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Abstract
Objectives: Reprogramming of cellular metabolism is profoundly implicated in tumo-
rigenesis	and	can	be	exploited	to	cancer	treatment.	Cancer	cells	are	known	for	their	
propensity	 to	 use	 glucose-dependent	 glycolytic	 pathway	 instead	 of	mitochondrial	
oxidative	phosphorylation	for	energy	generation	even	in	the	presence	of	oxygen,	a	
phenomenon	known	as	Warburg	effect.	The	type	II	beta	regulatory	subunit	of	pro-
tein	kinase	A	 (PKA),	PRKAR2B,	 is	highly	expressed	 in	castration-resistant	prostate	
cancer	(CRPC)	and	contributes	to	tumour	growth	and	metastasis.	However,	whether	
PRKAR2B	regulates	glucose	metabolism	in	prostate	cancer	remains	largely	unknown.
Materials and methods: Loss-of-function	and	gain-of-function	studies	were	used	to	
investigate	 the	 regulatory	 role	 of	PRKAR2B	 in	 aerobic	 glycolysis.	 Real-time	qPCR,	
Western blotting, luciferase reporter assay and chromatin immunoprecipitation were 
employed to determine the underlying mechanisms.
Results: PRKAR2B	was	sufficient	 to	enhance	the	Warburg	effect	as	demonstrated	
by	 glucose	 consumption,	 lactate	 production	 and	 extracellular	 acidification	 rate.	
Mechanistically,	loss-of-function	and	gain-of-function	studies	showed	that	PRKAR2B	
was	 critically	 involved	 in	 the	 tumour	 growth	 of	 prostate	 cancer.	 PRKAR2B	 was	
able	to	increase	the	expression	level	of	hypoxia-inducible	factor	1α	 (HIF-1α),	which	
is	a	key	mediator	of	 the	Warburg	effect.	Moreover,	we	uncovered	that	HIF-1α is a 
key	 transcription	 factor	 responsible	 for	 inducing	 PRKAR2B	 expression	 in	 prostate	
cancer.	 Importantly,	 inhibition	 of	 glycolysis	 by	 the	 glycolytic	 inhibitor	 2-deoxy-d-
glucose	 (2-DG)	 or	 replacement	 of	 glucose	 in	 the	 culture	 medium	 with	 galactose	
(which	has	a	much	lower	rate	than	glucose	entry	into	glycolysis)	largely	compromised	
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1  | INTRODUC TION

Prostate	cancer	(PCa)	is	a	leading	cause	of	cancer-related	deaths	in	
developed countries.1	While	localized	PCa	has	a	favourable	clinical	
outcome, some patients present with or develop metastatic disease. 
The	androgen	receptor	plays	a	crucial	role	in	prostate	tumorigenesis	
at	 both	early	 and	 late	 stages.	Androgen	deprivation	 therapy	 com-
bined with bilateral orchiectomy or administration of luteinizing hor-
mone-releasing	hormone	agonists	is	recommended	as	the	first-line	
treatment	for	patients	with	recurrent	or	advanced	PCa.2 While an-
drogen	deprivation	therapy	is	transiently	effective	in	advanced	PCa,	
tumours	 inevitably	 progress	 to	 castration-resistant	 prostate	 can-
cer	(CRPC),	which	no	longer	responds	to	conventional	therapies.3-5 
Therefore,	it	is	imperative	to	develop	new	approaches	and	uncover	
novel	drug	targets	for	the	treatment	of	CRPC.6

The	 cyclic	 adenosine	 monophosphate	 (cAMP)	 is	 an	 important	
second messenger with diverse physiological functions, including cell 
proliferation	and	differentiation.	Protein	kinase	A	(PKA)	is	the	master	
switch	for	cAMP-mediated	signalling.	PKA	is	composed	of	two	cata-
lytic	subunits	and	a	cAMP-binding	regulatory	subunit	dimer.	There	are	
four	different	 regulatory	subunits	 (RIα, RIβ, RIIα and RIIβ)	of	PKA	 in	
human mammalian tissues.7	Protein	kinase	cAMP-dependent	regula-
tory	type	II	beta	(PRKAR2B)	plays	a	role	in	oocyte	maturation,8 reg-
ulates murine and human adipocyte differentiation9 and inhibits the 
effect	of	cAMP	responsive	element	binding	protein	(CREB)	activity	in	
T	cells.10	Recently,	we	identified	PRKAR2B	as	a	novel	oncogene	impli-
cated	in	the	development	of	CRPC.11,12	Moreover,	PRKAR2B	induces	
the	epithelial-mesenchymal	transition	process	and	promotes	prostate	
cancer metastasis by activating Wnt/β-catenin	signalling	pathway.13

Reprogrammed energy metabolism is emerged as a hallmark of 
cancers. One of the most notable aspects of this metabolic repro-
gramming is aerobic glycolysis, also known as the Warburg effect. 
Increased Warburg effect in cancer cells is critical for tumour growth 
and predicts a poor prognosis in cancer patients.14,15 In prostate 
cancer, androgen is sufficient to promote glucose uptake in pros-
tate	cancer.	Functional	genomic	studies	 revealed	 that	human	pros-
tate cancer cells treated with androgens showed significant cellular 
metabolic reprogramming, especially aerobic glycolysis.16	 Several	
studies also confirmed the effect of androgen in promoting pros-
tate cancer glycolysis.17,18	Mechanistically,	it	has	been	reported	that	
androgen	 receptor	directly	bound	 to	 the	GLUT1	gene	promoter	 to	
promote	GLUT1	transcription.19	Moreover,	the	cAMP/PKA	pathway	
is	well-documented	to	play	a	regulatory	role	in	the	glycolytic	metabo-
lism,	exerting	a	stimulatory	effect	on	glucose	transport	and	utilization	

via phosphorylation of different downstream target proteins.20,21 
Mouse	and	human	studies	suggest	that	PRKAR2B	may	be	involved	
in energy metabolism.22	 Interestingly,	 PRKAR2B	 is	 responsible	 for	
the maturation of oocytes by controlling spindle formation and pen-
tose	phosphate	pathway	(PPP)-mediated	metabolism.8	Therefore,	we	
reasoned	whether	PRKAR2B	contributes	 to	 the	Warburg	effect	 to	
promote tumour progression in prostate cancer.

