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Abstract
Ovarian	 cancer	 is	 the	 deadliest	 malignant	 disease	 in	 women.	 Protein	 Kinase	
C	 delta	 (PRKCD;	 PKCδ)	 is	 serine/threonine	 kinase	 extensively	 linked	 to	 vari-
ous	cancers.	In	humans,	PKCδ	is	alternatively	spliced	to	PKCδI	and	PKCδVIII.	
However,	 the	 specific	 function	 of	 PKCδ	 splice	 variants	 in	 ovarian	 cancer	 has	
not	been	elucidated	yet.	Hence,	we	evaluated	 their	expression	 in	human	ovar-
ian	cancer	cell	lines	(OCC):	SKOV3	and	TOV112D,	along	with	the	normal	T80	
ovarian	cells.	Our	results	demonstrate	a	marked	increase	 in	PKCδVIII	 in	OCC	
compared	to	normal	ovarian	cells.	Therefore,	we	elucidated	the	role	of	PKCδVIII	
and	the	underlying	mechanism	of	its	expression	in	OCC.	Using	overexpression	
and	knockdown	studies,	we	demonstrate	 that	PKCδVIII	 increases	cellular	sur-
vival	and	migration	 in	OCC.	Further,	overexpression	of	PKCδVIII	 in	T80	cells	
resulted	in	increased	expression	of	Bcl2	and	knockdown	of	PKCδVIII	in	OCC	de-
creased	Bcl2	expression.	Using	co-	immunoprecipitations	and	immunocytochem-
istry,	we	demonstrate	nuclear	localization	of	PKCδVIII	in	OCC	and	further	show	
increased	 association	 of	 PKCδVIII	 with	 Bcl2	 and	 Bcl-	xL	 in	 OCC.	 Using	 PKCδ	
splicing	minigene,	mutagenesis,	siRNA	and	antisense	oligonucleotides,	we	dem-
onstrate	that	increased	levels	of	alternatively	spliced	PKCδVIII	in	OCC	is	regu-
lated	by	splice	factor	SRSF2.	Finally,	we	verified	that	PKCδVIII	levels	are	elevated	
in	samples	of	human	ovarian	cancer	tissue.	The	data	presented	here	demonstrate	
that	the	alternatively	spliced,	signaling	kinase	PKCδVIII	is	a	viable	target	to	de-
velop	therapeutics	to	combat	progression	of	ovarian	cancer.
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1 	 | 	 INTRODUCTION

Ovarian	cancer	remains	the	predominant	cause	of	death	
from	gynecologic	malignancy	in	the	United	States.1	This	
poor	outcome	is	likely	related	to	the	fact	that	most	patients	
are	detected	with	advanced	stage	disease	and	widespread	
peritoneal	metastasis.	Dysregulation	in	signaling	and	met-
abolic	pathways	is	seen	with	ovarian	cancer	where	several	
genes	 are	 involved	 in	 cross	 talk	 resulting	 in	 a	 complex	
phenomenon.	Often,	these	signaling	pathways	determine	
the	response	to	drugs	such	as	paclitaxel	and	platinum	that	
are	administered	to	treat	the	ovarian	cancer.

The	serine/threonine	kinase	family	of	Protein	Kinase	
C	(PKC)	isoforms	regulate	several	signal	transduction	cas-
cades	 and	 are	 shown	 to	 be	 extensively	 linked	 to	 various	
cancers.	Alterations	in	expression	levels	of	PKC	isoforms	
are	proposed	as	biomarkers	in	certain	cancers.2,3	Protein	
kinase	C	delta	(PKCδ;	PRKCD),	a	member	of	novel	PKC	
subfamily,	 plays	 a	 central	 role	 in	 cell	 survival	 with	 dual	
effects:	 as	 a	 mediator	 of	 apoptosis	 and	 as	 a	 promoter	 of	
cell	 survival.	The	 dual	 functions	 reported	 by	 studies	 are	
explained	 by	 PKCδ	 splice	 variants.	 Alternative	 splicing,	
wherein	 alternate	 patterns	 of	 exon	 inclusion/exclusion	
or	choice	of	3′	or	5′	splice	sites	during	pre-	mRNA	splic-
ing,	generates	more	than	one	protein	from	the	same	gene.	
We	 demonstrated	 a	 novel	 splice	 variant	 in	 humans	 and	
showed	 that	 PKCδ	 alternative	 splicing	 produces	 PKCδI	
and	 PKCδVIII,	 which	 are	 switches	 that	 determine	 cell	
survival	 and	 fate.	 The	 characterization	 and	 function	 of	
PKCδVIII	was	published	by	our	laboratory.4	PKCδII	is	the	
mouse	homolog	of	human	PKCδVIII;	both	are	generated	
by	 alternative	 5′	 splice	 site	 usage,	 and	 their	 transcripts	
share	 >94%	 sequence	 homology.	 We	 have	 shown	 that	
PKCδII	and	PKCδVIII	function	as	pro-	survival	proteins	in	
neurons	and	adipocytes.4,5	PKCδ	is	shown	to	be	involved	
in	 tumorigenesis	 and	 metastasis	 in	 several	 cancers	 such	
as	breast,	lung,	and	prostate	cancer6–	10;	however,	specific	
function	of	PKCδ	splice	variants	in	any	cancer	and	partic-
ularly	in	ovarian	cancer	has	not	been	elucidated	yet.	Since	
PKCδ	regulates	apoptosis	and	survival,	we	evaluated	the	
expression	 of	 PKCδ	 human	 splice	 variants	 PKCδI	 and	
PKCδVIII	 in	 human	 ovarian	 cancer	 cells	 (OCC)	 SKOV3	
and	TOV112D	 along	 with	 the	 normal	T80	 ovarian	 cells.	
Our	results	demonstrated	a	marked	increase	in	PKCδVIII	
in	OCC	compared	to	normal	ovarian	cells	which	was	not	
recognized	thus	far.

Cellular	 pathways	 mediated	 by	 B-	cell	 lymphoma	 2	
(BCL2)	family	of	proteins	determine	the	balance	of	apop-
tosis	and	survival	in	cancer.	The	BCL2	family	has	BCL2 ho-
mology	(BH)	domains	 that	mediate	 their	pro-	survival	or	
pro-	apoptotic	 functions.	The	 antiapoptotic	 proteins	 Bcl2	
and	Bcl-	x	have	the	BH4	domain.	Bcl-	x	(also	called	BCL2-	
like	 1:	 BCL2L1)	 is	 alternatively	 spliced	 to	 generate	 two	

variants:	Bcl-	xL	which	is	antiapoptotic	and	Bcl-	xS	which	
is	 pro-	apoptotic.	 Bcl2	 associated	 agonist	 of	 cell	 death	
(BAD),	which	is	pro-	apoptotic,	contains	the	BH3	domain.	
The	BCL2	family	proteins	associate	in	response	to	cellu-
lar	cues	and	the	association	of	specific	partners	promote	
either	cellular	survival	or	apoptosis.	Bcl2	is	held	tightly	by	
Bad	in	a	complex.	Pro-	survival	signals	promote	phosphor-
ylation	 of	 Bad	 resulting	 in	 dissociation	 of	 this	 complex.	
Bcl2	 can	 then	 associate	 with	 Bcl-	xL	 to	 promote	 survival	
and	 inhibit	 cytochrome	 C-	mediated	 apoptosis.	 Several	
studies11–13 have	shown	that	Bcl2	promotes	increased	sur-
vival	in	ovarian	cancer	cells.	Resistance	to	drugs	in	cancer	
is	sometimes	conferred	by	an	increase	in	the	pro-	survival	
Bcl2.	The	link	between	PKCδVIII	and	Bcl2	family	of	pro-
teins	is	not	yet	elucidated.

Since	elevated	expression	of	PKCδVIII,	a	pro-	survival	
signaling	kinase,	may	be	a	significant	determinant	of	life	
quality	and	expectancy,	we	sought	 to	understand	 the	ef-
fects	of	PKCδVIII	on	cellular	and	metabolic	functions	in	
ovarian	cancer	and	further	elucidate	the	molecular	mech-
anisms	 that	 promote	 its	 increased	 expression	 in	 ovarian	
cancer.	 Understanding	 the	 role	 of	 alternatively	 spliced	
genes	contributing	to	increased	survival	and	proliferation	
in	ovarian	cancer	cells	will	lead	to	development	of	novel	
therapeutic	approaches.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Cell culture

T80	 immortalized	 normal	 ovarian	 epithelial	 cells	 were	
maintained	 in	 Roswell	 Park	 Memorial	 Institute	 (RPMI)	
1640	 (ThermoFisher	 Scientific)	 with	 10%	 Fetal	 Bovine	
Serum	 (FBS)	 (Atlas	 Biological),	 and	 1x	 Penicillin/
Streptomycin	 (Sigma-	Aldrich).	 TOV112D	 grade	 3	 en-
dometrioid	 adenocarcinoma	 cells	 were	 maintained	 in	
MCDB105	with	10%	FBS,	and	1x	Pen/Strep.	SKOV3 hy-
podiploid	 human	 ovarian	 adenocarcinoma	 from	
grade	 1/2	 ascites	 cells	 were	 maintained	 in	 McCoy's	 5A	
(ThermoFisher)	modified	medium	with	L-	glutamine,	10%	
FBS,	 and	 1x	 Pen/Strep.	 All	 human	 ovarian	 cancer	 cells	
were	 purchased	 from	 ATCC®	 and	 T80	 normal	 ovarian	
cells	were	a	kind	gift	from	Dr.	Mildred	Acevedo-	Duncan	
(University	 of	 South	 Florida).	 Cells	 were	 grown	 at	 37°C	
and	5%	CO2.

