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Cisplatin	is	a	widely	used	cancer	therapy	drug	that	unfortunately	has	major	side	effects	in	normal	tissues,	nota-
bly	nephrotoxicity	in	kidneys.	Despite	intensive	research,	the	mechanism	of	cisplatin-induced	nephrotoxicity	
remains	unclear,	and	renoprotective	approaches	during	cisplatin-based	chemotherapy	are	lacking.	Here	we	have	
identified	PKCδ	as	a	critical	regulator	of	cisplatin	nephrotoxicity,	which	can	be	effectively	targeted	for	reno-
protection	during	chemotherapy.	We	showed	that	early	during	cisplatin	nephrotoxicity,	Src	interacted	with,	
phosphorylated,	and	activated	PKCδ	in	mouse	kidney	lysates.	After	activation,	PKCδ	regulated	MAPKs,	but	not	
p53,	to	induce	renal	cell	apoptosis.	Thus,	inhibition	of	PKCδ	pharmacologically	or	genetically	attenuated	kid-
ney	cell	apoptosis	and	tissue	damage,	preserving	renal	function	during	cisplatin	treatment.	Conversely,	inhibi-
tion	of	PKCδ	enhanced	cisplatin-induced	cell	death	in	multiple	cancer	cell	lines	and,	remarkably,	enhanced	the	
chemotherapeutic	effects	of	cisplatin	in	several	xenograft	and	syngeneic	mouse	tumor	models	while	protecting	
kidneys	from	nephrotoxicity.	Together	these	results	demonstrate	a	role	of	PKCδ	in	cisplatin	nephrotoxicity	and	
support	targeting	PKCδ	as	an	effective	strategy	for	renoprotection	during	cisplatin-based	cancer	therapy.

Introduction
Cisplatin is one of the most widely used and most potent chemo-
therapeutic agents (1–4). It is being used for the treatment of tes-
ticular, ovarian, head and neck, and lung cancer as well as many 
other types of cancers. In combination with other therapeutics, 
cisplatin is particularly effective in treating testicular and ovarian 
cancer, with an impressive cure rate (1–4). However, the use of cis-
platin is limited by its side effects in normal tissues, particularly 
nephrotoxicity (5–7). Although extensive hydration can reduce 
renal injury, over a quarter of patients still develop renal problems, 
leading to renal dysfunction and acute renal failure (5–7).

Cisplatin nephrotoxicity involves multiple factors and signaling 
pathways, culminating in renal tubular cell injury and death, and 
tissue damage (7–23). Despite intensive research, it remains unclear 
as to how these factors and pathways are regulated. Importantly, it 
is not known whether the same signaling pathways are also activat-
ed by cisplatin in cancer cells and contribute to its chemotherapeu-
tic effects in tumors (7, 24). As a result, it remains to be determined 
whether it is possible to block pathways responsible for renal toxic-
ity without diminishing the chemotherapeutic effect of cisplatin.

PKCδ is ubiquitously expressed in many cells and tissues (25–28). 
As a member of the novel PKC subfamily, PKCδ can be activated 
by diacylglycerol and phorbol esters in the absence of Ca2+. Recent 
studies have further revealed additional mechanisms of PKCδ acti-
vation, which involve tyrosine phosphorylation and subcellular 
translocation (28). Functionally, PKCδ has been implicated in the 

regulation of a variety of cellular processes, ranging from signal 
transduction to apoptosis (25–31). Little is known about the regu-
lation and involvement of PKCδ in renal pathophysiology.

In this study, we have identified PKCδ as a critical regulator of 
cisplatin nephrotoxicity. We show that PKCδ is activated by cis-
platin via the tyrosine protein kinase Src. After activation, PKCδ 
may activate MAPKs to  induce  tubular cell  injury and death. 
Pharmacological and genetic inhibition of PKCδ attenuates renal 
apoptosis and tissue damage, preserving renal function during cis-
platin treatment. In cancer cells, however, inhibition of PKCδ may 
accelerate cell death during cisplatin treatment. Importantly, we 
found that inhibition of PKCδ enhanced the chemotherapeutic 
effects of cisplatin in several xenograft and syngeneic tumor mod-
els while protecting kidneys from nephrotoxicity. Together these 
studies identify what we believe to be a novel and effective strategy 
for renoprotection during cisplatin-based chemotherapy.

Results
PKCδ is activated during cisplatin treatment in renal proximal tubular 
cells and mouse kidneys. To analyze PKCδ activation during cispla-
tin nephrotoxicity, we used a well-characterized mouse model, in 
which a single dose of cisplatin induces acute kidney injury and 
renal failure (32–35). We first analyzed PKCδ activity using an in 
vitro kinase assay. PKCδ was immunoprecipitated from kidney 
tissue lysates and added to a kinase reaction buffer containing 
p32-ATP and histone H1 as a substrate. As shown in Figure 1A, 
cisplatin treatment for 1 to 3 days led to 2- to 3-fold increases in 
PKCδ kinase activity in renal tissues. The increase was detected at 
day 1 of cisplatin treatment, a time point prior to kidney injury, 
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and continued to day 3, when severe kidney injury and renal failure 
developed (time course of renal injury is shown below). A represen-
tative blot of the in vitro kinase assay is shown in Supplemental 
Figure 1A (supplemental material available online with this article; 
doi:10.1172/JCI45586DS1). The increase of kinase activity after 
cisplatin treatment was not due to higher PKCδ expression, as the 
level of total PKCδ remained largely constant (Figure 1B). After 2 
to 3 days of cisplatin treatment, PKCδ was partially cleaved, releas-
ing detectable fragments (Figure 1B). It has been suggested that 
caspase-mediated cleavage of PKCδ may contribute to PKCδ acti-
vation by removing the autoinhibitory domain from the catalytic 
site (36). Nevertheless, in our study PKCδ was activated at day 1, 
prior to the proteolytic cleavage, suggesting an early proteolysis-
independent mechanism for PKCδ activation during cisplatin 
nephrotoxicity. A newly discovered mechanism of PKCδ activation 
involves tyrosine phosphorylation and subcellular translocation 
(28). We detected PKCδ phosphorylation at tyr-311, which started 
at day 1 of cisplatin treatment and continued to day 3 (Figure 1B). 
We further immunoprecipitated PKCδ and analyzed its tyrosine 
phosphorylation using an antiphosphotyrosine antibody (pY). As 
shown in Figure 1C, cisplatin induced tyrosine phosphorylation 
of PKCδ in a time-dependent manner. In cultured renal proximal 
tubular cells (RPTCs), cisplatin also induced a rapid PKCδ phos-

phorylation and activation (Figure 1, D and E, and Supplemental 
Figure 1B). Nuclear translocation of PKCδ has been shown to be 
essential for its cytotoxic or proapoptotic function (37). Consistent 
with this finding, we detected PKCδ translocation to the nucleus 
during cisplatin treatment of RPTCs (Figure 1F and Supplemental 
Figure 1C). Together, these in vitro and in vivo analyses demon-
strate an early PKCδ activation during cisplatin nephrotoxicity.