2  | MATERIAL S AND METHODS

2.1 | Cell culture, tissue samples and reagents

The	human	prostate	cancer	cell	lines	(DU145,	PC3	and	LNCaP)	were	
obtained	 from	 American	 Type	 Culture	 Collection	 (ATCC).	 LNCaP	
and	PC3	cells	were	cultured	in	RPMI	1640	(Life	Technologies),	while	
DU145	cells	were	maintained	 in	DMEM	(Life	 technology).	All	pros-
tate cancer cells were supplemented with 10% foetal bovine serum 
(PBS,	Gibco)	 and	1%	penicillin/streptomycin	 (Invitrogen)	 at	37°C	 in	
a	humidified	incubator	under	5%	CO2	condition.	The	LNCaP-AI	cells	
were generated as reported previously.13	 Twenty	 primary	 pros-
tate	 cancer	 tissues	 and	 17	metastatic	 castration-resistant	 prostate	
cancer	 (CRPC)	 tissues	were	 obtained	 from	Ren	 Ji	Hospital,	 School	
of	 Medicine,	 Shanghai	 Jiaotong	 University.13	 This	 study	 was	 ap-
proved	by	the	institutional	ethics	review	board	of	Shanghai	Jiao	Tong	
University.	Galactose	and	2-deoxy-d-glucose	(2-DG)	were	purchased	
from	Sigma-Aldrich.	The	specific	PKA	inhibitor	H89	(S1582)	was	ob-
tained	from	Selleck.

2.2 | Online database

The	online	GEPIA	2	database	 (http://gepia2.cance	r-pku.cn/#index)	
was used for correlation analysis in this study.23 In this study, cor-
relation	analysis	was	used	to	determine	the	link	between	PRKAR2B	
and	 glycolytic	 components	 in	 prostate	 adenocarcinoma	 (PRAD,	
n =	492)	from	The	Cancer	Genome	Atlas	(TCGA).

2.3 | RNA isolation and quantitative real-time PCR

Total	RNA	was	extracted	using	TRIzol	Reagent	(Life	Technologies)	and	
reversely	transcribed	to	cDNA	by	PrimeScript	RT	reagent	Kit	(Takara)	
in	accordance	with	the	manufacturer's	instructions.	Real-time	qPCR	

School	of	Medicine,	Grant/Award	Number:	
PYZY	16-008	and	PYXJS16-015 PRKAR2B-mediated	tumour-promoting	effect.	Similar	phenomenon	was	noticed	by	

genetic	silencing	of	HIF-1α.
Conclusions: Our	study	identified	that	PRKAR2B-HIF-1α loop enhances the Warburg 
effect to enable growth advantage in prostate cancer.
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analyses	 were	 performed	 with	 SYBR	 Premix	 Ex	 Taq	 (Takara)	 on	
ABI	7300	detection	system.	PCR	primer	sets	were	designed	using	
Primer	 Premier	 5,	 and	 the	 sequences	were	 as	 follows:	 PRKAR2B,	
5′-TTCGGCGAACTGGCCTTAATG-3′	 (forward)	 and	 5′-ACTTTCAG 
GCGTTCAGAAAACT-3′	 (reverse);	SLC2A1,	5′-ATTGGCTCCGGTAT 
CGTCAAC-3′	(forward)	and	5′-GCTCAGATAGGACATCCAGGGTA-3′	
(reverse);	PFKP,	5′-CGCCTACCTCAACGTGGTG-3′	(forward)	and	5′- 
ACCTCCAGAACGAAGGTCCTC-3′	(reverse);	PKM,	5’-ATGTCGAAG 
CCCCATAGTGAA-3′	 (forward)	 and	 5′-TGGGTGGTGAATCAATGT 
CCA-3′	(reverse);	LDHA,	5′-ATGGCAACTCTAAAGGATCAGC-3′	(for-
ward)	and	5′-CCAACCCCAACAACTGTAATCT-3′	(reverse);	β-actin,	5′- 
CGTCATACTCCTGCTTGCTG-3′	(forward)	and	5′-GTACGCCAACAC 
AGTGCTG-3′	(reverse).

2.4 | Short hairpin RNA and cell transfection

Short	hairpin	RNA	against	PRKAR2B	used	 in	 this	 study	was	syn-
thesized	 by	 GenePharma.	 Transfection	 of	 the	 oligonucleotide	
duplexes	was	performed	 in	a	6-well	plate	 (1	× 105	 cells	per	well)	
with	 Lipofectamine	 2000	 (Invitrogen)	 according	 to	 the	 manu-
facturer's instructions. Puromycin dihydrochloride was used 
for	 the	 selection	 of	 stable	 clones.	 For	 overexpression	 strategy,	
48	 hours	 after	 transfection,	 overexpression	 efficiency	 was	 ex-
amined	through	Western	blotting	or	real-time	qPCR	analysis.	For	
siRNA-mediated	HIF-1α knockdown, 2 ~ 5 × 105	 PCa	 cells	were	
plated	 at	 6-well	 plate.	 When	 cells	 were	 reached	 at	 60%-70%	
confluence,	 50	 ng	 of	 specific	 siRNA	 against	 HIF-1α was trans-
fected	 with	 Lipofectamine®	 RNAiMAX	 reagent	 (Thermo	 Fisher	
Scientific).	 Scrambled	 siRNA	 targeting	 no	 known	 gene	 sequence	
was	 used	 as	 control.	 The	 sequences	 of	 two	HIF-1α	 siRNAs	were	
shown	 as	 follows:	 #1,	 UGAUACCAACAGUAACCAAdTdT;	 #2,	
GAGGAAGAACUAAAUCCAAdTdT.

