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Abstract
The	 function	 of	 the	 transcription	 factor,	 cAMP	 response	 element-	binding	 protein	
(CREB),	is	activated	through	S133	phosphorylation	by	PKA	and	others.	Regarding	its	
inactivation,	it	is	not	well	defined.	cAMP	response	element-	binding	protein	plays	an	
essential	role	in	promoting	cell	proliferation,	neuronal	survival	and	the	synaptic	plas-
ticity	associated	with	long-	term	memory.	Our	recent	studies	have	shown	that	CREB	
is	 an	 important	 player	 in	mediating	 stress	 response.	Here,	we	 have	 demonstrated	
that CREB regulates aging process through suppression of αB-	crystallin	and	activa-
tion	of	the	p300-	p53-	Bak/Bax	signaling	axis.	First,	we	determined	that	two	specific	
protein	phosphatases,	PP-	1β	and	PP-	2Aα,	can	inactivate	CREB	through	S133	dephos-
phorylation.	Subsequently,	we	demonstrated	that	cells	expressing	the	S133A-	CREB,	
a	mutant	mimicking	constant	dephosphorylation	at	S133,	suppress	CREB	functions	in	
aging	control	and	stress	response.	Mechanistically,	S133A-	CREB	not	only	significantly	
suppresses CREB control of αB-	crystallin	 gene,	 but	 also	 represses	CREB-	mediated	
activation	 of	 p53	 acetylation	 and	 downstream	 Bak/Bax	 genes.	 cAMP	 response	
element-	binding	protein	suppression	of	αB-	crystallin	and	its	activation	of	p53	acety-
lation are major molecular events observed in human cataractous lenses of different 
age	groups.	Together,	our	results	demonstrate	that	PP-	1β	and	PP-	2Aα modulate CREB 
functions	in	aging	control	and	stress	response	through	de-	regulation	of	αB-	crystallin	
gene	and	p300-	p53-	Bax/Bak	signaling	axis,	which	regulates	human	cataractogenesis	
in the aging lens.
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1  |  INTRODUCTION

Protein	 phosphorylation/dephosphorylation	 is	 one	 of	 the	 most	
important	post-	translational	modifications,	modulating	functions	
of	more	than	one-	third	of	total	eukaryote	proteins,	and	thus	par-
ticipates in control of various physiological processes such as 
gene	expression	and	regulation,	DNA	replication	and	damage	re-
sponse,	cell	proliferation,	growth	and	differentiation,	cell	 trans-
formation,	 and	 apoptosis	 (Cohen,	 1989;	 Hunter,	 1995;	 Hunter	
&	Karin,	 1992;	Moorhead	 et	 al.,	 2007;	Mumby	&	Walter,	 1993;	
Olsen	et	al.,	2006).

It is well established that protein phosphorylation/dephos-
phorylation is also implicated in control of cell senescence and or-
ganism aging. Through regulating functions of the various signaling 
transducers	and	transcription	factors,	protein	phosphorylation/de-
phosphorylation	plays	essential	roles	in	the	control	of	aging	(Hart,	
2019;	Kang	et	al.,	2013;	Matsuoka	et	al.,	2007;	Pan	&	Finkel,	2017).	
The	tumor	suppressors,	the	retina	blastoma	protein	(RB)	and	p53,	
are important players and have been shown to control two major 
aging	pathways	(Campisi,	2005;	Miura	et	al.,	2004;	Pelicci,	2004;	
Sperka	 et	 al.,	 2012;	 Stewart	&	Weinberg,	 2006).	 Their	 functions	
are	highly	regulated	by	various	kinases.	The	cyclin-	dependent	ki-
nases	 phosphorylate	RB	 to	 free	members	 of	 E2F	 and	 thus	 drive	
cell	 cycle	 progression	 or	 run	 into	 premature	 senescence	 (Kim	 &	
Sharpless,	2006;	Sharpless	&	DePinho,	2004).	For	p53,	17	serine/
threonine phosphorylation residues have been identified to impli-
cate	its	stability	and	activation	status	(Bode	&	Dong,	2004;	Kruse	
&	Gu,	2009).	In	this	regard,	we	have	previously	demonstrated	that	
both	 PP-	1	 and	 PP-	2A	 can	 dephosphorylate	 p53	 to	 modulate	 its	
transcriptional	 and	 pro-	apoptotic	 activities	 (Li	 et	 al.,	 2006;	 Qin	
et	al.,	2008).	Here,	we	show	that	PP-	1	and	PP-	2A	can	modulate	the	
functions	of	the	cAMP	response	element-	binding	protein	(CREB),	
a	major	transcription	factor	in	brain	functions	(Mayr	&	Montminy,	
2001)	 and	 also	 an	 important	mediator	 of	 stress	 response	 (Wang	
et	al.,	2020).

