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In collapsing focal segmental glomerulosclerosis (FSGS) of HIV-associated nephropathy
(HIVAN), podocytes exhibit a high proliferation rate and loss of differentiation markers. We
have found previously that the nef gene of HIV-1 is responsible for these changes. Here, we
investigated the signaling pathways induced by Nef and its role in the pathogenesis of
HIVAN. Using conditionally immortalized podocytes after differentiation, we found that
infection of podocytes with nef increased Src kinase activity and signal transducer and
activator of transcription 3 (Stat3) phosphorylation and activated the Ras–c-Raf–MAPK1,2
pathway. A dominant negative mutant of Src abolished the Nef effect, whereas inhibition of
MAPK1,2 or dominant negative Stat3 reduced Nef effects partially. Reducing the expression
of Nef with small interference RNA reversed the Nef effect. Mutation of Nef in the PxxP or
R 105R 106 motifs diminished Nef signaling and the phenotypic changes in podocytes. Both
phospho-MAPK1,2 and phospho-Stat3 staining increased in podocytes of kidneys from
HIV-1 transgenic mice compared with their littermates and in podocytes of kidneys from
HIVAN patients compared with HIV patients with non-HIVAN kidney diseases or non-HIV
patients with idiopathic FSGS, classic FSGS, or minimal-change disease. These data
suggest that Nef-induced activation of Stat3 and Ras-MAPK1,2 via Src-dependent
pathways is responsible for podocyte proliferation and dedifferentiation, a characteristic
finding in collapsing FSGS of HIVAN.
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In collapsing focal segmental glomerulosclerosis (FSGS) of HIV-associated nephropathy (HIVAN), podocytes
exhibit a high proliferation rate and loss of differentiation markers. We have found previously that the nef
gene of HIV-1 is responsible for these changes. Here, we investigated the signaling pathways induced by Nef
and its role in the pathogenesis of HIVAN. Using conditionally immortalized podocytes after differentiation,
we found that infection of podocytes with nef increased Src kinase activity and signal transducer and activator of transcription 3 (Stat3) phosphorylation and activated the Ras–c-Raf–MAPK1,2 pathway. A dominant
negative mutant of Src abolished the Nef effect, whereas inhibition of MAPK1,2 or dominant negative Stat3
reduced Nef effects partially. Reducing the expression of Nef with small interference RNA reversed the Nef
effect. Mutation of Nef in the PxxP or R105R106 motifs diminished Nef signaling and the phenotypic changes in
podocytes. Both phospho-MAPK1,2 and phospho-Stat3 staining increased in podocytes of kidneys from HIV-1
transgenic mice compared with their littermates and in podocytes of kidneys from HIVAN patients compared
with HIV patients with non-HIVAN kidney diseases or non-HIV patients with idiopathic FSGS, classic FSGS,
or minimal-change disease. These data suggest that Nef-induced activation of Stat3 and Ras-MAPK1,2 via Srcdependent pathways is responsible for podocyte proliferation and dedifferentiation, a characteristic finding
in collapsing FSGS of HIVAN.
Introduction
HIV-associated nephropathy (HIVAN) is the most common cause
of chronic renal failure in HIV-1–seropositive patients and is the
third leading cause of end-stage renal disease in African-Americans
between ages 20 and 64 (1, 2). The pathologic features of HIVAN
include collapsing focal segmental glomerulosclerosis (FSGS) and
microcystic dilatation of tubules (3). Glomerular visceral epithelial
cells (podocytes) demonstrate a variety of phenotypic alterations
in patients with HIVAN, and they show identical changes in the
HIV-1 transgenic (Tg26) mouse model of HIVAN (4–6). The normal
mature podocyte is quiescent and highly differentiated. Significant
proliferation and hypertrophy of podocytes were observed, however,
in both human and mouse kidneys with HIVAN (4–6). With HIV-1
infection, podocytes also undergo dedifferentiation, characterized
by loss of expression of differentiation markers including synaptopodin, WT-1, GLEPP-1, and CALLA (5, 6). These findings indicate
that the podocytes are profoundly altered in response to infection.
We now know that the podocytes are infected by HIV-1 in Tg26
mice (7) and in patients with HIVAN (8, 9). Transgenic mice bearing
a Δgag/pol–deleted HIV-1 genome expressing the regulatory genes
including nef under the control of the viral long-terminal repeat
develop collapsing FSGS identical to that observed in human
HIVAN (10). Hanna et al. studied a series of transgenic mice bearNonstandard abbreviations used: FSGS, focal segmental glomerulosclerosis;
HIVAN, HIV-associated nephropathy; siRNA, small interference RNA; Src-DN, Src
dominant negative mutant; Stat, signal transducer and activator of transcription;
Stat3-DN, Stat3 dominant negative mutant; Tg26, HIV-1 transgenic.
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ing various HIV-1 constructs under the control of the human CD4
promoter (11, 12). In these studies, they reported that the nef gene
was responsible for a renal phenotype that included interstitial
nephritis and FSGS, although not of the collapsing variant (11).
They further found that the renal phenotype was abolished by
introduction of a mutation into the SH3-binding domain of Nef,
but not by introduction of an Hck mutation (12). Kajiyama et al.
(13) reported a transgenic line of mice that was similar to the gag/
pol deletion construct but with an added stop codon engineered
into the nef gene. Again, this construct was under the control of the
viral long-terminal repeat, and mice developed glomerulosclerosis
and tubular dilatation by 6 weeks of age (13). When this line was
crossed with a transgenic line expressing nef, these dual-transgenic
mice developed more severe glomerulosclerosis (13). The authors
concluded that, while the nef gene was not required for inducing
kidney disease, it contributed to disease progression. When these
2 studies are taken together, however, they suggest that in the
murine model system Nef plays an important role in the pathogenesis of HIVAN.
Studies in vitro also define a clear role of Nef in HIVAN pathogenesis. We reported that conditionally immortalized podocytes
from HIV transgenic mice demonstrate increased proliferation
and a loss of contact inhibition in culture (14). To identify the
HIV-1 gene responsible for these changes, conditionally immortalized podocytes were infected with a series of HIV-1 proviral
constructs based on the parental construct (pNL4-3: ΔG/P-EGFP)
but with stop codons introduced sequentially into the individual
env, vif, vpr, vpu, nef, or rev genes. The parental construct expressing all regulatory genes including nef induced proliferation under
nonpermissive conditions (37°C) (15). In contrast, the deletion of
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ing molecules in kidney sections from Tg26 mice and in kidney biopsies from patients with HIVAN and compared them with those from
HIV patients with non-HIVAN kidney diseases or non-HIV patients
with idiopathic FSGS, classic FSGS, or minimal-change disease.

