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An increasing number of studies suggest that the renal
proximal tubule is a site of injury in diabetic nephropathy
(DN), and progressive renal tubulointerstitial fibrosis is
an important mediator of progressive kidney dysfunction
in DN. In this study, we observed increased expression
and activation of YAP (yes-associated protein) in renal
proximal tubule epithelial cells (RPTC) in patients with
diabetes and in mouse kidneys. Inducible deletion of Yap
specifically in RPTCor administration of the YAP inhibitor
verteporfin significantly attenuated diabetic tubulointer-
stitial fibrosis. EGFR-dependent activation of RhoA/
Rock and PI3K-Akt signals and their reciprocal inter-
action were upstream of proximal tubule YAP activation
in diabetic kidneys. Production and release of CTGF in
culture medium were significantly augmented in human
embryonic kidney (HEK)-293 cells transfected with a con-
stitutively activeYAPmutant, and the conditionedmedium
collected from these cells activated and transduced fibro-
blasts into myofibroblasts. This study demonstrates that
proximal tubule YAP-dependent paracrine mechanisms
play an important role in diabetic interstitial fibrogenesis;
therefore, targeting Hippo signaling may be a therapeutic
strategy to prevent the development and progression of
diabetic interstitial fibrogenesis.

More than 30 million people in the U.S. have diabetes
mellitus, and one-third of these will develop diabetic ne-
phropathy (DN) in their lifetime (1). Kidney dialysis and
transplantation are the only available treatment options for
end-stage renal disease patients (2). Glomerular injury in
DN has been the focus of attention for nephrologists;

however, an increasing number of studies have suggested
that the renal tubule, especially the proximal tubule, is
also a site of injury in DN, and progressive renal tubu-
lointerstitial fibrosis is an important component of the
pathogenesis leading to DN and ultimately end-stage
renal disease (3,4). Some renal proximal tubule cell (RPTC)
injury biomarkers are detectable in urine from patients
with early-stage diabetes who do not yet show obvious
glomerular injury, suggesting that RPTC injury is a primary
lesion rather than only secondary to glomerular injury
(5,6).

Overproduction and deposition of extracellular matrix
(ECM) proteins in the renal tubulointerstitium, as well as
thickening of tubular basement membranes, are charac-
teristic pathological changes of DN (7,8). Collagen I is the
most abundant ECM protein, although other collagens
such as types III, V, VI, VII, and XV and the adhesive
glycoprotein fibronectin also accumulate in the intersti-
tial space of the fibrotic kidney (9). The activated myofi-
broblast is generally accepted as a primary ECM-secreting
cell type in fibrotic kidney. The source of myofibroblasts
in renal fibrosis is still controversial (10–13), although up
to 50% of the total pool of myofibroblasts may arise from
local resident fibroblasts (12). Nonetheless, induction and
proliferation of myofibroblasts play key roles in kidney
fibrosis, regardless of the origin(s) of the myofibroblasts
(11,12), but the underlying molecular mechanisms of renal
interstitial fibroblast cell proliferation and transition have
not been fully elucidated.

YAP (yes-associated protein), a transcriptional coacti-
vator for numerous target genes in the nucleus, is a crucial
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effector of the canonical Hippo signaling pathway that
controls organ size and prevents tumorigenesis by regu-
lating cell proliferation, apoptosis, and differentiation.
Upon activation of the Hippo pathway in response to
different extracellular cues, YAP is phosphorylated at specific
serine/threonine residues and deactivated by cytoplasmic
sequestration, followed by proteasome-mediated degrada-
tion (14). YAP is broadly expressed in adult human tissues,
with moderate expression levels in adult kidney (15,16).
Numerous studies suggest that YAP is involved in mul-
tiple fibrogenesis-related pathways, including the TGFb-
Smad signaling pathway, ECM protein synthetic pathways,
mechano-transduction signaling pathways, and tissue re-
modeling and energy stress responsive pathways (14). As
a critical signaling protein modulating multiple molecular
pathways, YAP has been implicated in fibrogenesis in other
organs (17). Increasing studies have suggested that aberrant
YAP activation in kidney is also involved in kidney fibro-
genesis (18–21). Interestingly, a recent study found that
mice with renal tubular cell–specific Mst1/2 deletion
developed renal fibrosis, which was ameliorated in Mst1/
2-Yap triple knockout mice (22). Our recent study demon-
strated for the first time that YAP expression and activa-
tion were upregulated in diabetic RPTC through an EGFR
activation–dependent pathway (23), but the detailed un-
derlying molecular mechanism of YAP activation and con-
tribution to diabetic kidney injury has not previously been
described.