cAMP	 response	 element-	binding	 protein	mediates	 the	 regu-
lation	 of	 the	 cAMP	 response	 genes	 by	 binding	 as	 a	 dimer	 to	 a	
conserved	 cAMP	 response	 element	 (CRE):	 TGACGTCA	 (Comb	
et	al.,	1986;	Montminy	et	al.,	1986).	During	its	activation,	the	G-	
protein-	coupled	 receptors	 induce	accumulation	of	 cAMP,	which	
activates	PKA	 to	phosphorylate	CREB	at	S133	 (Hagiwara	et	 al.,	
1993)	and	promotes	recruitment	of	the	transcription	co-	activator	
CBP	 and	 its	 paralogue	 p300	 (Arany	 et	 al.,	 1994;	 Chrivia	 et	 al.,	
1993;	Del	et	al.,	2019;	Ebrahimi	et	al.,	2019).	The	activated	CREB	
is	 inactivated	 through	 S133	 dephosphorylation.	 However,	 the	
exact	phosphatases	mediating	CREB	 inactivation	have	not	been	
well defined.

The most prominent function of CREB is its implication in the 
synaptic	plasticity	 associated	with	 long-	term	memory	 (Altarejos	&	
Montminy,	2011;	Bartsch	et	al.,	1998;	Del	et	al.,	2019).	Disruption	of	
CREB	(both	α-		and	δ-	isoforms)	in	mice	causes	defects	in	long-	term	
potentiation	 and	 long-	term	 memory	 (Bourtchuladze	 et	 al.,	 1994).	
On	the	contrary,	expression	of	the	dominant-	active	CREB	polypep-
tide	accelerates	the	learning	process	(Yin	et	al.,	1994,	1995).	cAMP	
response	 element-	binding	 protein	 also	 promotes	 growth-	factor-	
dependent survival of both sympathetic and cerebellar neurons 
(Bonni	et	al.,	1999;	Riccio	et	al.,	1999).

In	contrast	to	the	earlier	study,	our	recent	studies	have	shown	
that CREB plays an important role in mediating stress response 
(Wang	 et	 al.,	 2020).	 By	 suppressing	 expression	 of	αB-	crystallin	 in	
lens	epithelial	cells,	CREB	promotes	oxidative	stress-	induced	apop-
tosis	followed	by	cataractogenesis	(Li	et	al.,	1995;	Li	&	Spector,	1996;	
Wang	et	al.,	2020).

Cataract is an aging disease that in most cases is derived from 
aging	process	or	environmental	stress	 induction	(Cogan,	1973)	be-
sides	genetic	mutations	(Shiels	&	Hejtmancik,	2019).	Over	two	cen-
turies of studies have revealed that many different factors can induce 
cataractogenesis	 (Bloemendal,	1991;	Lim	et	al.,	2020;	Schey	et	al.,	
2020;	Shu	&	Lovicu,	2017;	Wormstone	et	al.,	2020).	Mechanistically,	
we	have	previously	demonstrated	that	stress-	induced	apoptosis	is	a	
common	cellular	basis	for	non-	congenital	cataractogenesis	(Li	et	al.,	
1995;	Li	&	Spector,	1996).

In	the	present	study,	we	demonstrate	that	CREB	regulates	aging	
process through suppression of αB-	crystallin	and	activation	of	the	
p300-	p53-	Bak/Bax	 signaling	 axis.	 First,	 we	 determined	 that	 two	
specific	 protein	 phosphatases,	 PP-	1β	 and	 PP-	2Aα,	 can	 dephos-
phorylate	CREB	at	S133	 to	modulate	 its	 functions.	Subsequently,	
we	 showed	 that	 lens	 epithelial	 cells	 expressing	 the	 S133A-	CREB,	
a	mutant	mimicking	constant	dephosphorylation	of	CREB	at	S133,	
suppress	 the	ability	of	wild-	type	CREB	 in	mediating	aging	control	
and	 stress	 response.	 Mechanistically,	 S133A-	CREB	 not	 only	 sig-
nificantly	de-	regulates	CREB	suppression	of	αB-	crystallin	but	also	
represses	CREB-	mediated	activation	of	p300-	p53	signaling	axis.	In	
the	 S133A-	CREB	mice	 generated	 through	 CRISPR/Cas9	 technol-
ogy,	we	found	that	αB-	crystallin	expression	is	greatly	upregulated	
than	in	wild-	type	adult	mice.	Moreover,	PP-	1β	and	PP-	2Aα	overex-
pression	can	negatively	regulate	CREB	and	its	downstream	target,	
αB.	 Furthermore,	 from	 transparent	 lenses	 to	 cataractous	 lenses	
of	 the	60s	age	group,	we	observed	 that	 the	 catalytic	 subunits	of	
PP-	1β	and	PP-	2Aα are downregulated to enhance CREB functions. 
Consistently,	 CREB	 is	 significantly	 upregulated	 from	 transparent	
lenses	to	cataractous	lenses	of	the	same	age	group.	In	contrast,	αB-	
crystallin,	 the	CREB	 target,	 an	 important	 anti-	apoptotic	 regulator	
(Andley	et	al.,	2000;	Mao	et	al.,	2004;	Martin	et	al.,	1997;	Mehlen	
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et	al.,	1995;	Ousman	et	al.,	2007;	Sharma,	2016),	and	also	an	anti-	
aging	regulator	(Brady	et	al.,	2001;	Lim	et	al.,	2017),	is	greatly	down-
regulated.	Therefore,	CREB	suppression	of	αB-	crystallin	 is	closely	
associated	 with	 human	 lens	 aging	 and	 pathogenesis.	 In	 addition,	
p53 is downregulated from normal lens to cataractous lenses of the 
60s	 age	 group;	 however,	 the	 acetyltransferase,	 Pcaf	 for	 p53	 and	
p53	acetylation	at	K382	are	significantly	upregulated	of	the	same	
age	 group.	 Thus,	 CREB-	regulated	 activation	 of	 p300-	p53	 signal-
ing	axis	is	also	linked	to	human	lens	aging	and	cataract	formation.	
Together,	our	results	demonstrate	that	dephosphorylation	by	PP-	1β 
and	PP-	2Aα modulates CREB functions in aging control and stress 
response	 through	 de-	regulation	 of	 αB-	crystallin	 gene	 and	 p300-	
p53-	Bax/Bak	signaling	axis,	which	regulates	human	cataractogene-
sis in the aging lenses.