Figure 1
Nef activates the Src-Stat3 pathway. Podocytes were infected with
nef-containing vector (Nef) or control vectors (V) as described, and
differentiation was induced at 37°C on collagen I for 10 days. (A) Src
kinase activity was determined by an in vitro phosphorylation assay
as described in Methods. Densitometric data: Src activity/Src protein
ratio: V = 0.15 ± 0.02, Nef = 0.45 ± 0.05, P < 0.05, n = 3. (B) Both
phosphorylated and total Src and Stat3 were detected by Western blot
as described in Methods. Densitometric data: phospho-Src/total Src
ratio: V = 0.13 ± 0.02, Nef = 0.40 ± 0.04, V + PP2 = 0.14 ± 0.05, Nef
+ PP2 = 0.22 ± 0.07, P < 0.05 when Nef is compared with Nef + PP2,
n = 4; phospho-Stat3/total Stat3 ratio: V = 0.24 ± 0.05, Nef = 0.65 ± 0.07,
V + PP2 = 0.14 ± 0.06, Nef + PP2 = 0.18 ± 0.07, P < 0.01 when Nef is
compared with V or with Nef + PP2, n = 4. (C) Phosphorylation of Hck
and Fyn was also detected using the same method as that described for
Src. Densitometric data: phospho-Hck/total Hck ratio: V = 0.93 ± 0.25,
Nef = 0.98 ± 0.32; phospho-Fyn/total Fyn ratio: V = 0.94 ± 0.30, Nef =
1.05 ± 0.35; P = NS, n = 3.

nef markedly reduced proliferation. The stable expression of nef
alone was sufficient to recreate the phenotype of the parental construct (15). Recently, we have reported that Nef upregulates the
expression of cyclin A and cyclin E and suppresses the expression
of p21 and p27 in podocytes (16). In addition, Nef causes podocyte
dedifferentiation characterized by downregulation of synaptopodin and CALLA (16). Thus, both in vitro and in vivo data support
an important role for Nef in HIVAN pathogenesis.
Nef is a 27- to 35-kDa myristoylated accessory protein that has
many important effects in HIV pathogenesis in general, including
viral replication and downregulation of CD4 and MHC I (17–22).
Structurally, the left-handed polyproline helix type II of Nef forms
a (PxxP)3 sequence cluster (23, 24). This proline-rich motif mediates the interaction between Nef and the SH3 domain of the Src
family kinases and the guanine nucleotide exchange factor Vav (23,
24). This interaction is central to many Nef-induced cellular effects
(23–25). In addition, Nef interacts with other signaling molecules
including p21-activated kinase (PAK), PI3K, and c-Raf1 (26–28).
The C-terminal loop of Nef interacts with trafficking molecules,
resulting in the downregulation of CD4 and MHC I (19, 20). Thus,
Nef plays a major role in signal transduction in T cells.
We hypothesized that Nef could also interact with signaling molecules in podocytes, leading to the activation of multiple signaling
pathways that contribute to the phenotypic changes of podocytes
observed in HIVAN. Therefore, we examined the downstream signaling pathways of Nef based on the motifs, which are well-defined
in T cells. We also explored the relationship of signaling and pathogenesis using well-defined phenotypes established in vitro and in
vivo. We used expression of cyclin E as a marker for cell proliferation and loss of synaptopodin expression as a marker for podocyte
dedifferentiation. We also studied phosphorylation of these signal644
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Results
Nef activates the Src-Stat3 pathway in podocytes. In initial experiments,
we examined the effects of infection with nef on the activity of
c-Src kinase. Control vector– and nef-infected cells were lysed, and
the activity of c-Src was analyzed by transfer of 32P from [γ-32P]ATP to enolase using a similar method as previously described
(29). We found that infection of podocytes with the nef gene alone
increased Src kinase activity (3-fold) (Figure 1A). To confirm that
the increase was Src-specific, we examined phosphorylation at
tyrosine residue 416 (tyr416). Phosphorylation at this site is generally the result of Src activation. Nef-infected podocytes had significantly increased phosphorylation at tyr416 (3.1-fold) (Figure 1B),
and phosphorylation was blocked by 4-amino-5-(4-chlorophenyl)7-(t-butyl) pyrazolo(3,4-d)pyrimidine (PP2), a known inhibitor of
the Src family kinases (Figure 1B). In the Nef-infected podocytes,
there was no significant increase in Fyn and Hck activity, as shown
by the ratio of phosphorylated form to total protein of Src family
kinases (Figure 1C). Src activation is known to cause activation
of signal transducer and activator of transcription 3 (Stat3) in
NIH3T3 cells (29). Hence, we determined whether Stat3 was also
tyrosine-phosphorylated. We found that Nef induced 2.7-fold
stimulation of Stat3 phosphorylation at tyr705 in the immortalized podocytes. This probably occurs through Src activation, since
PP2 completely inhibited this effect (Figure 1B).
Nef activates Ras–c-Raf–MAPK1,2 activity in podocytes. Since c-Src
often activates the MAPK pathway as well, we explored the effects
of Nef on the MAPK pathway. First we determined whether Nef
activated Ras. GTP-bound Ras was identified by a pull-down assay
using the Raf-binding domain as the trap. Nef increased Ras-GTP
markedly in podocytes (Figure 2, top panel). Since Nef has been
shown previously to interact with c-Raf (28), we explored this interaction by using an antibody specific for the phosphorylated c-Raf
at ser338. Nef activated c-Raf, which acts upstream of MAPK1,2
(Figure 2, second panel from top). Expression of nef in podocytes
induced significant MAPK1,2 (p44/42) phosphorylation without
inducing a change in total protein expression (Figure 2, bottom
two panels). There was no increase in p38 or JNK phosphorylation
(data not shown). These results show that Nef activates the Ras–
c-Raf–MAPK1,2 pathway in podocytes.