2.2	 |	 Polymerase chain reaction and 
SYBR green real- time qPCR

Total	 RNA	 was	 isolated	 from	 cells	 using	 TrizolTM	
(ThermoFisher	 Scientific)	 as	 per	 the	 manufacturer's	
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instructions.	 One	 microgram	 of	 RNA	 (260/230	 >	 1.8	
and	 260/280	 >1.8)	 was	 used	 to	 synthesize	 cDNA	 using	
iScript	 (1708891,	 Biorad).	 One	 microliter	 of	 cDNA	
was	 amplified	 using	 JumpStart	 RED	 Taq	 Reaction	
Mix	 (Sigma,	 P0982).	 Primers	 used	 in	 PCR	 included:		
PKCδI	sense	5′-	ACATCCTAGGTACAACAACGGGAC-	3′;	
PKCδI	 	antisense	 5′-	ACCACGTCCTTCTTCAGACAC-	3′;	
PKCδVIII	 sense	 5′-	GCCAACCTCTGCGGCATCA-	3′;	
PKCδVIII	antisense	5′-	CGTAGGTCCCACTGTTGTCC-	3′;	
Bclx	sense	5′-	CATGGCAGCAGTAAAGCAAG-	3′;	Bclx	an-
tisense	5′-	GCATTGTTCCCATAGAGTTCC-	3′;	Bcl2 sense	
5′-	GATGTGATGCCTCTGCGAAG-	3′;	 Bcl2	 antisense	
5′-	CATGCTGATGTCTCTGGAATCT-	3′;	 SRSF2  sense	
5′-	CCTCGCCCGACACGCTGA-	3′;	 SRSF2	 antisense	
5′-	CCTGGACCGCGAACGAGATCT-	3′;	 GAPDH	 sense	
5′-	GATCATCAGCAATGCCTCCT-	3′;	 GAPDH	 antisense	
5′-	TGTGGTCATGAGTCCTTCCA-	3′.	PCR	products	were	
run	 on	 a	 1%	 agarose	 gel	 and	 imaged	 in	 ProteinSimple	
FluorChemMTM.	 Densitometric	 analysis	 was	 performed	
using	AlphaView	Software.

Separately,	 1  μl	 of	 cDNA	 was	 amplified	 by	 real-	time	
quantitative	PCR	using	Maxima	SYBR	Green/Rox	qPCR	
master	mix	(Thermo	Scientific)	in	an	ABI	ViiA7 sequence	
detection	system	(PE	Applied	Biosystems)	to	quantify	the	
relative	levels	of	the	transcripts	in	the	samples.	Real-	time	
PCR	 was	 then	 performed	 in	 triplicate	 on	 samples	 and	
standards.	The	plate	setup	included	a	standard	series,	no	
template	 control,	 no	 RNA	 control,	 no	 reverse	 transcrip-
tase	 control,	 and	 no	 amplification	 control.	 After	 primer	
concentrations	 were	 optimized	 to	 give	 the	 desired	 stan-
dard	curve	and	a	single	melt	curve,	relative	quotient	(RQ)	
was	determined	using	 the	∆∆CT	method	with	β-	actin	as	
the	endogenous	control	and	control	 samples	as	 the	cali-
brator	sample.

For	 absolute	 quantification	 (AQ),	 a	 standard	 curve	
was	generated	for	PKCδVIII.	To	do	so,	PKCδVIII-	pTracer	
plasmid	was	used	 to	obtain	a	standard	curve	correlating	
the	 amounts	 (ng)	 with	 the	 threshold	 cycle	 number	 (Ct	
values).	A	linear	relationship	(r2 > 0.96)	was	obtained	for	
PKCδVIII.	Real-	time	qPCR	was	then	performed	on	sam-
ples	 and	 standards	 in	 triplicates.	 Samples	 were	 normal-
ized	 to	 β-	actin	 for	 absolute	 quantification	 of	 PKCδVIII	
expression	levels.

2.3	 |	 Western blot analysis

Cell	 lysates	 (50  μg)	 were	 harvested	 using	 lysis	 buffer	
(Cell	 Signaling	 9803S)	 containing	 10%	 protease/
phosphatase	 inhibitor	 (Pierce	 A32957,	 A32953)	 then	
sonicated	 briefly.	 Samples	 were	 separated	 on	 a	 10%	
SDS-	PAGE	gel.	Proteins	were	electrophoretically	trans-
ferred	 to	 nitrocellulose	 membranes	 and	 blocked	 with	

5%	nonfat	dried	milk	in	Tris-	Buffered	Saline	with	0.05%	
Tween	 20	 (TBST).	 Membranes	 were	 probed	 with	 anti-
bodies	 against	 PKCδI	 (Santacruz,	 sc213	 or	 Cell	 signal-
ing),	 PKCδVIII	 (specific	 antibody	 developed	 by	 our	
lab	and	verified	in	a	previous	publication4),	pBad	(Cell	
Signaling	 9295S),	 Bad	 (Cell	 Signaling	 9292S),	 Bcl-	xL	
(Cell	 Signaling,	 2764),	 Bcl2	 (Cell	 Signaling	 15071S),	
p-	β-	catenin	 (Cell	 Signaling,	 9561),	 β-	catenin	 (R&D,	
mab1329),	β-	Actin	(Sigma,	A3884),	GAPDH	(Santacruz,	
sc25778).	 Secondary	 HRP	 antibodies	 were	 purchased	
from	Bio-	Rad	 for	 rabbit	 (5196-	2504)	and	mouse	 (0300-	
0108P).	 Incubation	 with	 chemiluminescence	 (Pierce	
32109)	 was	 used	 for	 detection	 and	 images	 were	 digi-
tally	captured	using	in	ProteinSimple	FluorChem	MTM.	
Densitometric	analysis	was	performed	using	AlphaView	
Software.

2.4	 |	 Transfection of PKCδVIII 
plasmid and antisense oligonucleotides

The	 pTracer-	PKCδVIII	 plasmid	 was	 cloned	 and	 veri-
fied	 by	 sequencing	 as	 described	 in	 our	 previous	 pub-
lications.4,14	 The	 20-	mer	 antisense	 oligonucleotide	
masking	the	SRSF2	binding	site	on	PKCδ	mRNA	(ASO)	
is	 2′-	methoxyethyl-		 modified,	 RNase-	H	 resistant	 and	
was	 synthesized	 by	 Ionis	 Pharmaceuticals,	 CA	 along	
with	the	scrambled	control.	Cells	were	transfected	with	
2 μg	of	pTracer-	PKCδVIII	plasmid	or	the	ASO	for	48 h	
using	 Lipofectamine	 3000	 reagent	 (ThermoFisher)	 per	
manufacturer's	 instructions.	 Control	 cells	 were	 trans-
fected	 using	 Lipofectamine	 3000	 alone	 or	 control	 ASO	
as	per	experimental	setup.	Total	RNA	was	harvested	and	
PCR	was	performed	as	described	above.

2.5	 |	 Knockdown of PKCδVIII or SRSF2

PKCδVIII	 siRNA	was	custom	designed	 (validated	as	de-
scribed	 in	Ref.	 [14])	 to	 target	PKCδVIII	pre-	mRNA,	and	
purchased	 from	 ThermoFisher	 Scientific:	 PKCδVIII	
siRNA	 (ID:	 10620110).	 SRSF2  siRNA	 (ThermoFisher	
ID:4392420,	 previously	 validated	 for	 specificity	 using	
three	siRNAs	and	elimination	of	off-	target	effects14)	was	
purchased	 from	 ThermoFisher	 Scientific	 along	 with	
nonspecific	siRNA	used	 in	experiments	as	control.	Cells	
were	transfected	with	25 nM	PKCδVIII	siRNA	or	50 nM	
SRSF2  siRNA	 along	 with	 control	 siRNA	 for	 48  h	 using	
RNAiMax	 reagent	 (ThermoFisher)	 per	 manufacturer's	
instructions.	Total	RNA	was	harvested	and	PCR	was	per-
formed	as	described	above	or	whole	cell	lysates	were	ana-
lyzed	 using	 Western	 blot	 as	 described	 above	 to	 confirm	
the	depletion.
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2.6	 |	 AOPI cellular survival assay

Cells	were	grown	in	a	12-	well	plate	and	PKCδVIII	was	
overexpressed	 as	 described	 above.	 Cells	 were	 treated	
with	25 μg/ml	etoposide	for	18 h.	Cells	were	then	trypsi-
nized	and	washed	once	with	PBS.	The	cell	pellet	 (con-
taining	 one	 million	 cells)	 was	 resuspended	 in	 500  μl	
PBS	 and	 fixed	 by	 slow,	 drop-	wise	 addition	 of	 4.5mL	
ice-	cold	 70%	 ethanol	 while	 gently	 vortexing.	 Samples	
were	 incubated	 overnight	 at	 4°C	 to	 complete	 fixation	
and	then	stored	at	−20°C	until	stained.	A	fresh	solution	
of	 Propidium	 Iodide	 (1  mg/ml,	 ViaStainTM	 CS1-	0109)	
and	RNase	A	(2mg/ml,	ThermoFisher	EN0531)	diluted	
in	 water.	 Fixed	 cells	 were	 centrifuged	 at	 1000  rpm	 for	
5 min.	Cell	pellet	was	washed	twice	with	PBS	and	pel-
let	was	 resuspended	 in	50 μl	PI/RNase	A	solution	and	
incubated	at	room	temperature	for	5 min.	One	milliliter	
PBS	was	added	and	samples	were	divided	to	create	un-
stained	 negative	 control	 for	 analysis.	 Acridine	 Orange	
(ViaStainTM	 CS2-	0106)	 was	 added	 (1:1)	 to	 samples	 for	
staining	and	incubated	at	37°C	for	30 min	then	analyzed	
on	the	Nexcelom	K2	cellometer.

2.7	 |	 Cell migration by scratch assay

Cells	 were	 grown	 to	 confluency	 in	 35-	mm	 dishes	 with	
μ-	Dish	inserts	(Ibidi	solutions™,	81176)	to	make	consist-
ent	and	reproducible	500μm	gaps.	PKCδVIII	was	overex-
pressed	in	T80	cells	or	expression	was	knocked	down	in	
OCC	for	48 h.	The	inserts	were	then	removed	and	imaged	
on	 the	 Keyence	 BZx-	810  microscope	 at	 4x	 magnifica-
tion.	 Images	were	 taken	at	 the	same	 location	saved	 into	
the	Keyence	BZx-	810 microscope	with	images	taken	at	0,	
24,	and	48 h.	Analysis	of	done	measuring	empty	area	be-
tween	cells	in	µm2	using	the	FastTrack	A1 software	(Ibidi	
solutions™).

2.8	 |	 Cell migration assay

Transwell	 cell	 migration	 assays	 were	 performed	 using	
BD	 Falcon	 Cell	 Culture	 Inserts	 in	 a	 24-	well	 plate.	
Ovarian	cancer	cells	were	plated	in	the	upper	insert	in	
their	respective	serum-	free	medium	and	the	outer,	bot-
tom	 chamber	 was	 filled	 with	 300  μl	 of	 respective	 me-
dium	containing	10%	FBS.	The	ovarian	cancer	cells	with	
and	without	 the	PKCδVIII	 siRNA	were	allowed	 to	mi-
grate	for	18 h.	After	18 h,	the	cells	that	migrated	to	the	
bottom	well	were	fixed	and	stained	using	crystal	violet	
and	imaged	on	Keyence	BZx-	810 microscope.	The	num-
ber	of	cells	were	counted	using	the	automated	Keyence	
software	analysis	module.