Src interacts with, phosphorylates, and activates PKCδ during cisplatin 
nephrotoxicity. To identify the protein kinase(s) that is responsible 
for PKCδ phosphorylation and activation during cisplatin neph-
rotoxicity, we screened pharmacological inhibitors of various tyro-
sine kinases. PP1 and PP2, two inhibitors of the Src family tyrosine 
kinase, suppressed cisplatin-induced PKCδ (tyr-311) phosphoryla-
tion, while the control compound PP3 had no effect (Figure 2A). 
Importantly, PP1 and PP2, but not PP3, abolished PKCδ activation 
during cisplatin treatment (Figure 2B), suggesting an important 
role for Src family kinases in PKCδ phosphorylation and activa-
tion. Mechanistically, we showed using coimmunoprecipitation 
that Src interacted with PKCδ in control RPTCs, and the molecular 
interaction was enhanced during cisplatin treatment (Figure 2C). 
Notably, the cisplatin-induced Src/PKCδ interaction was partially 
inhibited by PP1 and PP2 but not by PP3 (Figure 2C). The Src/
PKCδ interaction was also shown during cisplatin nephrotoxicity 

Figure 1
PKC-δ activation during cisplatin treatment in mice and RPTCs. (A) Kinase assay of PKCδ activity in kidney tissues. Male C57BL/6 mice of  
8 to 10 weeks of age were injected with 30 mg/kg cisplatin before collection of renal tissues at day 0–3. PKCδ was immunoprecipitated from tis-
sue lysate and in vitro kinase reaction with the substrate histone H1 and [γ-32P]ATP. Histone H1 phosphorylation was analyzed by SDS-PAGE 
and autoradiography to indicate kinase activity. (B) PKCδ phosphorylation at tyr-311 in kidney tissues. Kidney tissue lysate was analyzed by 
immunoblot analysis for phosphorylated (tyr-311) PKCδ (p-PKCδ), total PKCδ, or β-actin. (C) Tyrosine phosphorylation of PKCδ during cisplatin 
treatment in vivo. PKCδ was immunoprecipitated from control and cisplatin-treated renal tissues for immunoblot analysis of phosphotyrosine 
(pY). (D) PKCδ (tyr-311) phosphorylation during cisplatin treatment in vitro. RPTCs were treated with 20 μM cisplatin for 0 to 4 hours to collect 
whole cell lysates for immunoblot analysis of total and phosphorylated (tyr-311) PKCδ. (E) In vitro kinase assay of PKCδ activation in RPTCs. 
RPTCs were treated with 20 μM cisplatin for 0 to 16 hours to collect whole cell lysates for PKCδ immunoprecipitation and kinase activity assay. 
(F) Translocation of PKCδ during cisplatin treatment. RPTCs were treated with cisplatin for 0 to 1 hours and then fractionated into nuclear, mem-
brane, and cytosolic fractions for immunoblot analysis of PKCδ. Mean ± SD, n = 4. *P < 0.001 versus control.
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in vivo in mouse kidneys (Figure 2D). Collectively, these results 
suggest that PKCδ is activated by Src during cisplatin nephrotoxic-
ity via molecular interaction and tyrosine phosphorylation.

Inhibition of PKCδ attenuates cisplatin-induced apoptosis in renal tubu-
lar cells and nephrotoxicity in mice. A role for PKCδ in cisplatin neph-
rotoxicity was first suggested by the cytoprotective effect of rottler-
in, a pharmacological inhibitor of PKCδ. As shown in Figure 3A,  
cisplatin  induced  significant  apoptosis  in  RPTCs,  which  was 
inhibited by rottlerin. The morphological observation was con-
firmed by flow cytometric quantification of apoptotic cells after 
Annexin V–FITC/propidium iodide (Annexin V–FITC/PI) staining 
(Figure 3B). During cisplatin treatment, apoptosis increased from 
5.1% to 51.6%, which was suppressed to 21.6% by rottlerin. Apop-
tosis was also suppressed by bisindolylmaleimide I (BisI), a broad-
spectrum PKC inhibitor, but not by Gö6976, an inhibitor of clas-
sic PKCs (Figure 3B). By cellular fractionation and immunoblot 
analysis, we further showed that rottlerin could inhibit the criti-
cal mitochondrial events of apoptosis, namely Bax translocation 
and cytochrome c release. As shown in Figure 3C, during cisplatin 
treatment, Bax translocated into mitochondria, accompanied by 
cytochrome c release from the organelles. Both Bax translocation 
and cytochrome c release were suppressed by rottlerin (Figure 3C). 
Rottlerin did not affect cisplatin uptake in these cells (data not 
shown). Concerning the specificity of rottlerin (38), we further 
determined the effects of dominant-negative PKCδ (PKCδ–kinase 
dead [PKCδ-KD]), which suppressed cisplatin-induced apoptosis, 
while dominant-negative PKCα (PKCα–kinase dead [PKCα-KD]) 
or the catalytic active PKCδ fragment (PKCδ-CF) were without 

effect (Figure 3D). The expression of PKCα, 
PKCβ, and PKCε did not change significantly 
during cisplatin nephrotoxicity in mice, and 
inhibition of these PKC isoforms by expression 
of dominant-negative mutants did not signifi-
cantly affect cisplatin-induced apoptosis  in 
RPTCs (Supplemental Figure 2).

The protective effects of rottlerin shown in 
vitro in cultured renal tubular cells were fur-
ther demonstrated in vivo in C57BL/6 mice. As 
shown in Figure 4, A and B, cisplatin induced 
acute renal failure in the animals in 3 days, 
increasing blood urea nitrogen (BUN) to 220 
mg/kg and serum creatinine to 1.8 mg/kg. The 
BUN and creatinine increases were partially but 
significantly attenuated by rottlerin. Consis-
tently, rottlerin suppressed cisplatin-induced 
renal tissue damage and apoptosis (Figure 4, C 
and D). In this experiment, rottlerin inhibited 
PKCδ but not PKCα, supporting the specificity 
of rottlerin in renal cells and tissues (Supple-
mental Figure 3).

Cisplatin nephrotoxicity is attenuated in Pkcd–/– 
mice and renal tubular cells. To further establish 
the role of PKCδ in cisplatin nephrotoxicity, we 
examined Pkcd–/– mice (39); PKCδ deficiency in 
renal tissues of these animals was confirmed 
by immunoblot analysis (Supplemental Fig-
ure 4). Pkcd–/– mice and wild-type littermates 
were injected with 30 mg/kg cisplatin. At day 3,  
wild-type mice developed severe renal failure 
as shown by high levels of BUN (176 mg/dl) 

and serum creatinine (1.8 mg/dl). In contrast, Pkcd–/– mice showed 
significantly (P < 0.05) better renal function, with BUN levels of 
85 mg/dl and serum creatinine levels of 0.9 mg/dl (Figure 5, A 
and B). These animals also showed a better renal histology and 
less apoptosis than wild-type mice (Figure 5, C and D). The tissue 
damage scores were 3.2 for wild-type mice and 1.8 for Pkcd–/– mice 
treated with cisplatin (Figure 5C). The resistance to renal injury 
observed in rottlerin-treated and PKCδ-deficient mice was not 
due to reduced renal uptake of cisplatin (Supplemental Figure 5).  
We further isolated proximal tubular cells from Pkcd–/– mice and 
their wild-type littermates for primary culture and examined cis-
platin-induced apoptosis in these cells. As shown Figure 5E, cis-
platin induced apoptosis in 72% of wild-type cells but in only 36% 
of Pkcd–/– proximal tubular cells. Cisplatin-induced caspase activa-
tion was also lower in Pkcd–/– cells (Figure 5F). Together the results 
indicate that PKCδ is an important regulator of cisplatin-induced 
tubular cell apoptosis, kidney injury, and renal failure.