Figure 2
Nef-induced Ras-Raf-MAPK1,2 activation in podocytes. Nef-infected
podocytes (Nef) and control podocytes (V) were prepared as previously described. Phospho–c-Raf and phospho-MAPK1,2 (p-MAPK1,2)
were detected by Western blot using specific antibodies. Ras-GTP
was determined by a pull-down assay using Raf1-RBD as the trap.
Densitometric data: Ras-GTP: V = 17 ± 4.5, Nef = 49 ± 7.4, P < 0.05,
n = 3; c-Raf: V = 0.93 ± 0.25, Nef = 2.74 ± 0.45, P < 0.05, n = 3; phospho-MAPK1,2/total MAPK1,2 ratio: V = 0.37 ± 0.05, Nef = 0.65 ± 0.10,
P < 0.01, n = 5.
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Figure 3
Cell-cell contact does not inhibit Nef-induced Stat3 and MAPK1,2
activation. Nef-infected (Nef) or control vector–infected (V) podocytes
were prepared as described. Cells grown to 50% confluence (Non-C)
were compared with those grown to 100% confluence (Confluent).
Western blot was performed for phospho-Stat3, total Stat3 (T-Stat3),
phospho-MAPK1,2, and total MAPK1,2 (T-MAPK1,2) using their specific antibodies as described. Densitometric data: phospho-MAPK1,2/
total MAPK1,2 ratio: V = 0.66 ± 0.13, Nef = 1.21 ± 0.19 for nonconfluent cells; V = 0.67 ± 0.18, Nef = 1.24 ± 0.12 for confluent cells;
phospho-Stat3/total Stat3 ratio: V = 0.65 ± 0.11, Nef = 1.26 ± 0.16 for
nonconfluent cells; V = 0.45 ± 0.10, Nef = 1.14 ± 0.26 for confluent
cells; P < 0.05 when Nef is compared with V, n = 3.

We reported previously that Nef is responsible for the loss of
contact inhibition in HIV-infected podocytes. To assess whether
cell-cell contact inhibits Nef-induced MAPK1,2 and Stat3 activation, podocytes grown to 50% confluence and to 100% confluence
were used. As shown in Figure 3, there was no difference in Nefinduced MAPK1,2 and Stat3 activation between nonconfluent and
confluent cells, suggesting that cell-cell contact does not inhibit
these signaling pathways.
Role of Src activation in Nef-induced signaling pathways and phenotypic
changes in podocytes. Since Nef significantly induces Src activation in
podocytes, we tested the role of Src activation in the stimulation of
the MAPK 1,2 and Stat3 pathways and podocyte proliferation and
differentiation using SRC dominant negative mutant (Src-DN).
As shown in Figure 4A, Src-DN was overexpressed in Nef-infected
podocytes. Src-DN exhibited a molecular weight similar to that
of wild-type Src because GFP was inserted in place of the catalytic
domain of Src. GFP was used to verify the efficiency of transfection
and subsequent antibiotic selection. We found that Src-DN significantly inhibited the Nef-induced phosphorylation of Stat3 and

MAPK1,2 as well as the expression of cyclin E, a marker for proliferation (Figure 4A). These data suggest that Src acts upstream
of Stat3 and MAPK1,2. Src-DN also restored the differentiation
of podocytes, manifested by a return of synaptopodin expression
(Figure 4B). Finally, transfection with Src-DN completely inhibited Nef-induced podocyte proliferation (Figure 4C). Src-DN had
some inhibitory effect on control cells too, probably by inhibition
of endogenous Src activity (Figure 4C).
Role of Stat3 and MAPK1,2 in mediating Nef activity. Since Nef
caused Stat3 and MAPK1,2 activation, we tested the individual
role of these pathways in mediating Nef ’s effects on the podocyte
phenotype. A dominant negative mutant of Stat3 (Stat3-DN)
was created by mutation of the tyr705 residue. We found that
Stat3-DN inhibited Nef-induced Stat3 phosphorylation (Figure
5A). Similarly, PD98059 (Calbiochem; EMD Biosciences Inc.), an
MEK1/2 inhibitor, blocked MAPK1,2 phosphorylation (Figure
5B). Stat3-DN inhibited Nef-induced cyclin E expression and
significantly increased synaptopodin expression (Figure 5C).
PD98059 slightly inhibited cyclin E expression and partially
restored synaptopodin expression (Figure 5C). An additive effect
was observed when cells were treated with both Stat3-DN and
PD98059 (Figure 5C). When combined, Stat3-DN and PD98059
also significantly blocked Nef-induced podocyte proliferation
(Figure 5D). Control cells were unaffected.
Reduction of Nef expression by small interference RNA decreased Nefinduced signaling and cyclin E expression. Nef-infected podocytes were
transfected with a mixture of small interference RNA (siRNA) oligonucleotides for Nef or control nonsilencing oligonucleotides
(C-oligo) for 3 days. Nef expression was reduced significantly in
siRNA-treated cells as shown by Western blot analysis (Figure
6A). Nef-induced phosphorylation of Stat3 and MAPK1,2 and
expression of cyclin E were significantly diminished in siRNAtreated cells (Figure 6A). Nef-induced cell proliferation was also
significantly inhibited by siRNA for Nef (Figure 6B). These data
confirm that the stimulation of cell signaling molecules as well
as increases in cyclin E expression and cell proliferation in Nefinfected podocytes are due to nef gene expression.