2.5 | Luciferase reporter assay

Wild-type	PRKAR2B	 gene	 (Gene	 ID:	 5577;	NM_002736;	 gene	 lo-
cation:	 NC_000007.14	 (107044705.0.107161811)	 promoter	 was	
amplified	 from	 the	 genomic	DNA	and	 cloned	 into	 the	pGL4-Basic	
luciferase	reporter	vector	(Promega).	Mutated	PRKAR2B	promoter	
of	predicted	HIF-1α	binding	sites	was	directly	synthesized	by	Sangon	
Biotech	and	cloned	into	the	pGL4-Basic	vector	(Promega).	All	con-
structs	were	 verified	 by	 sequencing.	DU145	 cells	were	 seeded	 in	
12-well	 dishes	 and	 transfected	with	 1	 μg	 per	well	WT	 or	mutant	
PRKAR2B-promoter	 luciferase	 reporter	and	0.1	μg	HIF-1α	expres-
sion	vector	using	X-tremeGENE	9	according	to	the	manufacturer's	
protocol	(Promega).	At	48	hours	post-transfection,	cell	lysis	was	ob-
tained, followed by analysis of firefly and renilla luciferase activities 
using	a	Dual-Luciferase-Reporter	Assay	Kit	 (Promega).	The	experi-
ment	was	performed	 in	 triplicate.	The	ratio	of	 firefly	 to	Renilla	 lu-
ciferase activity was served as an indicator of normalized luciferase 
activity for each group.

2.6 | Western blotting

Total	 cell	 lysates	 were	 prepared	 using	 a	 lysis	 buffer	 contain-
ing	 50	 mmol/L	 TRIS-HCl,	 pH7.4,	 150	 mmol/L	 NaCl,	 0.5%	 NP40,	
50	mmol/L	NaF,	1	mmol/L	Na3VO4,	1	mmol/L	phenyl-methylsulfonyl	
fluoride, 25 μg/mL	leupeptin	and	25	μg/ml aprotinin and clarified by 
centrifugation	(14	000	g	for	30	min	at	4°C).	The	protein	concentration	
was	detected	by	a	BCA	Protein	Assay	Kit	(Pierce	Biotechnology).	Then,	
cell	 lysates	were	 separated	 by	 sodium	 dodecyl	 sulphate	 SDS-PAGE	
and	transferred	onto	nitrocellulose	membrane.	The	membranes	were	
subsequently	blocked	with	5%	(w/v)	skim	milk	and	incubated	overnight	
with	primary	 antibody.	The	next	day,	 the	membrane	was	 incubated	
with second antibody at room temperature for 2 hours, washed with 
PBST	and	then	developed	with	the	ECL	system.	The	results	of	Western	
blot	were	analysed	with	Odyssey	software	version	3.0.	The	PRKAR2B	
antibody	(PA5-28266)	was	acquired	from	Invitrogen.	The	anti-β-actin	
primary	antibody	was	obtained	from	Sigma.

2.7 | Detection of glucose and lactate level

Glucose	 and	 lactate	 concentration	 in	 the	 culture	 medium	 were	
measured	 using	 a	 Glucose	 Assay	 Kit	 (BioVision)	 and	 a	 Lactate	
Assay	Kit	 (BioVision)	according	to	 the	manufacturer's	 instructions.	
Conditioned	cell	culture	media	were	diluted	1:100-1:400	with	assay	
buffer	 and	 prepared	 for	 the	 colorimetric	 assay.	 The	 absorbance	
was measured at 570 nm using a multifunctional microplate reader 
(Molecular	Devices)	 immediately	after	sample	preparation.	The	ex-
periment was performed at least in triplicate.

2.8 | Measurement of extracellular acidification 
rate and oxygen consumption rate

To	 detect	 extracellular	 acidification	 rate	 (ECAR)	 and	 oxygen	 con-
sumption	 rate	 (OCR),	 the	 XF96	 Bioenergetic	 Analyzers	 (Seahorse	
Bioscience)	was	used.	ECAR	and	OCR	were	analysed	using	Seahorse	
XF	Glycolysis	Stress	Test	Kit	and	Seahorse	XF	Cell	Mito	Stress	Test	
Kit,	 respectively.	 In	 brief,	 2	× 104 cells per well were seeded into 
a	Seahorse	XF	96	cell	culture	microplate.	For	ECAR	measurement,	
glucose,	oligomycin,	and	2-DG	were	sequentially	injected	into	each	
well	 at	 indicated	 time	 points.	 For	 OCR	measurement,	 oligomycin,	
FCCP	 (p-trifluoromethoxy	 carbonyl	 cyanide	phenylhydrazone)	 and	
rotenone	plus	 antimycin	A	 (R&A)	were	 sequentially	 injected.	Data	
were	assessed	by	Seahorse	XF-96	Wave	software.	ECAR	was	shown	
in	mpH/minute	and	OCR	in	pmols/minute.

2.9 | HIF-1α transcription activity assay

To	 determine	 HIF-1α	 activity,	 the	 nuclear	 extract	 lysates	 from	
tested cells were harvested after genetic manipulation using the 
Nuclear	Extraction	kit	(ab113474;	Abcam).	HIF-1α activity was then 



4 of 13  |     XIA et Al.

measured	 by	 the	 HIF-1αTranscription	 Factor	 Assay	 Kit	 (cat.	 no.	
ab133104;	Abcam)	according	to	the	manufacturer's	instructions.

2.10 | Chromatin Immunoprecipitation

Chromatin	Immunoprecipitation	(ChIP)	assay	was	performed	using	the	
Magna	ChIP™	G	Assay	Kit	 according	 to	 the	manufacturer's	 instruc-
tions.	Briefly,	DU145	cells	overexpressing	HIF-1α or infected with con-
trol	vector	were	used	for	analysis.	Cells	were	cross-linked	with	37%	
formaldehyde	for	10	minutes	at	room	temperature.	After	washing	with	
ice-cold	PBS	for	three	times,	cells	were	collected	by	scraping	and	pel-
leted	by	centrifugation	at	200	g	for	5	minutes.	Then,	fixed	cells	were	
resuspended in lysis buffer, sonicated and centrifuged to remove the 
insoluble	material.	 The	 supernatants	were	 incubated	with	 indicated	
antibodies	(HIF-1α,	ab113474,	Abcam;	H3K4me3,	ab113474;	Abcam)	
and	Protein	G	magnetic	beads	overnight.	Finally,	the	precipitated	chro-
matin	complexes	were	collected,	purified	and	de-cross-linked	at	62°C	
for	2	hours,	followed	by	incubation	at	95°C	for	10	minutes.	The	precipi-
tated	DNA	fragments	were	analysed	by	RT-PCR	analysis.