2  |  RESULTS

2.1  |  Inhibition of protein phosphatases, 
PP- 1 and PP- 2A, induces dose- dependent 
hyperphosphorylation of CREB at S133

To identify the specific isoforms of phosphatases that dephos-
phorylate	CREB	at	S133,	we	first	treated	the	mouse	lens	epithelial	
cells	 (MLECs),	αTN4-	1	with	 okadaic	 acid	 (OA),	 a	 potent	 inhibitor	
that	 has	 been	 shown	 to	 inhibit	 PP-	2A	 activity	 at	 low	 concentra-
tion	 (<20	nM)	but	both	PP-	2A	and	PP-	1	at	higher	concentrations	
(>20	nM)	(Fernandez	et	al.,	2002;	Li	et	al.,	2006;	Qin	et	al.,	2008;	
Xiao	et	al.,	2010).	As	shown	in	Figure	1a,b,	OA	at	concentrations	
from	 20	 to	 200	 nM	 caused	 a	 dose-	dependent	 increase	 in	 the	

F IGURE  1 Inhibition	of	PP-	1	and	PP-	2A	by	okadaic	acid	(OA)	or	PP2A	inhibitor	LB100	induces	hyperphosphorylation	of	CREB	at	S133.	
Inhibition	of	PP-	1	and	PP-	2A	by	okadaic	acid	(OA)	in	mouse	lens	epithelial	cells	(αTN4-	1,	a	&	b)	or	mouse	skin	epithelial	cells	(JB6,	c	&	d)	
induces	hyperphosphorylation	of	CREB	at	S133.	Both	types	of	cells	were	grown	to	95%	confluence,	then	pretreated	with	0.1%	DMSO	(lane	
1)	or	with	20–	200	nM	okadaic	acid	as	indicated	for	3	h.	The	expression	levels	of	CREB,	p-	CREB	at	S133	and	β-	tubulin	were	determined	by	
Western	blot	analysis	(WB).	Notice	that	inhibition	of	PP-	2A	(20	nM	OA)	or	both	PP-	1	and	PP-	2A	(20–	200	nM	OA)	as	previously	determined	
(Li	et	al.,	2006.)	induces	hyperphosphorylation	of	CREB	at	S133	in	both	lens	epithelial	cells	(αTN4-	1	cells,	a	&	b)	and	mouse	skin	epithelial	
cells	(JB6	cells,	c	&	d).	Furthermore,	LB100	a	more	specific	inhibitor	for	PP-	2A	at	the	concentrations	of	2–	16	μM	also	induced	dose-	
dependent	hyperphosphorylation	of	CREB	at	S133	in	mouse	lens	epithelial	cells,	αTN4-	1	(e	&	f).	These	results	suggest	that	both	PP-	1	and	
PP-	2A	seem	to	be	involved	in	dephosphorylation	of	CREB	at	S133.	The	p-	value	was	calculated	by	comparing	the	pixel	density	value	from	
each	OA/LB100-	treated	sample	with	that	from	the	mock-	treated	sample.	*p <	0.05,	**p < 0.01
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phosphorylation	level	of	CREB	at	S133,	such	result	suggests	that	
both	PP-	1	and	PP-	2A	may	dephosphorylate	CREB	at	S133	in	mouse	
lens	epithelial	cells.	To	determine	whether	this	is	true	in	other	cells,	
we	also	treated	mouse	skin	epithelial	cells,	JB6,	with	the	same	con-
centration	gradients.	As	shown	in	Figure	1c,d,	although	JB6	cells	
have	a	higher	background	of	CREB	phosphorylation	at	S133,	treat-
ment	of	 these	cells	with	20–	200	nM	OA	also	caused	similar	pat-
tern	of	CREB	hyperphosphorylation	at	S133,	further	indicating	the	
involvement	of	PP-	1	and	PP-	2A	in	the	dephosphorylation	of	CREB	
S133	 in	 both	 lens	 and	 non-	lens	 cells.	 To	 further	 show	 that	 PP-	
2A	 is	 implicated	 in	control	of	CREB	S133	dephosphorylation,	we	
treated αTN4-	1	cells	with	a	more	specific	PP-	2A	inhibitor,	LB100	
(Wang,	Lou,	et	al.,	2019;	Wang,	Friedrich,	et	al.,	2019).	As	shown	
in	Figure	1e,f,	 LB100	at	 concentrations	of	2–	16	μM	also	 induces	
dose-	dependent	CREB	phosphorylation,	 thus	confirming	the	role	
of	PP-	2A	in	this	process.