Figure 4
Role of Src activation in Nef-induced MAPK1,2 and Stat3 phosphorylation
and phenotypic changes in podocytes. Control vector–infected (Vector)
or Nef-infected (Nef) podocytes were transfected with Src-DN and then
selected with hygromycin B. (A) Differentiation was induced at 37°C for
10 days, and then cells were lysed for Western blot for cyclin E, phospho-Stat3, phospho-MAPK1,2, and β-actin. Densitometric data: cyclin
E/β-actin ratio: V = 0.15 ± 0.04, V + Src-DN = 0.07 ± 0.03, Nef = 1.57 ±
0.17, Nef + Src-DN = 0.62 ± 0.12; phospho-Stat3/β-actin ratio: V = 0.23 ±
0.06, V + Src-DN = 0.21 ± 0.10, Nef = 0.99 ± 0.18, Nef + Src-DN = 0.30
± 0.20; phospho-MAPK1,2/β-actin ratio: V = 2.01 ± 0.20, V + Src-DN =
1.83 ± 0.17, Nef = 4.23 ± 0.87, Nef + Src-DN = 1.60 ± 0.26; P < 0.01 when
Nef is compared with Nef + Src-DN, n = 3. (B) Total RNA was extracted
for Northern blot for synaptopodin (Synap) and GAPDH. Densitometric
data: synaptopodin/GAPDH ratio: V = 1.12 ± 0.11, V + Src-DN = 1.34 ±
0.11, Nef = 0.25 ± 0.10, Nef + Src-DN = 1.11 ± 0.14, P < 0.01 when Nef
is compared with Nef + Src-DN, n = 3. (C) Simultaneously, cells were
divided into 24-well dishes at 20,000 cells per well, and cell number was
counted at days 3 and 5. Means of 3 experiments in triplicate are shown.
*P < 0.001 as compared with Nef + Src-DN.
The Journal of Clinical Investigation
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Increased phospho-MAPK1,2 and phospho-Stat3 in
podocytes of Tg26 mice. By immunostaining, we
found that both phospho-MAPK1,2 and phospho-Stat3 increased in podocytes of kidneys
from Tg26 mice compared with littermates
(Figure 8, A–F). No positive staining was
detected in podocytes of kidneys from all control littermates. Staining was also increased in
tubules of Tg26 mice. In addition, podocytes
isolated from Tg26 mice were conditionally
immortalized and differentiated as previously
described (14). These cells exhibited increased
phosphorylation for both MAPK1,2 and Stat3
when compared with control podocytes from
their littermates (Figure 8G). Roscovitine, a
known inhibitor of cyclin-dependent kinase9, was shown to suppress HIV-1 transcription
Figure 5
Role of Stat3 and MAPK1,2 in Nef-induced phenotypic changes in podocytes. Control vec- and reverse the phenotypic changes induced by
tor–infected (V) or Nef-infected (Nef) podocytes were transfected with Stat3-DN. (A) Pho- HIV-1 infection in vitro and in vivo (30, 31).
spo-Stat3 and total Stat3 were determined by Western blot, with the following densitometric Roscovitine (20 μM) also inhibited HIV-1–
data: phospho-Stat3/total Stat3 ratio: V = 0.45 ± 0.15, Nef = 1.25 ± 0.20, V + Stat3-DN = induced phosphorylation of MAPK1,2 and Stat3
0.10 ± 0.05, Nef + Stat3-DN = 0.19 ± 0.06, P < 0.01 when Nef is compared with Nef + in podocytes from Tg26 mice (Figure 8G).
Stat3-DN, n = 3. (B) Cells were treated with PD98059 at 20 μM overnight, and MAPK1,2
Immunohistochemistry of signaling molecules in
activation was determined by Western blot, with the following densitometric data: phospho- biopsies of HIVAN kidneys. To verify the role of
MAPK1,2/total MAPK1,2 ratio: V = 0.91 ± 0.2, V + PD = 0.23 ± 0.11, Nef = 1.52 ± 0.32,
these pathways in mediating Nef activity in
Nef + PD = 0.34 ± 0.15, P < 0.01 when Nef is compared with Nef + PD, n = 3. (C) Cells
were also used for determination of synaptopodin and GAPDH by Northern blot analysis vivo in humans, we immunostained kidney tisand of cyclin E and β-actin by Western blot analysis, with the following densitometric data: sue sections from patients with HIVAN using
synaptopodin/GAPDH ratio: V = 0.64 ± 0.21, V + PD = 0.70 ± 0.17, Nef = 0.17 ± 0.05, antibodies to specific signaling molecules. We
Nef + PD = 0.42 ± 0.12, Nef + Stat3-DN = 0.31 ± 0.05, Nef + PD + Stat3-DN = 0.63 ± 0.15, used biopsy samples from HIV patients with
P < 0.05 when Nef is compared with Nef + PD or with Nef + Stat3-DN, P < 0.01 when Nef is non-HIVAN kidney diseases as controls. We also
compared with Nef + PD + Stat3-DN, n = 3; cyclin E/β-actin ratio: V = 0.28 ± 0.05, V + PD = used kidney biopsies from non-HIV patients
0.27 ± 0.1, Nef = 2.2 ± 0.52, Nef + PD = 1.8 ± 0.54, Nef + Stat3-DN = 1.32 ± 0.13, Nef + PD
with idiopathic collapsing FSGS, classic FSGS
+ Stat3-DN = 0.80 ± 0.22, P < 0.05 when Nef is compared with Nef + Stat3-DN, P < 0.01
(noncollapsing), or minimal-change disease (nil
when Nef is compared with Nef + PD + Stat3-DN, n = 4. (D) Cell proliferation: cells were
transfected with Stat3-DN or treated with PD98059 as described above. Cell number was disease) as controls. By using specific anti–phospho-MAPK1,2 and anti–phospho-Stat3 antidetermined as described. n = 6. *P < 0.001 as compared with Nef-infected cells.
bodies, we found that there was a significant
increase in phosphorylation of MAPK1,2 and
Effects of PxxP and R105R106 motifs in Nef on signaling pathways and Stat3 in podocytes of all HIVAN kidneys (8 patients) as compared
phenotypic changes induced by Nef in podocytes. PxxP and R105R106 with kidneys from HIV-1–seropositive patients without HIVAN (8
are binding motifs in Nef for the SH3 domain of the Src family patients) and as compared with kidneys from non-HIV patients
kinases and PAK, respectively. As shown in Figure 7A, Nef mutat- with similar collapsing FSGS (5 of 7 patients), classic noncollapsed in the PxxP motif was unable to induce MAPK1,2 and Stat3 ing FSGS (7 patients), or minimal-change disease (6 patients).
phosphorylation, indicating that the PxxP motif in Nef is required The number of podocytes with positive staining was counted in
for signaling activity in podocytes. The mutation of the R105R106 all glomeruli of each kidney section from 8 HIVAN patients by 2
motif in the PAK-binding domain in Nef did not affect Stat3 and independent investigators. We found that the estimated average
MAPK1,2 phosphorylation significantly (Figure 7A). Mutation numbers of positive podocytes per glomerulus in all kidney secof the PxxP motif in Nef caused a significant decrease in cyclin E tions of HIVAN patients were 9.3 ± 5.8 for phospho-MAPK1,2 and
expression (Figure 7B) and restored expression of synaptopodin, 12.5 ± 6.9 for phospho-Stat3. On serial sections, there was partial
an index of differentiation of podocytes (Figure 7C). Mutation of colocalization between phospho-Stat3 and phospho-MAPK1,2,
the R105R106 motif did not affect cyclin E expression but restored which indicates a simultaneous activation of both pathways in
expression of synaptopodin significantly. Mutation of the PxxP some podocytes of HIVAN kidneys. There was also simultaneousmotif abolished Nef-induced cell proliferation completely, whereas ly increased staining in the tubular area of kidneys from HIVAN
mutation of the R105R106 motif in Nef had only a modest effect on patients. Interestingly, 2 of 7 idiopathic collapsing FSGS patients
inhibition of proliferation (Figure 7D). These data suggest that the had increased staining for both phospho-MAPK1,2 and phosphoPxxP motif in Nef is critical for mediating the Nef-induced Stat3 Stat3 to the same intensity as observed in HIVAN patients. One
and MAPK1,2 phosphorylation as well as the downstream cellular of these 2 patients had a mononucleosis-like disease, although
effects that include podocyte proliferation and dedifferentiation. his HIV status was negative at that time by both ELISA and PCR.
The R105R106 motif also mediates some of the Nef effects on cell These data indicate that other viral infections may cause activation
proliferation and dedifferentiation, but probably through a dif- of the same pathways in podocytes of idiopathic collapsing FSGS.
Other patients (5 of 7) with idiopathic collapsing FSGS and all
ferent downstream signaling pathway.
646
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Figure 6
Effect of Nef siRNA on Nef-induced activity. Nef-infected podocytes were
transfected with a mixture of siRNA for Nef or control nonsilencing oligonucleotide for 3 days. (A) Western blot analysis was performed for Nef,
cyclin E, phospho-MAPK1,2, phospho-Stat3, and β-actin. Densitometric
data: Nef/β-actin ratio: Nef = 1.3 ± 0.1, Nef + C-oligo = 1.19 ± 0.1, Nef +
siRNA = 0.52 ± 0.08, P < 0.01 when Nef + siRNA is compared with Nef
+ C-oligo, n = 3; cyclin E/β-actin ratio: Nef = 0.97 ± 0.16, Nef + C-oligo
= 0.92 ± 0.20, Nef + siRNA = 0.35 ± 0.16, P < 0.05 when Nef + siRNA
is compared with Nef + C-oligo, n = 4; phospho-MAPK1,2/β-actin ratio:
Nef = 0.73 ± 0.12, Nef + C-oligo = 0.67 ± 0.08, Nef + siRNA = 0.11 ± 0.02,
P < 0.05 when Nef + siRNA is compared with Nef + C-oligo, n = 4; phospho-Stat3/β-actin ratio: Nef = 0.97 ± 0.13, Nef + C-oligo = 0.81 ± 0.19,
Nef + siRNA = 0.27 ± 0.8, P < 0.05 when Nef + siRNA is compared
with Nef + C-oligo, n = 4. (B) Cell proliferation assays were performed
as described for cells treated with siRNA or control nonsilencing
oligonucleotide. *P < 0.001 when Nef + siRNA is compared with
Nef + C-oligo, n = 4.