Rho-GTPases, a member of Ras superfamily of small
GTPase, exhibit both GDP/GTP binding and GTPase
activity to activate ROCK (RhoA-associated coiled-coil–
containing kinases), the downstream effector of the Rho-
GTPases (24,25). RhoA, the most abundant Rho-GTPase
expressed in the renal proximal tubules (26), and its
downstream effector ROCK, have been implicated in
expression of ECM proteins and tubulointerstitial fibrosis
in animal models of both type 1 and type 2 diabetes (27).
Inhibition of Rho/ROCK signaling has been reported to
significantly ameliorate diabetic kidney injury (28,29),
but the underlying mechanism of this inhibition remains
unclear. Of interest, studies have suggested that Rho/
ROCK signaling activation is upstream of YAP activation
(30,31). Therefore, the goal of the current study was to
investigate the potential role of proximal tubule activa-
tion of YAP in development of tubulointerstitial fibrosis
in diabetic kidney disease and determine the underlying
signaling mechanisms.

RESEARCH DESIGN AND METHODS

Materials and Reagents
Erlotinib was purchased from LC Laboratories (Woburn,
MA). Antibodies against EGFR (cat. no. 4060S), phosphor-
ylated EGFR (3777S), YAP (14074S), YAP (12395S), Ki67
(9129S), phosphorylated Akt (4060S), Akt (2920S), and
b-actin (4970S) were from Cell Signaling Technology
(Beverly, MA). Collagen I (600-401-103-01) was purchased
from Rockland Immunochemicals. CTGF (ab6992) and

goat polyclonal a-SMA (ab21027) antibodies were from
Abcam (Cambridge, MA). Rat monoclonal TGF-b2 anti-
body (MAB73461SP) was from Thermo Fisher Scientific
(Waltham, MA). LY294002 were from EMD Millipore
(Billerica, MA). IRDye 680RD and IRDye 800CW second-
ary antibodies were from LI-COR Biosciences (Lincoln,
Nebraska). Alexa Fluor 488– or Alexa Fluor 594–conjugated
secondary antibodies for immunofluorescence (IF) staining
were from Life Technologies (Grand Island, NY). Verteporfin
and all other reagents were purchased from Sigma-Aldrich
(St. Louis, MO).

Animal Studies
Inducible renal proximal tubule epithelial cell–specific
YAP deletion mice (YapPTiKO) and the wild-type control
mice (YapPTWT) were generated as previously described
(32). Endothelial nitric oxide synthase (eNOS) knockout
(eNOS2/2), FVB/NJ mice (The Jackson Laboratory, Bar
Harbor, ME), or the YapPTiKO and YapPTWT mice were
injected with streptozotocin (STZ) (50 mg/kg body wt
i.p.) for five consecutive days to induce type 1 diabetes
beginning 1 week after completion of tamoxifen injec-
tions. Prior to STZ injection, unilateral nephrectomy
surgery was performed in the YapPTiKO, YapPTWT, and
FVB/NJ mice that were used to analyze kidney fibrosis.
Verteporfin (100 mg/kg i.p. every other day), Y27632
(10 mg/kg i.p. once/week), or their vehicles were injected
in the diabetic eNOS2/2 mice or the unilateral nephrec-
tomized diabetic FVB/NJ mice starting at 1 week after
STZ injection completion. Blood glucose was measured
using the OneTouch Basic blood glucose monitoring
system (LifeScan, Milpitas, CA) on blood samples
obtained via the saphenous vein after 5 h of food dep-
rivation. Mice were sacrificed at indicated time points,
and kidney tissues were collected for analysis.

