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RESULTS

�-Actinin-4 and CLP36 Deficiencies Occur in Multiple Hu-
man Primary Glomerulopathies—To test whether �-actinin-4
deficiency occurs in human glomerulopathies, we performed
immunohistochemical staining using kidney tissues from con-
trol kidneys as well as human patients with glomerulopathies.
Control kidney glomeruli showed intense and global positivity
for�-actinin-4 (Fig. 1A,CON). A reduced but still almost global
staining was present in lupus nephritis World Health Organi-
zation (WHO) class IV and membranous glomerulopathy (Fig.
1A, LN and MG, respectively). Glomeruli from patients with

minimal change glomerulopathy, IgA nephropathy, and FSGS
showed a segmental staining of �-actinin-4 (Fig. 1A, MC, IgA,
and FSGS, respectively), with the most marked reduction
observed in FSGS cases.
These changes in expression were homogeneous among

glomeruli and not limited to areas of damage or of segmental
sclerosis, and in FSGS they closely correlated with the severity
of proteinuria (Fig. 1C). Analyses of CLP36, which binds to
�-actinin-4 (27, 28), revealed that its level was also reduced in
glomerulopathies (Fig. 1B). Furthermore, the extent of the
reduction strictly paralleled that of �-actinin-4 (Fig. 1D).

FIGURE 1. Deficiencies of �-actinin-4 and CLP36 in human glomerulopathies. A and B, immunohistochemical staining of �-actinin-4 (A) and CLP36 (B) in
human glomeruli. Arrows in CON, LN, and MG indicate some of the representative areas of �-actinin-4 and CLP36 staining (brown color). Scale bars, 50 �m. C,
correlation of proteinuria and the reduction of the �-actinin-4 level in FSGS. Proteinuria determined in 24-h urine samples correlated negatively with �-ac-
tinin-4 staining (n � 16) in human FSGS patients. D, close correlation of the levels of �-actinin-4 and CLP36 in human glomerulopathies. The levels of �-actinin-4
and CLP36 were quantified as described under “Experimental Procedures.” Note that the extent of the reduction of CLP36 correlated closely with that of
�-actinin-4 in glomerulopathies. CON, control kidney; LN, lupus nephritis; MG, membranous glomerulopathy; MC, minimal change disease; IgA, IgA nephrop-
athy. Error bars, S.D.

FIGURE 2. CLP36 and �-actinin-4 co-localize and form a complex in human podocytes. A, human podocytes were cultured under permissive (lane 1) or
nonpermissive conditions (lane 2) for 14 days. The cell lysates (4 �g of lysates/lane) were analyzed by Western blotting with Abs recognizing CLP36 or tubulin
(as a loading control). B, cell lysates were mixed with an anti-CLP36 Ab or a control Ab that does not recognize CLP36. CLP36 and control immunoprecipitates
were analyzed by Western blotting with anti-CLP36 and anti-�-actinin-4 Abs. C–H, human podocytes were dually stained with mouse anti-�-actinin-4 Ab and
goat anti-CLP36 Ab (C and D) or FITC-conjugated phalloidin and goat anti-CLP36 Ab (F and G). The primary mouse and goat Abs were detected with secondary
Rhodamine Red-conjugated anti-mouse IgG Ab and Cy2-conjugated anti-goat IgG Ab (C and D). Goat anti-CLP36 Ab in G was detected with a Rhodamine
Red-conjugated anti-goat IgG Ab. Scale bar, 10 �m. The immunofluorescent images were pseudo-colored and merged using the National Institutes of Health
ImageJ program (E and H).
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Loss of �-Actinin-4 Diminishes the Level of CLP36 in
Podocytes—Consistent with immunohistochemical studies in
normal human kidney glomeruli (Fig. 1B, CON), abundant
CLP36was detected in podocytes in culture, in particular under
differentiation condition (Fig. 2A, lane 2). CLP36 and �-ac-
tinin-4 were co-localized along actin stress fibers (Fig. 2, C and
D). Furthermore, they formed a stable complex in these cells
that could be readily detected by co-immunoprecipitation (Fig.
2B, lane 2).
The close correlation between the levels of CLP36 and �-ac-

tinin-4 proteins in glomerulopathies (Fig. 1D) prompted us to
test whether CLP36 and �-actinin-4 depend on each other to
maintain their protein levels in podocytes. To do this, we sup-
pressed the expression of �-actinin-4 in podocytes with �-ac-
tinin-4 siRNAs (Fig. 3A, lanes 2 and 3). Analysis of the level of
CLP36 in podocytes showed that it was also reduced in
response to �-actinin-4 knockdown (Fig. 3A, compare lanes 2

and 3 with lane 1). The reduction of the CLP36 level was par-
ticularly obvious in Triton X-100-insoluble cytoskeleton frac-
tions (Fig. 3B, compare lanes 5 and 6 with lane 4). Depletion of
CLP36with CLP36 siRNAs, on the other hand, did not alter the
level of �-actinin-4 in podocytes (Fig. 3,C andD). These results
suggest that CLP36 is dependent on �-actinin-4 for mainte-
nance of its level in podocytes, whereas the level of �-actinin-4
is independent of that of CLP36.
Formation of the �-Actinin-4-CLP36 Complex Is Crucial for