2.11 | Plate clone formation assay

Cells	were	seeded	into	6-well	plates	with	500	or	1000	cells	in	each	
well	and	were	cultured	with	10%	FBS.	After	10-14	days,	the	plates	
were	washed	with	PBS	and	stained	with	crystal	violet	 for	15	min-
utes.	All	experiments	were	performed	in	triplicates.

2.12 | Cell viability and cell apoptosis assay

Cell	viability	assay	was	measured	using	the	Cell	Counting	Kit-8	kit	(CCK-
8;	Dojindo	laboratories).	Briefly,	cells	were	seeded	in	96-well	plates	at	a	
density of 5 × 103	cells	per	well.	After	day	1,	3,	5,	cell	viability	was	de-
tected by adding 10 μL	of	CCK-8	solution	to	each	well.	After	incubation	
for 1.5 hours, cell viability was measured by determining the absorb-
ance	(450	nm)	using	a	BIO-TEK	Microplate	Reader	(Bio-Tek).	Cell	apop-
tosis	was	induced	by	serum-starvation	for	48	hours	and	cell	apoptosis	
assay	was	measured	 by	 using	 Apo-ONE	 Caspase-3/7	 kit	 (Promega,	
G7790)	and	Annexin	V/PI	staining,	respectively.	All	experiments	were	
performed	in	triplicates.	For	Annexin	V/PI	staining,	indicated	PCa	cells	
were	harvested	with	0.25%	trypsin,	centrifuged,	followed	by	Annexin	
V/propidium	iodide	(PI)	assay	according	to	manufacturer's	instructions	
(BD	Pharmingen).	The	percentages	of	Annexin	V	(+)	and	PI	(−)	cells	in	
suspension were analysed by flow cytometry.

2.13 | Animal experiment

BALB/c	 nude	 mice	 (Male,	 6-week-old)	 were	 obtained	 from	 the	
Chinese	Academy	of	Sciences	(Shanghai,	China)	and	were	bred	and	
maintained	in	a	specific	pathogen-free	facility.	Mice	were	supplied	

with	autoclaved	commercial	chow	and	sterile	water.	Tumorigenicity	
was	determined	by	subcutaneously	injecting	control	or	PRKAR2B-
overexpressing	(LNCaP)	or	PRKAR2B-silenced	(DU145)	cells	into	the	
flanks	of	nude	mice	(2	× 106	cells).	Three	weeks	later,	the	mice	were	
killed	under	anaesthesia	and	the	tumours	were	collected.	All	mouse	
experiments	were	conducted	in	accordance	with	standard	operating	
procedures	approved	by	the	Ethical	Committee	of	Ren	Ji	Hospital,	
School	of	Medicine,	Shanghai	Jiao	Tong	University.

2.13.1 | Statistical analysis

Data were presented as the means ±	 SD.	Statistical	 analysis	were	
performed	with	GraphPad	Prism	5	(San	Diego,	CA)	software	or	SPSS	
V.16.0	for	Windows	(IBM).	Student's	t	test	or	one-way	ANOVA	was	
used	for	comparisons	between	two	groups.	Correlation	analysis	was	
determined	using	the	Spearman's	test.	A	value	of	P < .05 was consid-
ered to be statistically significant.

3  | RESULTS

3.1 | PRKAR2B regulates the Warburg effect in 
prostate cancer

Previously,	we	have	demonstrated	that	PRKAR2B	is	of	great	 impor-
tance to the malignant phenotypes of prostate cancer.11	To	determine	
whether	PRKAR2B	plays	a	role	 in	the	Warburg	metabolism	in	pros-
tate	cancer,	we	carried	out	 loss-of-function	studies	 in	 two	cell	 lines	
(DU145	and	PC3)	with	high	 endogenous	 level	 of	PRKAR2B	 (Figure	
S1).	Two	shRNA	against	PRKAR2B	led	to	significant	downregulation	
in	PRKAR2B	protein	 level	 (Figure	1A).	Warburg	effect	 is	 character-
ized	by	increased	glucose	uptake	and	lactate	production.	By	detect-
ing the glucose and lactate in the cell culture medium, we found that 
PRKAR2B	knockdown	resulted	in	pronounced	drop	in	glucose	utiliza-
tion	(Figure	1B)	and	lactate	release	(Figure	1C).	To	further	confirm	this	
observation,	the	Seahorse	XF96	flux	analyser	showed	that	PRKAR2B	
knockdown	 decreased	 extracellular	 acidification	 rate	 (ECAR)	
(Figure	1D).	As	a	feedback,	the	oxygen	consumption	rate	(OCR)	was	
significantly	increased	by	PRKAR2B	knockdown	(Figure	1E).	By	real-
time	qPCR	analysis,	we	analysed	the	expression	of	glycolytic	 trans-
porters	and	enzymes	(SLC2A1,	HK2,	GPI,	PFKP/L,	ALDOA,	GAPDH,	
PGK1,	 PGAM1,	 ENO1,	 PKM	 and	 LDHA).	 The	 result	 showed	 that	
PRKAR2B	knockdown	inhibited	mRNA	expression	of	glucose	trans-
porter	SLC2A1	and	glycolytic	enzymes	 (phosphofructokinase	plate-
let,	 pyruvate	 kinase	muscle	 isozyme	 and	 lactate	 dehydrogenase	 A)	
(Figure	1F).	Moreover,	gain-of-function	in	LNCaP	cells	was	performed	
to	 certify	 the	 role	 of	 PRKAR2B	 in	 prostate	 cancer	 cell	 glycolysis	
(Figure	 2A).	 As	 shown	 in	 Figure	 2B,	 glucose	 uptake	 in	 PRKAR2B-
overexpressing	LNCaP	cells	 increased	 to	 two-fold	 compared	 to	 the	
control	cells.	Consistently,	lactate	release	had	a	2.5-fold	increase	after	
PRKAR2B	 overexpression	 (Figure	 2C).	 In	 addition,	 PRKAR2B	 con-
tributed	 to	 a	 shift	 from	mitochondrial	 oxidative	phosphorylation	 to	
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aerobic	glycolysis	as	demonstrated	by	increased	ECAR	(Figure	2D)	and	
reduced	OCR	(Figure	2E).	Consistently,	glycolytic	components	were	
increased	by	PRKAR2B	overexpression	 (Figure	2F).	Taken	 together,	
these	findings	above	suggest	that	PRKAR2B	contributes	to	the	glyco-
lytic phenotype in prostate cancer.