Cell Culture Studies
Human embryonic kidney (HEK)-293 cells and human
renal proximal tubule epithelial cells (hRPTC) were pur-
chased from ATCC (Manassas, VA). The HEK-293 cells
were maintained in DMEM/F12 medium with 10% FBS.
pcDNA4/HisMaxB-YAP1-S127A plasmid DNA (cat. no.
18988; Addgene) was transfected into HEK-293 cells using
a Lipofectamine 3000 transfection kit (Thermo Fisher
Scientific), and stable clones (hYAP1S127A-HEK) were
selected by zeocin (600 ng/mL) and maintained in culture
medium with zeocin (400 ng/mL). The hRPTC were cul-
tured in DMEM/F12 medium supplemented with 10%
FBS, 5 pmol/L triiodo-L-thyronine, 10 ng/mL recombinant
human EGF, 3.5 mg/mL ascorbic acid, 5.0 mg/mL human
transferrin, 5.0 mg/mL insulin, 25 ng/mL prostaglandin
E1, 25 ng/mL hydrocortisone, 8.65 ng/mL sodium selenite,
0.1 mg/mL G418, and 1.2 g/L sodium bicarbonate. The
hRPTC were made quiescent in DMEM medium with low
glucose (1 g/L) and 0.5% FBS for 24 h before exposure to
25 mmol/L mannitol or glucose with or without Y27632,
LY294002, or erlotinib treatment for another 24 h.
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Assessment of Activation of Fibroblasts by the
Conditioned Medium
hYAP1S127A-HEK and vector-transfected HEK-293 cells
were plated into 150-mm cell culture dishes at 50% cell
confluence in DMEM/F12medium supplied with 10% FBS.
Culture medium was replaced by serum-free DMEM with
nonessential amino acid when cell reached 80% conflu-
ence, and the conditioned medium was harvested after
24 h incubation and concentrated with Amicon Ultra-15
centrifugal filters (3K; EMD Millipore) by centrifuge at
4,000g for 30 min at 4°C after removal of dead cells by
spinning at 13,000 rpm for 2 min. Mouse or rat fibroblasts
were treated with conditioned medium supplied with 0.2%
FBS for 2 days, and the fibroblast-to-myofibroblast tran-
sition was assessed by a-SMA protein level or cell number
was counted by using a hemocytometer.

Analysis of RT2 Profiler Human Fibrosis PCR Array
Total RNA was isolated from hYAP1S127A-HEK and their
vector-transfected HEK-293 cells with use of RNeasy Mini
Kit (QIAGEN) when cells reached 80% confluence. cDNA
was synthesized using iScript cDNA Synthesis Kit (Bio-
Rad) following the instruction of the products. Eighty-four
key fibrosis-related genes on the RT2 Profiler human
fibrosis PCR array (PAHS-120ZA) were analyzed with
the QuantStudio 3 Real-Time PCR System. The threshold
cycle (Ct) values of housekeeping gene ACTB (b-actin) were
selected as internal control, and relative mRNA quantifi-
cation is based on the 22DDCt method with normalization
to either control samples. A minimum log 2-fold change
62 was applied for statistical significance (P , 0.01).

Quantitative Real-time PCR Analysis
Relative mRNA expression levels of CTGF (CCN2), MCP-1
(CCL2), collagen type III a I (COL3A1), thrombospondin
1 (THBS1), and TGFb2 in the hYAP1S127A-HEK and their
vector-transfected HEK-293 cells were validated by quan-
titative real-time PCR. Relative mRNA expression level of
a-SMA (Act2a) and collagen type I a I (Col1a1) in mouse
fibroblasts exposed to conditioned medium treatment
were also evaluated by quantitative real-time PCR. Relative
gene expression was quantified with iQ SYBR Green Super-
mix (Bio-Rad) in QuantStudio 3 Real-Time PCR System. All
raw Ct values were normalized to b-actin, and 22DDCt

method was applied to compare gene fold change between
experiment group and control group. All PCR primers
(Supplementary Table 1) were from Integrated DNA
Technologies.

Mouse Kidney Histology Analysis
Mouse kidneys were harvested and embedded in paraffin
at different time points after induction of type 1 diabetes,
and 5-mm tissue sections were stained with hematoxylin-
eosin by standard methods. Deparaffinized sections un-
derwent Masson trichrome staining or Sirius Red staining.
The images were captured with use of an AxioCam MRc
(Carl Zeiss).

IF Analysis
IF was performed on paraffin-embedded tissues or cultured
hRPTCfixedby4%paraformaldehydewith standard techniques
as previously described (23,33), and imageswere aNikonTE300
fluorescence microscope (Diagnostic Instruments) or an cap-
tured by Olympus FV-1000 Inverted Confocal Microscope
(Vanderbilt Medical Center Cell Image Shared Resource Core).

RhoA Pull-down Activation Assay
The levels of active GTP-bound RhoA were analyzed using
the RhoA Pull-down Activation Assay Biochem Kit (Cyto-
skeleton, Denver, CO). Specifically, the hRPTC were made
quiescent for 24 h at 1 day after control or EGFR-specific
siRNA transfection. The quiescent hRPTC were exposed to
25 mmol/L mannitol or glucose with or without Erlotinib
(100 nmol/L) for another 24 h before being lysed in the lysis
buffer. Lysates with the same protein concentration were
subjected to pull-down assay following the manufacturer’s
instructions, and the precipitated active RhoA was detected
by Western blot after resolving on a 15% SDS-PAGE.

