressive DKD, as well as in focal segmental glomerulosclerosis (FSGS). 
Functionally, morpholino-mediated knockdown of tyro3 altered glomerular filtration barrier 
development in zebrafish larvae, and genetic ablation of Tyro3 in murine models of DKD and 
Adriamycin-induced nephropathy (ADRN) worsened albuminuria and glomerular injury. Conversely, 
the induction of TYRO3 overexpression specifically in podocytes significantly attenuated 
albuminuria and kidney injury in mice with DKD, ADRN, and HIV-associated nephropathy (HIVAN). 
Mechanistically, TYRO3 expression was suppressed by activation of TNF-α/NF-κB pathway, which 
may contribute to decreased TYRO3 expression in progressive DKD and FSGS, and TYRO3 signaling 
conferred antiapoptotic effects through the activation of AKT in podocytes. In conclusion, TYRO3 
plays a critical role in maintaining normal podocyte function and may be a potential new drug target 
to treat glomerular diseases.
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that regulate various biological processes including cell survival, adhesion and migration, hemostasis, and 
inflammation (9). Although structurally similar, PS and GAS6 have disparate binding affinities to individ-
ual TAM receptors (10, 11), thereby leading to divergent functions (12). GAS6 binds with the strongest 
affinity to AXL, whereas PS does so to TYRO3 (9, 13). GAS6/AXL signaling induces mesangial cell pro-
liferation and glomerular hypertrophy in early DKD through the activation of  AKT/mTOR pathway (14, 
15), promoting glomerular injury. In contrast, PS reduces cellular injury by negatively regulating immune 
and inflammatory responses via TYRO3 activation (16–18). Consistent with these observations, we recent-
ly showed that PS has antiinflammatory effects through activation of  TYRO3 in cultured podocytes (7), 
suggesting that the renoprotective effects of  PS in vivo are likely mediated by TYRO3.

The role of  TYRO3 in podocyte function and glomerular disease, however, has not been previously 
explored. Herein, we demonstrate that TYRO3 expression is increased in the kidneys with glomerular dis-
ease in its early stages, but it is decreased in the kidneys with more advanced disease. Using cultured cells, 
zebrafish, and mouse models, our results clearly indicate a protective role of  TYRO3 against podocyte injury.

Results
TYRO3 expression is altered in human and mouse kidneys with glomerulosclerosis. We first examined the expres-
sion pattern of  TYRO3 in human kidneys using the Nephroseq database (http://www.nephroseq.org), 
which showed highly enriched TYRO3 mRNA expression in the glomeruli compared with other renal com-
partments (Supplemental Figure 1A; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.123482DS1). It further showed that glomerular expression of  TYRO3 was reduced 
in human diabetic kidneys compared with healthy controls (Supplemental Figure 1B) and that it positively 
correlated with the estimated glomerular filtration rate (eGFR) in diabetic patients (Supplemental Figure 1, 
C and D). TYRO3 expression in another set of  biopsy samples from well-established DKD patients (Euro-
pean Renal cDNA Bank) similarly showed marked reduction of  TYRO3 (Figure 1A). Interestingly, TYRO3 
expression was increased in the kidney samples of  type 2 diabetic Southwestern American Pima Indians 
with mild or early DKD (Figure 1B). Consistent with these observations in human kidneys, Tyro3 was 
increased in the glomeruli of  diabetic mice with mild DKD, namely in db/db in C57BLKS background and 
in streptozotocin-induced (STZ-induced) DBA/2J mice (Supplemental Figure 1E), but not in db/db;eNOS–/– 
mice with more progressive DKD (Supplemental Figure 1E). Collectively, these data indicate that TYRO3 
expression is increased in the early stages of  DKD with mild kidney injury but is reduced in more progres-
sive DKD. Notably, this was also the expression pattern we found for PS, the ligand of  TYRO3 (7).

In addition to diabetic kidneys, we also noted a reduction of  glomerular TYRO3 expression in patients 
with FSGS (classic and collapsing) (Supplemental Figure 1F), as well as in a murine model of  HIV-associat-
ed nephropathy with collapsing FSGS: Tg26 (19) (Supplemental Figure 1G). Therefore, we next examined 
the expression of  TYRO3 in glomeruli of  patients with nephrotic syndrome in collaboration with Nephrotic 
Syndrome Study Network (NEPTUNE). Of 128 adult patients with nephrotic syndrome, 26 reached com-
posite endpoint of  end-stage renal disease ESRD or 40% reduction of  baseline eGFR during an average 
follow-up of  2.7 years. Baseline characteristics of  the patients are shown in Supplemental Table 1. Cox pro-
portional hazards regression analysis indicated that lower expression levels of  TYRO3 mRNA in the glom-
eruli from the adult patients with primary glomerular disease were significantly associated with increased 
risk of  progression to composite endpoints, with a hazard ratio (HR) of  0.54 (95% CI, 0.38–0.84; P = 0.006), 
independent of  age, sex, and race; baseline eGFR and protein-to-creatinine ratio (20) (Figure 1C).

