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Abstract

The immunosuppressive action of the calcineurin inhibitor cyclosporine A (CsA) stems from the

inhibition of nuclear factor of activated T cells (NFAT) signaling in T cells. CsA is also used for

the treatment of proteinuric kidney diseases. As it stands, the antiproteinuric effect of CsA is

attributed to its immunosuppressive action. Here we show that the beneficial effect of CsA on

proteinuria is not dependent on NFAT inhibition in T cells, but rather results from the stabilization

of the actin cytoskeleton in kidney podocytes. CsA blocks the calcineurin-mediated

dephosphorylation of synaptopodin, a regulator of Rho GTPases in podocytes, thereby preserving

the phosphorylation-dependent synaptopodin–14-3-3β interaction. Preservation of this interaction,

in turn, protects synaptopodin from cathepsin L–mediated degradation. These results represent a

new view of calcineurin signaling and shed further light on the treatment of proteinuric kidney

diseases. Novel calcineurin substrates such as synaptopodin may provide promising starting points

for antiproteinuric drugs that avoid the serious side effects of long-term CsA treatment.

The kidney glomerulus is a highly specialized structure that ensures the selective

ultrafiltration of plasma so that essential proteins are retained in the blood. The common

denominator in a variety of kidney diseases, including minimal change disease (MCD) and
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focal segmental glomerulosclerosis (FSGS), is podocyte dysfunction involving a massive

loss of protein in the urine (proteinuria)1,2. Dynamic regulation of the podocyte actin

cytoskeleton is vital to normal kidney filter function, and mutations affecting several

podocyte proteins lead to the rearrangement of the actin cytoskeleton and subsequent

proteinuria3. Proteins regulating podocyte actin dynamics are therefore crucial for sustained

glomerular filter function4.

The actin-binding protein synaptopodin, which is highly expressed in podocytes5, exists in

three isoforms, neuronal Synpo-short, renal Synpo-long and Synpo-T6. Synaptopodin-

mutant mice lacking Synpo-short and Synpo-long upregulate Synpo-T protein expression in

podocytes, thereby rescuing kidney filter function during development6. They do, however,

suffer from prolonged proteinuria when challenged with lipopolysaccharide (LPS)6.

Synaptopodin is a key regulator of podocyte function because bigenic heterozygosity for

synaptopodin and CD2-associated protein results in proteinuria and FSGS-like glomerular

damage7. Mechanistically, synaptopodin induces stress fibers by stabilizing the GTPase

RhoA8 and suppresses filopodia by disrupting cell division cycle-42–insulin receptor

substrate p53–Mena signaling complexes9.

The serine/threonine phosphatase calcineurin is ubiquitously expressed in all mammalian

tissues10. The best characterized function of calcineurin is the regulation of NFAT signaling.

The immunosuppressive action of the calcineurin inhibitor CsA stems from the inhibition of

NFAT signaling in T cells11. In other cell types, calcineurin-NFAT signaling can also cause

cardiac hypertrophy, skeletal muscle differentiation or changes in synaptic plasticity11. In

addition, calcineurin-NFAT signaling is crucially involved in angiogenesis10, pancreatic

beta cell function12 and hair growth13. Likewise, inhibition of calcineurin-NFAT signaling

in bone explains the bone loss often experienced during immunosuppressant therapy that

targets calcineurin14.

Notably, CsA can induce a remission of proteinuria caused by such diseases as MCD and

FSGS15. T cell dysfunction is associated with some forms of proteinuria, including a subset

of MCD in children. Therefore, it has been assumed that T cells act on podocytes to cause

proteinuria and that the antiproteinuric effect of CsA results from the inhibition of NFAT

signaling in T cells15. As it stands, experimental support of this hypothesis is missing. CsA

can also reduce proteinuria in human16 and experimental17 Alport’s syndrome, a

nonimmunological disease, raising doubts about the above hypothesis. Moreover, LPS-

induced proteinuria can develop independently of T cells18, and mice lacking synaptopodin

show impaired recovery from LPS-induced proteinuria6. Collectively, these data argue for a

direct effect of calcineurin and its inhibitor CsA on podocytes. Here we show that the

antiproteinuric effect of CsA is independent of its immunosuppressive function in T cells

and results directly from the stabilization of the podocyte actin cytoskeleton. In particular,

we show that calcineurin regulates podocyte actin dynamics by dephosphorylating

synaptopodin, thereby abrogating the 14-3-3–mediated protection of synaptopodin from

cathepsin L (CatL)-mediated proteolysis.
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RESULTS

Synaptopodin is a 14-3-3 and calcineurin-binding protein

14-3-3 proteins are chaperone-like phospho–serine/threonine–binding proteins that can alter

the structure or function of target proteins19. Human Synpo-short and Synpo-long contain

two consensus 14-3-3–binding motifs (amino acids 212–218: RAAATTP, and amino acids

615–621: RPSRSSP; Fig. 1a). Using a yeast two-hybrid screen6, we found that 14-3-3β and