Maintenance of a Proper Level of CLP36—To test whether
�-actinin-4 regulates the level of CLP36 through complex for-
mation, we disrupted the �-actinin-4-CLP36 complex in podo-
cytes. To do this, we expressed in human podocytes a FLAG-
tagged CLP36N-terminal fragment (�LIM), which contains an
�-actinin-4-binding site (27, 28). FLAG-�LIM bound �-ac-
tinin-4 (Fig. 4A, lane 4). Expression of FLAG-�LIM in podo-
cytes effectively prevented the complex formation between

FIGURE 3. Loss of �-actinin-4 diminishes the level of CLP36 in podocytes. Human podocytes were transfected with �-actinin-4 siRNA A-KD1 or A-KD2 (A and
B), CLP36 siRNA C-KD1 or C-KD2 (C and D), or a control RNA as indicated. The densities of the �-actinin-4 band in the A-KD1 and A-KD2 transfectants and those
of the CLP36 band in the C-KD1 and C-KD2 transfectants were quantified using National Institutes of Health ImageJ program and compared with those of
control transfectants. Under the conditions used, the levels of �-actinin-4 in the A-KD1 and A-KD2 transfectants were 23 and 34% of that of the control
transfectants, and the levels of CLP36 in the C-KD1 and C-KD2 transfectants were 12 and 25% of that of the control transfectants. Total cell lysates (A and C),
Triton X-100-soluble and -insoluble fractions (B and D) were prepared as described under “Experimental Procedures.” The samples were analyzed by Western
blotting with Abs for �-actinin-4, CLP36,, or tubulin (as a loading control) or Coomassie Blue staining (to show equal loading).
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endogenousCLP-36 and�-actinin-4 (Fig. 3B, lane 4). Similar to
the effect of depletion of �-actinin-4 (Fig. 3), disruption of the
�-actinin-4-CLP36 complex reduced the level of CLP36 (Fig.
4C, lane 2), in particular in Triton X-100-insoluble cytoskele-
ton fractions (Fig. 4C, lane 6). These results suggest that the
formation of the �-actinin-4-CLP36 complex is crucial for
maintenance of a proper level of CLP36 in podocytes.
FSGS-associated R310Q or Q348R Substitution Mutation in

�-Actinin-4 Impairs Its Interaction with CLP36—Previous
studies in human patients with FSGS have shown that whereas
several FSGS-associated mutations (e.g. K255E) are within the
actin-binding region, some othermutations are located outside
of the actin-binding region (18). We were particularly inter-

FIGURE 4. Disruption of the �-actinin-4-CLP36 complex reduces the level
of CLP36 in podocytes. A and B, human podocytes were infected with
adenoviral vectors encoding FLAG-�LIM or �-galactosidase (as a control) as
described under “Experimental Procedures.” FLAG-�LIM and CLP36 were
immunoprecipitated from the cell lysates with anti-FLAG (A) or anti-CLP36 (B)
Abs. The cell lysates (lanes 1 and 2) and immunoprecipitates (lanes 3 and 4)
were analyzed by Western blotting with Abs for �-actinin-4, FLAG, or CLP36 or

Coomassie Blue staining as indicated. A band that migrated faster than that of
FLAG-�LIM was detected in anti-FLAG immunoprecipitates prepared from
both the control �-galactosidase and FLAG-�LIM cells (lanes 3 and 4). This
band most likely represents the light chain of the anti-FLAG Ab used in the
immunoprecipitation. C, total cell lysates, Triton X-100-soluble and -insoluble
fractions were prepared as described under “Experimental Procedures.” The
samples were analyzed by Western blotting with Abs for �-actinin-4, CLP36,
or FLAG or Coomassie Blue staining as indicated.