Transfection of siRNA in hRPTC
The control and ON-TARGETplus human siRNA SMART-
pool: Nontargeting Pool (D-001810-10-05), EGFR (L-003114-00-
0005), RhoA (L-003860-00-0005), AKT1 (L-003000-00-
0005), CTGF (L-012633-01-0010), and TGFB2 (L-010544-
00-0005) were purchased from Dharmacon (Thermo
Fisher Scientific, Lafayette, CO). Twenty-four hours after
transfection by use of Lipofectamine RNAiMAX Reagent
(Thermo Fisher Scientific), the cells were made quiescent in
DMEM medium with low glucose (1 g/L) and 0.5% FBS for
24 h before being exposed to 25 mmol/L mannitol or
glucose. The cells were lysed in radioimmunoprecipitation
assay buffer for immunoblotting analysis or fixed in 4%
paraformaldehyde for IF staining.

Immunoprecipitation and Immunoblotting
Procedures were performed as we have previously de-
scribed (33,34).

Statistics
Data are presented as means 6 SEM for at least three
separate experiments (each in triplicate). An unpaired Stu-
dent t test was used for statistical analysis, and for multiple
group comparisons, ANOVA with Bonferroni corrections
(GraphPad Prism, version 7) were used. A P value of ,0.05
compared with control was considered statistically significant.

Data and Resource Availability
The data sets generated and analyzed during the current
study are available from the corresponding authors upon
reasonable request.

RESULTS

Activation of YAP in RPTC-Mediated Renal Interstitial
Fibrogenesis
In our previous studies, we demonstrated that YAP was ac-
tivated in diabetic mouse RPTC through an EGFR-dependent
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pathway (23). To determine whether YAP is also acti-
vated in RPTC of diabetic kidneys in humans, we per-
formed IF staining of kidney samples from five patients
with diabetic kidney disease and nondiabetic control
subjects and observed upregulation of YAP expression
and its nuclear translocation specifically in RPTC in all
kidney samples, identified by the proximal tubule maker,
lotus tetragonolobus lectin (LTL) (Fig. 1). Of note, there
was a marked decrease in the expression levels of LTL,
suggesting a certain degree of dedifferentiation of the
proximal tubule cells in the diabetic kidneys.

To define the potential role of YAP activation in diabetic
RPTC, we subjected YapPTiKO (inducible conditional RPTC-
specific knockout of YAP) mice to STZ injection to induce
type 1 diabetes. To ensure development of obvious DN
pathological alterations, we subjected some of the mice to
unilateral nephrectomy (UNX) 1 week before STZ in-
jection as we have previously described (34). Upregula-
tion of YAP expression in the wild-type control mouse
renal cortical tissue lysates was observed 1 week after
development of high blood glucose and was significantly
attenuated in the YapPTiKO mouse kidneys (Fig. 2A). In
addition, upregulation of CTGF, a well-known YAP down-
stream target, and collagen I was also decreased in the
diabetic YapPTiKO mouse renal cortical tissue lysates (Fig.
2A). There was also a marked decrease in collagen I
deposition in diabetic YapPTiKO kidney tubulointersti-
tium, as indicated by Sirius Red staining (Fig. 2B), Masson
trichrome staining, and collagen I IF staining (Supple-
mentary Fig. 1A and B), although they developed com-
parable hyperglycemia, proteinuria, and increases in
serum creatinine with a similar level of blood pressure

(Supplementary Fig. 1C–F), suggesting that YAP activa-
tion in the RPTC directly contributes to diabetic tubu-
lointerstitial fibrogenesis.

Inhibition of YAP Activation Ameliorated Diabetic Renal
Fibrogenesis
YAP is a transcriptional coactivator that activates many
transcription factors, such as p73, RUNX, ERBB4, and
TEADs (35–39). However, TEADs are the major YAP-
interacting transcription factors (39). Our previous studies
have shown that administration of verteporfin effectively
inhibited YAP-TEAD association and the transcriptional
activator activity of YAP in the kidney (23,32); therefore,
we first treated STZ-eNOSdel mice, an accelerated DN
mouse model that develops prominent DN within 16–
24 weeks after STZ injection (40,41), with verteporfin for
20 weeks. As shown in Fig. 3A, verteporfin treatment
effectively decreased CTGF expression and collagen I de-
position in both the tubular interstitium and the glomeruli
(Fig. 3B). To exclude that the possible effects of verteporfin
were associated with eNOS gene deletion, we administered
verteporfin to unilateral nephrectomized diabetic FVB/NJ
mice and found that verteporfin similarly minimized CTGF
upregulation in the diabetic renal cortical tissue lysates
(Fig. 3C) and mitigated tubulointerstitial fibrosis (Fig. 3D).