3.2 | Androgen-independent LNCaP cells exhibit 
enhanced glycolysis

Castration-resistant	prostate	cancer	(CRPC)	that	occurs	after	the	
failure of androgen blocking treatment causes the majority of 
the deaths in prostate cancer. Previously, we demonstrated that 
PRKAR2B	expression	is	markedly	increased	in	CRPC	and	contrib-
utes	to	the	development	of	CRPC.11	By	generating	an	androgen-in-
dependent	LNCaPcell	line	(LNCaP-AI),	we	revealed	that	PRKAR2B	
promotes cell invasion in vitro and in vivo.13 Here, we found that 
LNCaP-AI	 cells	 had	 increased	 glucose	 uptake	 (Figure	 3A)	 and	
lactate	 production	 (Figure	 3B)	 compared	 to	 its	 parental	 LNCaP	
cells.	 Moreover,	 Seahorse	 results	 showed	 that	 LNCaP-AI	 cells	

exhibited	higher	glycolytic	capacity	than	LNCaP	cells	(Figure	3C).	
Consistently,	LNCaP-AI	cells	had	higher	expression	of	the	glucose	
transporter	SLC2A1	and	three	key	glycolytic	enzymes	(PFKP,	PKM	
and	LDHA)	than	LNCaP	cells	 (Figure	3D).	More	 interestingly,	ge-
netic	silencing	of	PRKAR2B	in	LNCaP-AI	cells	(Figure	3E)	greatly	
suppressed its glycolytic activities, as revealed by reduced glu-
cose	 uptake	 (Figure	 3F),	 lactate	 release	 (Figure	 3G),	 ECAR/OCR	
(Figure	3H)	and	expression	of	glycolytic	 components	 (Figure	3I).	
By	data	mining	the	PCa	samples	from	TCGA	cohort,	we	found	that	
PRKAR2B	expression	was	closely	correlated	with	the	expression	
of	these	glycolytic	components	in	prostate	cancer	(Figure	3J)	and	
this	 correlation	was	absent	 in	 the	non-tumour	 samples	obtained	
from	the	Genotype-Tissue	Expression	(GTEx)	database	(Figure	S2).

3.3 | PRKAR2B regulates HIF-1α expression in 
prostate cancer

HIF-1α is a crucial transcriptional factor responsible for the Warburg 
effect and plays key roles in driving prostate tumorigenesis. 

F I G U R E  1  PRKAR2B	knockdown	inhibits	prostate	cancer	cell	glycolysis.	A,	Western	blotting	analysis	of	the	knockdown	efficiency	
of	PRKAR2B	in	DU145	and	PC3	cells.	B-E,	The	effect	of	PRKAR2B	knockdown	on	the	glucose	utilization	(B),	lactate	production	(C),	
extracellular	acidification	rate	(D),	oxygen	consumption	rate	(E),	and	expression	of	glycolytic	components	(F)	in	DU145	and	PC3	cells.	
*P < .05; **P < .01
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Therefore,	 we	 investigated	 whether	 PRKAR2B	 regulates	 HIF-1α 
expression	or	activity	 in	prostate	cancer.	Firstly,	we	 found	a	close	
correlation	between	PRKAR2B	and	HIF-1α	mRNA	expression	in	the	
TCGA	 cohort	 (Figure	 4A,	R =	 0.41).	 Then,	we	 evaluated	 their	 ex-
pression	in	20	primary	PCa	tissues	and	17	metastatic	CRPC	tissues	
using	real-time	qPCR.	Representative	 IHC	staining	of	PRKAR2B	 in	
these	tissues	was	shown	in	Figure	S3.	As	a	result,	mRNA	expression	

level	 of	 PRKAR2B	 was	 positively	 associated	 with	 HIF-1α	 expres-
sion	 (Figure	 4C,	 R =	 0.65).	 Genetic	 silencing	 of	 PRKAR2B	 led	 to	
significant	 downregulation	 in	 HIF-1α protein level in DU145 cells 
(Figure	4C),	while	overexpression	of	PRKAR2B	upregulated	HIF-1α 
protein	level	in	LNCaP	cells	(Figure	4D).	LNCaP-AI	cells	had	higher	
endogenous	HIF-1α	 level	than	LNCaP	cells	(Figure	4E).	In	contrast,	
knockdown	of	PRKAR2B	in	LNCaP-AI	cells	reduced	HIF-1α protein 

F I G U R E  2  PRKAR2B	overexpression	promotes	the	Warburg	effect	in	prostate	cancer	in	vitro.	A,	Western	blotting	analysis	of	the	
overexpression	efficiency	of	PRKAR2B	in	LNCaP	cells.	B-E,	The	effect	of	PRKAR2B	overexpression	on	the	glucose	utilization	(B),	lactate	
production	(C),	extracellular	acidification	rate	(D),	oxygen	consumption	rate	(E),	and	expression	of	glycolytic	components	(F)	in	LNCaP	cells.	
SLC2A1,	solute	carrier	family	2	member	1;	PFKP,	phosphofructokinase	platelet;	PKM,	pyruvate	kinase	muscle	isozyme;	LDHA,	lactate	
dehydrogenase	A.	*P < .05; **P < .01