patients with non-HIVAN kidney diseases, classic FSGS, or minimal-change disease had occasional positive staining in podocytes
or weaker staining in both mesangial area and podocytes, as compared with HIVAN patients. In HIV-seropositive non-HIVAN kidneys, there was some positive staining of infiltrated cells in the
interstitial area. The representative pictures of immunostaining
are shown in Figure 9.
Discussion
The glomerular disease of HIV-associated nephropathy is mediated
by direct infection of glomerular podocytes in vivo (7–9, 32). Studies by in situ hybridization and laser-capture PCR have shown that
HIV-1 mRNA is expressed in podocytes of kidneys from both HIVAN
patients and HIV transgenic mice (8, 9). A recent report as an abstract
by Zhong et al. showed that expression of HIV-1 genes in podocytes
alone causes glomerulosclerosis, further supporting infection of
podocytes as the mechanism of disease pathogenesis in vivo (32).
Experimental evidence has revealed that HIV-1 infection induces
podocyte injury manifested by proliferation and dedifferentiation,
leading to the collapsing FSGS observed in HIVAN (4–6). We have
previously determined that Nef alone is sufficient to cause the
proliferation and dedifferentiation of podocytes in vitro (15, 16).
These changes in podocyte phenotype induced by Nef in vitro are
identical to those observed in podocytes of Tg26 mice in vivo as
well as in kidney biopsies from HIVAN patients (4–6). These data
suggest that proliferation and dedifferentiation are critical processes induced by Nef that ultimately lead to the collapsing FSGS
observed in HIVAN.
Nef is an HIV accessory protein with multiple functional
domains. We found that the mutation in the PxxP motif in Nef
The Journal of Clinical Investigation

decreased phosphorylation of Stat3 and MAPK1,2 in podocytes
when compared with wild-type Nef. In addition, we found that Nef
mutations in the PxxP domain prevented Nef-induced podocyte
proliferation and downregulation of synaptopodin. These data suggest that the PxxP motif is the major mediator of the Nef signaling
that induces proliferation and dedifferentiation of podocytes. The
mutation of the R105R106 motif did not affect Stat3 and MAPK1,2
phosphorylation significantly but inhibited Nef’s ability to induce
proliferation and dedifferentiation. These data suggest that the
R105R106 motif might interact with some other downstream signaling pathway independent of Stat3 and MAPK1,2.
We found in this study that Src is a key mediator of Nef action
in podocytes, as summarized in Figure 10. The Src family kinases
are a group of nonreceptor tyrosine kinases, involved in cell proliferation, cell-cell adhesion, and cell motility (33). Nef has been
shown to interact with the Src family kinases and has the highest affinity for Hck (34). Despite this high affinity, we found that
Nef increased Src kinase activity in podocytes, whereas there was
only a small increase in Fyn and Hck kinase activity. We found
that expression of Src-DN decreased the Src-mediated Stat3 and
MAPK1,2 phosphorylation, suppressed Nef-induced cyclin E
expression and podocyte proliferation, and restored expression of
synaptopodin completely in podocytes. These data indicate that
the Src pathway is essential for the Nef-induced changes observed
in podocytes. The role of the Src family kinases in HIVAN as well
as other kidney diseases has not been well studied. Recently, Verma
et al. reported that Fyn binds to nephrin via its SH3 domain, leading to phosphorylation of nephrin (35). Fyn deletion, but not Yes
deletion, results in coarsening of podocyte foot processes (35, 36).
These reports indicate that individual kinases of the Src family
play distinct roles in podocyte pathophysiology. We report here
that Src activation is the key pathway that mediates podocyte proliferation and dedifferentiation in response to Nef expression. Our
observations suggest that the Src kinase pathway plays a key role
in the pathogenesis of HIVAN.
Src activation causes Stat3 phosphorylation, which leads to
transformation of NIH3T3 cells (31). We found that Nef activates
Stat3 through Src activation, since both PP2 and Src-DN inhibited this effect. Inhibition of the Stat3 pathway by dominant
negative mutants partially diminished Nef’s effects on the induction of cyclin E expression, podocyte proliferation, and the suppression of synaptopodin. We also consistently found that Stat3
phosphorylation was significantly increased in podocytes from
HIVAN kidneys and Tg26 mouse kidneys in vivo. In contrast, kidneys from HIV patients with non-HIVAN kidney diseases or from
non-HIV patients with collapsing FSGS similar to HIVAN did not
exhibit increased staining for phospho-Stat3. These data indicate
that activation of the Stat3 pathway may be critical and characteristic for the podocyte proliferation observed in HIVAN. Stat3 is usually activated by the JAK pathway in response to various cytokines
and growth factors and by the Src kinase directly (37). Stat3 has
been implicated in cell growth, differentiation, and apoptosis (37).
Stat3 activation is found in renal cell carcinoma (38) and is considered to be an important signaling pathway for the developing kidney (39). Stat3 activation mediates v-Src–induced cell proliferation
through an upregulation of cyclin E expression in hematopoietic
cell lines (40), and its activation has also been shown to mediate
HGF-induced tubulogenesis (41). Growth arrest–specific gene 6
(Gas6) is a newly identified vitamin K–dependent growth factor for
kidney mesangial and epithelial cells (42). Recently, Stat3 has been