2.2  |  Silence of PP- 1β and PP- 2Aα leads to 
hyperphosphorylation of CREB at S133 in mouse lens 
epithelial cells

To	 determine	 which	 isoforms	 of	 PP-	1	 and	 PP-	2A	 phosphatases	
are	implicated	in	dephosphorylation	of	CREB,	we	knocked	down	
different	 isoforms	 of	 the	 catalytic	 subunits	 for	 PP-	1	 and	 PP-	2A	
using	 plasmids	 generating	 shRNA	 for	 PP-	1α,	 PP-	1β,	 PP-	1γ,	 PP-	
2Acα,	 and	 PP-	2Acβ.	 As	 shown	 in	 Figure	 2a,b,	 when	 PP-	1β and 
PP-	2Acα	 were	 silenced	 with	 stable	 knockdown	 plasmids,	 both	
isoforms of phosphatases were clearly downregulated in their 
expression	 levels.	Down-	regulation	of	PP-	1β	and	PP-	2Acα led to 
significant	increase	in	the	phosphorylation	level	of	CREB	at	S133	
while	total	CREB	remained	unchanged.	Silence	of	3	other	isoforms	
caused	little	changes	in	the	phosphorylation	status	of	S133-	CREB	
(Figure	2c–	e).

2.3  | Overexpression of PP- 
1β and PP- 2Aα through the Tet- on system induces 
hypophosphorylation of CREB- S133 in MLECs

To	confirm	that	PP-	1β	and	PP-	2Aα are indeed the specific isoforms 
of	 phosphatases	 dephosphorylating	 CREB	 at	 S133,	 we	 overex-
pressed	 the	 two	 isoforms	 of	 the	 catalytic	 subunits	 of	 PP-	1	 and	
PP-	2A	 using	 our	 previously	 established	 Tet-	on	 system	 (Li	 et	 al.,	
2006).	As	 shown	 in	Figure	2f,g,	when	doxycycline	was	 increased	
to	500	ng/ml	or	higher,	PP-	1β	and	PP-	2Acα were induced to a level 
that	caused	complete	dephosphorylation	of	CREB	at	S133.	These	
results	clearly	showed	that	both	PP-	1β	and	PP-	2Aα are the major 
phosphatases	that	dephosphorylate	CREB	at	S133.	Thus,	our	data	
indicate	that	both	PP-	1β	and	PP-	2Acα are capable to dephosphoryl-
ate	CREB	at	S133.

2.4  | MLECs expressing exogenous CREB and 
CREB- S133A display differential ability to suppress 
expression of αB- crystallin and contrast sensitivity to 
oxidative stress- induced apoptosis

To	 compare	whether	 CREB	 and	 S133A-	CREB	 have	 functional	 dif-
ference,	we	 first	established	stable	 lines	of	MLECs	expressing	 the	
empty	 vector,	 pCI-	αTN4-	1,	 wild-	type	 CREB,	 pCI-	CREB-	αTN4-	1,	
and also mutant CREB mimicking constant dephosphorylation at 
S133	residue,	pCI-	S133A-	CREB-	αTN4-	1	(Figure	S1).	As	we	demon-
strated	recently	(Wang	et	al.,	2020),	expression	of	exogenous	wild-	
type	CREB	completely	suppressed	expression	of	 the	αB-	Crystallin	
gene	 (Figure	3a).	 In	contrast,	expression	of	 the	exogenous	mutant	
S133A-	CREB	displayed	significantly	attenuated	suppression	of	 the	
αB-	Crystallin	gene	(Figure	3a,b).