Independent regulation of p53 and PKCδ during cisplatin nephrotoxicity. 
To delineate the signaling pathway downstream of PKCδ, we ini-
tially focused on p53, a tumor suppressor protein that was recently 
implicated in cisplatin-induced renal cell apoptosis and nephro-
toxicity (34, 40–47). As shown in Figure 6A, cisplatin induced p53 
(ser-15) phosphorylation in both wild-type and Pkcd–/– mice. More-
over, PUMA-α, the product of a p53-regulated apoptotic gene, was 
induced at similar levels in both genotypes. The in vivo results were 
confirmed in primary kidney proximal tubular cells isolated from 
wild-type and Pkcd–/– mice. As shown in Figure 6B, whether PKCδ 
was present or not, cisplatin induced p53 phosphorylation in these 

Figure 2
The role of Src in cisplatin-induced PKCδ activation. RPTCs were treated with 20 μM 
cisplatin for 4 hours in the absence or presence of 20 μM Src inhibitors, PP1 and PP2, 
or the control compound PP3. (A) Inhibition of PKCδ (tyr-311) phosphorylation during 
cisplatin treatment by Src inhibitors. Whole cell lysates were collected for immunoblot-
ting of phosphorylated (tyr-311) PKCδ and total PKCδ. (B) Inhibition of PKCδ activity 
during cisplatin treatment by Src inhibitors. Whole cell lysates were collected for PKCδ 
immunoprecipitation and in vitro kinase assay. Mean ± SD, n = 4. *P < 0.001 versus control; 
#P < 0.001 versus cisplatin-only group. (C) Coimmunoprecipitation of Src and PKCδ. Whole 
cell lysates were collected for immunoprecipitation of PKCδ. The immunoprecipitates were 
analyzed for the presence of Src and PKCδ by immunoblotting. (D) Coimmunoprecipitation 
of Src and PKCδ during cisplatin nephrotoxicity in vivo. C57BL/6 mice were injected with 
30 mg/kg cisplatin before collection of renal tissues at days 0 and 3. The tissue lysates 
were immunoprecipitated using an anti-PKCδ antibody, and the immunoprecipitates were 
examined for Src and PKCδ by immunoblotting.
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primary cells. We further showed that PKCδ (tyr-311) phosphory-
lation was independent of p53 in kidney tissues (Figure 6C) and 
also in primary kidney tubular cells (Figure 6D). Thus PKCδ and 
p53 appeared to be independently regulated during cisplatin neph-
rotoxicity. Functionally, cisplatin-induced apoptosis in Pkcd–/–  
cells could be further suppressed by pifithrin-α, a pharmacologi-
cal inhibitor of p53, whereas rottlerin (an inhibitor of PKCδ) was 
not effective (Figure 6E). On the other hand, rottlerin, but not 
pifithrin-α, could suppress cisplatin-induced apoptosis in p53–/– 
cells (Figure 6F). The additive effects of PKCδ and p53 inhibitions 
further suggest that PKCδ and p53 function in separate pathways 
to promote renal cell apoptosis and cisplatin nephrotoxicity. Of 
note, the PKCδ- and p53-mediated signaling pathways are not the 
only signaling pathways responsible for cisplatin nephrotoxicity, 
because 20%–30% apoptosis remained, even under the conditions 
of inhibition of both PKCδ and p53 (Figure 6, E and F).

MAPKs are downstream of PKCδ in apoptotic signaling during cisplatin 
nephrotoxicity. We further determined the involvement of MAPKs 
in PKCδ signaling during cisplatin nephrotoxicity. MAPKs, includ-
ing ERK, JNK, and p38, contribute to cisplatin-induced kidney 
cell apoptosis and renal failure (11, 19, 22, 48, 49). However, it is 
not entirely clear how MAPKs are activated under the pathologi-
cal condition. Consistent with previous studies, we detected the 
activation of JNK, ERK, and p38 MAPK in kidney tissues from cis-
platin-treated wild-type C57BL/6 mice (Figure 7A). Interestingly, 
JNK and ERK activation started from day 1 of cisplatin treatment 
and lasted to day 3, whereas p38 activation was transient and only 
detected at day 2. In Pkcd–/– mouse kidneys, cisplatin-induced JNK 
activation was markedly delayed (to day 3), and p38 activation was 
completely abolished, while ERK activation was transiently sup-
pressed at day 2 (Figure 7A). Consistently, cisplatin-induced MAPK 
activation was markedly diminished in primary kidney proximal 

Figure 3
Effects of PKCδ inhibition on cisplatin-induced apoptosis in RPTCs. (A–C) RPTCs were treated with 20 μM cisplatin for 16 hours in the absence 
or presence of 10 μM rottlerin, BisI, or Go6976. (A) Morphology. After treatment, cells were stained with Hoechst33342. Cellular and nuclear 
morphology was recorded by phase-contrast and fluorescence microscopy. Original magnification, ×400. (B) Flow cytometric analysis of apopto-
sis. After treatment, cells were stained with Annexin V–FITC and PI for flow cytometry. Values in the plots represent percentages of Annexin V– 
FITC–positive cells. (C) Inhibition of Bax translocation and cytochrome c (cyt c) release during cisplatin treatment by rottlerin. Cells were fraction-
ated into cytosolic (cyto) and membrane-bound organellar fractions for immunoblot analysis of Bax and cytochrome c. Mito, mitochondria. (D) 
Inhibition of cisplatin-induced apoptosis by dominant-negative PKCδ. RPTCs were cotransfected with pEGFP-C3 and a PKC plasmid (PKCδ-KD,  
PKCδ-CF, or PKCα-KD), and then treated with 20 μM cisplatin for 16 hours. Transfected cells (expressing GFP) were examined for the per-
centage of apoptosis by morphological criteria. Mean ± SD, n = 4. *P < 0.05 versus untreated control cells, #P < 0.05 versus cisplatin-treated 
GFP/empty vector–transfected cells.
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tubular cells isolated from Pkcd–/– mice (Figure 7B), further sug-
gesting that MAPKs may be downstream of PKCδ signaling during 
cisplatin nephrotoxicity. Using the primary cells, we then deter-
mined the effects of MAPK inhibitors (SP600125 for JNK, U0126 
for ERK, SB203580 for p38) on cisplatin-induced apoptosis; inhi-
bition of respective MAPKs by these inhibitors was confirmed by 
analyzing MAPK phosphorylation (Figure 7B, lane 24+I). In wild-
type tubular cells, all 3 MAPK inhibitors suppressed cisplatin-
induced apoptosis (Figure 7C). Nevertheless, in Pkcd–/– cells, only 
the ERK inhibitor U0126 was inhibitory (P < 0.05). The additive 
effects of PKCδ deficiency and ERK inhibition on apoptosis sug-
gest that PKCδ and ERK may promote cisplatin nephrotoxicity via 
separate pathways. On the other hand, the lack of additive effects 
of PKCδ deficiency and JNK/p38 inhibition suggest that JNK/p38 
may be downstream of PKCδ in the signaling pathway, leading to 
tubular cell apoptosis during cisplatin nephrotoxicity.