http://www.jci.org

Volume 114

Number 5

September 2004

647

research article
ing pathways, and podocyte proliferation. Two of
7 idiopathic collapsing FSGS patients exhibited a
similar pattern of change, which suggests that they
may share this pathogenic pathway. It is possible
that these patients had other viral infection such as
JC or SV40 virus. The activation of these signaling
pathways and increased proliferation of podocytes
could be a common feature of all virally induced
collapsing FSGS.
Both in vivo and in vitro, we found that podocytes
from Tg26 mice had increased phosphorylation of
MAPK1,2 and Stat3, indicating that Tg26 mice
share the same pathogenesis as is shown in HIVAN
kidneys. None of their littermates had any positive
staining in podocytes. The fact that roscovitine
diminished Stat3 and MAPK1,2 phosphorylation
in podocytes from Tg26 mice suggests that HIV-1
Figure 7
Effects of PxxP and R105R106 motifs in Nef on Nef-induced MAPK1,2 and Stat3 transcription is required for activation of these
phosphorylation and phenotypic changes in podocytes. Podocytes were infected with signaling pathways, although a direct inhibitory
Nef constructs with a mutation in the PxxP or the R105R106 motif using a method similar effect of the drug on MAPK1,2 phosphorylation
to that described for WT Nef. (A) Western blot analysis was performed for phospho- cannot be excluded.
Stat3, phospho-MAPK1,2, and β-actin. Densitometric data: phospho-Stat3/β-actin ratio:
Our data suggest that Nef activates both Stat3 and
V = 0.18 ± 0.10, Nef = 0.62 ± 0.22, R105R106 = 0.39 ± 0.21, PxxP = 0.09 ± 0.02; phosMAPK1,2
in an Src-dependent pathway. In addition,
pho-MAPK1,2/β-actin ratio: V = 0.27 ± 0.10, Nef = 0.91 ± 0.23, R105R106 = 0.83 ± 0.12,
PxxP = 0.43 ± 0.01; P < 0.05 when PxxP is compared with Nef, n = 4. (B) Western blot an additive effect was observed between the Stat3
was also performed for cyclin E and β-actin. Densitometric data: cyclin E/β-actin ratio: and MAPK1,2 pathways involved in Nef signaling.
V = 0.34 ± 0.22, Nef = 1.70 ± 0.26, R105R106 = 1.65 ± 1.11, PxxP = 0.81 ± 0.12, P < 0.01 But inhibition of both Stat3 and MAPK1,2 did not
when PxxP is compared with Nef, n = 4. (C) Northern blot analysis for synaptopodin, completely suppress cyclin E expression nor comNef, and GAPDH was performed as described. Nef expression was absent in cells pletely restore synaptopodin expression. This indiinfected with control vector. Densitometric data: synaptopodin/GAPDH ratio: Nef = 0.10 cates that other pathways are also involved in the
± 0.06, V = 1.03 ± 0.21, PxxP = 0.41 ± 0.15, R 105R106 = 0.48 ± 0.12, P < 0.01 when
downstream signaling of Nef-Src (Figure 10).
PxxP and R105R106 are compared with Nef, n = 3. (D) Cell proliferation was determined
The interpretation of our in vitro observations is
as described. After equal cell numbers (20,000) were plated per well, cell number was
counted at day 3. Means of 3 experiments in triplicate are shown. *P < 0.001 as com- limited by several experimental conditions. Infection of podocytes with the nef-containing vectors
pared with Nef-infected cells.
occurred at 33°C when cells were in a proliferating
state. After that, cells were allowed to differentiidentified as a key pathway that mediates Gas6-induced kidney cell ate at 37°C. We were unable to generate sufficient transfection
proliferation (42). We report here that Stat3 phosphorylation is an efficiency by infecting differentiated cells. In addition, because
important and apparently unique signaling pathway for the col- these cells are conditionally immortalized podocytes and are not
primary isolates, observed effects of Nef may be due to the T antilapsing FSGS of HIVAN.
The MAPK family is considered an important signaling path- gen expression. While this system clearly limits interpretation,
way in many kidney diseases (43). The MAPK family includes at we have provided clear experimental evidence for Nef ’s imporleast 3 distinct pathways: extracellular signal–regulated kinase tance. Decreasing expression of Nef in this system with siRNA or
(ERK, or MAPK1,2), JNK, and p38 MAPK (44). It was reported infecting cells with Nef mutants reversed the cellular effects of
that MAPK1,2, p38, and JNK are expressed in developing kidney, Nef expression. Thus, Nef rather than T antigen expression was
whereas only JNK is expressed in adult kidney (45). Increased responsible for the transduction patterns observed. In addition,
phosphorylation of MAPK1,2 was found in renal tubules of the the same pathways were involved when examined in vivo using kidischemic/reperfusion injury animal model (46) and in the cys- ney biopsies from HIVAN patients and kidneys from Tg26 mice, in
tic areas of autosomal-dominant polycystic kidney disease (47). which the T antigen is not present. Taken together, we believe that
The activation of p38 was reported in the mesangium of diabetic these results support a role of MAPK1,2 and Stat3 in vivo.
In conclusion, we report that Nef activates Stat3 and MAPK1,2
nephropathy (48) and in anti–glomerular basement membrane
(anti-GBM) glomerulonephritis models (49). We found that Nef through Src-dependent pathways in vitro and in vivo, leading to cell
induced MAPK1,2 phosphorylation in podocytes in vitro, and an proliferation and dedifferentiation of podocytes. Our in vivo studincreased phosphorylation of MAPK1,2 was also observed in vivo ies suggest that activation of these signaling pathways is unique for
in podocytes of HIVAN kidney and of Tg26 mice. This was not collapsing FSGS of HIVAN. Idiopathic collapsing FSGS induced
observed in podocytes of HIV patients with non-HIVAN kidney by other viruses, however, may share similar pathways. This study
disease or non-HIV patients with idiopathic collapsing FSGS, clas- further supports our hypothesis that Nef is a critical HIV protein
that mediates podocyte proliferation and dedifferentiation. Our
sic FSGS, or minimal-change disease.
Increased phospho-MAPK1,2 and phospho-Stat3 were found studies also demonstrate, for the first time to our knowledge, that
consistently in podocytes of HIVAN patients, which indicates a Nef activates Stat3 and MAPK1,2 through Src, and they point out
relationship among viral infection, the activation of these signal- the critical role of Src, MAPK1,2, and Stat3 in the pathogenesis of
648
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Figure 8
Increased phospho-MAPK1,2 and Stat3 in podocytes from
Tg26 mice. (A–F) Immunostaining was performed on kidney
sections from 5 Tg26 mice and 4 littermates. Representative
pictures are shown. (A) Phospho-MAPK1,2 in a Tg26 mouse.
(B) Phospho-MAPK1,2 in littermates. (C) Negative control for
phospho-MAPK1,2 using control IgG. (D) Phospho-Stat3 in a
Tg26 mouse. (E) Phospho-Stat3 in littermates. (F) Negative
control for phospho-Stat3 using control IgG. Arrows indicate
positive podocytes. (G) Conditionally immortalized podocytes
from Tg26 mice and their littermates (CL) were differentiated
at 37°C for 10 days. Then cells were incubated with roscovitine
(R) at 20 μM or DMSO (C) overnight before lysis. Western blot
was performed as described previously. Densitometric data:
phospho-MAPK1,2/total MAPK1,2 ratio: control podocytes,
C = 0.17 ± 0.05, R = 0.16 ± 0.04; Tg26 podocytes, C = 0.50 ±
0.09, R = 0.22 ± 0.06; phospho-Stat3/total Stat3 ratio: control
podocytes, C = 0.48 ± 0.07, R = 0.38 ± 0.08; Tg26 podocytes,
C = 0.72 ± 0.07, R = 0.46 ± 0.08; n = 4; P < 0.05 when R is
compared with C in Tg26 podocytes.