Next,	 we	 treated	 four	 stable	 lines	 of	 MLECs,	 αTN4-	1,	 pCI-	
αTN4-	1,	 pCI-	CREB-	αTN4-	1,	 and	 pCI-	S133A-	CREB-	αTN4-	1	 with	
40	mU	glucose	oxidase	(GO)	for	3–	6	h	(Figure	3c).	During	this	pro-
cess,	GO	 induces	 production	of	 hydrogen	peroxide	 and	 reduction	
in	protein	thiols	 (Wang	et	al.,	2020).	Live	and	dead	assay	and	ATP	
loss	analysis	 (Crouch	et	al.,	1993;	Wang	et	al.,	2020)	revealed	that	
cells	expressing	wild-	type	CREB	were	most	sensitive	to	GO-	induced	
apoptosis,	 and	 about	 70%	 of	 the	 treated	 cells	 were	 undergoing	
apoptosis	(Figure	3c,d).	In	contrast,	in	mutant	CREB-	S133A	express-
ing	cells,	less	than	40%	cells	were	found	apoptotic,	similar	to	those	
cells	 in	parent	and	vector-	transfected	cells	 (Figure	3c,d).	Thus,	our	
results	 revealed	 that	S133A-	CREB	has	much	attenuated	 functions	
than	 CREB	 in	 sensitizing	 lens	 epithelial	 cells	 to	 oxidative	 stress-	
induced apoptosis.

2.5  |  RNAseq analysis revealed that expression of 
exogenous CREB altered the transcription patterns of 
some p53 target genes in MLECs

To	further	understand	why	CREB	and	S133A-	CREB	expression	cells	
displayed	differential	 sensitivity	 to	 oxidative	 stress-	induced	 apop-
tosis,	 we	 conducted	 RNAseq	 analysis	with	WT-	CREB	 and	mutant	
S133A-	CREB-	transfected	 cells.	 As	 shown	 in	 Figure	 S2A,	 expres-
sion	in	a	total	of	857	genes	displayed	changes	with	430	genes	up-
regulated	and	427	downregulated	(SRA	accession:	PRJNA566306).	
Among	 these	 genes,	 besides	 the	 obviously	 changed	 expression	
pattern of αB-	crystallin	 (Figure	 S2B,	 Cryab),	 we	 noticed	 that	 the	
apoptosis-	related	 genes,	 the	 p53	 target	 genes,	 Bak	 and	Bax	were	
also	significantly	changed	(Figure	S2B).	QRT-	PCR	analysis	confirmed	
that	Bak	and	Bax	were	upregulated	in	cells	expressing	CREB	but	not	
significant	 in	 S133A-	CREB	 cells	 (Figure	 4a).	 QRT-	PCR	 analysis	 of	
eight	other	apoptosis-	related	genes	revealed	absence	of	significant	
changes	at	the	mRNA	levels	(Figure	S3).	To	better	compare	the	ef-
fects	of	CREB	and	S133A-	CREB,	we	silenced	the	endogenous	CREB	
of	the	above	parent	and	stable	cell	lines	using	shRNA	targeting	the	
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F IGURE  2 Changes	in	PP-	1β	or	PP-	2Aα	levels	are	closely	linked	to	phosphorylation	status	of	CREB.	(a	&	b)	Silence	of	PP-	1β	(a)	or	
PP-	2Acα	(b)	by	specific	shRNAs	enhances	hyperphosphorylation	of	CREB	at	S133	in	αTN4-	1	cells.	(c,	d,	&	e)	Silence	of	PP-	1α	(c),	PP1γ	(d),	
or	PP-	2Acβ	(e)	by	specific	shRNAs	almost	have	no	effect	on	phosphorylation	status	of	CREB	at	S133	in	αTN4-	1	cells.	One	stable	clone	
from each catalytic subunit silence group was selected for comparison with the mock knockdown. The different silence constructs were 
obtained from Open Biosystems Inc. and amplified. The different constructs were then transfected into αTN4-	1	cells,	and	stable	clones	
expressing	shRNA	for	each	catalytic	subunit	of	PP-	1	and	PP-	2A	were	established	under	screening	by	puromycin	(1	μg/ml)	for	4–	6	weeks.	
The	stable	clones	were	first	verified	by	Western	blot.	Note	that	knockdown	of	PP-	1β	(a)	and	PP-	2Acα	(b)	but	not	PP-	1α	(c),	PP1γ	(d),	or	PP-	
2Acβ	(e)	leads	to	hyperphosphorylation	of	CREB	at	S133.	(f	&	g)	Overexpression	of	PP-	1β	(f)	or	PP-	2Aα	(g)	through	Tet-	on	system	induces	
hypophosphorylation	of	CREB	at	S133.	(f	&	g)	The	stable	PP-	1β	(f)	or	PP-	2Acα	(g)	inducible	αTN4-	1	cells	grown	to	80%	confluence	were	
pre-	incubated	with	1,	50,	500,	and	5000	ng/ml	doxycyclin	for	2	h.	At	the	end,	cells	were	harvested	for	analysis	of	PP-	1β	(f)	or	PP-	2Acα	(g)	
expression	and	phosphorylation	status	of	CREB	at	S133	through	Western	blot	analysis
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3′-	UTR	 sequences	 (Figure	 S4).	 Western	 blot	 analysis	 with	 these	
shCREB-	3′UTR	 cells	 lines	 further	 confirmed	 that	 CREB	 but	 not	
S133A-	CREB	upregulated	expression	of	Bak	and	Bax	(Figure	4b,c).	
Thus,	our	results	revealed	that	expression	of	exogenous	CREB	alters	
the	expression	patterns	of	a	panel	of	apoptosis-	related	genes	includ-
ing	Bak	and	Bax	besides	its	suppression	of	αB-	crystallin	to	mediate	
its	hypersensitivity	to	oxidative	stress-	induced	apoptosis.	The	mu-
tant	S133A-	CREB,	however,	significantly	lost	the	CREB	function	in	
upregulating	Bak	and	Bax.