Immunofluorescence staining of  TYRO3 protein in normal human kidney samples confirmed its pre-
dominant expression in the glomeruli and further demonstrated its colocalization with the podocyte marker 
synaptopodin, but not with the endothelial marker CD31 or the mesangial cell marker GATA3 (Figure 1D). 
Moreover, glomerular expression of  both total TYRO3 and activated (phosphorylated) TYRO3 proteins were 
decreased in biopsy samples of  DKD patients in comparison with nondiabetic controls (Figure 1, E and F). 
As clinically indicated, kidney biopsies are typically performed in patients with more progressive DKD — the 
significantly reduced TYRO3 expression is consistent with the above mRNA findings

Knockdown of  tyro3 alters glomerular filtration barrier in zebrafish pronephros. We next examined the in vivo 
function of  TYRO3 using the zebrafish pronephros as a model of  glomerular maturation and the develop-
ment of  filtration barrier function (21). The zebrafish TYRO3 protein shares ~48% homology with human 
TYRO3 protein (Supplemental Figure 2A). We confirmed the expression of  tyro3 mRNA by reverse tran-
scription PCR (RT-PCR) in isolated pronephric glomeruli of  zebrafish Tg(pod:GFP) that expresses GFP 
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transgene under nphs2 (podocin) promoter (Supplemental Figure 2B). We utilized morpholino-oligo (MO) 
to specifically block the mRNA splicing of  tyro3 (Supplemental Figure 2, C and D). Real-time PCR and 
sequencing confirmed a reduction in tyro3 mRNA in tyro3 MO-injected zebrafish (tyro3-MO) in compari-
son with control MO-injected zebrafish (CTL-MO) (Supplemental Figure 2, E and F).

We observed that ~55% of  tyro3-MO developed pericardial and periorbital edema, the hallmark of  
glomerular failure, in comparison with CTL-MO at 72 hours after fertilization (hpf) (Figure 2, A and B). 
The integrity of  the glomerulus filtration barrier (GFB) was measured by using an established pupillary 

Figure 1. TYRO3 expression in human diabetic kidneys. (A) TYRO3 mRNA expression in dissected glomeruli from healthy living donor (HLD) and progres-
sive DN kidney biopsy samples (ERCB). n = 20; statistical analysis was performed with 2-tailed, unpaired t test. (B) TYRO3 mRNA expression in dissected 
glomeruli from HLD and DN kidney biopsy samples from Pima Indian diabetic cohorts. n = 42; statistical analysis was performed with 2-tailed, unpaired 
t test. (C) Association of glomerular TYRO3 mRNA with composite endpoint of ESRD or 40% reduction of baseline eGFR. Results from multivariable Cox 
regression model are presented as hazard ratios with 95% confidence levels. Lower TYRO3 mRNA is markedly associated with outcome independent of 
age, sex, race, baseline eGFR and uPCR. eGFR, estimated glomerular filtration rate; uPCR, urinary protein to creatinine ratio. (D) Immunofluorescence 
staining of TYRO3 with podocyte marker synaptopodin, endothelial marker CD31, or mesangial marker GATA3 in normal human kidneys. (E) Immuno-
histological staining of TYRO3 and phospho-TYRO3 (p-TYRO3) in normal and DN human kidneys. (F) Semiquantitative analysis of TYRO3 and p-TYRO3 
immunostaining. n = 6 in control, n = 9 in DN; statistical analysis was performed with 2-tailed, unpaired t test.
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fluorescence assay. High-molecular weight FITC-dextran (70 kDa) was injected via the cardinal vein at 72 
hpf, and the pupillary fluorescence intensity was monitored at 0, 24, and 36 hours after injection. In CTL-
MO, the injected FITC-dextran was largely retained even at 36 hours after injection, whereas in tyro3-MO, 
the fluorescence intensity diminished rapidly, indicating that the GFB is significantly compromised in 
tyro3-MO (Figure 2, C and D). Consistent with these findings, the ultrastructural analysis by electron 
microscopy (EM) revealed marked foot process effacement and disrupted slit diaphragms in tyro3-MO 
without obvious abnormalities in the endothelial layer or the GBM (Figure 2E). To verify whether the 
impaired GFB and podocyte injury were specifically induced by tyro3 knockdown (TYRO3KD), we inject-
ed tyro3 mRNA together with tyro3 MO (tyro3-MO + tyro3 mRNA). The restoration of  tyro3 mRNA lev-
els dramatically improved edema (Figure 2, A and B), GFB function (Figure 2, C and D), and foot process 
effacement induced by TYRO3KD (Figure 2E). These data indicate the necessity of  TYRO3 in maintaining 
glomerular filtration barrier and podocyte foot processes in development of  zebrafish pronephros.

Genetic loss of  Tyro3 aggravates diabetic nephropathy in mice. To explore the role of  TYRO3 in diabetic 
kidney injury, we examined the effects of  global genetic loss of  Tyro3 in the setting of  experimental DKD. 
Tyro3-null mice in C57BL/6J background was obtained from The Jackson Laboratory, and their WT lit-
termates were used as controls. The loss of  TYRO3 in Tyro3-null mice was confirmed by a Western blot of  