2.9	 |	 Co- immunoprecipitation assay

Cells	 were	 harvested	 and	 200  μg	 of	 lysate	 was	 used	 for	
co-	immunoprecipitation	assay.	Lysates	were	rocked	with	
Protein	A/G	Agarose	(Santa	Cruzsc2003)	for	30 min	at	4°C	
to	clear	nonspecific	binding	and	centrifuged	at	2000 rpm	
for	 1  min.	 The	 supernatant	 was	 rocked	 with	 2  μg	 Bcl2-	
agarose	antibody	(Santa	Cruz	sc7382AC),	Bcl-	xL-	agarose	
antibody	(Santa	Cruz	sc8392AC)	or	Bad-	agarose	antibody	
(Santa	Cruz,	sc8044AC)	overnight	at	4°C	and	pellet	was	
washed	and	resuspended	in	Laemmli	buffer	followed	by	
Western	blot	analysis	as	described	above.

2.10	 |	 Immunocytochemistry

Ovarian	cells	were	plated	into	a	12-	well	plate	as	described	
above.	 Cells	 were	 fixed	 with	 4%	 paraformaldehyde	 for	
30 min	at	room	temperature	and	blocked	with	1%	bovine	
serum	albumin	in	PBS	for	1 h.	Cells	were	incubated	in	pri-
mary	antibodies	against	Bcl2	(1:100),	Bad	(1:100),	Bcl-	xL	
(1:100),	and	PKCδVIII	(1:50).	Cells	were	rocked	overnight	
at	4°C.	Cells	were	then	washed	with	PBS	and	rocked	in	the	
dark	for	1 hour	in	Alexafluor	488	and	Alexafluor	577 sec-
ondary	antibodies	(1:1000,	Invitrogen).	Cells	were	briefly	
rinsed	with	PBS	and	stained	with	DAPI	mounting	media.	
Images	were	captured	using	Keyence	BZx-	810 microscope	
and	analyzed	using	Keyence	Analyzer	software.

2.11	 |	 WST cell viability assay

Cells	 were	 grown	 to	 in	 35-	mm	 dishes	 and	 PKCδVIII	
siRNA	was	transfected	as	described	above.	WST-	1	(Roche	
Molecular	Biochemicals,	IN)	was	diluted	to	a	final	concen-
tration	of	10%	(v/v)	 in	serum-	free	cell	media.	Cells	were	
incubated	for	2 h	at	37°C.	The	formazon	dye	produced	by	
viable	cells	was	quantified	using	a	spectrophotometer	set	
at	a	wavelength	of	440 nm,	and	absorbance	was	recorded	
for	each	well	using	reference	wavelength	of	690 nm.

2.12	 |	 BrdU proliferation assay

BrdU	(Millipore,	2750)	was	diluted	to	100 μM	stock	con-
centration	in	PBS,	then	diluted	1:10	in	culture	media.	Cells	
were	washed	with	PBS	before	 incubated	 in	BrdU	media	
for	 2  h.	 Cells	 were	 then	 fixed	 in	 4%	 paraformaldehyde	
for	20 min	at	room	temperature	then	blocked	for	30 min	
at	room	temperature.	One	milliliter	of	antibody	staining	
buffer	with	anti-	BrdU	primary	antibody	was	added	and	in-
cubated	overnight	at	room	temperature.	Peroxidase-		sec-
ondary	antibody	was	added	for	1 h	at	room	temperature	



   | 239PATEL et al.

then	Peroxidase	substrate	was	added	for	30 min	at	room	
temperature.	 Positive	 wells	 were	 visibly	 blue	 and	 inten-
sities	 were	 measured	 by	 spectrophotometer	 readings	 at	
450/540 nm.

2.13	 |	 Construction of pSPL3_PKCδ and 
pSPL3_PKCδ**SRSF2 Minigenes

The	 pSPL3_PKCδ	 splicing	 minigene	 was	 constructed	 as	
described	 in	 our	 previous	 publication.14	 Briefly,	 PKCδ	
exon	 10	 and	 its	 flanking	 3ʹ	 intronic	 sequence	 (contain-
ing	 the	 branch	 point	 and	 3ʹ	 splice	 site)	 and	 5ʹ	 intronic	
sequences	(containing	flanking	5ʹ	intronic	sequence	that	
includes	 5′	 splice	 site	 I	 and	 splice	 site	 II)	 were	 cloned	
into	the	multiple	cloning	site	of	the	pSPL3 splicing	vector	
between	 the	 splice	 donor	 (SD)	 exon	 and	 splice	 acceptor	
(SA)	 exon.	 The	 resulting	 splicing	 minigene	 was	 verified	
by	restriction	digestion	and	sequencing.	To	generate	 the	
pSPL3_PKCδ**SRSF2  minigene,	 the	 SRSF2	 cis-	element	
(sequence:	 ggccaaag)	 identified	 near	 5′	 splice	 site	 II	 of	
exon	10	of	PKCδ	pre-	mRNA,	was	mutated	in	the	pSPL3_
PKCδ	 minigene	 to	 “tagcccata”	 using	 QuikChange	 site-	
directed	 mutagenesis	 kit	 (Stratagene),	 which	 allows	 for	
blue/white	screening	per	the	manufacturer's	instructions.	
The	 mutated	 minigene,	 pSPL3_PKCδ**SRSF2,	 was	 veri-
fied	 by	 sequencing	 (published	 in	 Ref.	 [14]).	 Two	 micro-
grams	of	pSPL3_PKCδ	or	pSPL3_PKCδ**SRSF2 minigene	
was	transfected	into	cells,	total	RNA	was	isolated	and	PCR	
was	performed	to	visualize	splicing	of	the	minigene	using	
primers	SD	5’-	TCTGAGTCACCTGGACAACC-	3’	and	SA	
5’-	CACCTGAGGAGTGAATTGGTC-	3’.

2.14	 |	 Statistical analysis

All	experiments	were	repeated	3–	5	times	as	biological	rep-
licates	and	experimental	samples	run	in	 triplicate	 to	en-
sure	reproducibility	of	 results.	Analyses	were	performed	
using	 PRISMTM	 software	 and	 analyzed	 using	 two-	tailed	
Student's	t-	test,	one-	way	or	two-	way	ANOVA	as	indicated	
in	figure	legends.	*p < 0.05,	**p < 0.01,	and	***p < 0.001	
were	used	as	significant	measures.

3 	 | 	 RESULTS

3.1	 |	 PKCδVIII levels are increased in 
ovarian cancer cells

In	 humans,	 PRKCD	 gene	 (i.e.,	 PKCδ)	 is	 alternatively	
spliced	to	PKCδI	and	PKCδVIII	mRNA4	via	utilization	of	
alternate	5′	splice	sites	on	exon	10	as	shown	in	schematic	

of	Figure 1A.	We	evaluated	the	expression	of	PKCδ	splice	
variants	 PKCδI	 and	 PKCδVIII	 in	 normal	 immortalized	
human	 ovarian	 epithelial	 T80	 cells	 and	 human	 ovarian	
cancer	cells	(OCC)	SKOV3	and	TOV112D.	Total	RNA	was	
isolated	for	real-	time	SYBR	Green	quantitative	PCR	using	
primers	specific	for	PKCδI	and	PKCδVIII.	Simultaneously,	
whole	 cell	 lysates	 were	 analyzed	 by	 Western	 blot	 using	
antibody	 against	 PKCδI	 (Cell	 Signaling)	 and	 PKCδVIII-	
specific	antibody	(raised	by	Patel	lab	as	published	in	Ref.	
[4]).	The	levels	of	PKCδI	were	not	significantly	different	
between	OCC	and	normal	T80	cells.	Results	(Figure 1B,C)	
demonstrate	 a	 7-	fold	 increased	 expression	 of	 PKCδVIII	
in	SKOV3	compared	to	T80	while	TOV112D	had	12-	fold	
increased	expression	of	PKCδVIII	compared	to	T80	cells.

3.2	 |	 Increased expression of PKCδVIII 
in ovarian cells promotes cellular survival

Since	our	results	showed	increased	expression	of	PKCδVIII	
in	ovarian	cancer	cells	compared	to	normal	ovarian	cells,	
we	 sought	 to	 evaluate	 the	 impact	 of	 increased	 levels	 of	
PKCδVIII	 on	 cell	 survival	 in	 ovarian	 cells.	 Hence,	 we	
overexpressed	PKCδVIII	in	T80	cells.	Overexpression	was	
confirmed	by	PCR	using	primers	that	detected	PKCδI	and	
PKCδVIII	simultaneously	(Figure 2A).	We	evaluated	cell	
survival	 in	 response	 to	 etoposide,	 an	 inducer	 of	 apopto-
sis	that	 is	also	used	in	cancer	treatment	regimens,	using	
Acridine	Orange/Propidium	Iodide	(AOPI)	staining.	After	
48 h	of	PKCδVIII	overexpression,	medium	was	changed	
and	25μg/ml	etoposide	was	added	for	18 h.	The	live	and	
dead	 cells	 were	 measured	 on	 a	 Cellometer	 (Nexcelom).	
Briefly,	PI	stains	cells	with	compromised	membranes	and	
hence	fluorescence	by	AO	is	reduced	in	dead	cells.	Results	
(Figure 2B)	demonstrate	that	overexpression	of	PKCδVIII	
protects	cells	against	etoposide-	induced	apoptosis.

3.3	 |	 PKCδVIII increases expression of 
pro- survival proteins Bcl2 and Bcl- xL

Prior	 research	 has	 demonstrated	 that	 B-	cell	 leukemia-
	2 gene	product	(Bcl2)	family	of	survival	proteins:	Bcl2	and	
Bcl-	xL	promote	survival	in	cancer	cells.15	Hence,	we	evalu-
ated	their	levels	in	T80,	SKOV3	and	TOV112D	cells.	Total	
RNA	was	isolated	and	used	in	SYBR	Green	real-	time	qPCR	
analysis.	Results	(Figure 3A)	indicate	significantly	higher	
expression	 of	 Bcl2	 and	 Bcl-	xL	 in	 SKOV3	 and	 TOV112D	
concurrent	 with	 PKCδVIII	 expression	 compared	 to	 T80	
cells.	Since	increased	survival	mediated	by	Bcl2	and	Bcl-	xL	
is	implicated	in	cancer	cells,	we	evaluated	the	levels	of	Bcl2	
and	Bcl-	xL	in	PKCδVIII	overexpressing	T80	cells.	Results	
(Figure  3B,C)	 show	 that	 overexpression	 of	 PKCδVIII	
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increased	Bcl2 levels.	Interestingly,	we	observe	increased	
expression	of	Bcl-	xL,	with	no	significant	change	in	Bcl-	xS	
levels,	in	PKCδVIII	overexpressing	T80	cells.	These	results	
demonstrate	 that	 increased	 expression	 of	 PKCδVIII	 pro-
motes	genes	in	survival	pathways	in	ovarian	cells.