14-3-3η bound synaptopodin. In the kidney, 14-3-3 colocalized with synaptopodin in

podocytes (Fig. 1b). In differentiated cultured podocytes, 14-3-3 colocalized with

synaptopodin along stress fibers, and both proteins remained associated after disruption of

stress fibers by latrunculin A (Fig. 1c). Biochemically, GST–14-3-3β specifically bound

synaptopodin from isolated glomeruli (Fig. 1d), and glomerular 14-3-3β precipitated with

endogenous synaptopodin (Fig. 1e). To map 14-3-3 interaction sites in synaptopodin, we

focused on the two 14-3-3–binding sites (Fig. 1a) that fit the mode 2 consensus 14-3-3–

binding motif (RXXXpSXP or RXXXpTXP)20. We hypothesized that Thr216 and Ser619

are phosphoacceptor sites within the first (RAAApTTP) and the second (RPSRpSSP) motif,

respectively, whose phosphorylation is required for 14-3-3 binding. To test this hypothesis,

we expressed Flag-synaptopodin proteins with GFP–14-3-3β in HEK293 cells and

conducted coimmunoprecipitation studies. Wild-type synaptopodin and phosphomimetic

Synpo-ED (containing T216E and S619D mutations) interacted with 14-3-3β (Fig. 1f). In

contrast, the destruction of the phosphoacceptor sites by alanine substitution (T216A and

S619A; Synpo-AA) abrogated 14-3-3β binding (Fig. 1f).

Myopodin, another member of the synaptopodin gene family, binds the catalytic calcineurin

subunits CnAα and CnAβ21. Similarly, GFP–Synpo-alt, the C-terminal fragment of Synpo-

long not present in Synpo-short (Fig. 1a), precipitated with CnAα from co-transfected

HEK293 cells, whereas both GFP–Synpo-short and GFP–Synpo-alt interacted with

constitutively active calcineurin (aCnA)22 (Fig. 2a). Furthermore, synaptopodin could be

immunoprecipitated with endogenous CnAα from isolated glomeruli (Fig. 2b), and

calcineurin colocalized with synaptopodin in podocytes in the kidney and in culture (Fig.

2c).

Phosphorylation of synaptopodin and binding to 14-3-3

Similar to the vast majority of 14-3-3–interacting proteins23, myopodin is a phosphoprotein

that binds to 14-3-3β in a serine/threonine phosphorylation–dependent fashion24. To test

whether synaptopodin is also a phosphoprotein, we incubated purified Flag–Synpo-short

from transfected HEK293 cells with lambda protein phosphatase (λ-PPase). As shown by

SDS-PAGE and western blot analysis, λ-PPase reduced the molecular size of synaptopodin

(Fig. 3a), thereby showing that synaptopodin is phosphorylated in vivo. Consensus 14-3-3–

binding motifs serve as substrates for serine/threonine protein kinases25 including protein

kinase A (PKA) and calcium-dependent protein kinase II (CaMKII)26, two kinases that can

phosphorylate the 14-3-3–binding motifs of myopodin21. To test whether PKA and CaMKII

can phosphorylate synaptopodin, we dephosphorylated purified wild-type Flag–Synpo-short

and Flag–Synpo-AA with λ-PPase and incubated it with PKA or CaMKII in the presence of

[γ32P]ATP. 32P labeling of wild-type synaptopodin by PKA was first detected after 2 min
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and increased over time (Fig. 3b). In contrast, 32P labeling of Synpo-AA was strongly

reduced (Fig. 3b). 32P labeling of synaptopodin by CaMKII was first detected after 15 min

and increased thereafter (Fig. 3b). In contrast, CaMKII caused virtually no 32P labeling of

Synpo-AA (Fig. 3b). To further explore the phosphorylation of synaptopodin by PKA and

CaMKII, we transfected HEK293 cells with Flag–Synpo-short and incubated them in 32P-

containing medium for 2 h. After immunoprecipitation, Flag–Synpo-short showed

strong 32P labeling, which was markedly reduced in the presence of the PKA inhibitor H89

or the CaMKII inhibitor KN62 (Fig. 3c). Combined inhibition of both kinases further

decreased the 32P labeling of synaptopodin (Fig. 3c).

Consensus 14-3-3–binding motifs can be dephosphorylated by serine/threonine protein

phosphatases, including calcineurin26. Calcineurin dephosphorylates myopodin, thereby

abrogating the myopodin–14-3-3 interaction21. To test whether synaptopodin is also a

substrate of calcineurin, we used PKA to label purified Flag–Synpo-short with 32P before

incubation for 30 or 60 min in the presence or absence of calcineurin. 32P-synaptopodin

abundance decreased over time only in the presence of calcineurin (Fig. 3d). To further test

whether calcineurin can dephosphorylate synaptopodin, we expressed Flag–Synpo-short in

HEK293 cells with dominant active GFP-aCnA20 in the presence of 32P followed by

immunoprecipitation with an antibody to Flag. 32P labeling of Flag–Synpo-short

immunoprecipitated from cells expressing GFP-aCnA was almost completely abolished

when compared to cells expressing GFP (Fig. 3e). Next, we examined the ability of purified

Flag–Synpo-short to bind immobilized GST–14-3-3β before and after dephosphorylation.

Flag–Synpo-alt, which cannot bind 14-3-3β (data not shown), served as a negative control.