Figure 2. Knockdown of tyro3 in zebrafish larvae compromises the glomerular filtration barrier. (A) Representative images of zebrafish that were control 
morpholino treated (CTL MO), tyro3 morpholino treated (tyro3 MO), or tyro3 MO rescued with tyro3 mRNA (tyro3 MO+tyro3mRNA) in zebrafish larvae at 72 
hours after fertilization (hpf). (B) Quantification of pericardial and periorbital edema in MO-treated zebrafish larvae. Data are shown as mean ± SEM. Statis-
tical analysis was performed with 1-way ANOVA with Tukey’s multiple comparison test; **P < 0.01 vs. CTL MO and ##P < 0.01 vs. tyro3 MO. (C and D) Pupillary 
fluorescence intensity assay using FITC-dextran injection at 72 hours hpf. Quantification of FITC intensity relative to 0 houfs is shown in D. Magnification, 20×. 
Data are shown as mean ± SEM. Statistical analysis was performed with 2-way ANOVA with Tukey’s multiple comparison test; *P < 0.05 and ****P < 0.0001 
vs. control. (E) Representative transmission electron microscopy images of pronephros. Red arrow highlights the area of substantial foot process effacement.
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kidney cortices (Supplemental Figure 3A). Diabetes was induced by multiple injections of  low-dose STZ in 
8-week-old Tyro3 WT and -null mice (STZ-WT and STZ-KO). Sodium citrate buffer–injected mice served 
as nondiabetic controls (WT and KO). All mice were euthanized after 20 weeks of  diabetes induction. 
The levels of  hyperglycemia or body weight loss following diabetes induction were unremarkable between 
STZ-WT and STZ-KO mice (Supplemental Figure 3, B and C). However, diabetes-induced kidney hyper-
trophy was more pronounced in KO-STZ than in WT-STZ mice (Supplemental Figure 3D). KO-STZ mice 
displayed worsened albuminuria and mesangial expansion as compared with WT-STZ mice (Figure 3, 
A–E). Under EM, more pronounced podocyte foot process effacement was observed in KO-STZ glomeruli 
compared with WT-STZ glomeruli (Figure 4, A and B). Quantitative PCR (qPCR) indicated a reduction in 
podocyte marker Wilm’s tumor-1 (WT1) expression in KO-STZ in comparison with WT-STZ (Figure 4C). 
Consistently, podocyte number, as ascertained by WT1+ nucleus per glomerular cross section or glomerular 
tuft area, was decreased in KO-STZ in comparison with WT-STZ (Figure 4, D–E). Consistent with our 
previous report of  PS in the diabetic kidney (7), we also observed a heightened expression of  inflammatory 
markers in KO-STZ mice compared with WT-STZ mice (Supplemental Figure 3E). Together, these results 
indicate that the loss of  TYRO3 aggravates diabetic injury and podocyte loss in DKD.

Genetic loss of  Tyro3 aggravates Adriamycin-induced nephropathy. We next determined whether the loss 
of  Tyro3 also aggravated glomerulosclerosis in the setting of  Adriamycin-induced nephropathy (ADRN). 
Eight-week-old WT and KO mice were injected with Adriamycin (18.8 mg/kg) and sacrificed 28 days after 
injection. Loss of  Tyro3 exacerbated albuminuria and glomerulosclerosis (Figure 5) and worsened podo-
cyte foot process effacement and podocyte loss (Figure 6). Similar to the above findings in diabetic mice, 
these results indicate that the loss of  Tyro3 aggravates kidney injury and podocyte loss in mice with ADRN.

Induction of  TYRO3 expression in podocytes ameliorates diabetic nephropathy. Because TYRO3 expression 
was found predominantly in podocytes in the glomeruli and genetic loss of  Tyro3 led to worsening of  
glomerular diseases, we next sought to determine whether the increased Tyro3 specifically in podocytes 
would mitigate podocyte and glomerular injury. Positive results would not only help determine the specific 
effects of  TYRO3 in podocytes, but it would also indicate whether TYRO3 could be a potential therapeutic 
target of  DKD and other glomerular diseases. Tetracycline-inducible podocyte-specific Tyro3 overexpres-
sion mice (NPHS2-rtTA;TRE-Tyro3; hereafter referred to as TYRO3 overexpression [Tyro3OV]) in FVB/N 
background were generated, as described previously (22, 23). Doxycycline-induction of  TYRO3 expression 
was confirmed by Western blot and real-time PCR analysis (Supplemental Figure 4A). We first checked 
the effect of  TYRO3 overexpression in the experimental model of  DKD. Tyro3OV was crossed with OVE26 
mice, a transgenic model of  severe early-onset type 1 diabetes in the FVB/N background (24, 25). Since 
OVE26 mice usually develop pronounced albuminuria by the age of  8–10 weeks, we induced the podo-
cyte-specific TYRO3 overexpression starting at 8 weeks of  age in OVE26;Tyro3OV with doxycycline-supple-
mented chow (DOX; 625 mg/kg) for 4 weeks to maintain high expression of  TYRO3 during the disease 
course (Supplemental Figure 4B). Control OVE26;Tyro3OV without DOX supplementation, and WT and 
OVE26 mice with DOX treatment, were used as controls. Irrespective of  DOX-induced TYRO3 expres-
sion, all OVE26 mice displayed a similar extent of  hyperglycemia (Figure 7A). However, diabetes-induced 
kidney hypertrophy was observed in all OVE26 mouse groups, except in the OVE26;Tyro3OV + DOX mice 
(Figure 7B). Moreover, OVE26;Tyro3OV + DOX mice showed marked attenuation in albuminuria and glo-
merulosclerosis (Figure 7, C–F). Consistent with the renoprotection by TYRO3 overexpression, podocyte 
loss was also diminished in OVE26;Tyro3OV + DOX mice (Figure 8).