3.4	 |	 Ovarian cells overexpressing 
PKCδVIII have increased cellular migration

Next,	 we	 determined	 the	 migration	 of	 T80	 cells	 over-
expressing	 PKCδVIII	 compared	 to	 control	 T80	 cells.	
Scratch	 assay	 is	 an	 established	 method	 to	 measure	 cell	
migration	 in vitro.16	 Ibidi	 culture	 inserts	 were	 used	 to	
create	 cell-	free	 gaps	 which	 are	 reproducible.	 T80	 cells	
were	plated	in	35-	mm	dishes	with	inserts	and	transfected	
with	2 μg	of	pTracer-	PKCδVIII	as	described	above.	After	
24  h	 insert	 is	 removed	 and	 images	 were	 taken	 at	 24  h	

using	 Keyence	 BZx810.	 Quantification	 of	 migration	 is	
achieved	by	FastTrack	A1	Image	analysis	software	(Ibidi	
solutions™).	Our	results	(Figure 4A,B)	demonstrate	that	
PKCδVIII	 overexpression	 accelerated	 rate	 of	 migration	
in	T80	cells.

3.5	 |	 PKCδVIII associates with Bcl2 in 
ovarian cells

Since	 PKCδVIII	 is	 a	 pro-	survival	 kinase	 and	 our	 results	
above	 showed	 that	 its	expression	 is	 increased	 in	ovarian	
cancer	cells,	we	sought	to	elucidate	the	survival	pathway	
through	 which	 PKCδVIII	 mediated	 survival	 in	 ovarian	
cancer	cells.	We	performed	a	co-	immunoprecipitation	in	
T80	 cells	 along	 with	 T80	 cells	 overexpressing	 PKCδVIII.	
Whole	 cell	 lysates	 were	 harvested,	 and	 the	 PKCδVIII-	
specific	 antibody	 was	 used	 to	 immunoprecipitate	 the	

F I G U R E  1  PKCδVIII	is	increased	in	ovarian	cancer	cells.	(A)	Schematic	depicts	PKCδ	pre-	mRNA	alternative	splicing	which	produces	
PKCδI	mRNA	(via	utilization	of	5′	splice	site	I	(SSI)	of	exon	10)	and	PKCδVIII	mRNA	(via	utilization	of	5′	splice	site	II	(SSII)	of	exon	10).	
(B)	Total	RNA	was	isolated	from	T80,	SKOV3,	and	TOV112D	ovarian	cells	followed	by	real-	time	SYBR	Green	qPCR	analysis	using	primers	
specific	to	PKCδVIII,	PKCδI,	and	β-	actin	(internal	control).	Graph	shows	relative	quantification	(RQ)	for	PKCδI	and	PKCδVIII	with	T80 set	
as	reference.	The	experiments	were	independently	repeated	five	times	with	similar	results.	Statistical	analysis	was	performed	using	one-	
way	ANOVA;	***	p < 0.001.	(C)	Western	blot	analysis	was	performed	on	whole	cell	lysates	and	probed	using	antibodies	against	PKCδVIII,	
PKCδI,	and	β-	actin	as	indicated	in	the	figure.	Densitometric	analysis	of	individual	bands	for	each	protein	were	normalized	to	β-	actin	and	
percent	PKCδVIII	(PKCδVIII	expression	in	total	PKCδ)	was	calculated	using	the	following	equation:	percent	PKCδVIII = [PKCδVIII	/	
(PKCδVIII	+	PKCδI)] × 100.	Statistical	analysis	was	performed	using	one-	way	ANOVA;	***p < 0.001
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associated	proteins.	Western	blot	was	then	performed	for	
proteins	 associated	 with	 survival	 in	 ovarian	 cancer.	 Our	
results	(Figure 5A,B)	showed	high	levels	of	association	of	
PKCδVIII	with	Bcl2,	Bcl-	xL,	and	Bad.	Bax,	Bak,	Caspase-	3,	
Caspase-	9,	PARP,	and	XIAP	were	not	detected	in	the	co-	
immunoprecipitation	indicating	that	these	proteins	of	the	
apoptosis	pathway	did	not	associate	with	PKCδVIII.

Based	 on	 these	 results,	 we	 sought	 to	 validate	 that	
PKCδVIII	was	associated	with	the	Bcl2,	Bcl-	xL,	Bad	pro-
tein	 complexes.	 Cell	 survival	 is	 mediated	 by	 Bcl2	 and	
Bcl-	xL	 which	 inhibit	 the	 activity	 of	 Bax-	Bak	 as	 well	 as	
through	inhibition	of	the	cytochrome	C-	mediated	caspase	
cascade.	 Bcl2	 is	 sequestered	 by	 hypo-	phosphorylated	
Bad	which	decreases	the	ability	of	Bcl2	to	associate	with	
Bclx-	L	to	promote	survival.	Hence,	whole	cell	lysates	were	
harvested	from	T80	and	T80	overexpressing	PKCδVIII	fol-
lowed	 by	 immunoprecipitation	 using	 antibodies	 against	
Bcl2,	 Bcl-	xL	 or	 Bad.	 Western	 blot	 was	 then	 performed	
to	evaluate	the	associated	proteins.	Figure 5A	shows	the	
Western	blot	with	the	input	lysate.	Results	from	Bcl2	im-
munoprecipitation	 (Figure  5C)	 showed	 PKCδVIII	 and	
Bcl-	xL	 associated	 with	 Bcl2	 in	 T80	 cells.	 In	 PKCδVIII-	
overexpressing	 T80	 cells,	 the	 association	 between	 Bcl2	
and	PKCδVIII	as	well	as	Bcl2	and	Bcl-	xL	is	dramatically	
increased.	 A	 similar	 association	 was	 seen	 in	 Bcl-	xL	 im-
munoprecipitated	 T80	 cells	 (Figure  5D)	 and	 increased	

levels	 of	 Bcl2	 and	 PKCδVIII	 associated	 with	 Bcl-	xL	 in	
PKCδVIII-	overexpressing	 T80	 cells.	 Interestingly	 in	
PKCδVIII-	overexpressing	T80	cells,	results	from	Bad	im-
munoprecipitation	 (Figure  5E)	 showed	 a	 significant	 de-
crease	 in	 association	 of	 Bcl2	 and	 Bcl-	xL	 with	 Bad	 while	
PKCδVIII	 association	 with	 Bad	 did	 not	 change	 signifi-
cantly.	 As	 seen	 in	 the	Western	 blots	 of	 the	 lysates	 (pan-
els	in	Figure 5A)	the	phosphorylation	of	Bad	(S112)	was	
significantly	 increased	 in	 PKCδVIII-	overexpressing	 T80	
cells.	 PKCδVIII	 did	 not	 associate	 with	 Bax	 or	 Bak	 (not	
shown).	These	results	demonstrate	that	increased	expres-
sion	of	PKCδVIII	in	ovarian	cells	promotes	the	association	
of	survival	complex	Bcl2-	Bcl-	xL	with	simultaneous	disso-
ciation	of	Bcl2	and	Bad	complex	that	is	concurrent	with	
increased	survival	and	migration.

3.6	 |	 PKCδVIII colocalizes with Bcl2 and 
Bcl- xL

To	 visualize	 the	 association	 and	 localization	 in	 situ,	 we	
performed	 immunocytochemistry	 in	 T80,	 SKOV3	 and	
TOV112D	cells.	Using	an	antibody	specific	for	PKCδVIII,	
results	(Figure 5E)	demonstrate	that	PKCδVIII	is	expressed	
both	in	the	cytoplasm	and	nucleus	with	higher	levels	of	ex-
pression	observed	in	SKOV3	and	TOV112D	cells	compared	

F I G U R E  2  Overexpression	of	PKCδVIII	in	T80	cells	promotes	cellular	survival.	(A)	2μg	of	pTracer-	PKCδVIII	was	transfected	in	T80	
cells	for	48 h.	(A)	RNA	was	isolated	and	PCR	was	performed	using	primers	that	simultaneously	detect	both	PKCδ	variants.	Five	percent	of	
the	products	were	separated	by	PAGE	and	silver	stained	for	visualization.	The	experiments	were	independently	repeated	five	times	with	
similar	results.	Graph	shows	percent	PKCδVIII	(PKCδVIII	expression	in	total	PKCδ)	that	was	calculated	using	the	following	equation:	
percent	PKCδVIII = [PKCδVIII	/	(PKCδVIII + PKCδI)] × 100.	Statistical	analysis	was	performed	using	t-	test;	***p < 0.001.	(B)	48 h	after	
pTracer-	PKCδVIII	transfection,	T80	cells	were	treated	with	25 μg/ml	etoposide	for	18 hours.	Cells	were	fixed	and	stained	with	acridine	
orange	(AO)	and	propidium	iodide	(PI)	and	viability	of	cells	was	analyzed	using	a	cellometer.	The	experiments	were	independently	repeated	
four	times	with	similar	results.	Statistical	analysis	was	performed	using	one-	way	ANOVA;	***p < 0.001
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to	T80.	Interestingly,	PKCδVIII	expression	is	higher	in	nu-
cleus	 in	 the	cancer	cell	 lines	SKOV3	and	TOV112D.	The	
results	 further	 demonstrate	 that	 PKCδVIII	 is	 colocalized	
with	Bcl2	and	Bcl-	xL	in	nucleus	and	PKCδVIII	colocalizes	
with	Bad	in	the	cytoplasm.	Using	Pearson's	coefficient	for	
analysis,	our	results	demonstrate	that	the	colocalization	of	
PKCδVIII	 with	 Bcl2	 and	 Bcl-	xL	 is	 higher	 in	 cancer	 cells	
SKOV3	and	TOV112D	compared	to	normal	T80	cells.