YAP Activation in RPTC Was Critical for Induction and
Proliferation of Myofibroblasts in Diabetic Kidney
Myofibroblast cells are the major source of ECM proteins,
cross-linking enzymes, and inhibitors of matrix-degrading

Figure 1—YAP expression and nuclear distribution were in-
creased in RPTC of kidneys in patients with diabetes. Repre-
sentative IF images of control biopsy kidney specimens from
patients without diabetes and patients with diabetes (n 5 5)
(red, YAP; green, LTL, an RPTC marker; blue, DAPI) (original
magnification 3600).

Figure 2—YAP deletion specific in RPTC ameliorated interstitial
fibrosis in diabetic mouse kidneys. A: Upregulation of expression
of YAP, CTGF, and collagen I in the UNX STZ type 1 diabetic mouse
cortical tissue was attenuated in YapPTiKO mice. B: Representative
images of Sirius Red staining indicated that Yap deletion specific in
RPTC reduced diabetic interstitial fibrosis (original magnifica-
tion 3200). Values are mean 6 SEM (n 5 4–7 for each group).
*P , 0.05, **P , 0.01, ***P , 0.001.

diabetes.diabetesjournals.org Chen and Associates 2449

https://doi.org/10.2337/figshare.12808352
https://doi.org/10.2337/figshare.12808352
https://doi.org/10.2337/figshare.12808352


metalloproteinases in organ fibrogenesis (11,12,42). De
novo synthesized a-smooth muscle actin (a-SMA) is the
most widely used molecular marker for myofibroblasts in
research and clinical diagnostics (43). We detected upreg-
ulation of collagen I and a-SMA in kidneys of mice with
STZ-induced type 1 diabetes, with marked inhibition by
administration of verteporfin (Fig. 4A and B). Deletion of
YAP specifically in RPTC inhibited fibronectin, a well-
known profibrotic factor, and a-SMA expression in di-
abetic renal cortical tissue lysates (Fig. 4C). Costaining of
a-SMA with Ki-67, a marker of cell proliferation, revealed
much less positive staining for both markers in tubuloin-
terstitial areas in the diabetic YapPTiKOmice compared with
their wild-type control diabetic mice (Fig. 4D). Of note,
both verteporfin administration and YAP deletion in RPTC
attenuated collagen I and a-SMA expression in the tubu-
lointerstitial areas (Fig. 4B and D).

To understand the underlying mechanism by which the
aberrant YAP activation in RPTC caused fibroblast cell

proliferation and transition to myofibroblasts, we trans-
fected a constitutively active human YAP1 mutant gene
(hYAP1S127A) into HEK-293 cells (hYAP1S127A-HEK). Suc-
cessful transfection was confirmed by markedly increased
expression of YAP and fusion protein tag Xpress (Fig. 5A).
IF staining further confirmed active YAP expression and
distribution in both nucleus and cytoplasm (Fig. 5B).
Although it has been reported that serine 127 residue
phosphorylation is a prerequisite step for YAP cytoplasmic
retention (44), other possible mechanisms for the ob-
served cytoplasmic distribution of the mutant YAP will
require additional study. In addition to nuclear expression
of the mutant YAP, we detected marked upregulation of
CTGF in the hYAP1S127A-HEK by both immunoblotting
and IF analysis (Fig. 5A and C). To test the hypothesis that
resident fibroblasts are activated by profibrotic factors that
are synthesized and released from injured RPTC through
a YAP activation–dependent pathway, we collected con-
ditioned medium from the hYAP1S127A-HEK cells and

Figure 3—Blocking YAP-TEADassociation reduced interstitial fibrosis in diabeticmouse kidneys. Nine- to 10-weekoldSTZdiabetic eNOS2/2

mice (A and B) or unilateral nephrectomized diabetic FVB/NJ mice (C and D) were administered vehicle or verteporfin (Vert) (100 mg/kg i.p.
every other day) for 20 weeks: immunoblotting analysis of CTGF expression in renal cortical tissue lysates (A and C ), representative
immunohistochemical (IHC) staining of collagen I expression in both interstitial area and glomeruli (original magnification 3400) (B), and
representative histology data of Sirius Red staining (original magnification3200) (D). Values are mean6 SEM (n5 5–10 for each group). Veh,
vehicle. *P , 0.05, ***P , 0.001.
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administered it to immortalized mouse fibroblast cells
(45). We found that exposure of conditioned medium
from hYAP1S127A-HEK cells but not the vector-transfected
HEK cells altered the fibroblast cell morphology from an
elongated spindle shape to a flattened stellate shape and
markedly upregulated expression of a-SMA (Fig. 5D). Sim-
ilarly, exposure of a rat kidney fibroblast cell line, NRK-49F
cell, to the conditioned medium from hYAP1S127A-HEK cells
also markedly increased a-SMA expression (Supplementary
Fig. 3C).