Induction of  TYRO3 expression in podocytes ameliorates ADRN and HIV-associated nephropathy. We next 
explored whether the podocyte-specific Tyro3 overexpression would attenuate other glomerular diseases. To 
examine its role in ADRN, Tyro3 overexpression in podocytes was induced on the day the mice received the 
injection of  adriamycin (ADR). While Tyro3 mRNA expression was decreased in ADR-injected WT mice 
in comparison with vehicle-injected WT controls, as anticipated, its levels were greater in TYRO3OV mice in 
comparison with WT with or without ADR (Supplemental Figure 4C). Induction of  Tyro3 overexpression 
in the ADRN mice markedly decreased the extent of  albuminuria and glomerulosclerosis (Figure 9), as well 
as podocyte foot process effacement and loss (Supplemental Figure 5). The effects of  TYRO3 overexpression 
were also examined in the setting of  HIVAN in HIV-1 transgenic Tg26 mice. Tg26 mice usually develop 
proteinuria at the age of  4 weeks. Therefore, we induced Tyro3 overexpression in podocytes of  Tg26 mice 
by feeding DOX starting at 4 weeks of  age, which maintained high expression of  Tyro3 to 8 weeks, when 
the mice were euthanized (Supplemental Figure 4D). The induction of  Tyro3 overexpression in podocytes 
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in Tg26 mice abated albuminuria, glomerulosclerosis, and ensuing renal fibrosis (Supplemental Figure 6). 
Together with the above findings in DKD, these results strongly indicate the protective effects of  TYRO3 
against podocyte injury and suggest that TYRO3 could be a potential therapy to ameliorate podocyte injury 
and glomerular disease progression.

Regulation of  TYRO3 in progressive kidney disease. The relative increase in TYRO3 levels observed in 
the early stage of  DKD appears to be diminished in progressive DKD. Our previous findings demon-
strated that high glucose could upregulate both PS and TYRO3 expression in cultured podocytes (7). 
Interestingly, the increase in TYRO3 expression in diabetic kidneys is lost in podocyte-specific PS-KO 
mice (Supplemental Figure 7), suggesting a positive feedback loop of  TYRO3 expression by signal 
transduction through its ligand PS. To determine the potential mechanism of  TYRO3 suppression in 
progressive DKD, we performed in silico promoter analysis of  TYRO3, which identified several poten-
tial binding sites for NF-κB. We confirmed in cultured podocytes that TNF-α stimulation suppressed 

Figure 3. Global KO of Tyro3 increases albuminuria, glomerular hypertrophy, and mesangial expansion in diabetic mice. (A) Urinary albumin/creati-
nine ratio (μg/μg) in control WT, control Tyro3 KO, diabetic WT (WT-STZ), and diabetic Tyro3 KO (KO-STZ). (B) Twelve-hour albumin excretion in control 
and diabetic mice. (C) Periodic acid-Schiff–stained kidney images at 200× and 400× magnifications. Scale bar: 50 μm. (D and E) Quantification of 
glomerular area (D) and percentage of mesangial matrix (E) in control and diabetic mice. For all datasets, n = 6 in each group; data are shown as mean 
± SEM; statistical analysis was performed with 2-way (A) or 1-way ANOVA (B, D, and E) with Tukey’s multiple comparison test. *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001 when compared with nondiabetic control mice; #P < 0.05, ##P < 0.01, ###P < 0.001 when compared with WT-STZ mice.
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TYRO3 expression and that this effect was alleviated by NF-κB inhibitor BAY 11-7082 (Figure 10, A 
and B). As NF-κB is a key mediator of  progressive DKD (26–28) and of  other glomerular diseases such 
as HIVAN (29), the suppression of  TYRO3 expression in progressive kidney disease may be mediated, 
in part, through the activation of  the NF-κB pathway.

Role of  TYRO3 in podocyte apoptosis. We observed that the global loss of  Tyro3 exacerbated podocyte 
injury and loss in DKD and in ADRN, whereas podocyte-specific overexpression of  Tyro3 attenuated them.  

Figure 4. Global KO of Tyro3 increases podocyte foot process effacement and loss in diabetic mice. (A) Representative transmission EM images of control 
and diabetic WT and Tyro3 KO mice at 2,000× (×2k) and 10,000× (×10k) magnifications. Scale bar: 5 μm. (B) Quantification of foot process width (nm) in 
control and diabetic mice. (C) Quantitative PCR analysis of WT1 mRNA in isolated glomeruli from control and diabetic mice. (D) Representative images WT1 
immunofluorescence. Glomeruli are outlined with dotted lines. Scale bar: 50 μm. (E) Number of WT1+ cells per 1, 000 μm2 glomerular tuft area. Data are 
shown as mean ± SEM; n = 6 in each group; statistical analysis was performed 1-way ANOVA with Tukey’s multiple comparison test. *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001 when compared with nondiabetic control mice; #P < 0.05 when compared with WT-STZ mice.
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One of  the downstream signaling mediators of  TYRO3 is AKT (30). In cultured podocytes, TYRO3OV 
led to enhanced AKT phosphorylation, whereas TYRO3KD diminished it (Figure 10C). As AKT acti-
vation protects podocytes from apoptosis-induced cell death (31), we next determined the effects 
of  TYRO3 overexpression and knockdown on podocyte apoptosis. TYRO3KD increased podocyte 
apoptosis by annexin V staining (Figure 10, D and E). Moreover, the increase in podocyte apoptosis, 
when challenged with high glucose conditions, was mitigated with TYRO3 overexpression, whereas 
it was enhanced with TYRO3KD (Figure 10F). Similarly, supplementation of  PS (10 nM) decreased 
podocyte apoptosis, while this protection was lost with the inhibition of  AKT with a specific AKT 
inhibitor (AKTi; 5 μM) (Figure 10G). Together, these results suggest that PS/TYRO3 signal trans-
duction protects against podocyte injury and loss through the activation of  the AKT pathway and 
enhancing their survival.