Effects of PKCδ inhibition on cisplatin-induced apoptosis in cancer cells. 
The identification of PKCδ as a key regulator of cisplatin nephro-
toxicity (Figures 1–7) suggested that it was possible to target PKCδ 
for renoprotection during cisplatin-based cancer therapy. However, 
there was a critical question: will PKCδ inhibition also diminish 
the cytotoxic or therapeutic effects of cisplatin in cancer cells and 
tumors? To address this, we initially examined the effects of rottler-
in on cisplatin-induced apoptosis in multiple cancer cells in vitro 

(Supplemental Figure 6). Rottlerin markedly increased apoptosis 
during cisplatin treatment in all cancer cell lines tested. In these cells, 
cisplatin activated PKCδ, and the activation was inhibited by rot-
tlerin (Supplemental Figure 7). The peptide PKCδ inhibitor δV1-1  
also increased cisplatin-induced apoptosis in cancer cells (Figure 8A).  
To verify the pharmacological observation, we further analyzed the 
effects of dominant-negative PKCδ and PKCδ siRNA. As shown in 
Figure 8B, dominant-negative PKCδ and PKCδ siRNA increased 
cisplatin-induced apoptosis in several cancer cell lines, especially in 
MDA231 human breast cancer cells. The silencing effect of PKCδ 
siRNA was confirmed by immunoblot analysis (data not shown).

Rottlerin protects kidneys without diminishing the anticancer efficacy of 
cisplatin in human ovarian tumor xenografts. The distinct responses of 
kidney cells and cancer cell lines to PKCδ inhibition supported the 
feasibility of targeting PKCδ for renoprotection during cisplatin 
chemotherapy. To directly test this possibility, we first used a tumor 
xenograft model, in which A2780 human ovarian cancer cells were 
inoculated subcutaneously in athymic nude mice. After tumor 
establishment, the animals were divided into 3 groups. One group 
was treated weekly with 10 mg/kg cisplatin, and another group was 
treated with 10 mg/kg cisplatin plus 10 mg/kg rottlerin, while the 
control group was given saline. During the observation period of  
4 weeks, the saline control group showed continuous tumor growth, 
while the 2 drug-treated groups showed tumor shrinkage (Figure 9A).  

Figure 4
Effects of rottlerin on cisplatin-induced nephrotoxicity in vivo in mice. Male C57BL/6 mice of 8 to 10 weeks of age were injected with saline 
(control), 30 mg/kg cisplatin, 30 mg/kg cisplatin plus 10 mg/kg rottlerin, or 10 mg/kg rottlerin. Blood samples were collected at day 3 to measure 
(A) BUN and (B) serum creatinine. Renal tissues were also collected and processed for H&E staining to evaluate (C) tubular damage and (D) 
histology. Mean ± SD, n = 4. *P < 0.001 versus untreated control group; #P < 0.05 versus cisplatin-only group. (D) Apoptosis was examined by 
TUNEL assay. Arrows indicate TUNEL-positive nuclei. Original magnification, ×200.
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At the end of 4 weeks, the average tumor weights were 5.78 g in 
the saline group, 0.44 g in the cisplatin group, and 0.39 g in the 
cisplatin plus rottlerin group (Figure 9, A and B). We further moni-
tored renal function of these animals (Figure 9, C and D). Despite 
tumor growth, mice in the saline control group did not develop 
renal dysfunction as shown by low BUN and serum creatinine lev-
els. In contrast, the cisplatin-treated group showed time-dependent 
increases in BUN and serum creatinine levels, which by the end of  
4 weeks reached 179.6 for BUN and 2.2 mg/dl for creatinine. Nota-
bly, the group treated with cisplatin plus rottlerin had significantly 
(P < 0.05) better renal function. In this group, BUN and serum cre-
atinine levels were not increased in the first 3 weeks, and by the end 
of 4 weeks, although an increase was detected, the level of increase 
was significantly (P < 0.05) lower than that of the cisplatin-only 
group (Figure 9, C and D). Furthermore, cisplatin-induced kidney 
tissue damage and apoptosis were ameliorated by coadministration 

of rottlerin (Figure 9E). The tissue damage score was 2.3 for the cis-
platin-only group and 1.2 for the cisplatin plus rottlerin group. The 
beneficial effects of rottlerin were further substantiated by animal 
survival (Figure 9F). In the cisplatin-only group, animal death start-
ed at day 23 of treatment, and, within a week, 10 out of 11 animals 
died, with the last one dying at day 34. In the cisplatin plus rottlerin 
group, animal death was first noticed at day 30, and, within a week, 
8 out of 11 animals expired. Nevertheless, 3 animals survived the 
entire observation period. Thus, in this xenograft model, animal 
death during cisplatin therapy was delayed overall and prevented 
in a subpopulation by rottlerin.

Rottlerin protects kidneys while enhancing the anticancer efficacy of cispla-
tin in a mouse syngenic ovarian tumor model. Inflammation, involving 
cross-talk between immune cells and renal parenchymal tissues, con-
tributes significantly to cisplatin nephrotoxicity (6). In this regard, 
both T cells and dendritic cells may play important roles (50, 51).  

Figure 5
Resistance of Pkcd–/– mice and renal tubular cells to cisplatin-induced injury. (A–D) Wild-type and Pkcd–/– mouse littermates (male, 8–10 weeks 
of age) were injected with 30 mg/kg cisplatin. (A) Blood samples were collected at days 0, 1, 2, and 3 to measure BUN. At day 3, the animals 
were sacrificed to collect blood samples (B) to measure serum creatinine and (C and D) to collect kidney tissues for H&E staining and histological 
analysis and TUNEL assay of apoptosis. Asterisks in D indicate lysed tubules, and arrows indicate TUNEL-positive nuclei. Original magnification, 
×200. (E and F) Kidney proximal tubular cells were isolated from wild-type and Pkcd–/– mice for primary culture. The cells were left untreated or 
treated with 30 μM cisplatin for 20 hours. Apoptosis was evaluated by cell morphology, and caspase activity was measured by enzymatic assay. 
Mean ± SD, n = 4. *P < 0.001 versus untreated control group; #P < 0.05 versus treated wild-type group.
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However, the above xenograft model (Figure 9) used nude mice 
that were athymic and immune deficient. To determine whether 
immunodeficiency was a necessary factor for our results, we fur-
ther examined a syngeneic tumor model in which tumors were 
established by injecting mouse ID8-VEGF ovarian cancer cells in 
immune-competent C57BL/6 mice (52). Compared with untreated  
animals, tumor growth was significantly suppressed by cisplatin 
alone and further inhibited by cisplatin plus rottlerin (Figure 10A). 
In terms of renal changes, cisplatin alone induced acute kidney inju-
ry, as indicated by progressive increases in BUN levels, which were 
markedly suppressed by cotreatment with rottlerin (Figure 10B).  
The  cisplatin  plus  rottlerin–treated  animals  also  showed  less 
tubular damage (Figure 10C) and better renal histology (data not 
shown). Moreover, while all of the cisplatin-only–treated mice died 
within 4 weeks, approximately 40% of the animals of the cisplatin 
plus rottlerin group survived (Figure 10D). Of note, animal death 
in this and other tumor models (Figure 9) in the present study was 
caused by cisplatin and not by tumor growth, because animals 
without cisplatin treatment survived the whole observation period 
despite tumor growth (Figure 10D, untreated). Accordingly, the 
beneficial effect of rottlerin on animal death during cisplatin che-
motherapy was attributable to its renoprotective effect.