To define possible paracrine profibrotic factors released
from RPTC, we screened 84 profiled human fibrosis-asso-
ciated genes in the hYAP1S127A-HEK cells with RT2 Profiler
human fibrosis PCR array. Forty of 84 genes were upregu-
lated more than twofold in the hYAP1S127A-HEK cells com-
pared with the vector-transfectedHEK cells, with CTGF being
one of the most predominantly upregulated (Fig. 5E and
Supplementary Table 2). Themost predominantly upregulated
genes were confirmed by PCR analysis (Supplementary Fig. 2).

CTGF (also known as CCN2) is the second of six
members of the CCN family of matricellular proteins
(46) and is a secreted protein whose molecule consists
of four distinct, conserved domains that can interact with
growth factors, cell-surface molecules such as integrins,
and ECM proteins such as fibronectin and proteoglycans
(47). Immunoblotting of the conditioned medium con-
firmed that CTGF expression was markedly higher in the
conditioned medium from hYAP1S127A-HEK compared with
that from the vector-transfected HEK cells (Fig. 5F). To
evaluate the effects of CTGF on fibroblast activation, we
transfected CTGF-specific siRNAs in the hYAP1S127A-HEK
cells for 2 days before collecting conditioned medium. We
found that effectively silencing CTGF expression in the
hYAP1S127A-HEK cells (Fig. 5G) markedly inhibited a-SMA,
collagen I expression, and cell proliferation in mouse fibro-
blasts in response to conditioned medium (Fig. 5H and I and
Supplementary Fig. 3A and B). In addition, our data also
suggested that expression and release of TGFb2 in the

Figure 4—Verteporfin (Vert) or RPTC-specific YAP deletion reduced ECM and a-SMA expression in diabetic kidneys.A: Verteporfin inhibited
upregulation of collagen I and a-SMA in unilateral nephrectomized diabetic FVB/NJ mouse renal cortical tissue lysates. B: Representative IF
of verteporfin inhibition of collagen I and a-SMA (original magnification 3200). C: Fibronectin and a-SMA upregulation in diabetic kidneys
were significantly inhibited in YapPTiKO mice. D: Representative IF indicated inhibition of a-SMA expression and Ki67-positive cells in the
YapPTiKO mouse kidneys (original magnification 3200). Values are mean 6 SEM (n 5 4–10 for each group). **P , 0.01, ***P , 0.001. HPF,
high power field.
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hYAP1S127A-HEK cells were partially mediated by CTGF (Fig.
5H and I).

YAP Activation in Diabetic RPTC Was Mediated by
Activation of RhoA/ROCK Signal
Recent studies have suggested that YAP activation is impli-
cated in regulation of the contractile actomyosin cytoskeleton
(18,48–50). In addition, activation of Rho/ROCK signaling
is also critical for mediating rearrangements of the acto-
myosin cytoskeleton (51–53). For evaluation of the po-
tential role of Rho/ROCK activation in regulation of YAP
activation in diabetic kidney injury, UNX diabetic FVB/
NJ mice were administered a ROCK inhibitor, Y-27632.
Y-27632 not only blunted upregulation of YAP and CTGF
expression in the diabetic renal cortical tissue lysates (Fig.
6A) but also reduced tubulointerstitial fibrosis (Fig. 6B).
RhoA is the most abundant Rho-GTPase expressed in the

renal proximal tubules (26); we found increased active RhoA
in the cultured hRPTC in response to high glucose treatment
(Fig. 7A). Pretreatment of the cells with Y-27632 inhibited
upregulation of expression of YAP and CTGF and YAP nuclear
translocation in response to high glucose treatment (25
mmol/L) (Fig. 7B and C). Furthermore, upregulation of YAP
and CTGF expression and YAP nuclear translocation in hRPTC
in response to high glucose treatment were attenuated by
silencing RhoA with siRNA transfection (Fig. 7D and E).