Figure 5. Global knockout of Tyro3 increases albuminuria and glomerulosclerosis in ADRN mice. (A) Urinary albumin/creatinine ratio (μg/μg) in 
control WT, control Tyro3 KO (KO), ADR-injected WT (WT-ADR), and ADR-injected Tyro3 KO (KO-ADR). (B) Twelve-hour albumin excretion (μg) in 
control and ADRN mice. (C) Periodic acid-Schiff–stained kidney images at 200× and 400× magnifications. Scale bar: 50 μm (D) Semiquantification 
of glomerulosclerosis in control and ADRN mice. For all datasets, n = 6 in each group; data are shown as mean ± SEM; statistical analysis was per-
formed with 2-way (A) or 1-way ANOVA (B and D); *P < 0.05, ***P < 0.001, and ****P < 0.0001 when compared with vehicle-injected control mice; 
#P < 0.05, ##P < 0.01, and ####P < 0.0001 when compared with WT-ADR mice.
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Figure 6. Global KO of Tyro3 increases podocyte foot process effacement and loss in ADRN mice. (A) Representative transmission EM images of 
control and ADRN mice at 2,000× (×2k) and 10,000× (×10k) magnifications. Scale bar: 5 μm. (B) Quantification of foot process width (nm) in control 
and ADRN mice. One-tailed, paired t test. (C) Quantitative PCR analysis of WT1 mRNA in isolated glomeruli from control and ADRN mice. (D) 
Representative images WT1 immunofluorescence. Scale bar: 20 µm. (E) Number of WT1+ cells per 1,000 μm2 glomerular tuft area. Data are shown 
as mean ± SEM; n = 6 in each group; statistical analysis was performed with 1-way ANOVA with Tukey’s multiple comparison test; **P < 0.01 and 
****P < 0.0001 when compared with vehicle-injected control mice; #P < 0.05 and ##P < 0.01 when compared with WT-ADR.
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Figure 7. Podocyte-specific overexpression of Tyro3 ameliorated albuminuria, glomerular hypertrophy, and mesangial expansion in diabetic mice. 
(A) Blood glucose levels in control WT, control OVE26 and OVE26;Tyro3OV mice, and DOX-treated OVE26 and OVE26;Tyro3OV mice. (B) Kidney/body 
weight ratio in control and diabetic mice. (C) Urinary albumin/creatinine ratio (UACR) in control and diabetic mice. (D) Twelve-hour albumin excretion 
in control and diabetic mice. (E) Periodic acid-Schiff stained kidney images at 200× and 400× magnifications. Scale bar: 50 μm. (F) Quantification of 
glomerulosclerosis scoring in control and diabetic mice. For all datasets, n = 6 in each group; data are shown as mean ± SEM; statistical analysis was 
performed with 2-way (A and C) or 1-way ANOVA (B and D) with Tukey’s multiple comparison test. ***P < 0.001 and ****P < 0.0001 when compared 
with WT mice; #P < 0.05, ##P < 0.01, and ###P < 0.001 when compared with control OVE26 mice.
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Discussion
Podocyte injury is a major event in both primary and secondary glomerular disease. Loss of  podocytes by 
either apoptosis or detachment or by other mechanisms leads to progression of  glomerular disease (1, 2, 
5). Of  all glomerular morphological characteristics, the reduction in podocyte density is considered as the 
strongest predictor of  progressive DKD (32, 33), and the degree of  podocyte reduction correlates directly 
with the magnitude of  proteinuria (34, 35). Many studies have identified more specific treatments to pre-
vent podocyte injury. For example, several immunosuppressive medications, such as calcineurin inhibitors, 
steroids, and rituximab, have direct protective effects against podocyte injury (36–38). We and others have 
showed that retinoic acid could attenuate podocyte injury in glomerular disease (39). However, clinical 
trials with retinoids are limited because of  their significant side effects. Vitamin D3 analogues also reduce 
podocyte injury in glomerular disease, but the effects have not been tested by clinical trials (40). Our data 
now demonstrate that TYRO3 could be a potential target to treat podocyte injury in glomerular disease.

We found that TYRO3 expression was localized mostly in podocytes in human kidneys and that its 
expression was markedly suppressed in the glomeruli of  patients with progressive DKD and FSGS. Inter-
estingly, TYRO3 expression was increased in the glomeruli of  type 2 diabetic Pima Indians with early 
and mild DKD (41), but it was significantly decreased in glomeruli of  White subjects with progressive 
DKD (42). A correlation between eGFR and glomerular TYRO3 expression was also observed in DKD 
patients, indicating an association of  TYRO3 expression with the disease progression. As mouse models 
of  DKD display a milder disease phenotype than displayed in human DKD and mimic more of  early 
diabetic kidneys (43), the observation that Tyro3 mRNA expression is increased in db/db or STZ-induced 

Figure 8. Podocyte-specific overexpression of Tyro3 ameliorates podocyte loss in diabetic mice. (A) Quantitative PCR analysis of WT1 mRNA in isolated 
glomeruli from control and diabetic mice. (B) Representative images WT1 immunofluorescence. (C) Number of WT1+ cells per 1,000 μm2 glomerular tuft 
area. Data are shown as mean ± SEM; n = 6 in each group; statistical analysis was performed 1-way ANOVA with Tukey’s multiple comparison test. ***P < 
0.001 and ****P < 0.0001 when compared with WT; #P < 0.05 and ##P < 0.01 when compared control OVE26 mice.
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diabetic mice (43) — but mildly suppressed in glomeruli of  eNOS-deficient db/db mice with more pro-
gressive kidney disease — is consistent with the findings in human kidneys. We previously showed that 
the expression of  both PS and TYRO3 are increased by high glucose conditions in vitro (7), suggesting 
that their upregulation in early DKD may be a protective mechanism against cellular injury in the diabetic 
milieu and that the renoprotective mechanism from PS/TYRO3 is lost in patients with progressive DKD. 
Although the exact mechanisms of  PS and TYRO3 downregulation in the late stage of  DKD remain to 
be elucidated, our in vitro data suggest that the activation of  the TNF-α/NF-κB pathway, which plays a 
critical role in the progression of  DKD and other glomerular diseases (27, 44), is in part responsible for 
the reduced TYRO3 expression in patients with progressive kidney disease.