PKCδ peptide inhibitor δV1-1 attenuates cisplatin nephrotoxicity while 
enhancing chemotherapy in testicular and breast cancer xenograft models. 
To extend our findings to another tumor type and test more specif-
ic PKCδ inhibitors, we examined the effects of δV1-1 in a testicular 
cancer xenograft model. δV1-1 is a PKCδ sequence-based peptide 
inhibitor that is conjugated to a Tat peptide for cell permeability 
and has been used in vivo to inhibit PKCδ activation under patho-

logical conditions in the heart and brain (53–55). To establish tes-
ticular cancer xenografts, NCCIT cells were injected on both flanks 
of nude mice. In 2 weeks, the tumor volume increased to about  
200 mm3, and the mice were then divided into 5 groups for treat-
ment: group I, saline (untreated); group II, cisplatin; group III, 
cisplatin plus rottlerin; group IV, cisplatin plus Tat peptide; and 
group V, cisplatin plus δV1-1. As shown in Figure 11A, untreated 
mice showed continuous tumor growth during the 4 weeks of 
observation, which was diminished in all other 4 groups. At the 
end of 4 weeks of treatment, the tumors in groups II–V were sig-
nificantly smaller than those of the untreated group I. In addition, 
the tumors in mice from groups III and V were smaller than those 
in mice from groups II and IV, suggesting that rottlerin and δV1-1  
might enhance the chemotherapeutic effect of cisplatin. BUN was 
determined to assess kidney injury. As shown in Figure 11B, BUN 
increased to 170 mg/dl in group II mice that were treated with cisplat-
in alone. Both rottlerin and δV1-1 suppressed the BUN increase, while 
the Tat peptide (a control for δV1-1) was not effective (Figure 11B).  
We further tested the effect of δV1-1 in a MDB-231 cell-based 
human breast cancer xenograft model. As shown in Figure 11C, 
cisplatin-induced reduction in tumor volume was further increased 
by cotreatment with δV1-1. In these animals, cisplatin nephrotox-
icity was significantly ameliorated by δV1-1 (Figure 11D). Rot-
tlerin and δV1-1 did not show significant renoprotective effects 
in PKCδ-deficient mice (Supplemental Figure 8), suggesting that 
these inhibitors are relatively specific in this experimental model. 
Cisplatin-induced weight loss in the tumor models was reduced by 
PKCδ inhibitors, indicating that these inhibitors may alleviate side 
effects of cisplatin in other organs, including the gastrointestinal 

Figure 6
Independent regulation of p53 and PKCδ during cisplatin nephrotoxicity. (A) Cisplatin-induced p53 activation in kidney tissues. Wild-type and 
Pkcd–/– mice were injected with 30 mg/kg cisplatin before collection of whole kidney lysates for immunoblotting. (B) Cisplatin-induced p53 activa-
tion in primary Pkcd–/– kidney tubular cells. The cells were incubated with 50 μM cisplatin for 24 hours to collect lysate for immunoblotting. (C) 
Cisplatin-induced PKCδ activation in kidney tissues. Wild-type and p53–/– mice were injected with 30 mg/kg cisplatin before collection of whole 
kidney lysates for immunoblotting. (D) Cisplatin-induced PKCδ activation in primary p53–/– kidney tubular cells. The cells were incubated for  
24 hours with 50 μM cisplatin to collect lysate for immunoblotting. (E) Effects of pifithrin-α and rottlerin on cisplatin-induced apoptosis in primary 
Pkcd–/– kidney tubular cells. The cells were treated for 24 hours with 50 μM cisplatin in the absence or presence of 10 μM rottlerin or 20 μM 
pifithrin-α to determine the percentage of apoptosis by morphological methods. (F) Effects of pifithrin-α and rottlerin on cisplatin-induced apop-
tosis in primary wild-type and p53–/– kidney tubular cells. The cells were treated for 24 hours with 50 μM cisplatin in the absence or presence of 
10 μM rottlerin or 20 μM pifithrin-α to determine the percentage of apoptosis by morphological methods. Mean ± SD, n = 4. #P < 0.05 versus the 
cisplatin group of the same genotype cells.
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tract (Supplemental Figure 9). Together with the ovarian tumor 
xenograft and syngeneic studies (Figures 8 and 9), these results 
demonstrate that inhibition of PKCδ can protect kidneys during 
cisplatin treatment, while maintaining or even enhancing the che-
motherapeutic efficacy of cisplatin in certain tumor types.

Discussion
Nephrotoxicity is a major side effect that limits the use of cisplatin 
and its derivatives in cancer therapy. Over a quarter of patients 
receiving cisplatin treatment develop renal defects or acute kidney 
injury (5–7). Research during the last few years has demonstrated 
the activation of multiple signaling pathways during cisplatin 
nephrotoxicity, culminating in renal cell injury and death, tissue 
damage, and functional loss (11–23). Along with these studies, 
renoprotective approaches have been suggested. However, most 
of the studies examined cultured cells or tumor-free animal mod-
els, and, as a result, it remains unclear whether those reported 

renoprotective strategies would 
diminish the chemotherapeutic 
efficacy of cisplatin (7, 24).  In 
the current study, we have iden-
tified PKCδ as a critical regula-
tor of cisplatin-induced neph-
rotoxicity.  Importantly,  using 
both  xenograft  and  syngeneic 
tumor models, we have shown 
that PKCδ inhibitors can protect 
kidneys from cisplatin-induced 
toxicity  while  preserving,  and 
in some cases enhancing, cispla-
tin’s chemotherapeutic effects. 
Together,  these  findings  not 
only  reveal what we believe  to 
be a new signaling mechanism 
of cisplatin nephrotoxicity but 
identify  an  effective  approach 
that we believe to be novel for 
renoprotection during cisplatin-
based cancer therapy.

PKCδ as an important regula-
tor of cisplatin-induced tubular cell 
apoptosis and acute kidney injury. 
Using both in vitro and in vivo 
models, we have demonstrated 
compelling evidence for a role of 
PKCδ in cisplatin nephrotoxici-
ty. Importantly, the experiments 
used pharmacologic as well as 
genetic inhibitory approaches. 
Rottlerin  and δV1-1,  as  phar-
macological inhibitors of PKCδ, 
were  shown  to  protect  renal 
tubular cells against cisplatin-
induced  apoptosis  (Figures  3 
and 6). Moreover, these inhibi-
tors protected against cisplatin 
nephrotoxicity in vivo in murine 
models  (Figures  3  and  11). 
Genetically,  cisplatin-induced 
apoptosis was inhibited by dom-

inant-negative PKCδ (Figure 3D) and also by PKCδ deficiency in 
renal tubular cells (Figure 5, E and F). Notably, Pkcd–/– mice were 
markedly resistant to cisplatin-induced kidney injury, apoptosis, 
and renal failure (Figure 5, A–D). Of note, the resistance was not 
due to differences in cisplatin uptake (Supplemental Figure 5).  
Together, we believe  these results have  identified PKCδ as an 
important regulator of cisplatin nephrotoxicity.

Src as an upstream regulator of PKCδ during cisplatin nephrotoxicity. 
Like other novel PKCs, PKCδ can be activated by conventional 
mechanisms  involving  lipids  and  related  cofactors.  However, 
recent studies have revealed distinct mechanisms of PKCδ acti-
vation, involving subcellular translocation, proteolytic cleavage, 
and phosphorylation (25–31). In the current study, we detected an 
early PKCδ activation during cisplatin nephrotoxicity in vitro in 
cultured renal tubular cells and in vivo in C57BL/6 mice (Figure 1, 
A and E). The activation was associated with rapid tyrosine phos-
phorylation at tyr-311 and translocation of PKCδ to nuclear and 