2.6  | Knockdown of Bak, Bax, or both attenuates 
CREB- promoted and GO- induced apoptosis

To	determine	whether	CREB-	mediated	upregulation	of	Bak	and	Bax	
contributes	 to	 the	 hypersensitivity	 of	 the	 CREB	 expression	 cells	
to	 oxidative	 stress	 response,	 we	 have	 conducted	 CRISPR/Cas9-	
mediated	knockout	of	either	Bak,	Bax,	or	both	of	them	in	mouse	lens	
epithelial	cells.	Bak,	Bax,	and	Bak/Bax	KO	were	verified	by	sequenc-
ing	(Figure	S5	and	Western	blot	analysis	(Figure	4d–	f).	When	these	
CREB	expression,	Bak/Bax	KO	cells	were	then	treated	with	40	mU	
GO	for	3	h,	as	shown	in	Figure	4g,	KO	of	Bak,	Bax,	or	both	of	them	
caused	 significant	 resistance	 to	 CREB-	promoted	 and	 GO-	induced	

apoptosis.	 In	comparison	with	vector-	transfected	cells,	KO	of	Bak,	
Bax,	or	both	of	them	caused	even	more	significant	resistance	to	GO-	
induced	apoptosis	(data	not	shown).	Thus,	CREB-	regulated	increase	
in	Bak	and	Bax	contributes	to	the	hypersensitivity	of	CREB	expres-
sion	cells	to	oxidative	stress-	induced	apoptosis.

2.7  | Overexpression of CREB but not CREB- S133A 
upregulates p300 level in MLECs

To	understand	why	CREB	causes	upregulation	of	the	pro-	apoptotic	
regulators,	Bak	and	Bax,	we	first	used	bioinformatics	to	determine	
whether	CREB	can	directly	control	p53	to	upregulate	Bak	and	Bax	
and found that p53 promoter does not contain CREB binding sites 
within	10	kb	upstream	and	downstream	(data	not	shown).	Next,	we	
checked if CREB could regulate p53 stability and activity through 
post-	translational	modifications.	 Since	 the	 co-	activator,	 p300	 acts	
as an acetyltransferase and has previously been shown to acety-
late	p53	 (Gu	&	Roeder,	 1997;	 Sakaguchi	 et	 al.,	 1998),	we	 checked	
p300	 levels	 and	 p53	 acetylation	 status	 in	 pCI-	CREB-	αTN4-	1	 and	
pCI-	S133A-	CREB-	αTN4-	1	 cells	 with	 endogenous	 CREB	 knocked	
down	by	shRNA	targeting	3′-	UTR	sequences	(Figure	S4).	As	shown	
in	Figure	5a,b,	p300	was	clearly	upregulated	 in	pCI-	CREB-	αTN4-	1	

F IGURE  3 Expression	of	S133A	mutant	CREB	significantly	attenuates	CREB	Functions	in	suppressing	αB-	crystallin	expression	and	
promoting	hydrogen	peroxide-	induced	apoptosis.	(a)	Western	blot	analysis	determined	the	expression	levels	of	αB-	crystallin	in	pCI-	Neo-	
αTN4-	1,	pCI-	CREB-	αTN4-	1,	and	pCI-	S133A-	CREB-	αTN4-	1	cells	under	40mU	glucose	oxidase	(GO)	treatment.	(b)	Semi-	quantification	of	the	
Western	blot	results	in	(a).	(c)	Live/dead	assays	analyze	cell	apoptosis	induced	by	40	mU	GO,	Green	fluorescence	represents	live	cells	as	
detected	by	Calcein-	AM,	and	red	fluorescence	detected	by	EthD-	1	refers	to	dead	cells.	(d)	CellTiter-	Glo® luminescent cell viability assays 
to	determine	the	rate	of	apoptosis.	Note	that	pCI-	CREB-	αTN4-	1	cells	displayed	the	highest	level	of	apoptosis	(about	80%)	under	40	mU	
GO	treatment.	In	contrast,	cells	expressing	S133A-	CREB	displayed	much	weak	stress	response	to	with	less	than	half	of	apoptosis.	All	
experiments	were	repeated	three	times.	Error	bar	represents	standard	deviation,	N =	3.	NS,	not	significant,	*p <	0.05,	**p < 0.01
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cells	 but	 not	 in	 pCI-	S133A-	CREB-	αTN4-	1	 cells.	We	 also	 examined	
the	 expression	 level	 of	 another	 p53	 acetyltransferase,	 Pcaf,	 and	
found	 that	 it	 was	 upregulated	 in	 similar	 way	 as	 p300.	 Next,	 we	
checked	the	p53	acetylation	status	using	Western	blot	analysis.	As	
shown	in	Figures	4b,c	and	5c,d,	while	total	p53	remains	unchanged	
in	 the	 two	 types	 of	 cells,	 p53	 K379/K382	 acetylation	 (in	 mouse	
K379	 and	 in	 human	 K382)	 was	 significantly	 higher	 in	 pCI-	CREB-	
αTN4-	1	 cells	 than	 that	 in	 pCI-	S133A-	CREB-	αTN4-	1	 cells	 without	
(Figure	 4b,c)	 or	with	 (Figure	 5c,d)	 GO	 treatment.	 Consistent	with	
the	upregulation	of	p53	acetylation	at	K379/K382,	 the	expression	
levels	 of	 both	 Bak	 and	 Bax	 were	 upregulated	 at	 each	 time	 point	