Our in vitro data also indicate that TYRO3 signaling is important for podocyte survival through 
the activation of  the AKT pathway, a prosurvival pathway in podocytes in early DKD (45, 46). Knock-
out of  Tyro3 indeed exacerbated podocyte loss and DKD progression in STZ-induced diabetic mice. 

Figure 9. Podocyte-specific overexpression of Tyro3 ameliorates albuminuria and glomerulosclerosis in ADRN mice. (A) Urinary albumin/creatinine ratio 
in DOX-treated control WT, Tyro3OV, ADR-injected WT (WT+ADR), and ADR-injected Tyro3OV (Tyro3OV+ADR). (B) Twelve-hour albumin excretion in control 
and ADRN mice. (C) Periodic acid-Schiff–stained kidney images at 200× and 400× magnifications. Scale bar: 50 μm. (D) Semiquantification of glomeru-
losclerosis in control and ADRN mice. For all datasets, n = 6 in each group; data are shown as mean ± SEM; statistical analysis was performed with 2-way 
(A) or 1-way ANOVA (B and D) with Tukey’s multiple comparison test; **P < 0.01, ***P < 0.001, and ****P < 0.0001 when compared with vehicle-injected 
control mice; ##P < 0.01, ###P < 0.001, and ####P < 0.0001 when compared with WT-ADR mice.
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While we cannot preclude the effects of  Tyro3 loss in cells outside the kidney in contributing to the 
worsened DKD phenotype in diabetic Tyro3-null mice, podocyte-specific overexpression of  Tyro3 was 
sufficient to significantly attenuate podocyte loss and DKD injury in the OVE26 model of  type 2 
diabetes, confirming an important podocyte-specific role of  TYRO3 in diabetic kidneys. As other glo-
merular cell injuries are involved in diabetic glomerulopathy in addition to podocytes, we expect that 
therapeutic targeting of  TYRO3 in combination with other therapies, such as renin-angiotensin block-
ade, may be optimal as a potential DKD treatment.

In addition to DKD, decreased expression of  TYRO3 was also observed in glomeruli of  patients 
with FSGS, and it correlated with the progression of  primary glomerular diseases, as observed in the 
NEPTUNE study. Our data using Tyro3-KO and podocyte-specific Tyro3 overexpression transgenic mice 

Figure 10. TYRO3 signaling affects 
AKT activation in cultured podo-
cytes. (A) Real-time PCR analysis 
of TYRO3 mRNA in cultured human 
podocytes after TNF-α treatment (10 
ng/ml) for 6 hours with or without 
pretreatment with NF-κB inhibitor 
BAY11-7082 (BAY, 5 μM) for 1 hour. n 
= 3 per sample; 2-tailed, unpaired t 
test was performed to compare means 
between groups. ***P < 0.001 when 
compared with DMSO control, ##P < 
0.01 when compared with TNF-α. (B) 
Western blot analysis of TYRO3 in cells 
in A. (C) Western blot analysis of total 
and phosphorylated AKT in cultured 
podocytes with Tyro3 overexpression 
(Tyro3OV) or Tyro3 knockdown (Tyro3KD) 
compared with control knockdown 
(ControlKD) podocytes. (D and E) Annex-
in V analysis of apoptosis in ControlKD 
and Tyro3KD podocytes. FACS analysis 
is shown in D, and quantification is 
shown in E. n = 4 per sample; 2-tailed, 
unpaired t test was performed to 
compare means between groups. ***P 
< 0.001 when compared with ControlKD. 
(F) Active Caspase-3 concentration 
in cultured podocytes (WT, Tyro3ov, or 
Tyro3KD) under normal (control), high 
mannitol (mannitol), or high glucose 
(glucose) conditions. n = 5; 1-way ANO-
VA with Tukey’s multiple comparison 
test was performed to compare means. 
****P < 0.0001 when compared with 
control group; ##P < 0.01 and ####P < 
0.0001 when compared with glucose 
group. (G) Active Caspase-3 concen-
tration in cultured podocytes under nor-
mal (control), high mannitol (mannitol), 
or high glucose (glucose) conditions 
with or without protein S (PS; 50 nM) 
and AKT inhibitor (AKTi; 1 μM). n = 5; 
1-way ANOVA with Tukey’s multiple 
comparison test was performed to 
compare means. ****P < 0.0001 when 
compared with control group; ##P < 0.01 
when compared with glucose group; 
§§§§P < 0.0001 when compared with 
glucose+PS group.
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indicates the renoprotective role of  TYRO3 not only in DKD, but also in ADRN and HIVAN. Together, 
our data underline the previously unrecognized role of  TYRO3 as an important mediator of  podocyte 
survival and a potential drug target for treatment in glomerular disease.

Methods
Gene expression analysis in human kidney tissues. Human kidney tissue (glomeruli or tubuli) was microdissect-
ed as described previously (27). Expression of  TYRO3 in microdissected glomeruli from 128 adult patients 
from NEPTUNE and 22 Southwestern American Pima Indians with early stage of  DKD was extracted 
from Affymetrix GeneChip array analysis (43, 47, 48).