HIVAN. We believe that the identification of specific motifs in Nef
that are responsible for signaling, along with the cognate downstream signaling molecules, will help us to define the regulatory
network underlying the key mechanisms of HIVAN pathogenesis.
Methods
Infection of conditionally immortalized murine podocytes with nef-expressing or control
vector. Conditionally immortalized murine podocytes were isolated from control mice and Tg26 mice as previously described (14, 15, 50). These cells proliferate under permissive conditions (IFN-γ at 33°C) but differentiate under
nonpermissive conditions (37°C). Under nonpermissive conditions, the cells
lose the expression of T antigen. A retroviral expression vector (pBabe-puro)
was used to clone nef into the BamHI-SalI site. Moloney murine leukemia virus
gag/pol genes and VSV.G envelope were provided in trans to generate pseudotyped virus particles. Podocytes were infected with control vector or Nef-containing vector as described previously (15). The expression of nef in podocytes
was confirmed by Western blot analysis (15). For this study, podocytes were
infected or transfected when cells were split at passages 15, and then cells were
grown at 37°C on type I collagen–coated dishes for 10 days to inactivate the
temperature-sensitive T antigen and to allow for differentiation. By Western
blot, we confirmed that T antigen was absent in these cells.
Immunoblotting analysis of signaling proteins. Control and Nef-infected
podocytes were lysed with a buffer containing 1% NP40, a protease inhibitor cocktail, and tyrosine and serine-threonine phosphorylation inhibitors.
After determination of protein concentration, cell lysates were subjected to
Western blot analysis using the following specific antibodies: anti–phospho-p44/42, anti-p44/42, anti–phospho–c-Raf, anti–phospho-Stat3, antiStat3, and anti–phospho-Src (all from Cell Signaling Technology Inc.); and
monoclonal anti-Src antibodies (Upstate Group Inc.). Western blot data
were quantified using KODAK Image Station (PerkinElmer Life Sciences).
Determination of Src kinase activity. Cell lysates were incubated with monoclonal anti-Src antibody (a gift from Irwin Gelman, Roswell Park Cancer
Institute, Buffalo, New York, USA) prebound to protein agarose beads. The
immunocomplex was washed twice with lysis buffer and twice with kinase
The Journal of Clinical Investigation