3.7	 |	 Depletion of PKCδVIII decreases 
Bcl2 in ovarian cancer cells

Since	 our	 results	 above	 showed	 that	 PKCδVIII	 promoted	
survival	 pathways,	 we	 evaluated	 whether	 depletion	 of	
PKCδVIII	in	ovarian	cancer	cells	affected	cellular	migration	
and	 survival	 genes.	 Previously,	 we	 validated	 a	 PKCδVIII-	
specific	siRNA	that	depleted	the	cells	of	PKCδVIII	and	did	

F I G U R E  3  Overexpression	of	PKCδVIII	in	T80	cells	increases	Bcl2	and	Bcl-	xL.	(A)	RNA	was	isolated	and	endogenous	levels	of	
PKCδVIII,	Bcl2,	and	Bcl-	xL	in	T80,	SKOV3,	and	TOV112D	cells	were	determined	by	real-	time	SYBR	Green	qPCR.	Graph	shows	relative	
quantification	(RQ)	for	Bcl2,	Bcl-	xL,	and	PKCδVIII	with	T80 set	as	reference.	The	experiments	were	independently	repeated	five	times	with	
similar	results.	Statistical	analysis	was	performed	using	one-	way	ANOVA;	*p < 0.05,	**p < 0.01.	(B)	2 μg	of	pTracer-	PKCδVIII	was	transfected	
in	T80	cells	for	48 h.	RNA	was	isolated	and	PCR	was	performed	using	primers	for	PKCδI,	PKCδVIII,	Bcl2,	Bcl-	x	(primer	pair	simultaneously	
detects	Bcl-	xL	and	Bcl-	xS)	and	β-	actin.	PCR	products	were	run	on	a	1%	agarose	gel	and	stained	using	ethidium	bromide.	Graphs	show	relative	
quantification	of	PKCδVIII,	Bcl2,	and	Bcl-	xL	normalized	to	β-	actin	with	control	set	as	reference.	The	experiments	were	independently	
repeated	four	times	with	similar	results.	Statistical	analysis	was	performed	using	t-	test;	**p < 0.01	and	***p < 0.001.	(C)	2 μg	of	pTracer-	
PKCδVIII	was	transfected	in	T80	cells	for	48 h	and	whole	cell	lysates	were	analyzed	using	Western	blot.	Membranes	were	probed	using	
antibodies	as	indicated	in	figure.	Graphs	show	densitometric	analysis	of	PKCδVIII,	Bcl2	and	Bcl-	xL	normalized	to	β-	actin.	The	experiments	
were	independently	repeated	three	times	with	similar	results.	Statistical	analysis	was	performed	using	t-	test;	*p < 0.05	and	**p < 0.01
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not	affect	PKCδI	expression.14	Hence,	we	transfected	25nM	
PKCδVIII	 siRNA	 (and	 a	 nonspecific	 siRNA	 (control)	 in	
SKOV3	and	TOV112D	cells	for	48 h.	Total	RNA	was	isolated	
for	real-	time	quantitative	SYBR	Green	PCR	using	primers	
specific	 for	 PKCδI,	 PKCδVIII,	 and	 Bcl2.	 Simultaneously,	
whole	cell	lysates	were	harvested	for	Western	blot	analysis	
using	antibodies	against	PKCδI	(Cell	Signaling),	PKCδVIII	
(specific	 antibody	 as	 published	 in	 Ref.	 [14])	 or	 Bcl2	 (Cell	
Signaling).	Results	(Figure 6A,B)	demonstrate	a	significant	
decrease	of	PKCδVIII	levels	in	PKCδVIII-	depleted	SKOV3	
(SKOV3PKCδVIIIsi)	compared	 to	SKOV3	(control	 siRNA)	as	
well	as	in	PKCδVIII-	depleted	TOV112D	(TOV112DPKCδVIIIsi)	
compared	 to	 TOV112D	 (control	 siRNA).	 Further,	 our	 re-
sults	demonstrate	a	concurrent	decrease	in	Bcl2	expression	
with	depletion	of	PKCδVIII.	The	levels	of	PKCδI	remained	
unchanged	with	knockdown	of	PKCδVIII.

3.8	 |	 Depletion of PKCδVIII decreases 
cellular migration in ovarian cancer cells

Next,	we	determined	cellular	migration	using	the	scratch	assay	
(as	described	above	in	Figure 2)	in	SKOV3,	SKOV3PKCδVIIIsi,	
TOV112D,	TOV112DPKCδVIIIsi.	Results	 (Figure 6C)	demon-
strate	that	SKOV3PKCδVIIIsi	and	TOV112DPKCδVIIIsi	have	sig-
nificantly	lower	migration	rates	compared	to	control	SKOV3	
and	TOV112D,	respectively,	as	determined	by	slower	closure	
of	wound	gap.	To	further	validate	that	PKCδVIII	influenced	
cell	 migration,	 we	 performed	 the	 transwell	 cell	 migra-
tion	 assay	 for	 18  h	 in	 SKOV3,	 SKOV3PKCδVIIIsi,	 TOV112D,	

TOV112DPKCδVIIIsi.	 Results	 (Figure  6D)	 demonstrate	 that	
SKOV3PKCδVIIIsi	 and	 TOV112DPKCδVIIIsi	 have	 significantly	
lower	cell	migration	rates	compared	to	control	SKOV3	and	
TOV112D,	respectively,	as	determined	by	the	lower	number	
of	 cells	 migrating	 through	 the	 physical	 barrier	 toward	 the	
chemo-	attractant	(FBS).	Results	from	these	assays	indicate	
that	PKCδVIII	affects	the	migration	of	ovarian	cancer	cells.

3.9	 |	 Depletion of PKCδVIII decreases 
cell survival in ovarian cancer cells

Separately,	WST-	1	assay	was	used	to	determine	cell	survival	in	
PKCδVIII	depleted	SKOV3	and	TOV112D	cells	as	described	
above.	 After	 48  hours	 of	 PKCδVIII-	siRNA	 transfection,	
WST-	1	 assay	 was	 performed.	 The	 formazan	 dye	 produced	
by	viable	cells	was	quantified	according	 to	manufacturer's	
instructions.	Results	(Figure 6E)	demonstrate	a	decrease	in	
cell	survival	in	SKOV3PKCδVIIIsi	and	TOV112DPKCδVIIIsi	com-
pared	to	SKOV3	and	TOV112D,	respectively.

3.10	 |	 Depletion of PKCδVIII decreases 
cell proliferation in ovarian cancer cells

Next,	 we	 determined	 the	 effect	 of	 depleting	 PKCδVIII	
on	 proliferation	 of	 ovarian	 cancer	 cells.	 SKOV3	 and	
TOV112D	 were	 depleted	 of	 PKCδVIII	 using	 its	 specific	
siRNA	as	described	above	in	a	48-	well	plate	where	each	
group	was	performed	in	triplicate.	After	48 h,	100 μl	BrdU	

F I G U R E  4  Overexpression	of	PKCδVIII	in	T80	increases	cell	migration.	(A)	T80	cells	grown	to	confluency	with	μ-	Dish	inserts	(Ibidi	
solutions,	81176)	and	were	transfected	with	2 μg	pTracer-	PKCδVIII	plasmid	for	48 h.	Inserts	were	removed	to	make	consistent	gaps	and	
cells	were	imaged	at	0,	6,	and	24 h.	The	red	lines	are	drawn	on	the	image	to	aid	in	visualization	of	the	edges	of	the	gaps.	The	cells	were	
imaged	using	Keyence	BZx-	810 microscope	and	analysis	of	gap	area	between	cells	(μm2)	was	quantified	using	FastTrack	A1 software	(Ibidi	
solutions™).	(B)	RNA	was	then	isolated	from	the	cells	and	PCR	performed	using	PKCδVIII	specific	primers.	The	products	were	separated	on	
a	1%	agarose	gel	and	stained	using	ethidium	bromide.	Graph	shows	relative	quantification	of	PKCδVIII	normalized	to	β-	actin	with	control	
set	as	reference.	The	experiments	were	independently	repeated	three	times	with	similar	results.	Statistical	analysis	was	performed	using	
two-	way	ANOVA;	***	p < 0.001
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F I G U R E  5  PKCδVIII	associates	with	Bcl2	and	Bcl-	xL	in	ovarian	cells.	Two	micrograms	of	pTracer-	PKCδVIII	was	transfected	in	T80	
cells	for	48 h.	(A)	Western	blot	analysis	was	performed	on	input	lysates	and	probed	using	antibodies	as	indicated.	Coimmunoprecipitation	
assay	was	performed	on	the	cell	lysates	using	antibodies	against	(B)	PKCδVIII	(IP:	PKCδVIII,	n = 4)	(C)	Bcl2	(IP:	Bcl2,	n = 3),	(D)	Bcl-	
xL	(IP:	Bcl-	xL,	n = 3),	and	(e)	BAD	(IP:BAD,	n = 4).	Western	blot	analysis	was	then	performed	on	the	immunoprecipitated	samples	(IP)	
using	antibodies	against	PKCδVIII,	Bcl2,	Bcl-	xL,	and	Bad	as	indicated	in	the	figure.	Graphs	show	densitometric	analysis	of	individual	band	
normalized	to	immunoprecipitated	antibody	target.	Statistical	analysis	was	performed	using	t-	test;	**p < 0.01,	***p < 0.001,	and	ns = not	
significant.	The	experiments	were	independently	repeated	three	times	with	similar	results.	(F)	Immunocytochemistry	was	performed	on	
T80,	SKOV3,	and	TOV112D	ovarian	cells	by	fixing	and	staining	cells	using	antibodies	against	PKCδVIII,	Bcl2,	Bcl-	xL,	Bad,	and	DAPI	(for	
nucleus)	and	as	indicated	in	the	figure.	Cells	were	imaged	using	a	Keyence	BZx-	810 microscope	and	Pearson's	colocalization	was	calculated	
using	Keyence	Analyzer	software.	The	experiments	were	independently	repeated	four	times	with	similar	results.	Statistical	analysis	was	
performed	using	one-	way	ANOVA;	***p < 0.001	and	ns = not	significant

PKCδVIII

BAD

Bcl2

Bcl-xL

β-actin

pBAD
(S112)

PKCδI

In
pu

tL
ys

at
e

Con PKCδVIIIoe

25kDa

25kDa

25kDa

25kDa
50kDa

70kDa
70kDa

Con PKCδVIIIoe

PKCδVIII

BAD
Bcl2

Bcl-xL

25kDa

25kDa
25kDa

70kDa

Con PKC�VIIIoe
0

100

200

300

400

IP: PKC�VIII
IB: Bcl2

✱✱✱

D
en

si
to

m
et

ric
un

its

Con PKC�VIIIoeCon PKC�VIIIoe Con PKC�VIIIoe
0

50

100

150

200

250

IP: PKC�VIII
IB: Bcl-xL

✱✱✱

De
ns

ito
m

et
ric

un
its

Con PKC�VIIIoeCon PKC�VIIIoe Con PKC�VIIIoe
0

50

100

150

IP: PKC�VIII
IB: BAD

ns

De
ns

ito
m

et
ric

un
its

Con PKC�VIIIoeCon PKC�VIIIoe

IP
:P

K
C

δV
III

(A) (B)