YAP Was Activated in the Diabetic RPTC by Reciprocal
Interaction between EGFR-PI3K-Akt and Rho/ROCK
Signaling Pathways
We have documented that EGFR-PI3K-Akt signaling path-
way activation in diabetic RPTC is an upstream signal for
YAP activation (23). We performed further studies to
define the relationship of this pathway with RhoA/ROCK

Figure 5—Conditionedmedium from hYAP1S127A-HEK–activated fibroblasts. Generation of a stable transfectant (S127A) of a constitutively
active human YAP1 mutant gene in HEK-293 cells was confirmed by immunoblotting analysis (A) and IF staining (B and C ) (original
magnification 3400). D: Conditioned medium from hYAP1S127A-HEK cells altered mouse fibroblast cell morphology and upregulated
a-SMAexpression (original magnification3400).E: Screening results of possible profibrotic factors released from the active YAP-transfected
HEK cells by using RT2 Profiler human fibrosis PCR array. F: Upregulation of CTGF and TGFb2 expression in hYAP1S127A-HEK was
effectively inhibited by transfection of specific siRNA respectively, and transfection of CTGF siRNA also blocked expression of TGFb2. G:
CTGF and TGFb2 were detected in the cultured medium from hYAP1S127A-HEK cells; expressions were effectively abolished by
transfection of their specific siRNAs. Silencing CTGF and TGFb2 expression in hYAP1S127A-HEK cells by siRNAs inhibited conditioned
medium–induced a-SMA expression in the mouse fibroblasts (H) and fibroblast cell proliferation (I). S127A, hYAP1S127A-HEK; Vector, vector-
transfected HEK-293 cells. Values are mean 6 SEM (the data were from at least three separate experiments). Xpress: N-terminal tag of the
expression vector. *P , 0.05, **P , 0.01, ***P , 0.001. NS, nonsignificant difference. Ctrl, control; S Red, Sirius Red.
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activation to mediate YAP activation in response to high
glucose. Neither Y-27632 nor siRNA inhibition of RhoA
expression affected EGFR tyrosine phosphorylation, but
Y-27632 and siRNA both inhibited both expression and
phosphorylation of Akt (Fig. 8A and B). However, either
siRNA knockdown of EGFR or the EGFR tyrosine kinase
inhibitor, erlotinib, markedly inhibited RhoA activity and YAP
nuclear translocation in response to high glucose (Fig. 8C–
E). These results suggested that RhoA/ROCK signaling
was activated through an EGFR-dependent pathway and
activation of RhoA/ROCK subsequently mediated Akt
phosphorylation in response to high glucose treatment.
Knocking down AKT1 gene expression by specific siRNA
transfection inhibited both YAP and RhoA protein expres-
sion (Fig. 8F). Moreover, inhibition of Akt phosphorylation
by the specific PI3K inhibitor LY290042 also decreased
RhoA protein expression, which was reversed by treatment
of the cells with a potent cell-permeable proteasome in-
hibitor, MG-132 (Fig. 8G). These results indicated that
RhoA/ROCK activation is essential to mediate YAP nuclear
translocation and the induction of AKT and YAP gene
expression by EGFR activation in mammalian cells and the
resulting AKT expression and phosphorylation are critical for
RhoA protein stability, as shown in Fig. 8H.

DISCUSSION

In the current studies, we observed decreased renal in-
terstitial fibrosis in diabetic mice with YAP deletion spe-
cifically in the RPTCs (YapPTiKO). Moreover, administration
of verteporfin, a YAP inhibitor that acts by competitively
binding with TEAD (54), also effectively ameliorated di-
abetic renal interstitial fibrogenesis. Further studies in-
dicated that YAP activation–dependent expression of

CTGF in RPTC and subsequent release activated fibroblast
proliferation and transition to myofibroblasts, a potential
mechanism for diabetic interstitial fibrogenesis. Our study
also found that the beneficial effects of inhibition of RhoA/
ROCK signaling on diabetic kidneys are mediated at least in
part by inhibition of YAP activation. In addition, the current
study indicated that both RhoA and Akt activation are
downstream of EGFR activation and they reciprocally in-
teract to regulate YAP activation in response to high glucose.

YAP/TAZ activation has been implicated in lung, liver,
skin, and solid cancer fibrogenesis (55–57), but it also
promotes renal recovery following ischemic injury (54) and
promotes cardiomyocyte regeneration and reduces cardiac
fibrosis in adult heart (58). In kidney, YAP/TAZ activation
in fibroblasts has been reported to mediate the effects of
TGFb-Smad during kidney fibrogenesis, and systemic in-
hibition of YAP/TAZ activation attenuated interstitial
fibrosis present in mice with unilateral ureteral obstruction
(18,59). In addition, YAP activation by specific deletion of
Sav1 in renal tubular epithelial cells has been reported to
aggravate tubulointerstitial fibrosis in the unilateral ureteral
obstruction mouse model (60), but definitive mechanisms
by which YAP activation in kidney contributes to the de-
velopment of kidney fibrosis were not elucidated in previous
studies. Our current study investigated the potential role
and the underlying mechanism of YAP activation in the
diabetic RPTC and found that YAP activation in RPTC by
high glucose is mediated by EGFR-dependent activation of
RhoA/ROCK and PI3K-Akt, leading to production of profi-
brotic and inflammatory factors and paracrine activation of
resident fibroblasts.