Figure 7
Regulation of MAPK by PKCδ during cisplatin nephrotoxicity. (A) MAPK activation during cisplatin neph-
rotoxicity in wild-type and Pkcd–/– mice. Male wild-type and Pkcd–/– mice of 8 to 10 weeks of age were 
injected with 30 mg/kg cisplatin. Whole kidney lysates were collected at days 0–3 for immunoblot analysis 
of phosphorylated and total JNK, ERK, and p38. (B) Cisplatin-induced MAPK activation in primary cultures 
of wild-type and Pkcd–/– kidney proximal tubular cells. The cells were incubated for 0, 8, 24 hours with  
50 μM cisplatin or cisplatin and a MAPK inhibitor (24+I: 5 μM U0126, 10 μM SP600125, or 10 μM 
SB203580). Whole cell lysates were collected for immunoblot analysis of phosphorylated and total JNK, 
ERK, and p38. (C and D) Effects of MAPK inhibitors on cisplatin-induced apoptosis in wild-type and Pkcd–/– 
kidney proximal tubular cells. Kidney proximal tubular cells isolated from (C) wild-type and (D) Pkcd–/– mice 
were incubated for 24 hours with 50 μM cisplatin in the absence (–) or presence (+) of 5 μM U0126,  
10 μM SP600125, or 10 μM SB203580. The percentage of apoptosis was determined by counting the cells 
with typical apoptotic morphology. Blots in A and B are representatives of at least 3 separate experiments. 
Mean ± SD, n = 4. *P < 0.001 versus untreated control group; #P < 0.05 versus cisplatin-only group.
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membrane fractions (Figure 1, B–D and F, and Supplemental Fig-
ure 1). In addition, PKCδ was proteolytically cleaved or processed 
at later time points (Figure 1B). Analyses of the time courses of 
the changes suggest that tyrosine phosphorylation and subcellular 
translocation contribute to early PKCδ activation, while proteo-
lytic processing leads to additional activation at later time points. 
Furthermore, we showed that cisplatin-induced PKCδ activation 
can be mitigated by PP1 and PP2 but not by the control compound 
PP3 (Figure 2, A and B), suggesting that Src or a Src family kinase 
is upstream of PKCδ in the signaling cascade. Finally, our coimmu-
noprecipitation analysis showed that cisplatin treatment leads to 
an interaction between Src and PKCδ, and, notably, the molecular 
interaction is suppressed by PP1 and PP2 but not PP3 (Figure 2C), 
suggesting that Src may interact with and directly phosphorylate 
PKCδ, resulting in its activation. These observations are supportive 
of a newly proposed model of PKCδ activation, in which tyrosine 
phosphorylation by Src family kinases in the hinge region of PKCδ 
leads to autophosphorylation and activation PKCδ (28).

MAPKs, and not p53, as downstream mediators of PKCδ signaling dur-
ing cisplatin nephrotoxicity. To understand the downstream signal-
ing of PKCδ during cisplatin nephrotoxicity, we initially focused 
on p53. We hypothesized that PKCδ would phosphorylate p53, 
leading to p53 activation and consequent renal apoptosis. This 
hypothesis was mainly based on 2 considerations: (a) a role for p53 
has been demonstrated in cisplatin nephrotoxicity (34, 40–47), and 
(b) PKCδ has recently been implicated in p53 phosphorylation and 
activation (56, 57). This hypothesis, seemingly logical, is nonethe-
less not supported by our results. In our study, cisplatin induced 
comparable levels of p53 activation in PKCδ-proficient and -defi-
cient mice and tubular cells (Figure 6, A and B). Moreover, the 
activation of PKCδ was not affected by p53 deficiency (Figure 6,  
C and D).  Importantly, we further demonstrated the additive 
effects of p53 and PKCδ  inhibition on tubular cell apoptosis  
(Figure 6, E and F), suggesting that p53 and PKCδ may contribute 
to cisplatin nephrotoxicity via separate pathways.

In addition to p53, MAPKs are involved in cisplatin-induced 
renal cell apoptosis and nephrotoxicity. However, it is not fully 
understood how MAPKs are activated under this pathological 

condition (11, 19, 22, 48, 49). Our results have now demonstrated 
a role for PKCδ in MAPK activation during cisplatin treatment. In 
Pkcd–/– mice and tubular cells, cisplatin-induced MAPK (especially 
p38 and JNK) activation was markedly reduced (Figure 7, A and B).  
Notably, while JNK and p38 inhibitors suppressed apoptosis in 
wild-type tubular cells (Figure 7C), they could not reduce apop-
tosis in Pkcd–/– cells (Figure 7D). These results suggest that PKCδ 
regulates tubular cell apoptosis and cisplatin nephrotoxicity at 
least partly via MAPKs.

Targeting PKCδ as an effective renoprotective strategy during cisplatin-
based cancer therapy. During the investigation of cisplatin nephro-
toxicity, pharmacologic, molecular, and genetic approaches have 
been identified for renoprotection. However, most of the tests 
were conducted in cultured cells or tumor-free animals (see ref. 7  
for a recent review). Whether these approaches would diminish 
the chemotherapeutic effects of cisplatin in cancers or tumors is 
unknown. This is particularly relevant because compromising the 
chemotherapy effects of cisplatin would jeopardize the primary 
goal of treatment. The present study, using both cultured cells 
and tumor-bearing animal models, demonstrates that inhibition 
of PKCδ can protect kidneys during cisplatin treatment while pre-
serving and in some cases enhancing its anticancer efficacy, sug-
gesting a novel and effective renoprotective approach.

Interestingly, previous studies have suggested that, depending 
on cell type, PKCδ may be proapoptotic or prosurvival (26). Of 
note, a prosurvival role of PKCδ has been documented in breast 
cancer, colon cancer, non–small cell lung carcinoma, chronic lym-
phocytic leukemia, and renal cell carcinoma cells (58–62). In breast 
cancer cells, PKCδ also promotes cell proliferation, migration, and 
metastasis (63–65). It has been recently suggested that due to the 
stress phenotype of cancer cells, nonessential proteins may become 
essential for their survival, a phenomenon termed “nononcogenic 
addiction” (66). PKCδ may be one of the prosurvival factors in 
some cancer or tumor types. Indeed, in our experiments, addi-
tional anticancer effects of PKCδ inhibitors (rottlerin and δV1-1) 
were demonstrated during cisplatin treatment of syngeneic ovar-
ian tumors (Figure 10) and testicular and breast cancer xenografts 
(Figure 11). Together, these findings suggest that, depending on 

Figure 8
Effect of PKCδ inhibition on cisplatin-induced apoptosis in multiple can-
cer cell lines. (A) Effect of PKCδ inhibitor δV1-1 on cisplatin-induced 
apoptosis in cancer cells. Indicated cell lines were pretreated with 2 μM  
Tat or δV1-1 peptide for 1 hour in reduced serum medium before 
treating with 25 μM cisplatin for 24 hours, and apoptosis was moni-
tored as described in Methods. Mean ± SD, n = 3. *P < 0.05 versus 
cisplatin plus Tat group. (B) Effect of genetic inhibition of PKCδ on 
cisplatin-induced apoptosis. Indicated cell lines were transfected with 
either empty vector, PKCδ-KD, scrambled siRNA, or PKCδ-siRNA, and  
48 hours after transfection, the cells were treated with 20 μM cisplatin 
for 24 hours, and apoptosis was estimated. Mean ± SD, n = 3. *P < 0.05  
versus vector group; #P < 0.05 versus scrambled siRNA group.
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Figure 9
Rottlerin ameliorates cisplatin-induced kidney injury without blocking the therapeutic effects in human ovarian tumor xenografts. Tumor xeno-
grafts were established in athymic nude mice by inoculation of A2780 ovarian cancer cells. After the tumors had grown to approximately  
200 mm3, the animals were then randomly divided into 3 groups (11 mice/group), which were treated weekly with saline, 10 mg/kg cisplatin, 
or 10 mg/kg cisplatin plus 10 mg/kg rottlerin. (A) Tumor volume during treatment. Tumors were measured each week to determine tumor vol-
ume. (B) Representative mice and dissected tumors. (C) BUN values during the treatment. (D) Serum creatinine levels during the treatment.  
(E) Representative renal histology and TUNEL staining of tissues collected after 4 weeks of treatment. Original magnification, ×200. Asterisks in 
E indicate lysed tubules, and arrows indicate TUNEL-positive nuclei. (F) Animal death and survival during the treatment. Mean ± SD. *P < 0.05 
versus untreated saline control group; #P < 0.05 versus cisplatin-only group.
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the tumor type, PKCδ inhibition may not only protect kidneys but 
may also enhance the chemotherapeutic effect of cisplatin.