during	GO	treatment	(Figure	5e,f).	This	 is	consistent	with	previous	
observation that phosphorylated CREB can recruit p300 to regulate 
CREB	targets	(Arany	et	al.,	1994;	Chrivia	et	al.,	1993;	Del	et	al.,	2019;	
Ebrahimi	et	al.,	2019).	To	understand	how	CREB	upregulates	p300,	
we	have	checked	the	promoter	of	p300	gene,	and	also	its	upstream	
and	downstream	sequences	up	to	10	kb	regions,	no	conserved	CREB	
binding	site	was	identified	(data	not	shown).	This	is	consistent	with	
our	observation	that	CREB	does	not	upregulate	p300	mRNA	(data	
not	shown).	Next,	we	examined	if	CREB	increases	p300	stability.	To	
do	so,	cycloheximide	was	used	 to	block	protein	synthesis	 in	mock	
knockdown	or	CREB	knockdown	cells,	 and	 their	p300	 levels	were	

F IGURE  4 cAMP	response	element-	binding	protein	positively	regulates	pro-	apoptotic	genes,	Bax	and	Bak	to	enhance	stress-	induced	
apoptosis.	(a)	QRT-	PCR	confirms	the	RNAseq	analysis	data	(Figure	S2)	to	show	both	Bak	and	Bax	are	upregulated	in	cells	expressing	CREB	
but	not	the	S133A-	CREB	mutant.	(b	&	c)	Western	blot	analysis	of	the	expression	levels	of	P53,	Acetyl-	p53-	K379,	Bax,	Bak,	in	parent	
αTN4-	1,	pCI-	Neo-	αTN4-	1,	pCI-	CREB-	αTN4-	1,	and	pCI-	S133A-	CREB-	αTN4-	1	cells,	in	all	of	which	the	endogenous	CREB	were	knocked	
down	with	shRNA	targeting	to	CREB	3′UTR	(Figure	S4).	Note	that	the	expression	levels	of	Bak,	Bax,	and	Acetyl-	p53-	K379	but	not	p53	were	
significantly	upregulated	in	pCI-	CREB-	αTN4-	1	cell	but	not	in	pCI-	S133A-	CREB-	αTN4-	1	cells.	(d,	e,	f,	&	g)	CRISPR-	Cas9-	mediated	Bak,	Bax	
knockout	or	their	double	knockout	significantly	attenuated	CREB-	promoted	and	40	mU	GO-	induced	apoptosis	of	the	pCI-	CREB-	αTN4-	1	
cells	with	Bak,	Bax,	or	Bak/Bax	KO,	respectively.	(d,	e,	&	f)	WB	confirms	that	Bak,	Bax,	or	both	of	them	were	successfully	knocked	out	from	
pCI-	CREB-	αTN4-	1	cell.	(g)	CellTiter-	Glo®	luminescent	cell	viability	assay	analysis	determined	the	apoptosis	rate	in	40	mU	GO-	induced	
mock-	,	Bak-	knockout,	Bax-	knockout,	or	Bak/Bax	double	knockout	pCI-	CREB-	αTN4-	1	cells.	Note	that	single	knockout	of	either	Bak	or	Bax	
can	attenuate	GO-	induced	apoptosis,	double	knockout	of	Bak	or	Bax	caused	a	further	reduction	in	the	CREB-	promoted	and	GO-	induced	
apoptosis	of	pCI-	CREB-	αTN4-	1	cells
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analyzed	by	Western	blot	analysis.	As	shown	in	Figure	5g,h,	CREB	
KD	decreases	the	half-	life	of	p300.	Thus,	CREB	interacts	with	p300	
to	 increase	 its	 stability.	Again,	 this	 is	consistent	with	previous	ob-
servation that phosphorylated CREB can recruit p300 to regulate 
CREB	targets	(Arany	et	al.,	1994;	Chrivia	et	al.,	1993;	Del	et	al.,	2019;	
Ebrahimi	et	al.,	2019).