In the absence of phosphatase treatment, synaptopodin strongly and specifically bound to

immobilized GST–14-3-3β (Fig. 3f). In contrast, the dephosphorylation of Flag–Synpo-short

with λ-PPase or calcineurin abrogated the binding of synaptopodin to 14-3-3β (Fig. 3f).

Synaptopodin-14-3-3 binding maintains stress fibers

Synaptopodin, which is required for stress fiber formation in podocytes6,8, can be

phosphorylated by PKA and CaMKII (Fig. 3b,c) and dephosphorylated by calcineurin (Fig.

3d,e). Therefore, we tested whether the pharmacological inhibition of calcineurin, PKA or

CaMKII modulates podocyte actin dynamics. Inhibition of calcineurin with CsA increased

stress fiber content and synaptopodin expression (Supplementary Fig. 1a online) without

inducing podocyte apoptosis (Supplementary Table 1 online). The effect on stress fiber

content was mediated by synaptopodin, because it did not occur in synaptopodin-

knockdown podocytes6. The PKA inhibitor H89 and, more strongly, the combined

application of H89 and the CaMKII inhibitor KN62 caused the loss of stress fibers and

synaptopodin expression, which could be rescued by CsA (Supplementary Fig. 1a).

Similarly, the transfection of differentiated podocytes with yellow fluorescence protein–

tagged difopein, a specific inhibitor of 14-3-3–ligand interactions27, caused the loss of stress

fibers and synaptopodin expression in transfected podocytes but not in neighboring

nontransfected cells (Supplementary Fig. 1b).
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Synaptopodin proteolysis by CatL and protection by 14-3-3

Upregulation of CatL activity in podocytes is associated with the development of

proteinuria28,29. Glomerular synaptopodin is highly unstable, leading to the generation of a

44-kDa fragment5. Synaptopodin contains two high-scoring CatL cleavage sites30 (amino

acids 422–426: ALGAE and amino acids 612–61: ALPRPS), the first of which predicts the

generation of an N-terminal 44-kDa fragment (Fig. 1a). Therefore, we tested whether CatL

can cleave purified Flag-synaptopodin. At pH 4.5, which reflects a lysosomal milieu, we

found a concentration-dependent complete degradation of synaptopodin (Fig. 4a). At pH 6.5,

we observed a dose-dependent accumulation of the 44-kDa fragment (Fig. 4a). At pH 7.0,

which allows for cytosolic-like CatL activity29, we found a partial degradation of

synaptopodin (Fig. 4a).

To test whether decreased synaptopodin expression after protein kinase inhibition

(Supplementary Fig. 1a) resulted from CatL-mediated cleavage, we repeated the kinase

inhibition experiment in the presence of the cathepsin inhibitor E64, which prevented the

H89-and KN62-induced loss of stress fibers and synaptopodin expression (Fig. 4b). Next,

we monitored synaptopodin steady-state protein levels in the presence or absence of H89

and KN62 with or without CsA, E64 or E64D (a specific inhibitor of CatL). Full-length

synaptopodin abundance was decreased by combined application of H89 and KN62 and

could be restored by CsA, E64 or E64D (Fig. 4c).

In plants, 14-3-3 can increase the steady-state protein levels of its interacting partners by

blocking their cleavage30. To test whether 14-3-3 binding protects synaptopodin from

proteolytic degradation by CatL in a similar manner, we digested purified Flag–Synpo-short

at pH 7.0 with CatL in the presence or absence of purified Flag–14-3-3β or Flag–α-

actinin-4, another synaptopodin-binding protein6. The cleavage of synaptopodin by CatL

resulted in a decrease in the amount of full-length synaptopodin and the appearance of the

predicted 44-kDa fragment (Fig. 4d). We detected protection of full-length synaptopodin in

the presence of 14-3-3β but not α-actinin-4 (Fig. 4d). To test whether 14-3-3β conferred true

protection instead of simply competing with synaptopodin as a substrate of CatL, we

separately incubated 14-3-3β and α-actinin-4 with CatL. Of note, neither 14-3-3β nor α-

actinin-4 was cleaved by CatL (Fig. 4d).

The first CatL cleavage site of synaptopodin (amino acids 422–426: ALGAE) is conserved

phylogenetically from fish to humans, the second (amino acids 612–617: ALPRPS) is

conserved among mammals (Fig. 4e). To explore the function of these sites, we mutated

them individually (CM1: AQDSE; CM2: ARTEPS) or in combination (CM1+2) and

determined the effect on the proteolytic processing by CatL (Fig. 4f). We detected no

degradation in the absence of CatL (Fig. 4f). The mutation of each cleavage site individually

conferred partial resistance against proteolysis, and the strongest protection was found for

Synpo-CM1+2 (Fig. 4f). Therefore, we concluded that the mutation of the CatL cleavage

sites stabilizes synaptopodin steady-state protein levels and hypothesized that the expression

of such a protected synaptopodin mutant in podocytes would preserve stress fibers. In

keeping with this hypothesis, Synpo-CM1+2 protected podocytes against H89- and KN62-

induced or LPS-induced18 loss of stress fibers (Supplementary Fig. 2 online).