F I G U R E  3  Androgen-independent	LNCaP	cells	exhibits	enhanced	glycolysis.	A,	The	basal	glucose	utilization	in	LNCaP	and	LNCaP-AI	
cells.	B,	The	basal	lactate	production	in	LNCaP	and	LNCaP-AI	cells.	C,	Comparison	of	ECAR	and	OCR	status	in	LNCaP	and	LNCaP-AI	cells.	
D,	Real-time	qPCR	analysis	of	glucose	transporter	and	key	glycolytic	genes	in	LNCaP	and	LNCaP-AI	cells.	E,	Western	blotting	analysis	of	the	
effect	of	PRKAR2B	knockdown	efficiency	in	LNCaP-AI	cells.	(F-I)	The	effect	of	PRKAR2B	knockdown	on	the	glucose	utilization	(F),	lactate	
production	(G),	ECAR/OCR	(H),	and	expression	of	glycolytic	components	(I)	in	LNCaP-AI	cells.	(J)	Correlation	analysis	of	the	link	between	
PRKAR2B	expression	and	the	expression	level	of	glucose	transporter	and	key	glycolytic	genes	in	prostate	cancer	tissues	(n	=	492);	data	were	
obtained	from	the	TCGA	cohort.	*P < .05; **P < .01
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level	(Figure	4F).	To	further	confirm	the	regulatory	role	of	PRKAR2B	
on	 HIF-1α, we detected the transcriptional activity upon genetic 
manipulation	of	PRKAR2B.	Expectedly,	HIF-1α activity was reduced 
by	PRKAR2B	knockdown,	while	increased	by	PRKAR2B	overexpres-
sion	 (Figure	4G)	 in	PCa	cells.	 Furthermore,	we	determined	HIF-1α 

expression	 upon	 treatment	 of	 a	 specific	 PKA	 inhibitor	 H89	 for	
24	hours.	As	a	result,	H89	(50	μmol/L)	significantly	inhibited	HIF-1α 
expression	 (Figure	 4H),	 HIF-1α	 transcriptional	 activity	 (Figure	 4I),	
glucose	 uptake	 (Figure	 S4A),	 and	 lactate	 production	 (Figure	 S4B)	
in	 DU145	 and	 PC3	 cells.	 Collectively,	 these	 findings	 suggest	 that	

F I G U R E  4  PRKAR2B	regulates	HIF1α	expression	in	prostate	cancer.	(A-B)	Correlation	analysis	of	the	link	between	PRKAR2B	and	HIF1A	
expression	in	prostate	cancer	tissues;	data	were	obtained	from	the	TCGA	cohort	(A)	and	Ren	Ji	cohort	(B).	(C)	Western	blotting	analysis	
of	the	effect	of	PRKAR2B	knockdown	on	the	HIF1A	protein	level	in	DU145	cells.	(D)	Western	blotting	analysis	of	the	effect	of	PRKAR2B	
overexpression	on	the	HIF1A	protein	level	in	LNCaP	cells.	(E)	Western	blotting	analysis	of	HIF1A	protein	level	in	LNCaP	and	LNCaP-AI	cells.	
(F)	Western	blotting	analysis	of	the	effect	of	PRKAR2B	knockdown	on	the	HIF1A	protein	level	in	LNCaP-AI	cells.	(G)	Effects	of	PRKAR2B	
knockdown	or	overexpression	on	the	HIF-1α	activity.	(H)	Western	blotting	analysis	of	HIF1A	protein	level	in	DU145	and	PC3	cells	upon	
H89	(50	μmol/L)	treatment	for	24	h.	(I)	Determining	the	effect	of	H89	(50	μmol/L)	treatment	on	the	HIF-1α	activity	in	DU145	and	PC3	cells.	
*P < .05; **P < .01
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F I G U R E  5  Transcriptional	regulation	of	PRKAR2B	by	HIF-1α	in	prostate	cancer.	A,	Real-time	qPCR	analysis	of	PRKAR2B	expression	in	
DU145,	PC3,	and	LNCaP	cells	under	hypoxia	(1%	O2)	and	normoxia	(20%	O2)	condition.	B,	Real-time	qPCR	analysis	of	PRKAR2B	expression	
in	DU145,	PC3,	and	LNCaP	cells	after	100	μmol/L	CoCl2	treatment	for	24	h.	C,	Effect	of	HIF-1α	knockdown	on	the	PRKAR2B	expression	
in	DU145	and	PC3	cells.	D,	Luciferase	activity	of	PRKAR2B	gene	promoter	reporters	in	DU145	cells	transfected	with	HIF-1α or empty 
vector.	Red	sites	represents	the	putative	HIF-1α-binding	sites;	Mut,	mutant;	WT,	wild-type.	E,	PRKAR2B	ChIP-PCR	for	control	input	and	
H3K4me3	ChIP.	F,	The	PRKAR2B	gene	promoter	activity	in	DU145	and	PC3	cells	under	hypoxia	(1%	O2)	and	normoxia	(20%	O2)	condition.	
G,	The	PRKAR2B	gene	promoter	activity	in	LNCaP	and	LNCaP-AI	cells.	H,	PRKAR2B	ChIP-PCR	for	control	input	and	HIF-1α	ChIP.	*P < .05; 
**P < .01; ***P < .001
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PRKAR2B	might	promote	glycolysis	by	regulating	HIF-1α in prostate 
cancer.