FIGURE 5. FSGS-associated R310Q or Q348R mutation inhibits �-ac-
tinin-4 interaction with CLP36. Human podocytes were transfected with
expression vectors encoding FLAG-tagged wild-type or �-actinin-4 mutants
bearing R310Q (A), Q348R (B), or K255E (C) mutation. CLP36 was immunopre-
cipitated from cell lysates with an anti-CLP36 Ab. The lysates (lanes 1 and 2)
and immunoprecipitates (lanes 3 and 4) were analyzed by Western blotting
with anti-FLAG and anti-CLP36 Abs as indicated. We have performed two
independent immunoprecipitation experiments and obtained similar results
from both experiments.
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ested in R310Q andQ348Rmutations for several reasons. First,
R310Q substitution mutation occurs in probands of families
with FSGS and individuals with sporadic FSGS at frequencies
that are significantly higher than that of normal control popu-
lation (18). Although the Q348R mutation was found in only
one patient with sporadic FSGS, this mutation was not identi-
fied in 1092 control samples that were assayed (18). Thus, both
R310Q and Q348R likely contribute to susceptibility of FSGS.
Second, neither R310Q norQ348R affects actin binding or sub-
cellular localization of �-actinin-4 (18), suggesting that they
likely impact podocytes through a mechanism that is different
from that involving increased actin binding (i.e. gain-of-func-
tion). Finally, Arg-310 andGln-348 are located within the spec-
trin-like repeats region, which is known to mediate CLP36
binding (27, 28). Thus, R310Q and Q348R could potentially
affect CLP36 binding. To test this experimentally, we expressed
FLAG-tagged �-actinin-4 bearing either R310Q or Q348R
mutation, or wild type �-actinin-4 as a control, in podocytes.

CLP36was immunoprecipitated from the cells expressingwild-
type ormutant forms of�-actinin-4 (Fig. 5,A andB, lanes 3 and
4). Analyses of CLP36 immunoprecipitates byWestern blotting
showed that, as expected, FLAG-tagged wild-type �-actinin-4
was readily co-immunoprecipitated with CLP36 (Fig. 5, A and
B, lane 3). The amounts of FLAG-tagged �-actinin-4 proteins
bearing R310Q or Q348R mutation that was co-immunopre-
cipitated with CLP36, however, were much less than that of
FLAG-�-actinin-4 (Fig. 5,A andB, compare lane 4with lane 3),
suggesting that R310Q or Q348R mutation significantly inhib-
its the ability of �-actinin-4 to interact with CLP36. As a con-
trol, we expressed a FLAG-tagged �-actinin-4 bearing a muta-
tion in the actin-binding region (K255E). Unlike R310Q or
Q348Rmutant, the binding of K255Emutant to CLP36 was not
reduced but instead was increased (Fig. 5C, compare lanes 3
and 4). These results suggest that although FSGS-associated
mutations were identified in both the actin-binding region (e.g.
K255E) and the spectrin-like repeats region (e.g. R310Q or

FIGURE 6. Depletion of CLP36 reduces RhoA activity and traction force in podocytes. A, human podocytes were transfected with CLP36 siRNA C-KD1 (lane
2), C-KD2 (lane 3), or a control RNA (lane 1). The cell lysates (4 �g of proteins/lane) were analyzed by Western blotting with Abs for CLP36 or tubulin (as a loading
control). B, active RhoA was measured as described under “Experimental Procedures.” Bars represent means � S.D. (error bars) from three independent
experiments. *, p � 0.05 versus the control. C and D, cell traction force (CTF) of the control and CLP36 knockdown cells was measured as described under
“Experimental Procedures.” C shows representative images of traction force microscopy of the control and CLP36 knockdown podocytes. Bars in D represent
relative cell traction force (means � S.D.) from three independent experiments. *, p � 0.05 versus the control.
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Q348R) of �-actinin-4, the effect of the mutations in the
spectrin-like repeats region differs from that induced by the
mutations in the actin-binding region, in that they cause loss-
of-function (i.e. reduced CLP3 -binding) rather than gain-of-
function (i.e. increased actin binding) (16).
Depletion of CLP36 Reduces RhoA Activity and Cell Traction

Force—�-Actinin is known to play an important role in regula-
tion of cell contractility (38–40). Because CLP36 interacts and
co-localizes with �-actinin-4, we sought to test whether CLP36
functions in regulation of podocyte contractility. To do this, we
depleted CLP36 from podocytes by RNA interference (Fig. 6A).
Traction force microscopic analyses showed that depletion of
CLP36 significantly reduced cell traction force (Fig. 6,C andD).
Furthermore, the activity of RhoA (Fig. 6B), which is known to
play an essential role in control of cell traction force (41–43),
was significantly reduced in response to depletion of CLP36.
These results identify CLP36 as an important regulator of RhoA
activity and cell traction force in podocytes.
Disruption of the �-Actinin-4-CLP36 Complex Impairs RhoA

Signaling and Cell Traction Force Generation—We next tested
whether the formation of the �-actinin-4-CLP36 complex,

which is readily detectable in podocytes (Figs. 2B and 4), is
required for RhoA signaling and generation of cell traction
force. To do this, we expressed in podocytes FLAG-�LIM,
which effectively disrupted the �-actinin-4-CLP36 complex
(Fig. 4), and analyzed the effects on RhoA activity and cell trac-
tion force. The results showed that disruption of the �-actinin-
4-CLP36 complex markedly reduced RhoA activity (Fig. 7A).
Furthermore, consistent with a critical role of RhoA in regula-
tion of cell traction force, disruption of the �-actinin-4-CLP36
complex significantly reduced traction force in podocytes (Fig.
7, B and C).