Faul et al. Page 5

Nat Med. Author manuscript; available in PMC 2014 July 24.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The degradation of synaptopodin by CatL is facilitated by the calcineurin-mediated

dephosphorylation of synaptopodin, raising the possibility that synaptopodin is a direct

target of the antiproteinuric effect of CsA15 and E6432. As shown before18, LPS (n = 6;

484.89 ± 205.46 micrograms albumin per milligram creatinine) but not PBS (n = 6; 74.67 ±

31.13 micrograms albumin per milligram creatinine) caused proteinuria in SCID mice that

are devoid of T and B cells33 (P < 0.001; Fig. 5a). The LPS-induced proteinuria was

significantly reduced by treatment with CsA (n = 10, 173.87 ± 74.24 micrograms albumin

per milligram creatinine; P <0.001) or E64 (n = 8; 150.46 ± 67.27 micrograms albumin per

milligram creatinine; P < 0.001) after LPS injection (Fig. 5a). Western blot analysis of

isolated glomeruli showed that LPS caused a nearly complete loss of full-length

synaptopodin and its downstream effector RhoA8, which could be blocked by CsA or E64

(Fig. 5b).

Genetic overexpression of synaptopodin prevents proteinuria

To test whether the restoration of synaptopodin protein abundance in mice protects against

LPS-induced proteinuria, we injected wild-type mice with LPS after in vivo gene

delivery9,29 of Flag-synaptopodin. Delivery solution alone served as a negative control.

First, we monitored Flag-synaptopodin protein abundance in the absence of LPS by

immunoblotting (Fig. 5c). At 48 h after gene delivery, we detected the recombinant Flag-

synaptopodin proteins in extracts from isolated glomeruli and livers. Whereas the protein

abundance of wild-type synaptopodin and its mutant forms were comparable in the liver,

they were markedly different in glomeruli (Fig. 5c). Synpo-CM1+2 and Synpo-ED showed

the highest expression, whereas wild-type synaptopodin and Synpo-AA expression was

much lower and comparable to endogenous synaptopodin in control mice (Fig. 5c). Notably,

the delivered Flag-synaptopodin proteins were functional, because they increased

glomerular amounts of RhoA (Fig. 5c). Hence, synaptopodin undergoes a constant

physiological turnover via CatL-mediated degradation, even in the absence of LPS. In

keeping with the biochemical results, we detected Flag–Synpo-ED in kidney cells including

podocytes, as revealed by double-labeling deconvolution microscopy with the podocyte

marker podocin34 (Fig. 5d).

Next, we conducted LPS studies after in vivo gene delivery of Flag-synaptopodin constructs

or delivery solution serving as a negative control (Fig. 5e). The expression and activity of

recombinant Flag-synaptopodin was monitored by immunoblotting (Fig. 5f). As

expected9,18, no significant proteinuria was detected in PBS-injected control mice receiving

delivery solution (n = 6; 0 h, 47.56 ± 8.55 micrograms albumin per milligram creatinine

versus 48 h, 48.72 ± 11.89 micrograms albumin per milligram creatinine; not significant). In

contrast, significant proteinuria developed in LPS-injected mice receiving delivery solution

(n = 5, 400.44 ± 149.42 micrograms albumin per milligram creatinine; P < 0.0005). LPS-

induced proteinuria was significantly reduced by gene transfer of Synpo-CM1+2 (n = 8,

165.04 ± 151.57 micrograms albumin per milligram creatinine; P < 0.05) or Synpo-ED (n =

6; 195.52 ± 126.90 micrograms albumin per milligram creatinine; P < 0.05) but not by wild-

type synaptopodin (n = 7, 600.12 ± 280.35 micrograms albumin per milligram creatinine;

not significant) or Synpo-AA (n = 8, 397.89 ± 107.77 micrograms albumin per milligram

creatinine; P <0.05; not significant) (Fig. 5e). Biochemically, we detected comparable
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amounts of all Flag-synaptopodin proteins and endogenous RhoA in liver extracts (Fig. 5f).

In contrast, in isolated glomeruli, expression of Synpo-CM1+2 and Synpo-ED was

preserved after LPS treatment, whereas wild-type synaptopodin and Synpo-AA showed a

nearly complete loss (Fig. 5f). The preservation of Synpo-CM1+2 or Synpo-ED expression

was associated with the preservation of glomerular RhoA expression (Fig. 5f), thereby

confirming that the delivered recombinant proteins were functional.

The large GTPase dynamin is another target of CatL, and gene transfer of CatL-resistant

dynamin also protects against LPS-induced proteinuria29, suggesting a functional link

between synaptopodin and dynamin. Therefore, we analyzed the above-mentioned protein

extracts (Fig. 5b,f) for dynamin. CsA and E64 preserved not only synaptopodin and RhoA

(Fig. 5b) but also dynamin steady-state protein levels (Supplementary Fig. 3a online).

Similar to RhoA (Fig. 5f), Synpo-CM1+2 or Synpo-ED gene transfer was also sufficient to

stabilize dynamin (Supplementary Fig. 3b). In light of another report suggesting that CsA

interferes with the expression of the tight junction protein ZO-1 in podocytes35, we analyzed

the protein extracts for ZO-1 (Fig. 5f). CsA and E64 (Supplementary Fig. 3a) or gene

transfer of Synpo-CM1+2 and Synpo-ED stabilized ZO-1 (Supplementary Fig. 3b), thereby

suggesting that the effect of CsA on ZO-1 expression is indirect via the stabilization of

synaptopodin. In keeping with the biochemical results (Fig. 4d), the expression of α-

actinin-4 was not affected by LPS, CsA, E64 or gene transfer (Supplementary Fig. 3).