3.4 | Transcriptional regulation of PRKAR2B by HIF-
1α in prostate cancer

Hypoxia	 is	 a	 constant	 characteristic	 of	 prostate	 tumour	microen-
vironment,	 and	 HIF-1α is the key regulator of the transcriptional 
response	to	hypoxic	stress.24	Given	the	close	correlation	between	
PRKAR2B	 and	 HIF-1α,	 we	 hypothesized	 that	 PRKAR2B	might	 be	
induced	by	hypoxia	 in	prostate	cancer.	To	test	 this	hypothesis,	we	
cultured	DU145,	PC3	and	LNCaP	cells	under	both	normoxic	and	hy-
poxic	condition	for	24	hours	As	a	result,	PRKAR2B	expression	was	
drastically	induced	by	hypoxia	in	three	tested	cell	lines	(Figure	5A).	
Using	a	chemical	inducer	of	HIF-1α,	CoCl2, we also obtained similar 
results	(Figure	5B).	Moreover,	knockdown	of	HIF-1α significantly re-
duced	PRKAR2B	expression	 in	DU145	and	PC-3	 cells	 (Figure	5C).	
To	further	confirm	this	observation,	we	first	examined	2	kb	of	pro-
moter	regions	of	PRKAR2B	gene	for	putative	HIF-1α response ele-
ment	 (5′-ACGTG-3′).	 Secondly,	we	 generated	 a	 promoter	 reporter	
containing	the	putative	binding	sites	(ACGTG)	(Figure	5D).	As	a	re-
sult,	HIF-1α	increased	the	reporter	activity	of	PRKAR2B,	while	mu-
tation	of	the	binding	site	largely	abolished	HIF-1α-induced	promoter	
reporter	activity	(Figure	5D).	Trimethylation	of	histone	H3	at	lysine	
4	(H3K4me3)	is	one	of	the	universal	markers	of	an	active	promoter.	
As	shown	in	Figure	5E.	A	significant	increase	in	H3K4me3	was	ob-
served	in	the	promoter	region	of	PRKAR2B.	Moreover,	the	reporter	
activity	was	induced	by	hypoxia	in	DU145	and	PC3	cells	(Figure	5F)	
and	 LNCaP-AI	 cells	 had	 higher	 reporter	 activity	 than	 LNCaP	 cells	
(Figure	5G).	To	further	confirm	this	observation,	we	performed	chro-
matin	immunoprecipitation	(CHIP)	experiment.	ChIP	and	input	cycle	
threshold values were normalized separately to empty vector con-
trol	as	1.	Consistently,	ChIP	result	revealed	that	HIF-1α can interact 
directly	with	PRKAR2B	gene	promoters	(Figure	5H).	Taken	together,	
these	data	above	demonstrate	that	PRKAR2B	expression	can	be	in-
duced	by	hypoxia	and	indicate	a	positive	PRKAR2B-HIF-1α feedback 
loop in prostate cancer.

3.5 | The growth-promoting role of PRKAR2B in 
prostate cancer is glycolysis-dependent

Previously,	we	have	revealed	that	PRKAR2B	contributes	to	tumour	
growth in prostate cancer.11	Using	a	subcutaneous	xenograft	model,	
we	examined	 the	 in	vivo	effects	of	PRKAR2B-overexpressing	and	
PRKAR2B	knockdown	on	prostate	cancer	cells.	The	result	showed	
that	PRKAR2B	knockdown	significantly	retarded	xenograft	tumour	
growth	of	DU145	cells,	while	PRKAR2B	overexpression	promoted	
xenograft	 tumour	 growth	 of	 LNCaP	 cells	 (Figure	 6A,B).	 Because	
glycolysis can enable tumour growth by providing intermediates 
for	biosynthesis	and	NADPH	production,	we	tested	whether	glyco-
lysis	 is	 needed	 for	 PRKAR2B-mediated	 growth	 advantage.	 Firstly,	

we	treated	LNCaP	cells	with	5	mmol/L	2-Deoxy-d-glucose	 (2-DG),	
a	well-known	glycolysis	 inhibitor.	As	 expected,	 2-DG	 largely	 com-
promised	the	growth	advantage	induced	by	PRKAR2B	overexpres-
sion	in	LNCaP	cells	(Figure	6C).	Secondly,	we	replaced	glucose	with	
galactose	(which	has	a	much	lower	rate	than	glucose	entry	into	gly-
colysis)	in	the	culture	medium	and	performed	plate	clone	formation	
experiments.	The	result	showed	that	galactose	also	abrogated	the	
tumour-promoting	role	of	PRKAR2B	in	cell	proliferation	(Figure	6D).	
Moreover,	we	also	determined	the	oncogenic	role	of	PRKAR2B	in	the	
presence	or	absence	of	HIF-1α	knockdown.	As	shown	in	Figure	6C,	
PRKAR2B	significantly	promoted	cell	proliferation	in	control	but	not	
HIF-1α	 knockdown	 LNCaP	 cells	 (Figure	 6E).	 By	 cell	 viability	 assay	
and	cell	apoptosis	assay	(Figure	S5),	we	confirmed	similar	phenom-
enon.	 By	 real-time	 qPCR,	we	 examined	 the	 PRKAR2B	 expression	
upon	 treatment	of	2-DG	or	galactose.	Notably,	2-DG	or	galactose	
had	 no	 significant	 effect	 on	 PRKAR2B	 expression	 in	 LNCaP	 cells	
(Figure	 6F,G).	 Given	 that	 PRKAR2B	 promotes	 aerobic	 glycolysis	
in	 PCa	 cells	 and	 blocking	 glycolysis	 largely	 abrogates	 the	 tumour-
promoting	effect	of	PRKAR2B,	we	conclude	that	PRKAR2B-induced	
Warburg effect may be essential for prostate tumorigenesis.

4  | DISCUSSION

In the current study, we investigated the possible regulatory of 
PRKAR2B	 in	 the	Warburg	metabolism	of	 human	PCa.	Our	 results	
showed	that	(a)	PRKAR2B	enhances	PCa	cell	glycolysis,	(b)	PRKAR2B	
is	able	 to	upregulate	HIF-1α	protein	 level,	 (c)	HIF-1α transcription-
ally	 induces	 PRKAR2B	 expression	 in	 PCa;	 (d)	 PRKAR2B-mediated	
tumour	growth	in	PCa	cells	is	glycolysis-dependent.	These	findings	
decipher	a	novel	role	of	PRKAR2B	in	PCa	and	provide	a	new	oppor-
tunity	to	develop	therapeutic	strategy	for	PCa	treatment.