Con PKC�VIIIoe
0

100

200

300
IB: PKC�VIII
IP: Bcl2

✱✱✱
De

ns
ito

m
et

ric
un

its

Con PKC�VIIIoe Con PKC�VIIIoe
0

50

100

150

IB: Bcl-xL
IP: Bcl2

✱✱

De
ns

ito
m

et
ric

un
its

Con PKC�VIIIoe

Con PKC�VIIIoe
0

50

100

150

200

250
IB: PKC�VIII
IP: Bcl-xL

✱✱✱

De
ns

ito
m

et
ric

un
its

Con PKC�VIIIoe Con PKC�VIIIoe
0.0

0.5

1.0

1.5

2.0
IB: Bcl2

IP: Bcl-xL

✱✱✱

De
ns

ito
m

et
ric

un
its

Con PKC�VIIIoe

Con PKC�VIIIoe
0

50

100

150
IB: PKC�VIII

IP: BAD

ns

De
ns

ito
m

et
ric

un
its

Con PKC�VIIIoe Con PKC�VIIIoe
0

50

100

150

De
ns

ito
m

et
ric

un
its

IB: Bcl2
IP: BAD

✱✱

Con PKC�VIIIoe Con PKC�VIIIoe
0

50

100

150
IB: Bcl-xL
IP: BAD

✱✱

De
ns

ito
m

et
ric

un
its

Con PKC�VIIIoe

Con PKCδVIIIoe

25kDa

70kDa

25kDa

PKCδVIII

Bcl2

Bcl-xL

IP
:B

cl
2

25kDa

70kDa

25kDa

PKCδVIII

Bcl2

Bcl-xLIP
:B

cl
-x

L Con PKCδVIIIoe

Con PKCδVIIIoe

IP
:B

AD

25kDa

25kDa

25kDa

70kDaPKCδVIII

BAD

Bcl2

Bcl-xL

(C)

(D)

(E)



   | 245PATEL et al.

was	added	to	determine	cellular	proliferation.	The	BrdU	
incorporated	 into	 the	 cells	 was	 measured	 using	 peroxi-
dase	conjugate	and	represented	the	percent	of	proliferat-
ing	cells.	Results	(Figure 6F)	demonstrate	that	depleting	
PKCδVIII	 from	 SKVO3	 or	 TOV112D	 cells	 resulted	 in	
decreased	 proliferation	 compared	 to	 their	 respective	
controls.

3.11	 |	 Alternative splicing of PRKCD 
promotes higher expression of PKCδVIII 
via SRSF2 in ovarian cancer cells

We	sought	to	evaluate	the	molecular	events	resulting	in	in-
creased	alternative	splicing	and	expression	of	PKCδVIII	 in	

SKOV3	 and	 TOV112D.	 Previously,4	 we	 demonstrated	 that	
alternative	 splicing	 of	 the	 PRKCD	 gene	 in	 humans	 results	
in	two	variants:	PKCδI	and	PKCδVIII	as	shown	in	the	sche-
matic	(Figure 1A	above).	Using	overexpression	and	knock-
down	studies,	we	had	previously	demonstrated	that	the	splice	
factor	SRSF2	(also	known	as	SC35)	regulated	the	expression	
of	PKCδVIII	in	neuronal	cells.14	In	this	study	using	gel	PCR,	
our	 results	 (Figure  7A)	 demonstrate	 a	 marked	 increase	 in	
SRSF2	 in	 SKOV3	 and	 TOV112D	 cancer	 cells	 compared	 to	
T80	normal	cells	which	were	concurrent	with	increased	ex-
pression	of	PKCδVIII.	To	evaluate	whether	increased	expres-
sion	of	SRSF2	in	the	cancer	environment	resulted	in	increase	
in	 the	 pro-	survival	 PKCδVIII	 expression,	 we	 performed	
knockdown	 studies.	 SRSF2	 was	 depleted	 by	 transfecting	
SRSF2 siRNA	along	with	its	control	siRNA	into	SKOV3	and	
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TOV112D	for	48 h.	Total	RNA	was	harvested	and	real-	time	
SYBR	Green	qPCR	was	performed	using	primers	for	SRSF2,	
PKCδVIII,	and	PKCδI.	Our	results	(Figure 7B)	demonstrate	

that	 depletion	 of	 SRSF2	 in	 SKOV3	 and	 TOV112D	 signifi-
cantly	decreased	the	expression	of	PKCδVIII;	PKCδI	 levels	
did	not	change	significantly	with	depletion	of	SRSF2.
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Splicing	 minigenes	 are	 valuable	 molecular	 tools	 to	
identify	 splice	 factors	 that	 regulate	alternative	 splicing	
and	enable	replication	of	the	splicing	event	without	in-
fluence	 of	 other	 endogenous	 factors.	 PKCδI	 mRNA	 is	
produced	 by	 utilization	 of	 5′	 splice	 site	 I	 (5′	 SSI)	 and	
PKCδVIII	mRNA	is	produced	by	utilization	of	5′	splice	
site	II	(5′	SSII)	on	exon	10	of	PKCδ	pre-	mRNA.	We	pre-
viously	cloned	a	human	PKCδ	splicing	minigene	to	elu-
cidate	 the	 mechanisms	 governing	 PKCδVIII	 splicing.	
Briefly	 as	 depicted	 in	 schematic	 of	 Figure  7C,	 human	
PKCδ	exon	10	(including	both	5′	splice	sites)	and	200bp	
of	its	flanking	3′	and	5′	intronic	sequences	were	cloned	
into	the	splicing	vector	pSPL3	between	the	splice	donor	
(SD)	 and	 splice	 acceptor	 (SA)	 exons	 (minigene	 was	
verified	 by	 restriction	 digestion	 and	 sequencing	 as	 de-
scribed	 in	 Ref.	 [14]).	 To	 determine	 that	 SRSF2	 is	 crit-
ical	 for	 PKCδVIII	 expression,	 the	 SRSF2	 binding	 site	
on	 PKCδ	 (close	 proximity	 to	 5′	 SSII;	 denoted	 by	 ∆	 in	
schematic)	was	mutated	 in	 the	minigene	 (as	described	
in	methods	and	Ref.	[14]).	The	PKCδ	splicing	minigene	
(pSPL3_PKCδ)	 and	 SRSF2	 binding	 site	 mutated	 PKCδ	
splicing	 minigene	 (pSPL3_PKCδ**SRSF2)	 was	 trans-
fected	into	T80,	SKOV3	and	TOV112D	for	24 h.	PCR	was	
performed	using	primers	for	SD	and	SA	exons.	The	sche-
matic	in	Figure 7C	shows	the	primer	positions	(depicted	
by	arrows	on	SD	and	SA	exons)	and	the	expected	spliced	
products.	 Splicing	 of	 SD	 to	 SA	 exons	 serves	 as	 consti-
tutive	splicing	control.	Results	(Figure 7C)	demonstrate	
that	the	ovarian	cancer	cell	lines	SKOV3	and	TOV112D	
showed	 increased	utilization	of	5′	 splice	site	 II	 (which	
produces	 PKCδVIII	 mRNA)	 in	 the	 splicing	 minigene	
compared	to	T80	cells.	Further,	mutation	of	the	SRSF2	
binding	 site	 on	 the	 splicing	 minigene	 significantly	 de-
creased	 utilization	 of	 5′	 splice	 site	 II	 in	 T80,	 SKOV3,	

and	TOV112D.	 Interestingly	 in	T80	 and	TOV112D,	 the	
mutated	pSPL3_PKCδ**SRSF2 minigene	showed	a	con-
current	 increase	 in	utilization	of	5′	 splice	site	 I,	 show-
ing	that	a	change	in	balance	of	bound	splice	factors	 in	
these	cells	promoted	the	alternate	splicing	event.	These	
results	show	that	the	increased	expression	of	PKCδVIII	
in	ovarian	cancer	cell	lines	SKOV3	and	TOV112D	is	reg-
ulated	by	splice	factor	SRSF2.

Finally,	 to	 validate	 that	 SRSF2	 binding	 regulates	
PKCδVIII	expression,	we	used	2′-	methoxy-	ethyl-	modified	
(2′MOE),	 RNAse-	H-	resistant	 antisense	 oligonucleotides.	
We	 previously	 identified	 and	 validated	 an	 antisense	 oli-
gonucleotide	 spanning	 the	 SRSF2	 binding	 site14	 which	
inhibits	 binding	 of	 SRSF2	 to	 exon	 10	 of	 PKCδVIII	 pre-	
mRNA.	50nM	SRSF2 site	antisense	oligonucleotide	(ASO)	
was	 transfected	 into	 SKOV3	 (SKOV3ASO)	 and	 TOV112D	
(TOV112DASO)	 cells	 or	 nonspecific	 scrambled	 antisense	
oligonucleotide	 (control)	 was	 transfected	 for	 24  h.	 RNA	
was	 isolated	 and	 real-	time	 SYBR	 Green	 PCR	 was	 per-
formed	 using	 primers	 specific	 for	 PKCδI	 and	 PKCδVIII.	
Results	(Figure 7D)	demonstrate	that	ASO	masking	SRSF2	
binding	 site	 decreased	 PKCδVIII	 levels	 in	 SKOV3	 and	
TOV112D;	 the	 levels	of	PKCδI	or	SRSF2	did	not	change	
with	ASO	treatment.

3.12	 |	 Ovarian cancer tissue explants 
show increased expression of PKCδVIII 
compared to normal ovarian tissue

To	 validate	 our	 findings	 in	 human	 ovarian	 explants,	
we	 analyzed	 the	 expression	 profile	 of	 PKCδVIII	 using	
TissueScan	 ovarian	 cancer	 tissue	 array	 from	 Origene	
Technologies	(catalog	#	HORT103).	This	array	comprises	