Taken together, expression of calcineurin-resistant Synpo-ED or CatL-resistant Synpo-

CM1+2 stabilizes glomerular RhoA, dynamin and ZO-1 steady-state levels, thereby

protecting against LPS-induced proteinuria. These experiments also show that synaptopodin

protein levels in the liver are stable and not affected by LPS.

To further confirm the results of the gene delivery studies in another in vivo setting (Fig. 5),

we created a podocyte-specific and tetracycline-inducible transgenic mouse line expressing

GFP–Synpo-CM1+2 by crossing podocin-rtTA mice36 with a tetO-GFP-Synpo-CM1+2

strain (Fig. 6a). We gave the resulting double-transgenic offspring doxycycline or vehicle

solution for 7 d followed by LPS injection36. Biochemically, synaptopodin remained

detectable after LPS treatment (Fig. 6b). The preservation of synaptopodin expression was

associated with the preservation of endogenous RhoA, dynamin and ZO-1 protein levels

after LPS treatment (Fig. 6b) and protected against LPS-induced proteinuria (Fig. 6c).

Significant proteinuria developed in vehicle-treated control mice (n = 4; 0 h, 41.23 ± 15.66

micrograms albumin per milligram creatinine versus 48 h, 327.65 ± 114.65 micrograms

albumin per milligram creatinine; P < 0.005) but not in doxycycline-treated, Synpo-

CM1+2–expressing mice (n = 5; 0 h, 36.54 ± 57.95 micrograms albumin per milligram

creatinine versus 48 h, 62.00 ± 54.78 micrograms albumin per milligram creatinine; not

significant). At 48 h, we also detected a significant difference (P < 0.005) between both

groups (Fig. 6c).

Podocyte-specific expression of aCnA causes proteinuria

The inhibition of calcineurin by CsA protected against LPS-induced proteinuria (Fig. 5a)

and prevented the degradation of synaptopodin (Fig. 5b). Additionally, calcineurin caused

the dephosphorylation of synaptopodin and the loss of 14-3-3 binding (Fig. 3). Therefore,
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we hypothesized that the activation of calcineurin in podocytes should have an LPS-like

effect leading to the reduction of synaptopodin steady-state protein levels and to the

disruption of glomerular barrier function. To test this hypothesis, we created a tetracycline-

inducible36 transgenic mouse line expressing aCnA22, a constitutively active form of

calcineurin, as a GFP fusion protein specifically in podocytes in a manner similar to the

experiments described in the previous paragraph (Fig. 6d). The resulting double-transgenic

offspring were administered doxycycline or vehicle36. Similarly to LPS injection (Fig. 5 and

Supplementary Fig. 3), the induction of GFP-aCnA expression in podocytes caused the

degradation of endogenous synaptopodin and the downregulation of RhoA, dynamin and

ZO-1 (Fig. 6e). Most notably, the mice expressing the transgene (doxycycline-treated) but

not the control mice (vehicle-treated) developed significant proteinuria (vehicle-treated: n =

10; 51.40 ± 19.47 micrograms albumin per milligram creatinine versus doxycycline-treated:

n = 15; 275.62 ± 191.42 micrograms albumin per milligram creatinine; P < 0.005) (Fig. 6f).

DISCUSSION

Our data unveil a new calcineurin signaling pathway that operates in podocytes and is

essential for the maintenance of kidney filter function (Fig. 6g). In contrast to most other

calcineurin-controlled signaling events10–13, the antiproteinuric effect of CsA described here

does not result from the inhibition of NFAT signaling. Instead, CsA blocks the calcineurin-

mediated dephosphorylation of the actin-organizing protein synaptopodin6,8,9. Our data also

show that activation of calcineurin in the podocyte is sufficient to cause proteinuria via the

degradation of synaptopodin. Our findings also identify synaptopodin as a substrate of PKA

and CaMKII. Together with calcineurin, these kinases control the phosphorylation state of

synaptopodin, thereby regulating 14-3-3 binding and CatL-mediated proteolysis (Fig. 6g).

Although it was previously shown that 14-3-3 binding can increase protein steady-state

levels31,37, to our knowledge, the present study is the first to provide mechanistic insight

into how 14-3-3 binding can stabilize target proteins. Furthermore, our results unveil a new

role of cytoplasmic CatL under not only pathological29 but also physiological conditions.

Collectively, our data show that the expression of CatL-resistant synaptopodin by in vivo

gene transfer or by an inducible transgene in podocytes is sufficient to protect against LPS-

induced proteinuria. Finally, our study has uncovered a mechanism underlying the

antiproteinuric effect of CsA, an established drug in the treatment of proteinuric human

kidney diseases, in particular in cases of MCD or FSGS that are resistant to treatment with

corticosteroids or that relapse after treatment15. Our findings suggest that the antiproteinuric

effect of CsA is independent of its immunosuppressive effect and instead stems from a

direct effect on synaptopodin in podocytes (Fig. 6g).