Emerging	evidences	 indicate	that	 the	Warburg	effect	 is	 largely	
regulated by loss of tumour suppressors or activation of oncogenes, 
such	as	TP53,	KRAS	and	Myc.25,26	Blocking	the	Warburg	effect	 in	
cancer cells leads to reduced tumourigenicity and increased che-
mosensitivity, suggesting that targeting the Warburg metabolism is 
a promising for developing cancer treatment.27	 PRKAR2B	 is	 over-
expressed	in	CRPC	mouse	models	and	patients,	and	knockdown	of	
PRKAR2B	significantly	inhibits	CRPC	cell	proliferation,	invasion	and	
survival	by	mainly	modulates	cell	cycle	gene	expression.11 Notably, 
PRKAR2B	 can	 also	 activate	 Wnt/β-catenin	 signalling	 pathway	 to	
promote	 the	 epithelial-mesenchymal	 transition	 process	 and	 pros-
tate cancer metastasis.13 In this study, we for the first time uncov-
ered	a	new	role	of	PRKAR2B	in	regulating	cancer	cell	glycolysis.	This	
finding further broadens our insight into the oncogenic activities of 
PRKAR2B	 in	 prostate	 cancer.	 Moreover,	 tumour	 growth	 induced	
by	PRKAR2B	 is	 largely	glycolysis-dependent	 indicative	of	 the	crit-
ical	contribution	of	PRKAR2B	in	PCa	glycolysis.	In	mice,	PRKAR2B	
deficiency	 increases	 energy	 expenditure	 by	 inducing	 the	 expres-
sion of uncoupling protein 1 and other thermogenic genes, limited 
weight gain, and improved glucose metabolism through a mechanism 
involving	 increased	PKA	activity.28	 Previously,	 PKA	was	 shown	 to	
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F I G U R E  6  The	growth-promoting	role	of	PRKAR2B	in	prostate	cancer	is	glycolysis-dependent.	A,	In	vivo	growth	assay	of	that	sh-Ctrl	
and	sh-PRKAR2B	DU145	cells.	B,	In	vivo	growth	assay	of	that	ov-vector	and	PRKAR2B-overexressing	LNCaP	cells.	C,	Plate	clone	formation	
assay	showed	the	effect	of	PRKAR2B	on	LNCaP	cell	proliferation	in	the	presence	or	absence	of	5	mmol/L	2-DG.	D,	Plate	clone	formation	
assay	showed	the	effect	of	PRKAR2B	on	LNCaP	cell	proliferation	in	the	culture	medium	containing	25	mmol/L	glucose	or	25	mmol/L	
galactose.	E,	Measurement	of	the	effect	of	PRKAR2B	overexpression	on	LNCaP	cell	proliferation	in	the	presence	or	absence	of	HIF-1α 
knockdown.	F,	Real-time	qPCR	analysis	of	PRKAR2B	expression	in	DU145	and	PC3	cells	after	2-DG	treatment.	G,	Real-time	qPCR	analysis	of	
PRKAR2B	expression	in	DU145	and	PC3	cells	after	galactose	treatment.	*P < .05; **P < .01
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modulate	HIF1α by phosphorylation and stimulate its transcriptional 
activity.29	Consistently,	we	revealed	that	inhibition	of	PKA	activity	
with	H89	suppressed	HIF-1α	protein	expression	and	glycolytic	me-
tabolism	in	PCa	cells.	Therefore,	our	findings	open	the	way	of	using	
specific	 PKA	 inhibitors	 to	 PCa	 treatment	 by	 targeting	HIF-1α and 
inhibiting	 the	Warburg	 effect.	However,	whether	 altered	 PKA	 ac-
tivity	 is	 involved	in	the	underlying	mechanism	by	which	PRKAR2B	
promote aerobic glycolysis warrants further investigation.

Adaptation	of	cancer	cells	to	a	hypoxic	tumour	microenviron-
ment is of great importance for their malignant growth and distant 
metastasis.30 One of the major mechanisms mediating the hy-
poxic	response	is	 induction	of	HIF-1α	expression,	which	controls	
reprogramming of energy metabolism by direct targeting metab-
olism-related	genes.31	Here	we	revealed	that	PRKAR2B	can	facil-
itate	 tumour	glycolysis	by	 increasing	HIF-1α, which is commonly 
overexpressed	in	prostate	cancer.	As	a	key	transcription	factor	for	
aerobic	 glycolysis,	 HIF-1α	 initiates	 the	 transcription	 of	 SLC2A1,	
PFKP,	PKM	and	LDHA	mRNA.	As	a	result,	increased	transcripts	lead	
to	high	protein	expression	of	these	glycolytic	components,	which	
ultimately	promote	aerobic	glycolysis	in	PCa.	Increased	HIF-1α	ex-
pression	 in	PCa	 is	 closely	correlated	with	 rapid	cell	proliferation	
and higher metastatic potential.32	Importantly,	HIF-1α	expression	
has been demonstrated to increase as prostate cancer progressed 
from	 androgen-dependent	 to	 androgen-independent	 states.33 
Consistent	with	 this	 notion,	we	 found	 that	 LNCaP-AI	 cells	 have	
higher	HIF-1α	level	than	its	parental	LNCaP	cells.	Interestingly,	we	
further	 identified	 that	HIF-1α	 regulates	 PRKAR2B	 expression	 at	
transcriptional level. Importantly, tumour growth advantage in-
duced	by	PRKAR2B	could	be	largely	abrogated	by	HIF-1α knock-
down,	suggesting	the	importance	of	PRKAR2B-HIF-1α	loop	in	PCa	
development.

In	conclusion,	we	have	shown	that	dysregulated	PRKAR2B	is	in-
volved	 in	 the	altered	metabolism	 in	PCa.	We	 further	demonstrate	
a	 reciprocal	 regulation	 between	 PRKAR2B	 and	 HIF-1α and this 
loop have a critical role in the Warburg effect and tumour growth. 
Interference	 of	 PRKAR2B-HIF-1α loop may hold promise for pre-
venting	PCa	development.
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