IHC. Briefly, formalin-fixed and paraffin-embedded sections were deparaffinized, and endogenous per-
oxidase was inactivated with H2O2. Sections were then blocked in 2% goat serum in PBS for 1 hour at 
room temperature and then incubated with primary antibody at 4°C overnight. The next day, sections were 
washed 3 times with PBS and then incubated with secondary antibody for 30 minutes. Positive staining was 
revealed by peroxidase-labeled streptavidin and diaminobenzidine substrate with a fixed exposure time of  3 
minutes for all experiments among the groups. The control included a section stained with only secondary 
antibody (Vectastain ABC kit, pk-1601, Vector Laboratories).

Quantification of  Immunostaining. Immunostained images with magnification of  400× were obtained. 
ImageJ (NIH) 1.26t software was used to measure the level of  immunostaining in the glomeruli. First, the 
images were converted to 8-bit gray scale. Glomerular regions were selected for measurement of  area and 
integrated density, and background intensity was measured by selecting 3 distinct areas in the background 
with no staining. The corrected optical density (COD) was determined as shown below:
COD = ID – (A × MGV),
where ID is the integrated density of  the selected glomerular region, A is the area of  the selected glomeru-
lar region, and MGV is the mean gray value of  the background readings (49).

Diabetic mouse models. Global Tyro3–/– mice in C57BL/6J background were purchased from The Jackson 
Laboratory (strain no. 007937). The inducible podocyte-specific Tyro3 overexpression mouse model (Tyro3OV) 
was generated at the Mouse Genetics and Gene Targeting Core at Icahn School of Medicine at Mount Sinai. 
At 8 weeks of age, Tyro3+/+ and Tyro3–/– male mice were i.p. injected with either STZ (50 μg/g; MilliporeSigma) 
or sodium citrate vehicle for 5 consecutive days. Fasting blood glucose concentrations were monitored weekly 
by using a glucometer. Mice were sacrificed at 20 weeks after STZ injection. Diabetic OVE26 mice (strain no. 
005564; The Jackson Laboratory) were crossed with inducible podocyte-specific Tyro3 overexpression mice 
(podocin-rtTA;TetON-Tyro3) in the FVB/N background to generate OVE26;Tyro3OV mice. Doxycycline-sup-
plemented chow (635 mg/kg; Envigo RMS Inc.) was given at 8 weeks of age and mice were sacrificed at 12 
weeks of age. Age-matched OVE26 mice and WT FVB/N mice were used as controls. Diabetic OVE26 mice 
were maintained by daily monitoring of blood glucose and long-acting insulin injections as needed.

ADRN and HIVAN murine models. ADRN was induced by injection of  18.8 mg/kg adriamycin via the 
tail vein in TyroOV and their control littermates at 10 weeks of  age, as described previously (50). Proteinuria 
was monitored every week, and the mice were sacrificed at 28 days after injection. TyroOV mice were also 
crossed with HIV-1 transgenic mice (Tg26) in the FVB/N background. TyroOV;Tg26 mice were compared 
with Tg26 mice or WT normal mice in FVB/N background. The proteinuria was monitored weekly in 
these mice starting at 4 weeks of  age, and the mice were sacrificed at a 8 weeks of  age.

Measurement of  urine albumin and creatinine. Urine albumin was quantified by ELISA using a kit from 
Bethyl Laboratories Inc. Urine creatinine levels were measured in the same samples using QuantiChrom 
creatinine assay kit (DICT-500; BioAssay Systems) according to the manufacturer’s instruction. The urine 
albumin excretion was assessed as the ratio of  albumin to creatinine. Twelve-hour urine collections in the 
metabolic cages were also used for determination of  the urinary albumin excretion rate.

Kidney histology. Kidneys were removed and fixed with 4% paraformaldehyde for 16 hours at 4°C. 
The 4-μm sections were cut from paraffin-embedded kidney tissues. Sections were stained with periodic 
acid–Schiff  (PAS) for histology analysis. Assessment of  the mesangial and glomerular cross-sectional areas 
was performed in a blinded fashion by pixel counts on a minimum of  10 glomeruli per section, under 
400× magnification (Zeiss AX10 microscope). Renal histological abnormalities were scored as previously 
described (51). The glomerulosclerosis was graded on a semiquantitative scale (0 to 3+): 0 (absent), 1+ 
(involving 1%–25% of  all glomeruli sampled), 2+ (involving 26%–50% of  glomeruli), and 3+ (involving 
>50% of  glomeruli) as described. An average of  50 glomeruli were sampled per animal.

https://doi.org/10.1172/jci.insight.123482


1 5insight.jci.org   https://doi.org/10.1172/jci.insight.123482

R E S E A R C H  A R T I C L E

Electron microscopy. Tissues were fixed in 2.5% glutaraldehyde with 0.1 M sodium cacodylate (pH 7.4) 
for 72 hours at 4°C. Samples were further incubated for 1 hour at room temperature with 2% osmium 
tetroxide and 0.1 M sodium cacodylate (pH 7.4). Ultrathin sections were stained with lead citrate and ura-
nyl acetate and viewed on a Hitachi H7650 microscope. Briefly, negatives were digitized, and images with a 
final magnitude of  up to 10,000× were obtained. ImageJ 1.26t software was used to measure the length of  
the peripheral GBM, and the number of  slit pores overlying this GBM length were counted. The arithmetic 
mean of  the foot process width (WFP) was calculated as shown below:

where Σslits indicates the total number of  slits counted; ΣGBM LENGTH indicates the total GBM 
length measured in 1 glomerulus, and π/4 is the correction factor for the random orientation by which the 
foot processes were sectioned (52).