It is possible that, similar to the activation of calcineurin by transient receptor potential

channel-6 (TRPC6) in the heart38, increased TRPC6-mediated calcium influx may cause

FSGS39,40 by enhancing calcineurin activation in podocytes, which, in turn, would lead to

the loss of synaptopodin via the above-described mechanism. This idea is supported by the

observation that overexpression of TRPC6 in podocytes causes the loss of stress fibers41,

thereby pheno-copying the loss of synaptopodin8. A role for reduced synaptopodin

expression as contributing factor in the pathogenesis of FSGS is further supported by the
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observation that heterozygosity for synaptopodin is sufficient to cause proteinuria and

FSGS-like disease7.

Altogether, the antiproteinuric effect of CsA results, at least in part, from the maintenance of

synaptopodin protein abundance in podocytes, which, in turn, is sufficient to maintain the

integrity of the glomerular filtration barrier and to safeguard against proteinuria. These

findings should open new avenues for the development of antiproteinuric drugs that directly

and selectively target the podocyte, thereby avoiding the serious side effects of prolonged

NFAT inhibition caused by long-term CsA treatment16,42.

METHODS

Cathepsin L digestion

For the in vitro digestion studies, we added 28, 70, or 140 ng human CatL (Sigma-Aldrich)

to 1 μg purified Flag-synaptopodin in reaction buffer (100 mM sodium acetate pH 4.5 or 100

mM sodium phosphate monobasic pH 6.5 or 7.0, 1 mM EDTA, and 2 mM dithiothreitol) in

a total volume of 50 μl29,43. In some experiments, we added 1 μg purified Flag–14-3-3β or

Flag–α-actinin-4 before the digest. After incubation on ice for 30 min, we added 84 ng CatL

and 10 μl reaction buffer and further incubated the proteins at 37 °C for 30 min. We stopped

the reaction by boiling in sample buffer. After resolving the samples by 8–12% gradient

SDS-PAGE, we analyzed them by immunoblotting.

Lipopolysaccharide-induced proteinuria

All animal studies were approved by the Mount Sinai School of Medicine Animal Institute

Committee. We induced proteinuria in female SCID mice (n = 6–10 per group) by LPS

injection as described before9,18. We injected the mice with ultrapure LPS (300 μg

intraperitoneally (i.p.); InvivoGen) and started treatment with CsA (25 mg per kilogram

body weight i.p.) or E64 (3 mg per kilogram body weight i.p.) 1 h after disease induction.

We repeated the LPS, CsA and E64 injections at 24 h and killed the mice after 48 h. At 12

and 36 h, we injected all mice with 0.8 ml of isotonic saline (i.p.) to prevent hypovolemia.

To quantify the level of proteinuria, we diluted 5 μl of urine with 5 μl of double-distilled

water, boiled the diluted urine in sample buffer and analyzed the samples by SDS-PAGE

followed by Coomassie blue staining. We ran BSA standards (0.1, 0.5, 1.0 and 5.0 μg) on

the same gel and used them to identify and quantify urinary albumin bands. We quantified

the albumin bands with ImageJ software (US National Institutes of Health) and determined

the creatinine abundance from the same urine samples with a commercial kit (Exocell)

according to the manufacturer’s protocol. We calculated albuminuria as micrograms

albumin per milligram creatinine.

In vivo gene delivery

We achieved in vivo hydrodynamic gene delivery by tail vein injection as previously

described9, with some modifications. We determined baseline urinary protein excretion of 8-

week-old female mice as described above. We then injected the mice (n = 5–8 per group)

with 50 μg of Flag-synaptopodin cDNA (wild-type, Synpo-CM1+2, Synpo-AA or Synpo-

ED) in 2 ml of isotonic saline. In control experiments, we injected the mice with 2 ml of

Faul et al. Page 9

Nat Med. Author manuscript; available in PMC 2014 July 24.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



isotonic saline only. We then inoculated the mice i.p. with 300 μg LPS at 1 h and 24 h after

gene delivery. Forty-eight hours after gene delivery, we measured proteinuria again as

described above. We killed the mice and monitored the efficacy of the gene transfer by

western blot analysis of synaptopodin in protein extracts from livers and isolated glomeruli

and by double-labeling immunofluorescence microscopy for Flag and the podocyte marker

podocin34.

Generation of podocyte-specific and tetracycline-inducible transgenic mice

We created the cDNA constructs for the generation of the tetO–GFP–Synpo-CM1+2 and

tetO–GFP-aCnA–transgenic mice using the BD Creator Cloning System (BD Biosciences,

Clontech). We confirmed the proper orientation of the cDNA by restriction enzyme digest

mapping. We then transferred the tetO–GFP–Synpo-CM1+2 and tetO–GFP-aCnA cDNAs

from the donor vector to pLP-Tre2, an inducible tetracycline-responsive expression vector,

using Cre-loxP site-specific recombination. We released the inducible tetO–GFP–Synpo-