The specificity of rottlerin has been questioned recently (38). 
Therefore, we have established the role of PKCδ in cisplatin neph-
rotoxicity, not only by using rottlerin, but also by using domi-
nant-negative mutants and gene knockout cells and animals 
(Figure 3D and Figure 5). In addition, rottlerin was shown to be 
protective in wild-type tubular cells but not in PKCδ-deficient 
cells (Figure 6E), confirming the PKCδ dependence of rottlerin’s 
effect in these cells. In mouse kidney tissues, we further demon-
strated that rottlerin specifically blocked the activation of PKCδ 
and not PKCα (Supplemental Figure 3). Importantly, in the tes-
ticular cancer xenograft model (Figure 11), we further established 
PKCδ as an effective target for renoprotection during cisplatin 
chemotherapy by demonstrating an effect of δV1-1, a sequence-
based specific peptide inhibitor of PKCδ.

In conclusion, we believe we have identified PKCδ as a novel regu-
lator of renal injury during cisplatin nephrotoxicity. PKCδ is acti-
vated during cisplatin treatment via Src phosphorylation and regu-
lates MAPKs, leading to renal cell injury and death. Inhibition of 
PKCδ enhances the chemotherapeutic effects of cisplatin in several 
xenograft and syngeneic tumor models while protecting kidneys 
from nephrotoxicity. Targeting PKCδ may offer a new and effective 
strategy for renoprotection during cisplatin-based cancer therapy.

Methods

Reagents
The following antibodies were used: polyclonal anti-PKCδ from Calbio-
chem; polyclonal anti-phospho PKCδ (tyr-311) from Oncogene Research 
Products; polyclonal anti-p53, anti–phospho p53, and anti-PKCα from Cell 
Signaling Technology; monoclonal anti-Bax from NeoMarkers; monoclo-
nal anti–cytochrome c from BD Pharmingen; monoclonal anti–β-actin from 
Sigma-Aldrich; polyclonal anti-PUMA from Jian Yu (University of Pitts-
burgh, Pittsburgh, Pennsylvania, USA); and all MAPK antibodies from New 
England Biolabs. Various PKC plasmids were obtained from Jae-Won Soh 
(Inha University, Inchun, Republic of Korea) and Fushin Yu (Wayne State 

University, Detroit, Michigan, USA). PKCδ-siRNA and scrambled siRNA 
were purchased from Dharmacom. δV1-1, the peptide inhibitor of PKCδ, 
was synthesized by the Microchemical Facility at Emory University, Atlanta, 
Georgia, USA, according to published protocol (53). The peptide inhibitor 
of caspases, VAD, and the fluorogenic peptide substrate of caspases, DEVD.
AFC, were from Enzyme Systems Products. Histone H1 was from Santa Cruz 
Biotechnology and New England Biolabs. Rottlerin, BisI, Go6976, PP1, PP2, 
and PP3 were from Calbiochem. [γ-32P]ATP was from MP Biochemicals. 
Other reagents, including, cisplatin were purchased from Sigma-Aldrich.

Animals and cells
Pkcd–/– C57BL/6 mice were generated by targeted gene deletion as described 
previously (39). p53–/– mice and wild-type C57BL/6 mice were from The 
Jackson Laboratory. Athymic nude mice (Foxn1nu/Foxn1nu) were from 
Harlan. All animals were housed in the animal facility of Charlie Norwood 
VA Medical Center. Animal experiments were conducted with the approval 
of and in accordance with the guidelines established by the Institutional 
Animal Care and Use Committee of Charlie Norwood VA Medical Center 
and Medical College of Georgia. The RPTC line was described previously 
(42, 44). Primary kidney proximal tubular cells were isolated and cultured 
as described recently (33, 34). A2780 cells were from T.C. Hamilton (Fox 
Chase Cancer Center, Philadelphia, Pennsylvania, USA). ID8 cells were from 
G. Coukos (University of Pennsylvania, Philadelphia, Pennsylvania, USA). 
HCT116 cells were from B. Vogelstein (Johns Hopkins University, Balti-
more, Maryland, USA). Other cancer cell lines were purchased from ATCC.

Experimental models of cisplatin nephrotoxicity
In vivo, mice were injected with a single dose of 30 mg/kg cisplatin to induce 
kidney injury, as described recently (33–35). Control animals were injected with 
saline. In vitro, RPTCs and primary cultures of kidney proximal tubular cells 
were incubated with 20 μM and 30 μM cisplatin, respectively, which induced 
significant apoptosis and not necrosis as indicated previously (33, 34, 42, 44).

Tumor models
Ovarian tumor xenograft model. Female athymic nude mice of 7 to 8 weeks 
of age were inoculated by subcutaneous injection of 5 × 106 A2780 cells 
in 100 μl saline at the right flank. After inoculation, tumor growth was 

Figure 10
Rottlerin protects kidneys while enhanc-
ing cisplatin chemotherapy in syngene-
ic ovarian tumor model. C57BL/6 mice 
were injected subcutaneously with ID8-
VEGF cells on the right flank. After the 
tumors had grown to approximately  
200 mm3, the mice were randomly divided 
into 3 treatment groups (10 mice/group): 
saline, 10 mg/kg cisplatin, or 10 mg/kg  
cisplatin plus 10 mg/kg rottlerin. (A) 
Tumor volume during treatment. (B) 
BUN levels during treatment. (C) Mice 
were sacrificed after 20 days of treat-
ment to collect renal tissues for H&E 
staining and histological analysis. (D) 
Animal death and survival during cis-
platin treatment. Mean ± SD (n = 10 for 
day 0–15 data, n = 3 for day 20 cisplatin 
data, n = 5 for day 20 cisplatin plus rot-
tlerin data). *P < 0.05 versus untreated 
saline control group; #P < 0.01 versus 
cisplatin-only group.
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monitored for about 2 weeks with a vernier caliper. When the tumor size 
reached to approximately 200 mm3, the animals were randomly divided 
into 3 groups for weekly i.p. treatment with cisplatin, cisplatin plus rot-
tlerin, or saline as control. During the treatment, body weight and tumor 
size were monitored twice a week. BUN and serum creatinine levels were 
measured to monitor renal function.

Syngeneic ovarian tumor model. The model was slightly modified from 
Zhang et al. (52). ID8-VEGF cells were cultured, harvested, and suspended 
in PBS. Ten million cells were then injected subcutaneously into the right 
flank of 8-week-old C57BL/6 mice. The tumor size was measured using a 
Vernier caliper. After the tumor size reached approximately 200 mm3, the 
mice were treated with saline, cisplatin, or cisplatin plus rottlerin. BUN 
and serum creatinine levels were measured to monitor renal function at 
indicated time points.