F I G U R E  6  Depletion	of	PKCδVIII	in	ovarian	cancer	cells	decreases	Bcl2	and	cellular	migration,	viability,	and	proliferation.	25 nM	of	
PKCδVIII	specific	siRNA	was	transfected	in	SKOV3	(SKOV3PKCδVIIIsi)	and	TOV112D	(TOV112DPKCδVIIIsi)	or	25nM	control	siRNA	(control)	
was	transfected	into	the	cells	for	48 h.	(A)	RNA	was	isolated	and	Real-	time	SYBR	Green	qPCR	was	performed	for	PKCδVIII,	PKCδI,	
Bcl2,	and	β-	actin.	Graphs	show	relative	quantification	of	PKCδVIII,	Bcl2,	and	Bcl-	xL	normalized	to	β-	actin	with	control	set	as	reference.	
The	experiments	were	independently	repeated	four	times	with	similar	results.	Statistical	analysis	was	performed	using	t-	test;	**p < 0.01,	
***p < 0.001	and	ns = not	significant.	(B)	Whole	cell	lysates	were	harvested	and	Western	blot	was	performed	using	antibodies	as	indicated.	
The	experiments	were	independently	repeated	four	times	with	similar	results.	(C)	SKOV3	and	TOV112D	were	grown	to	confluency	with	
μ-	Dish	inserts	(Ibidi	solutions,	81176),	PKCδVIII	was	depleted	by	siRNA	transfection	for	48 h.	Inserts	were	removed	to	make	consistent	
gaps	and	cells	were	imaged	at	0,	24,	and	48 h.	The	red	lines	are	drawn	on	the	image	to	aid	in	visualization	of	the	edges	of	the	gaps.	The	
experiments	were	independently	repeated	six	times	with	similar	results.	Cells	were	imaged	using	Keyence	BZx-	810 microscope	and	analysis	
of	gap	area	between	cells	(μm2)	was	quantified	using	FastTrack	A1 software	(Ibidi	solutions™).	Statistical	analysis	was	performed	using	
two-	way	ANOVA;	**p < 0.01	and	***p < 0.001.	(D)	Cell	migration	assay	using	a	transwell	insert	was	performed	as	described	in	methods.	
After	18 h,	cells	in	the	bottom	well	were	stained	with	crystal	violet	and	imaged	using	Keyence	BZx-	810 microscope.	Cells	were	counted	
using	the	Keyence	Analyzer	software.	The	experiments	were	independently	repeated	three	times	with	similar	results.	Statistical	analysis	
was	performed	using	one-	way	ANOVA;	***p < 0.001.	(E)	Cell	viability	was	determined	using	WST1	assay	by	measuring	the	formazon	
dye	produced	using	a	plate	reader.	The	experiments	were	independently	repeated	four	times	with	similar	results.	Statistical	analysis	was	
performed	using	t-	test;	***p < 0.001.	(F)	Cell	proliferation	was	determined	using	BrdU	assay	by	incubating	cells	in	BrdU	for	2 h,	then	fixing	
and	staining	with	anti-	BrdU	antibody.	Cells	were	then	stained	with	peroxidase	secondary	antibody	and	measured	by	plate	reader.	The	
experiments	were	independently	repeated	four	times	with	similar	results.	Statistical	analysis	was	performed	using	t-	test;	***p < 0.001
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of	normal	(Stage	0)	and	tumor	samples	(Stage	I-	IV)	from	
individual	patients.	The	cDNA	was	analyzed	using	SYBR	
Green	 qPCR	 in	 triplicate,	 normalized	 with	 β-	actin	 and	
absolute	 quantification	 (AQ)	 was	 calculated	 from	 the	

PKCδVIII	standard	curve.	The	results	(Figure 8A,B)	show	
a	 dramatically	 higher	 level	 of	 expression	 of	 PKCδVIII	
across	all	grades	of	tumor	(Stages	I-	IV)	compared	to	nor-
mal	 (Stage	 0).	 These	 results	 indicate	 that	 PKCδVIII	 is	 a	
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viable	target	to	develop	therapies	for	treatment	of	ovarian	
cancer.

4 	 | 	 DISCUSSION

An	 important	 mechanism	 of	 regulating	 gene	 expression	
is	alternative	splicing	which	expands	the	coding	capacity	
of	a	single	gene	to	produce	different	proteins	with	distinct	
functions.17	 Sequencing	 of	 the	 human	 genome	 predicts	
>90%	of	genes	are	alternatively	spliced.	Alternative	splic-
ing	can	occur	through	various	mechanisms	such	as	exon	

skipping,	exon	 inclusion,	alternative	3′	splice	site	usage,	
alternative	5′	splice	site	usage,	or	alternative	polyadenyla-
tion	site	usage.	Splicing	of	exons	 is	modulated	by	 trans-	
factors	(splice	factors)	recognizing	the	cis-	elements	on	the	
pre-	mRNA	and	this	mechanism	is	tightly	regulated.	Under	
normal	 conditions,	 alternative	 splicing	 is	 tissue-	specific,	
developmental-	specific	 or	 hormone	 sensitive.	 However,	
mutations	in	a	gene	on	the	cis-	elements	that	bind	to	splice	
factors	 can	 result	 in	 alternative	 splicing	 and	 production	
of	proteins	 that	causes	diseases	such	as	 spinal	muscular	
atrophy	 and	 frontotemporal	 dementia	 with	 parkinson-
ism	 linked	 to	 chromosome	 17	 (FTDP-	17).18,19	 In	 other	

F I G U R E  7  Alternative	splicing	of	PRKCD	gene	is	regulated	by	SRSF2	in	ovarian	cells.	(A)	RNA	was	isolated	from	T80,	SKOV3,	and	
TOV112D	ovarian	cells	and	PCR	was	performed	using	primers	for	PKCδI,	PKCδVIII	or	SRSF2.	PCR	products	were	separated	on	a	1%	
agarose	gel	and	visualized	using	ethidium	bromide.	The	experiments	were	independently	repeated	four	times	with	similar	results.	Graphs	
show	relative	quantification	of	densitometric	analysis	of	SRSF2	normalized	to	β-	actin	or	percent	PKCδVIII	(PKCδVIII	expression	in	total	
PKCδ)	was	calculated	using	the	following	equation:	percent	PKCδVIII = [PKCδVIII	/	(PKCδVIII + PKCδI)] × 100.	Statistical	analysis	
was	performed	using	t-	test;	**p < 0.01	and	***p < 0.001.	(B)	50 nM	of	SRSF2 specific	siRNA	was	transfected	in	SKOV3	(SKOV3SRSF2si)	and	
TOV112D	(TOV112DSRSF2si)	or	50 nM	control	siRNA	(control)	was	transfected	into	the	cells	for	48 h.	RNA	was	isolated	and	Real-	time	
SYBR	Green	qPCR	analysis	using	primers	specific	to	PKCδVIII,	PKCδI,	SRSF2,	and	β-	actin.	Graphs	show	relative	quantification	of	PKCδI,	
PKCδVIII,	and	SRSF2	normalized	to	β-	actin	with	control	set	as	reference.	The	experiments	were	independently	repeated	four	times	with	
similar	results.	Statistical	analysis	was	performed	using	one-	way	ANOVA;	**p < 0.01,	***p < 0.001,	and	ns = not	significant.	(C)	Schematic	
of	PKCδ	splicing	minigene	(pSPL3_PKCδ)	with	PKCδ	exon10	containing	5′	splice	site	I	(5′SSI)	and	5′	splice	site	II	(5′SSII)	cloned	between	
constitutive	splicing	donor	(SD)	and	splice	acceptor	(SA)	exons.	The	SRSF2	binding	site	on	PKCδ	exon	10	(close	proximity	to	5′	SSII;	denoted	
by	∆	in	schematic)	was	mutated	to	generate	pSPL3_PKCδ**SRSF2.	T80,	SKOV3,	and	TOV112D	were	transfected	with	pSPL3_PKCδ	or	
pSPL3_PKCδ**SRSF2	for	24 h.	RNA	was	isolated	and	PCR	was	performed	using	primers	specific	to	SD	and	SA	exons	(indicated	by	arrows	
in	schematic	of	minigene).	The	expected	products	are	shown	as	SD-	SA	(constitutive	splicing),	SSI	(inclusion	of	exon	10	using	5′	splice	
site	I	which	produces	PKCδI),	and	SSII	(inclusion	of	exon	10	using	5′	splice	site	II	which	produces	PKCδVIII).	The	PCR	products	were	
separated	on	1%	agarose	gel	and	visualized	with	ethidium	bromide.	Densitometric	analysis	of	individual	band	normalized	to	SDSA	product	
was	performed.	The	experiments	were	independently	repeated	four	times	with	similar	results.	Graphs	show	percent	use	of	5	′splice	site	II	
for	exon	inclusion	using	the	equation:	%	exon	inclusion = [SSII	/	(SSII + SDSA)] × 100%.	Statistical	analysis	was	performed	using	t-	test;	
**p < 0.01	and	***p < 0.001.	(D)	2′-	methoxy-	ethyl-	modified	antisense	oligonucleotide	that	masks	SRSF2	binding	site	(ASO)	on	PKCδVIII	
exon	10	was	transfected	in	SKOV3	(SKOV3ASO)	and	TOV112D	(TOV112DASO)	or	nonspecific	ASO	(control)	for	48 h.	RNA	was	isolated	
and	Real-	time	SYBR	Green	qPCR	was	performed	using	primers	specific	for	PKCδVIII,	PKCδI,	SRSF2,	and	β-	actin.	The	experiments	were	
independently	repeated	four	times	with	similar	results.	Graphs	show	relative	quantification	of	each	gene	normalized	to	β-	actin	with	control	
set	as	reference.	Statistical	analysis	was	performed	using	t-	test;	**p < 0.01,	***p < 0.001,	and	ns	not	significant

F I G U R E  8  PKCδVIII	is	increased	in	
ovarian	tissue	explants.	(A)	TissueScan	
ovarian	cancer	array	(Origene)	was	
analyzed	by	Real-	time	SYBR	Green	qPCR.	
For	absolute	quantification,	a	standard	
curve	was	generated	for	PKCδVIII.	
Absolute	quantification	of	PKCδVIII	
expression	levels	(ng)	was	calculated	by	
normalizing	the	values	to	β-	actin.	(B)	
Ovarian	cancer	samples	were	sorted	by	
stage	with	normal	samples	as	stage	0	and	
ovarian	cancer	tumor	samples	as	stages	I	–		
IV;	stage	III/IV	were	combined.	Statistical	
analysis	was	performed	for	stage	0	vs	
stages	I,	II	or	III/IV	using	one-	way	
ANOVA;	*p < 0.05	and	**p < 0.01

0 I II III/IV
0

20

40

60

80

PK
C
�V

III
(n

g)

✱✱

✱✱

✱

(A) (B)



250 |   PATEL et al.

scenarios	 such	 as	 cancer	 or	 diabetes,	 the	 disease	 causes	
an	increase	in	expression	of	splice	factors	or	its	phospho-
rylation	states	which	then	results	in	tighter	binding	of	the	
splice	factor	to	the	cis-	element	thereby	increasing	the	ex-
pression	 of	 specific	 splice	 variants.	 Examples	 of	 alterna-
tive	splicing	in	cancer	include	p53	and	estrogen	receptor	
genes	in	breast	cancer20,21	and	Bclx	in	nonsmall	cell	lung	
cancer	 (NSCLC).22	 In	 this	 study,	 we	 have	 demonstrated	
the	 novel	 presence	 of	 the	 pro-	survival,	 alternatively	
spliced	 PKCδVIII	 in	 human	 ovarian	 cells.	 Further,	 we	
demonstrated	that	the	expression	of	PKCδVIII	 is	signifi-
cantly	 increased	 in	ovarian	cancer,	 compared	 to	normal	
ovarian	 cells.	 Using	 splicing	 minigenes	 and	 knockdown	
studies,	we	show	that	alternative	splicing	of	PKCδVIII	is	
regulated	by	splice	 factor	SRSF2	 in	ovarian	cells.	SRSF2	
is	expressed	at	high	levels	in	ovarian	cancer	cells	SKOV3	
and	 TOV112D	 resulting	 in	 the	 increased	 expression	 of	
PKCδVIII.