CM1+2 and tetO–GFP-aCnA cDNA constructs from the vector backbone by enzymatic

digest and purified them by gel extraction (QIAquick Gel Exctraction Kit, Qiagen) before

injecting them into pronuclei of fertilized oocytes of FvB/NJ mice. We identified transgenic

founder mice by PCR and mated them to podocin-rtTA mice on an FvB/NJ background36 to

generate double-transgenic doxycycline-inducible podocin-rtTA–tetO–GFP–Synpo-CM1+2

and podocin-rtTA–tetO–GFP-aCnA mice, respectively. We identified double-transgenic

mice by PCR36. We mated podocin-rt-TA–tetO–GFP–Synpo-CM1+2 or podocin-rtTA–

tetO–GFP-aCnA F1 littermates to obtain F2 double-transgenic mice for experimental

procedures. To induce transgene expression in podocytes, we administered doxycycline

(Sigma-Aldrich) at a concentration of 2 mg ml–1 in 7% sucrose (pH ~5) to double-transgenic

mice in the drinking water for 7 d36. Simultaneously, we fed the mice a special chow diet

containing doxycycline (2,000 p.p.m.; Research Diets). We fed the control mice (vehicle)

normal chow and 7% sucrose in the drinking water. We treated five podocin-rTA–tetO–

GFP–Synpo-CM1+2 mice with doxycycline and four with vehicle. We also treated 15

podocin-rtTA–tetO–GFP-aCnA mice with doxycycline and 10 with vehicle.

Statistical analyses

The results of all animal studies were assessed by Student’s t-test and are expressed as

means ± s.d.

Additional methods

Detailed methodology is described in Supplementary Methods online.
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Figure 1.
Synaptopodin specifically interacts with 14-3-3. (a) Schematic of synaptopodin isoforms.

The white box shows the first 676 amino acids that are shared between Synpo-long and

Synpo-short. This fragment contains two 14-3-3 binding motifs (black ovals) and two CatL

cleavage sites (arrows). (b) In the adult mouse kidney, 14-3-3β colocalizes with

synaptopodin in podocytes. Scale bar, 30 μm. (c) In differentiated cultured podocytes,

14-3-3β colocalizes with synaptopodin along stress fibers (top), and both proteins remain

associated after disruption of actin filaments with latrunculin A (bottom). Scale, 25 μm. (d)

Synaptopodin from isolated mouse glomerular extracts (input) specifically binds GST–

14-3-3β but not GST alone. (e) Coimmunoprecipitation experiments show that endogenous

synaptopodin interacts with endogenous 14-3-3β in isolated mouse glomeruli. An antibody

to GFP serves as negative control. IP, immunoprecipitation. (f) GFP–14-3-3β precipitates

with wild-type (WT) Flag-synaptopodin and phosphomimetic Flag–Synpo-ED but not with

phosphoresistant Flag–Synpo-AA or Flag-raver (control).
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Figure 2.
Identification of synaptopodin as calcineurin binding protein. (a) GFP–Synpo-short and

GFP–Synpo-alt precipitate with Flag-tagged aCnA from co-transfected HEK293 cells. GFP–

Synpo-alt can also interact with WT calcineurin. No binding is found with Flag-raver

(control). (b) Endogenous coimmunoprecipitation experiments show that synaptopodin

interacts with calcineurin in isolated mouse glomeruli. An antibody specific for GFP serves

as negative control. (c) In the adult mouse kidney (top) and differentiated cultured podocytes

(bottom), calcineurin partially colocalizes with synaptopodin. Scale bars, 30 μm (top panels)

and 25 μm (bottom panels).

Faul et al. Page 14

Nat Med. Author manuscript; available in PMC 2014 July 24.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
The synaptopodin–14-3-3 interaction is antagonistically regulated by PKA, CaMKII and

calcineurin. (a) SDS-PAGE (top) and western blot (bottom) analyses show a reduced

molecular weight of purified Flag-synaptopodin (Flag-Synpo) after dephosphorylation with

λ-PPase. (b) Time-dependent phosphorylation of purified Flag–Synpo-short by PKA (top

panels) and CaMKII (bottom panels). Alanine substitution of Thr216 and Ser619 (AA)

strongly reduces 32P labeling when compared to WT synaptopodin. Flag blots show equal

protein loading. (c) Phosphorylation of synaptopodin by PKA and CaMKII in HEK293 cells

cultured in the absence of inhibitors (Con), KN62 and H89. (d) Time-dependent

dephosphorylation of purified 32P-labeled Flag–Synpo-short by calcineurin (left) or in its

absence (right). (e) Dephosphorylation of 32P–Flag–Synpo-short in HEK293 cells by

calcineurin. (f) Dephosphorylation of purified Flag–Synpo-short by λ-PPase or calcineurin

abrogates the binding of synaptopodin to immobilized GST–14-3-3β. Flag–Synpo-alt does

not bind 14-3-3 and serves as negative control.