Isolation of  mouse glomeruli. Mouse glomeruli were isolated as described (53). Briefly, animals were 
perfused with HBSS containing 2.5 mg/ml iron oxide and 1% BSA. At the end of  perfusion, kidneys 
were removed, decapsulated, minced into 1-mm3 pieces, and digested in HBSS containing 1 mg/ml 
collagenase A and 100 units/ml deoxyribonuclease I. Digested tissue was then passed through a 100-μm 
cell strainer and collected by centrifugation (200 g for 5 minutes). The pellet was resuspended in 2 ml of  
HBSS, and glomeruli were collected using a magnet. The purity of  the glomerular collection was verified 
under microscopy. Total RNA was isolated from kidney glomeruli of  mice using TRIzol (Invitrogen).

Cell culture. Human podocytes were obtained from Moin Saleem and cultured as described (54). 
Cells were serum starved in 1% serum containing medium for 12 hours, followed by treatment with the 
medium containing either normal glucose (5 mM), high mannitol (5 mM glucose ± 25 mM mannitol), 
or high glucose (30 mM) for the indicated time intervals. Cells were serum starved in 1% serum contain-
ing medium for 12 hours. Cells were pretreated with or without NF-κB inhibitor (BAY 11-7082, 5 μM) 
for 1 hour in 1% serum containing medium. The cells were then further stimulated with TNF-α (10 ng/
ml), human PS (hPS) (50 nM; Abnova, H00005627-P01), and/or AKT inhibitor (Tocris, 5773) 1 μM for 
24 hours as indicated.

Overexpression and knockdown PS and TAM receptors with shRNA-lentivirus. A Tyro3 clone was pur-
chased from Thermo Fisher Scientific and inserted into a gag-, pol-, and env-deficient lentivector con-
struct, VVE/BBW (gift of  G. Luca Gusella, Icahn School of  Medicine at Mount Sinai). Lentiviral 
particles were generated and used for infection of  podocytes. Podocytes with stable Tyro3 expression 
were selected using blasticidin. Cultured murine and human podocytes infected with the empty VVE/
BBW lentivector served as controls. TYRO3KD in human podocytes was performed using an Expression 
Arrest GIPZ Lentiviral shRNAmir system (Dharmacon). Two sets of  shRNAs against hTYRO3 were 
used in the experiments. Lentiviral particles were produced by transfecting 293T cells with a combi-
nation of  lentiviral expression plasmid, pCD/NL-BH ΔΔΔ packaging plasmid, and VSV-G–encoding 
pLTR-G plasmid. For viral transduction of  the human podocyte cell line, viral supernatants were sup-
plemented with 8 μg/ml polybrene and incubated with cells for a 24-hour period. Cells expressing shR-
NA were selected with puromycin for 2–3 weeks prior to use in all studies. Western blot analysis was 
performed to confirm the efficiency of knockdown.

Western blot. Cells were homogenized in lysis buffer containing protease inhibitor cocktail. Equal 
amounts of  protein samples were separated on SDS polyacrylamide gel, transferred to PVDF membranes 
(MilliporeSigma) and probed with primary antibodies (rabbit anti-TYRO3 from Abcam [ab109231], and 
rabbit anti-pAKT and anti-total AKT from Cell Signaling (catalogs 4060 and 9272). Membranes were 
then washed with PBST and incubated with a secondary antibody (horseradish peroxidase–conjugated 
antibodies to mouse IgG [Promega, W402B] or to rabbit IgG [Promega, W401B]). Blots were developed 
with the enhanced chemiluminescence system. Densitometry analysis for quantification was performed as 
described previously (55).

Real-time PCR. Total RNA was extracted by using TRIzol (Invitrogen). First-strand cDNA was prepared 
from total RNA (2.0 μg) using the Superscript III first strand synthesis kit (Invitrogen), and cDNA (1 μl) was 
amplified in triplicate using SYBR GreenER qPCR Supermix on an ABI PRISM 7900HT (Applied Bio-
systems). Light Cycler analysis software was used to determine crossing points using the second derivative 
method. Data were normalized to housekeeping genes (GAPDH) and presented as fold increase compared 
with RNA isolated from WT animals using the 2ΔΔCT method.
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Immunofluorescence. Kidney sections from human kidney biopsies and from mice were immunos-
tained using rabbit anti-Tyro3 (Abcam, ab109231), mouse antisynaptopodin (R&D Systems, MAB8977), 
and mouse anti-WT1 (Santa Cruz Biotechnology Inc., sc-7385) antibodies. After washing, sections were 
incubated with a fluorophore-linked secondary antibody (Alexa Fluor 488 anti–rabbit IgG and Alexa 
Fluor 568 anti–mouse IgG from Invitrogen; A-11008 and A-11004). After staining, slides were mounted 
in Aqua Poly/Mount (Polysciences Inc.) and imaged using Zeiss Axioplan 2IE microscope.

Statistics. Data are expressed as mean ± SEM. T tests were used to analyze data between 2 groups. 
ANOVA with Bonferroni post-hoc test was used when more than 2 groups were present. All experiments 
were repeated at least 3 times, and representative experiments are shown. Statistical significance was be 
achieved when P < 0.05. Multivariable Cox regression model was used to assess the association between 
gene expression and time to composite endpoint.

Study approval. All animal protocols were approved by the IACUC at Icahn School of  Medicine at 
Mount Sinai. Archival human biopsy specimens of  healthy donor nephrectomies and diabetic nephropathy 
were collected at Jinglin Hospital, Nanjing University Medical School (Nanjin, China) under a protocol 
approved by the IRB.
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