Testicular and breast tumor xenograft model. NCCIT cells (5 × 106 cells per 
site) or MDA-MB-231 cells (1 × 107 cells per site) were injected on both 
flanks of 6- to 8-week-old nude mice, and the tumor growth was rou-
tinely monitored using a Vernier caliper. In 2–3 weeks, the tumor volume 
increased to about 200 mm3 (NCCIT) and 700 mm3 (MDA-231), and the 
mice were divided into different groups for various treatments. Cisplatin 
and rottlerin were injected weekly by i.p. injection. Tat and δV1-1 were 
injected biweekly by i.p injection. Tumor volume was measured 2 times 
per week, and BUN was measured every week.

In vitro kinase assay of PKCδ and PKCα activities
The in vitro assay was modified from a recent study (67). Kidney tissues and 
cells were extracted with the IP lysis buffer containing 1% Triton X-100, in 
the presence of protease and phosphatase inhibitors. The lysates were sub-
jected to immunoprecipitation using a specific antibody against PKCδ or 
PKCα. The immunoprecipitates were resuspended in the kinase reaction 
buffer containing 20 μM cold ATP and 20 μCi [γ-32P]ATP and 100 μg/ml 
histone H1 for 15 minutes incubation at 30°C. After the incubation, 2% 
SDS was added to terminate the reaction. The samples were then subjected 
to gel electrophoresis and transferred to PVDF membranes. 32P-labeled 
histone H1 was detected by autoradiography. Subsequently, the blots were 
immunoblotted for PKCδ or PKCα to confirm immunoprecipitation.

Coimmunoprecipitation of PKC-δ and Src
Kidney tissue and cell lysates were collected with the immunoprecipitation 
lysis buffer and subjected to immunoprecipitation using an anti-PKCδ or 
anti-Src antibody. The resultant precipitates were analyzed by gel electro-
phoresis and immunoblotting for Src and PKC-δ.

Analysis of apoptosis
Apoptosis in kidney tissues was analyzed by TUNEL assay using the In Situ 
Cell Death Detection Kit from Roche Applied Science, as described recently  
(33–35). Apoptosis in cell cultures was analyzed by standard methods, 

Figure 11
PKCδ inhibitor δV1-1 protect kidneys while enhancing cisplatin chemotherapy in human testicular and breast cancer tumor xenograft models. 
(A and B) Human NCCIT testicular cancer cells were injected into the flanks of 6- to 8-week-old male nude mice to monitor tumor growth. In 2 
weeks, the tumor volume increased to approximately 200 mm3, and the mice were divided into 5 groups (10 mice/group) for following treatments: 
saline (untreated), 20 mg/kg cisplatin, 20 mg/kg cisplatin plus 10 mg/kg rottlerin, 20 mg/kg cisplatin plus 3 mg/kg Tat peptide, and 20 mg/kg 
cisplatin plus 3 mg/kg δV1-1 peptide. Cisplatin and rottlerin were injected (i.p.) weekly. Tat and δV1-1 were injected (i.p.) biweekly. (A) Tumor 
volume. (B) BUN levels. (C and D) Human MDA-231 breast cancer cells were injected into the flanks of female nude mice. After the tumors grew 
to approximately 700 mm3, the mice were treated with 10 mg/kg cisplatin plus 3 mg/kg Tat or 10 mg/kg cisplatin plus 3 mg/kg δV1-1. (C) Tumor 
volume and (D) BUN levels were measured at indicated times. Mean ± SD, n = 6–10. *P < 0.05 versus untreated saline control group; ‡P < 0.05 
versus week 0; #P < 0.05 versus cisplatin-only group; §P < 0.05 versus cisplatin plus Tat group.
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including morphology, caspase activity, and Annexin V staining (42, 44, 
68). For morphological analysis, cells were stained with Hoechst33342. The 
cells showing typical morphological features, including cellular and nucle-
ar condensation and fragmentation, were counted to determine the per-
centage of apoptosis. Flow cytometric assay of apoptosis was performed, as 
described recently (44), using the Annexin V–FITC/PI staining kit from BD 
Biosciences. Briefly, cells were detached from the dishes by trypsinization 
and resuspended in the binding buffer containing Annexin V–FITC and PI. 
After 15 minutes of incubation at room temperature, the cells were diluted 
with binding buffer for analysis using a BD FACSCalibur flow cytometer 
(BD Biosciences). Over 10,000 events were counted for each sample.

Measurement of caspase activity
Caspase  activity  was  measured  by  an  enzymatic  assay  as  previously 
described (42, 44, 68). Briefly, cells were lysed with a buffer containing 1% 
Triton X-100. The lysates of 25 μg protein were added to an enzymatic assay 
buffer containing 50 μM DEVD.AFC for 60 minutes at 37°C. Fluorescence 
at excitation 360 nm/emission 535 nm was measured with a GENios plate-
reader (Tecan US Inc.). Free DEVD.AFC was used to plot a standard curve, 
and, using the standard curve, the fluorescence reading from the enzymatic 
reaction was converted into the nanomolar amount of DEVD.AFC liber-
ated per mg protein per hour as a measure of caspase activity.

Cellular fractionation
To examine PKCδ translocation, cells were dounce homogenized on ice. 
The homogenates were sequentially centrifuged at 600 g for 10 minutes 
to collect the pellet as the nuclear fraction and at 14,000 g for 20 minutes 
to collect the pellet as the membrane fraction and the supernatant as the 
cytosolic fraction. To examine Bax and cytochrome c translocations, cells 
were fractionated into cytosolic and membrane-bound organellar fractions 
using low concentrations of digitonin (42, 44, 68). Briefly, cells were incu-
bated with 0.05% digitonin in an isotonic buffer for 2 minutes at room 
temperature. The digitonin soluble part was collected as the cytosolic frac-
tion, and the insoluble part was further dissolved in 2% SDS to collect the 
membrane-bound organellar fraction. The collected subcellular fractions 
were subjected to electrophoresis and immunoblot analysis.

Transient transfection of RPTCs
Cells were plated at 0.5 × 106 cells per 35-mm dish to reach 50%–60% 
confluence after overnight growth. The cells were then transfected with 
1 μg  PKC  plasmids  (PKCδ-KD,  PKCδ-CF,  or  PKCα-KD)  using  Lipo-
fectamin 2000 (Invitrogen). To identify the transfected cells for analysis,  
0.2 μg pEGFP-C3 was cotransfected. The cells were subjected to experimen-
tal treatment after 24 hours of transfection.

Renal function and histology
To monitor renal function, serum creatinine and BUN levels were deter-
mined using commercial kits as previously described (33–35). For his-

tology, kidney tissues were fixed with 4% paraformaldehyde for paraffin 
embedding and H&E staining. Tissue damage was scored by the percentage 
of renal tubules with cell lysis, loss of brush border, and cast formation  
(0, no damage; 1, <25%; 2, 25%–50%; 3, 50%–75%; 4, >75%).

Measurement of cisplatin in tissues
Renal tissues were collected and homogenized for cisplatin measurement 
using flameless atomic absorption spectrometry as previously described (69).

Statistics
Qualitative data shown in this study, including immunoblots and cell 
and tissue images, are representative of at least 3 separate experiments. 
Quantitative data are expressed as mean ± SD. Student’s t test was used 
to determine the statistical significance in the differences between 2 
groups. One-way ANOVA followed by Tukey’s post-hoc test was used to 
compare multiple treatment groups. Two-way ANOVA was used to assess 
the statistical significance of the differences between multiple treatment 
groups at different time points. Kaplan-Meier analysis (log-rank test) was 
used to record animal survival. Statistical analysis was performed using 
GraphPad Prism version software (GraphPad). P < 0.05 was considered 
to reflect significant differences.
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