Faul et al. Page 15

Nat Med. Author manuscript; available in PMC 2014 July 24.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4.
14-3-3β, E64 and CsA block the CatL-mediated degradation of synaptopodin. (a) Dose-

dependent degradation of purified Flag–Synpo-short by CatL at pH 4.5, 6.5 or 7.0 leads to

the generation of a 44-kDa fragment. (b) H89-mediated reduction of stress fibers and

synaptopodin abundance are prevented by the cathepsin inhibitor E64 (right, top). Similarly,

E64 prevents the loss of synaptopodin expression and stress fibers caused by simultaneous

inhibition of PKA and CaMKII (right, bottom). Scale bar, 25 μm. (c) Western blot analysis

of synaptopodin steady-state abundance in differentiated WT podocytes. In control cells

(Con) the 110-kDa full-length protein is visible. Inhibition of PKA and CaMKII (H89 +

KN62) causes a partial degradation of full-length synaptopodin. Treatment with CsA, E64 or

E64D blocks the H89- and KN62-mediated degradation of synaptopodin. Immunoblotting

for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) shows equal protein loading. (d)

Binding of 14-3-3β but not of α-actinin-4 partially protects synaptopodin against proteolytic

processing by CatL (left). 14-3-3β (middle) or α-actinin-4 (right) are not cleaved by CatL.

(e) Synaptopodin contains two evolutionarily conserved CatL cleavage sites. The first motif

(ALGAE) is conserved from fish to humans (top). The second motif (ALPRPS) is preserved

from mice to humans (bottom). (f) Site-directed mutagenesis of CatL cleavage sites

separately (CM1 or CM2) or together (CM1+2) increases resistance of synaptopodin against

CatL-mediated proteolytic processing. Flag-synaptopodin and its mutant forms were

purified from HEK293 cells (left) and incubated with CatL at pH 7.0 (right).
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Figure 5.
CsA and E64 ameliorate LPS-induced proteinuria by blocking the CatL-mediated

degradation of synaptopodin. (a) SDS-PAGE analysis of urines from control and LPS-

injected mice (top). Quantitative analysis of albuminuria (bottom). (b) Western blot analysis

of isolated glomeruli showing that LPS causes the degradation of endogenous synaptopodin

and RhoA. CsA or E64 block the LPS-induced degradation of synaptopodin and RhoA.

GAPDH shows equal protein loading. (c) Immunoblot analysis of Flag-synaptopodin

proteins from isolated glomeruli (left) and liver extracts (right) 48 h after in vivo gene

delivery. Glomerular RhoA levels are positively correlated with Flag-synaptopodin

abundance. (d) Expression of Flag–Synpo-ED in podocytes after in vivo gene delivery as

detected by double-labeling deconvolution microscopy with antibodies to Flag and the

podocyte marker podocin. No Flag signal is seen in podocytes of delivery solution–injected

mice (control). Scale bar, 50 μm. (e) Gene transfer of Synpo-CM1+2 or Synpo-ED but not

WT synaptopodin, Synpo-AA or delivery solution (control) protects against LPS-induced

proteinuria. NS, not significant. (f) Immunoblot analysis of synaptopodin protein expression

after LPS injection and gene delivery. LPS causes degradation and decrease of synaptopodin

(LPS + Con) when compared to PBS-injected mice (Con). High levels of synaptopodin can

be found in LPS-injected mice after gene transfer of Synpo-CM1+2 or Synpo-ED but not of

WT synaptopodin or Synpo-AA (left). Synaptopodin protein in the liver is not affected by

LPS (right). Mice that did not receive synaptopodin cDNA (Con, Con + LPS) do not express

synaptopodin in the liver. *P < 0.05; **P < 0.001; ***P < 0.0005.
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Figure 6.
Expression of Synpo-CM1+2 in podocytes protects against proteinuria, whereas activation

of calcineurin in podocytes causes proteinuria. (a) Schematic of constructs used for the

generation of Synpo-CM1+2–transgenic mice. rTetR, reverse Tet repressor; VP16, herpes

simplex VP16 protein; tetO, tet operator sequences; pCMV, cytomegalovirus promoter. (b)

Immunoblot analysis of isolated glomeruli from doxycycline (Dox)- or vehicle (Veh)-treated

double-transgenic mice. After LPS injection, synaptopodin protein abundance remains stable

in Dox-treated but not in Veh-treated mice. Protein abundance of RhoA, dynamin and ZO-1

are positively correlated with synaptopodin abundance. GAPDH shows equal protein

loading. (c) GFP–Synpo-CM1+2 (Dox +LPS) protects against LPS-induced proteinuria. (d)

Schematic of constructs used for the generation of aCnA-transgenic mice. (e) Immunoblot

analysis of isolated glomeruli showing reduced steady-state protein levels of synaptopodin,

RhoA, dynamin and ZO-1 but not of α-actinin-4 in GFP-aCnA–expressing (Dox) mice. (f)
Detection of proteinuria in GFP-aCnA–expressing (Dox) but not in control (Veh) mice. (g)

Model for the regulation of podocyte function by calcineurin. Phosphorylation of

synaptopodin by PKA or CaMKII promotes 14-3-3 binding, which protects synaptopodin

against CatL-mediated cleavage, thereby contributing to the intact glomerular filtration

barrier. Dephosphorylation of synaptopodin by calcineurin (CaN) abrogates the interaction

with 14-3-3. This renders the CatL cleavage sites of synaptopodin accessible and promotes
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the degradation of synaptopodin. CsA and E64 safeguard against proteinuria by stabilizing

synaptopodin steady-state protein levels in podocytes. *P < 0.005.
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