buffer (20 mM HEPES with pH 7.4, 10 mM MgCl2, and 10 μg
of enolase [Sigma-Aldrich]), and then resuspended in 15 μl of
kinase buffer containing 10 μg of enolase and 25 μCi of [γ32P]ATP. After 20 minutes of incubation at 32°C, the reaction was
stopped by addition of 30 μl of 2× protein-loading buffer. After
boiling, the samples were separated in SDS-PAGE and transferred
to Immobilon-P membrane (Millipore Corp.) for autoradiography.
To determine the activity of the Src family kinase, we isolated the target
substrates by immunoprecipitation with antibodies specific for Hck, Fyn
(Santa Cruz Biotechnology Inc.), or Src (Upstate Group Inc.) and then
immunoblotting with an anti–ptyr416-Src antibody, which recognizes the
active form of all Src family kinases (Upstate Group Inc. and Cell Signaling
Technology Inc.). The bands were quantified using KODAK Image Station.
Ras activation assay. Ras activity was measured using a Ras Activation
Assay Kit (Upstate Group Inc.). Cells were lysed in an Mg2+ lysis buffer. Cells
loaded with either GTPγs or GDP were used as positive or negative controls. Ras-GTP was pulled down using GST fusion protein corresponding
to the human Ras-binding domain of Raf1 (Raf1-RBD). Western blot was
performed with an anti-Ras mAb (Upstate Group Inc.).
Cell proliferation. After podocytes were cultured at 37°C for 10 days on
collagen-coated dishes, cells were split and plated on 24-well dishes coated
with collagen at 20,000 cells per well in fresh medium. The cell number was
counted 3 and 5 days after incubation at 37°C.
Northern blot. Total RNA was extracted from podocytes using Trizol (Life
Technologies Inc.). Probes for Northern blot were generated by RT-PCR of
RNA isolated from glomeruli of a normal mouse. The probes for synaptopodin and GAPDH were derived from the published cDNA sequence:
GenBank accession number NM021695, nucleotide positions 642–1343,
for synaptopodin, and accession number NM008084, nucleotide positions
566–1017, for GAPDH (16). Nef cDNA (pGM91) was obtained from the
NIH AIDS Research and Reference Reagent Program. The cDNA probes
were radiolabeled with [α32P]-dCTP by random-primer oligonucleotide.
Expression levels were quantified by UN-SCAN-IT (Silk Scientific Inc.).
Construction of mutant Nef. The constructs with mutations in the PxxP
(SH3) or R105R106 (PAK) motifs in Nef were generated using QuikChange
Site-Directed Mutagenesis kits (Stratagene). The PxxP-binding domain
was mutated by changing of the proline residues to alanines. The PAKbinding domain mutation was created by replacement of the R105R106 residues with leucines. These constructs were subcloned into retroviral vectors
(pBabe-Puro), and pseudotyped virus was generated as described above.
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Figure 9
Immunohistochemistry of signaling molecules in kidney biopsies.
Immunostaining of phospho-Stat3 and phospho-MAPK1,2 was performed in kidney biopsies from HIVAN patients and compared with that
in kidney biopsies from HIV patients with non-HIVAN kidney diseases
or from non-HIV patients with idiopathic collapsing FSGS, classic
FSGS, or minimal-change disease. Representative pictures are shown.
(A) Phospho-MAPK1,2 in HIVAN kidney. (B) Phospho-MAPK1,2 in
non-HIVAN kidney (hypertension). (C) Phospho-MAPK1,2 in idiopathic collapsing FSGS kidney (in a patient with negative staining). (D)
Phospho-MAPK1,2 in classic FSGS kidney. (E) Phospho-MAPK1,2 in
minimal-change disease kidney. (F) Phospho-Stat3 in HIVAN kidney.
(G) Phospho-Stat3 in non-HIVAN kidney. (H) Phospho-Stat3 in idiopathic collapsing FSGS kidney (in a patient with negative staining). (I)
Phospho-Stat3 in classic FSGS kidney. (J) Phospho-Stat3 in minimalchange disease kidney. (K) Negative control for phospsho-MAPK1,2.
(L) Negative control for phospho-Stat3. ×400. Arrows in A and F indicate colocalization of phospho-MAPK1,2 and phospho-Stat3.

Podocytes were infected with viruses containing mutant nef as described
previously for the wild-type nef. The catalytic domain of Src was replaced
by GFP to create a dominant negative form of Src (provided by Pamela
L. Schwartzberg, NIH). The SH3 domain of this mutant competes with
the binding site of Nef for endogenous c-Src, preventing Src activation.
Similarly, a dominant negative form of Stat3 was created by mutation of
the tyrosine phosphorylation site. Control or Nef-infected podocytes were
transfected with these dominant negative mutant plasmids of Src or Stat3
using the GeneJammer transfection reagent (Stratagene). Transfectants
were expanded under antibiotic selection.
Nef siRNA experiments. siRNA sequence was designed using a program provided by QIAGEN Inc. Twenty-one base siRNAs with dTdT overhangs were
synthesized by QIAGEN Inc. and transfected into podocytes using TransMessenger Transfection Reagent (QIAGEN Inc.). A transfection efficiency
of 70–80% was verified using fluorescence-labeled oligonucleotides. Several different oligonucleotides (Nef sequence accession no. M19921: no. 1,
CAATGCTGCTTGTGCCTGG; no. 2, GCACAAGAGGAGGAAGAGG; no. 3,
GAGGAGGAAGAGGTGGGTT; no. 4, GAGGTGGGTTTTCCAGTCA; no.
5, GGCAGCTGTAGATCTTAGC; no. 6, GGCTACTTCCCTGATTGGC) we
re tested and selected based on the inhibition of Nef expression as detected
by Western blot using an anti-Nef mAb (FIT Biotech Oyj Plc.). A mixture of
siRNAs was used that provided maximal inhibition (nos. 1, 3, and 6).
Immunohistochemistry. Human biopsy material was collected previously from
HIV patients with or without HIVAN after informed consent under a protocol approved by the Mount Sinai Institutional Review Board. Kidney tissue
was obtained from 8 patients with HIVAN and 8 patients with non-HIVAN
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renal disease. The 8 patients with non-HIVAN renal diseases were found
among HIV-seropositive patients without typical collapsing FSGS and/or
tubular dilatation (2 had diabetes, 4 had hypertensive nephrosclerosis, and 2
had interstitial nephritis). A renal pathologist reviewed these biopsies blindly
and confirmed the above diagnoses. Human kidney biopsies from non-HIV
patients with other kidney diseases were collected at Columbia University
under a protocol approved by its Institutional Review Board. All these patients
were found to be HIV-seronegative. These biopsy samples were from 6 patients
with minimal-change disease, 7 patients with classic FSGS, and 7 patients with
idiopathic collapsing FSGS. For the biopsy specimens from Mount Sinai Hospital, kidney tissue was fixed in 4% paraformaldehyde at 4°C for 2–4 hours and
embedded in paraffin. The human kidney biopsies from Columbia University
were fixed overnight (up to 12 hours) at room temperature in 10% formalin
and embedded in paraffin. Paraffin-embedded tissue sections (5 μm) were
placed onto Superfrost Plus slides (VWR Scientific). Kidney sections from
Tg26 mice and their littermates were prepared similarly. Immunostaining was
performed using rabbit anti–phospho-MAPK1,2 or rabbit anti–phospho-Stat3
primary antibodies (Cell Signaling Technology Inc.) and biotinylated secondary antibodies (Vector Laboratories Inc.) and revealed with avidin-peroxidase
(VECTASTAIN Elite; Vector Laboratories Inc.). Slides were mounted in Aqua
Poly/Mount (Polysciences Inc.) and photographed under an Olympus BX60
microscope (Olympus Optical Co.) with a digital camera.
Data analysis. For cell proliferation assays, the data are given as mean ± SDM.
For Western blot and Northern blot analyses, all experiments were repeated
at least 3 times. Representative experiments are shown below. Bands were
quantified by densitometric analysis and are expressed as mean ± SD.

Figure 10
Schematic of Nef signaling pathways and their relationship with Nef’s
biologic effects in podocytes. Nef activates both Stat3 and MAPK1,2
pathways via an Src-dependent pathway. Src activation is essential
for Nef-induced podocyte proliferation and dedifferentiation. Stat3 and
MAPK1,2 mediate these Nef effects in an additive manner. Other downstream signaling of Nef-Src interaction may also be important.
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Statistically significant differences between the means were determined by
unpaired t test. Significance was defined as P ≤ 0.05.
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