We	 previously	 demonstrated	 that	 overexpression	 of	
PKCδVIII	 increases	 the	 human	 telomerase	 reverse	 tran-
scriptase	 (hTERT)	 expression	 and	 increases	 telomerase	
activity.23	 Telomerase	 adds	 six	 nucleotide	 repeats	 at	 the	
end	of	telomeres	to	maintain	chromosome	length.	We	had	
demonstrated	 that	high	expression	of	PKCδVIII	 leads	 to	
lower	senescence	and	indicated	increased	growth	poten-
tial.	In	this	study,	our	results	demonstrate	that	PKCδVIII	
regulates	 the	 expression	 of	 Bcl2	 and	 overexpression	 of	
PKCδVIII	affects	cell	survival	and	proliferation	in	ovarian	
cells.	Other	groups24–	26 have	previously	shown	that	hTERT	
expression	increased	the	expression	of	Bcl2	conferring	re-
sistance	 to	apoptosis.	The	 role	of	Bcl2	 in	promoting	cell	
survival	 in	 tumors	 and	 hematological	 malignancies	 has	
been	 extensively	 studied.	 It	 is	 established	 that	 Bcl2	 and	
its	 family	 of	 proteins	 are	 critical	 to	 tumor	 development,	
maintenance	as	well	as	resistance	to	cancer	drugs.	Our	re-
sults	show	TOV112D	cells	have	marked	elevated	levels	of	
PKCδVIII	and	Bcl2	in	concurrence	with	a	previous	study	
that	showed	high	levels	of	Bcl2	in	TOV112D.27	Cisplatin	
is	a	first-	line	platinum-	based	drug	used	for	the	treatment	
of	ovarian	cancer.	Wu	et	al	have	reported	that	TOV112D	
have	acquired	cisplatin	resistance	due	to	increased	levels	
of	Bcl2.27	Our	results	suggest	that	PKCδVIII	may	contrib-
ute	to	increased	cisplatin	resistance	in	cancer.

Protein	 kinase	 CδI,	 the	 ubiquitously	 expressed	 splice	
variant	predominantly	referred	to	as	PKCδ	in	literature,	is	
proteolytically	cleaved	at	the	V3 hinge	domain	in	response	
to	apoptotic	stimuli	by	caspase	3.	The	cleaved	catalytic	do-
main	promotes	apoptosis	in	several	cellular	systems.28–	30	
We	 have	 demonstrated	 that	 in	 humans,	 the	 caspase	 3	
recognition	 site	 in	 the	 hinge	 domain	 is	 disrupted	 by	 in-
clusion	of	31	amino	acids	due	to	alternative	splicing	gen-
erating	PKCδVIII.	We	have	demonstrated	that	PKCδVIII	
independently	functions	to	promote	survival	in	neuronal	

cells.4	 Here,	 our	 results	 showed	 increased	 expression	 of	
PKCδVIII	in	ovarian	cancer	cells	and	thus,	we	sought	to	
elucidate	its	function.	Using	robust	cellular	and	molecular	
techniques,	we	have	established	that	PKCδVIII	promotes	
cellular	survival	and	proliferation	in	ovarian	cancer	cells	
and	additionally	established	the	mechanism	by	which	ex-
pression	of	PKCδVIII	is	increased	in	ovarian	cancer	cells.	
Our	results	showed	that	depletion	of	PKCδVIII	in	ovarian	
cancer	cells	also	reduced	 their	migration.	There	are	sev-
eral	other	assays	that	measure	cancer	cell	invasion,	adhe-
sion	and	motility	that	determine	cancer	progression.	We	
are	pursuing	this	separately	in	conjunction	with	in vivo	ex-
trapolations	while	this	project	focused	on	the	mechanisms	
underlying	increased	PKCδVIII	expression.

PKC	isozymes	have	a	significant	role	in	signaling	cas-
cades	 in	 cancers	 as	 well	 as	 metabolic	 diseases.	 Earlier	
publications	have	showed	the	aberrant	expression	of	PKC	
isoforms	 such	 as	 PKCα,	 PKCβ,	 PKCε,	 PKCδ,	 and	 PKCι	
in	ovarian	cancer	cells31–39	and	demonstrated	 their	 roles	
either	 as	 tumor	 suppressers	 or	 as	 an	 oncogenic	 kinases.	
PKCδ	 has	 been	 reported	 as	 promoting	 apoptosis32,40	 as	
well	 as	 promoting	 tumor	 growth	 and	 metastasis.6,41	 A	
significant	aspect	of	understanding	opposing	roles	is	the	
presence	 of	 alternatively	 spliced	 variants	 of	 PKCδ	 that	
were	not	evaluated	in	these	previous	studies.	The	tumor	
suppressor	role	of	PKCδ	in	literature	may	be	explained	by	
the	 presence	 of	 the	 pro-	apoptotic	 PKCδI	 splice	 variant.	
Other	 signaling	 kinases	 such	 as	 AKT,	 CLK	 are	 upregu-
lated	in	cancer	which	also	leads	to	hyper-	phosphorylation	
of	splice	factors	and	changes	in	alternative	splicing.	It	 is	
also	 reported	 that	 AKT	 phosphorylates	 Bad	 to	 promote	
its	 dissociation	 from	 Bcl2	 thereby	 inducing	 cell	 survival	
in	cancer	cells.42–	44	The	regulation	of	expression	of	Bcl2	
by	PKCδVIII	may	be	at	the	transcriptional	level,	posttran-
scriptional	regulation	via	splice	factors	or	rate	of	turnover.	
This	avenue	 is	being	 investigated	 in	our	 lab.	Our	results	
show	 that	 overexpression	 of	 PKCδVIII	 causes	 dissocia-
tion	of	Bcl2-		Bad	complex.	We	detected	phosphorylation	
on	 S112	 on	 Bad	 in	 T80	 which	 is	 increased	 with	 overex-
pression	of	PKCδVIII.	However,	in	SKOV3	and	TOV112D	
cells	S112	phosphorylation	was	low;	but	we	detected	high	
levels	of	S136	phosphorylation	of	Bad	and	did	not	observe	
any	 direct	 effects	 of	 knockdown	 of	 PKCδVIII	 on	 phos-
phorylation	of	S136	on	Bad	indicating	that	Bad	phosphor-
ylation	 may	 not	 be	 a	 direct	 mechanism	 through	 which	
PKCδVIII	 promotes	 survival	 in	 ovarian	 cancer	 cells.	 In	
our	co-	immunoprecipitation	assays,	we	could	not	get	a	ro-
bust	band	of	Bad	in	the	Western	blot	within	Bcl2	or	Bcl-	xL	
immunoprecipitations.	This	 suggests	 that	 the	 epitope	 of	
the	Bcl2	and	Bcl-	xL	antibodies	used	in	the	immunoprecip-
itations	was	in	the	proximity	of	Bad	binding	site.	However,	
immunoprecipitation	with	Bad	 followed	by	western	blot	
analysis	showed	association	with	Bcl2	and	PKCδVIII.	Our	
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results	 demonstrate	 that	 PKCδVIII	 increases	 expression	
of	Bcl2	and	further	PKCδVIII	is	a	strong	binding	partner	
of	 Bcl2-	Bcl-	xL	 complex	 thereby	 promoting	 pro-	survival	
pathways	in	ovarian	cancer	cells.	Our	results	show	local-
ization	of	PKCδVIII	is	distributed	between	the	cytoplasm	
and	perinuclear	region	 in	T80	cells	while	PKCδVIII	was	
detected	 predominantly	 in	 the	 perinuclear	 region	 and	
nucleus	 in	 the	 cancer	 cell	 lines	 SKOV3	 and	 TOV112D.	
Previous	study45 has	shown	that	a	nuclear	localization	sig-
nal	of	six	basic	amino	acids	is	present	on	the	C	terminus	of	
PKCδ.	These	amino	acids	are	conserved	in	PKCδVIII	and	
likely	contribute	to	the	perinuclear	and	nuclear	localiza-
tion	of	PKCδVIII.

Our	results	in	human	ovarian	tissue	samples	validated	
that	 dramatically	 elevated	 levels	 of	 PKCδVIII	 are	 pres-
ent	in	ovarian	cancer	compared	to	normal	ovarian	tissue.	
Several	 publications	 have	 discussed	 the	 role	 of	 PKCδ	 in	
cancer;	 however,	 this	 is	 the	 first	 report	 demonstrating	
the	role	of	an	alternatively	spliced	variant,	PKCδVIII,	 in	
ovarian	 cancer.	 Our	 results	 underscore	 the	 importance	
of	 signaling	 kinases	 and	 their	 role	 in	 the	 cancer	 micro-	
environment	 and	 further	 demonstrates	 that	 targeting	 a	
pivotal	signaling	kinase	is	a	robust	approach	to	attenuate	
increased	 cancer	 cell	 survival.	 Our	 data	 using	 antisense	
oligonucleotides	 (ASO)	 demonstrate	 that	 the	 levels	 of	
PKCδVIII	can	be	modulated	by	ASOs	 in	ovarian	cancer.	
This	 splice	 variant-	specific	 modulation	 is	 highly	 signifi-
cant	as	it	enables	translation	of	the	therapeutic	into	clin-
ical	use	where	 it	could	possibly	be	combined	with	other	
chemotherapeutic	 agents	 to	 combat	 complex	 cancers.	
ASOs	have	been	 successfully	used46	 in	 treatment	of	dis-
eases	 such	 as	 Duchenne	 muscular	 dystrophy,47,48	 spinal	
muscular	atrophy,49	familial	hypercholesterolemia.50	The	
data	presented	here	demonstrate	that	the	signaling	kinase	
PKCδVIII	is	a	viable	target	to	develop	therapeutics	to	com-
bat	progression	of	ovarian	cancer.	On	a	broader	level,	the	
splice	variant	PKCδVIII	is	specific	to	humans	(the	mouse	
homolog	is	PKCδII	with	distinct	genetic	sequence)	and	is	
also	expressed	in	other	tissues	such	as	adipose	and	neuro-
nal	as	demonstrated	by	us.4,51	PKCδVIII	promotes	survival	
and	 its	 elevated	 expression	 may	 indicate	 a	 disease	 state	
such	 as	 cancer	 or	 obesity.	We	 have	 identified	 and	 eluci-
dated	the	function	of	the	human	specific	PKCδVIII	splice	
variant	 in	 ovarian	 cells	 which	 will	 significantly	 aid	 re-
searchers	to	develop	therapies	that	can	be	translated	into	
clinical	studies	for	treatment	of	ovarian	cancer	patients.
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