DISCUSSION

Recent human genetic studies have identified a number of
genetic alterations that are associatedwith glomerular diseases.
Elucidating the molecular mechanisms by which genetic alter-
ations cause defects in glomeruli is important for understand-
ing the pathogenesis and progression of glomerular failure, the
leading cause of end stage kidney disease.Of note,many genetic
alterations associated with glomerular failure appear to impede
the integrity of podocyte cytoskeleton, manifesting important

FIGURE 7. Disruption of the �-actinin-4-CLP36 complex reduces RhoA activity and traction force in podocytes. Human podocytes were infected with
adenoviral vectors encoding FLAG-�LIM or �-galactosidase (as a control) as in Fig. 4. A, active RhoA measured as described under “Experimental Procedures.”
Bars represent means � S.D. (error bars) from three independent experiments. *, p � 0.05 versus the control. B, representative images of traction force
microscopy of podocytes infected with the control or FLAG-�LIM adenoviral vectors. C, bars represent relative cell traction force (CTF) (means � S.D.) from three
independent experiments. *, p � 0.05 versus the control.
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roles of podocyte cytoskeleton for glomerular filtration barrier
function. One of the well recognized targets of genetic muta-
tions that impede glomerular podocyte functions is ACTN4.
Although a subset of the disease-associated �-actinin-4 muta-
tions (e.g. K255E) can cause podocyte damage through a gain-
of-function mechanism (16, 18–25), there is evidence from
studies inmousemodels suggesting that loss of �-actinin-4 can
also impair podocyte structure and consequently cause failure
of glomerular filtration barrier (17). Whether or not �-ac-
tinin-4 deficiency actually occurs in human patients was not
clear. The findings obtained from this study demonstrate that
the level of �-actinin-4 is reduced in several (albeit not all) pri-
mary glomerulopathies, including minimal change glomeru-
lopathy, IgA nephropathy, and FSGS (Fig. 1A). Furthermore, in
FSGS the extent of the reduction in �-actinin-4 closely corre-
lates with the severity of proteinuria (Fig. 1C). Thus, in at least a
subset of human glomerulopathies, �-actinin-4 deficiency
likely contributes to the failure of glomerular filtration barrier.
A second major finding of our studies is that concomitant to

the reduction of �-actinin-4 in human glomerulopathies, the
level of CLP36 is also reduced (Fig. 1, B and D). This finding
raised two important questions. First, is there a mechanistic
link between the level of CLP36 and that of �-actinin-4? Sec-
ond, what is the functional significance of the reduction of the
CLP36 level? To address these questions, we have performed a
series of experiments using multiple approaches including
RNA interference and dominant negative inhibition of the
�-actinin-4-CLP36 complex. The results show that there is
indeed a mechanistic link between the level of CLP36 and that
of �-actinin-4. Specifically, we have found that the level of
CLP36 is controlled by the complex formation between �-ac-
tinin-4 and CLP36 because depletion of �-actinin-4 (Fig. 3) or
disruption of the �-actinin-4-CLP36 complex (Fig. 4) substan-
tially reduced the level of CLP36 in podocytes. Functionally, we
have found that loss of CLP36 or disruption of the �-actinin-4-
CLP36 complex significantly impairs RhoA signaling and trac-
tion force generation in podocytes (Figs. 6 and 7). Thus, CLP36
is important for maintenance of the integrity of the actin cyto-
skeleton and generation of traction force, which are likely crit-
ical for glomerular filtration barrier function (10, 44–46).
Genetic studies in human patients with FSGS have identified

mutations in the actin-binding as well as non-actin-binding
regions of �-actinin-4 (16, 18). Biochemical analyses have
shown that the mutations in the actin-binding region (e.g.
K255E) increase actin binding, which likely causes podocyte
damage in patients bearing thesemutations (16, 18–25).Muta-
tions in non-actin binding regions such as R310Q or Q348R do
not alter actin-binding activity (18). It was not clear how these
mutations can contribute to defects in podocytes. The studies
presented in this paper demonstrate that R310Q or Q348R
mutation inhibits the interaction of �-actinin-4 with CLP36
(Fig. 5). This finding, together with our findings that (i) inhibi-
tion of the �-actinin-4-CLP36 interaction reduces the level of
CLP36 and (ii) reduction of the level of CLP36 compromises
RhoA signaling and generation of traction force in podocytes
provide a plausible “loss-of-function” mechanism through
which the �-actinin-4 mutations (or �-actinin-4 deficiency)

could contribute to podocyte defects and glomerular failure in
human patients.
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