YAP/TAZ has been implicated as a mechanosensor and
a regulator of cell-cell and cell-ECM interactions (49,50).
Activation of Rho/ROCK signaling is also implicated in
sensing the adjacent matrix tension or forces by regulation
of the actomyosin cytoskeleton (51,53). Excessive ECM
production may enhance the stiffness of peritubular ma-
trix, which could further activate RhoA/ROCK signaling to
form a vicious cycle of hyperglycemia–RhoA/ROCK–YAP–
ECM–matrix stiffness–RhoA/ROCK, thereby driving the
progression of fibrosis in DN.

CTGF is a well-known target of YAP activation (61).
Plasma and urinary CTGF levels are elevated in patients
with DN (62,63), and urinary and plasma CTGF have been
suggested to be useful biomarkers of fibrogenesis in
chronic kidney disease (64). Moreover, previous studies
have suggested that genetic inhibition of CTGF expression
protected against kidney injury in mouse models of both
type 1 and type 2 diabetes and overexpression of CTGF
worsened the DN (47). However, the source of plasma and
urinary CTGF in patients with diabetes remains unclear.
Our study indicates that CTGF and TGFb2 were strikingly
upregulated in hYAP1S127A-HEK cells and released into the
conditioned medium and that silencing CTGF by siRNA in
the hYAP1S127A-HEK cells not only inhibited fibroblast
proliferation and myofibroblast transition induced by the
conditioned media but also blocked TGFb2 expression and

Figure 6—Inhibiting RhoA/ROCK signaling prevented YAP activa-
tion and ameliorated interstitial fibrosis in diabetic mice. Adminis-
tration of a RhoA/ROCK inhibitor, Y27632, to diabetic FVB/NJ mice
inhibited YAP andCTGF expression in renal cortical tissue lysates (A)
and significantly attenuated interstitial fibrosis (original magnifica-
tion 3200) (B). Values are mean 6 SEM (n 5 4–7 for each group).
***P , 0.001. Veh, vehicle.
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release. These results suggest that YAP-dependent pro-
duction and release of CTGF in diabetic RPTC may be
a critical source of plasma and urinary CTGF in patients
with diabetes. However, CTGF is not the only driving force
in diabetic kidney fibrosis because inhibition of CTGF only

attenuates, but does not halt, DN progression (47). In this
regard, YAP activation also upregulates other profibrotic
and inflammatory factors, such as CCL2, COL3A1, and
THBS1, besides CTGF that may also drive diabetic in-
terstitial fibrosis.

Figure 7—RhoA activation mediated YAP activation in response to high glucose treatment in cultured hRPTC. High glucose treatment
increased RhoA activity but not its expression (A), and Y27632 inhibited YAP expression and nuclear translocation and CTGF expression in
response to high glucose (original magnification3600) (B and C ). Transfection of RhoA siRNA attenuated upregulation of YAP and CTGF in
response to high glucose treatment (D) and inhibited YAP nuclear translocation (E) in response to high glucose treatment (original
magnification 3600). Values are mean 6 SEM (the data were from at least three separate experiments). ***P , 0.001. Ctrl, control; G,
glucose; M, mannitol; NS, nonsignificant difference; Veh, vehicle.
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Persistent aberrant EGFR activation contributes to
pathologic development of tubulointerstitial fibrosis or
podocyte injury in response to hypertension or diabetes
(34,40,65). Our recent study found that the beneficial
effects of EGFR activation in acute kidney injury were
the result of PI3K-AKT pathway–dependent YAP activa-
tion and subsequent upregulation of cyclin D expression
and Rb protein phosphorylation (32). However, the cur-
rent study revealed that YAP activation in diabetic RPTC
through an EGFR-dependent PI3K-AKT activation contrib-
utes to renal interstitial fibrogenesis. The active YAP binds
to various transcription factors and/or activates different
gene sets in response to acute or chronic insult, which may
explain the differential effects of YAP activation in RPTC
by the same EGFR-PI3K-AKT pathway. However, elucida-
tion of the underlying mechanism by which active YAP
selectively binds to and activates different transcriptional
factors following acute or chronic injury will require fur-
ther study.
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