2.8  |  CREB suppression of αB- crystallin expression 
is observed in mouse model and in human cataractous 
lenses of different age groups

To	confirm	that	WT-	CREB	and	S133A-	CREB	indeed	have	differential	
functions in regulating αB-	crystallin	gene,	we	generated	a	S133A-	
CREB	mouse	model.	Using	CRISPR/Cas9	technology,	a	guide	RNA	
targeting	exon	5	converts	a	T	to	G	conversion,	resulting	in	the	gen-
eration	of	the	S133A-	CREB	mice	(Figure	6a).	As	shown	in	Figure	6b,	
S133A-	CREB	heterozygous	mice	express	a	much	higher	level	of	αB-	
crystallin	 than	wild-	type	mice	 do.	 Thus,	 CREB	 suppression	 of	αB-	
crystallin gene is confirmed in vivo.

To determine whether CREB suppression of αB-	crystallin	 ex-
pression	is	implicated	in	human	cataractogenesis,	we	examined	the	
relative levels of CREB and αB-	crystallin	in	human	cataractous	lenses	
of	 different	 age	 groups	 from	50s	 to	80s,	 and	 also	 compared	with	
limited	age-	matched	normal	human	 lenses.	As	 shown	 in	Figure	6c	
and	Figure	S6A,	CREB	level	displayed	age-	dependent	decrease	from	
50s	 to	 60s	 in	 normal	 human	 lenses.	More	 importantly,	 significant	
CREB upregulation was observed from normal transparent lens to 
cataractous	 lenses	 of	 the	60s	 age	 group	 (Figure	 6c,d).	 In	 cataract	
lenses	 from	 50s	 to	 80s,	 the	 CREB	 level	 becomes	 fluctuated	with	
a	level	higher	than	that	of	the	60s	transparent	lenses	(Figure	6e	&	
Table	S1).	 In	 contrast,	αB-	crystallin	 level	was	 significantly	upregu-
lated	from	50s	to	60s	in	normal	human	lenses	but	greatly	downregu-
lated	from	normal	human	lenses	to	cataractous	lenses	of	the	60s	age	
group	 (Figure	6c,f,	Figure	S6B	&	Table	S1).	 In	cataract	 lenses	from	
50s	to	80s,	αB-	crystallin	level	remains	relatively	stable	with	a	level	
lower	than	that	of	the	60s	transparent	lenses	(Figure	6g	&	Table	S1).	
These results not only reveal that CREB suppression of αB-	crystallin	
as	a	pathological	mechanism	exists	in	human	cataract	lenses	but	also	
support	 our	 recent	 conclusion	 that	 CREB-	mediated	 repression	 of	
αB-	crystallin	genes	promotes	stress-	induced	apoptosis	followed	by	
cataractogenesis	(Wang	et	al.,	2020).

2.9  | Acetylation of p53 at K382 and Pcaf 
expression are upregulated in human cataractous 
lenses of different age groups

Since	our	work	with	mouse	lens	epithelial	cells	reveals	that	CREB	can	
also	promote	upregulation	of	Bak	and	Bax	through	p300-	p53	sign-
aling	 pathway,	we	 next	 examined	 p53	 acetylation	 in	 human	 cata-
ractous	 samples	of	different	 age	groups.	As	 shown	 in	Figure	7a,c,	
Figure	 S6C	&	 Table	 S1,	 although	 p53	 is	 downregulated	 from	 nor-
mal	lens	to	cataractous	lenses	of	the	60s	age	group,	p53	acetylation	
at	 K379/K382	 (the	 same	 antibody	 recognizes	K379	 in	mouse	 and	
K382	 in	human)	was	significantly	upregulated	from	normal	 lens	 to	
cataractous	lenses	of	the	same	age	group	(Figure	7b,e,	Figure	S6D	&	
Table	S1).	In	cataractous	lenses	from	50s	to	80s,	p53	level	was	fluc-
tuated	slightly	(Figure	7d	&	Table	S1).	The	p53	acetylation	at	K379/
K382	was	 upregulated	 from	50s	 to	 60s	 and	 then	 returned	 to	 the	
level	 close	 to	 that	 of	 50s	 from	60s	 to	 80s	 (Figure	7f	&	Table	 S1).	
While	p300	could	not	be	checked	under	current	experimental	con-
dition,	we	found	that	expression	of	Pcaf,	another	acetyltransferase	
for	 p53	was	 also	 significantly	 upregulated	 (Figure	 S7	&	 Table	 S1).	
Thus,	CREB	activation	of	p300-	p53	signal	axis	also	plays	some	role	
in	CREB	regulation	of	stress	response.	In	both	wild-	type	and	S133A	
mice	of	4	months,	however,	we	failed	to	detect	expression	of	p53	
(data	not	shown).

2.10  |  Both PP- 1β and PP- 2Aα are downregulated 
in human cataractous lenses of different age groups

Since	CREB	is	upregulated	from	normal	transparent	lenses	to	cata-
ractous	lenses	of	the	60s	age	group,	we	are	curious	about	the	changes	
of	PP-	1β	 and	PP-	2Aα.	As	 shown	 in	Figure	8	&	Table	S1,	 in	normal	
human	 lenses,	both	PP-	1β	and	PP-	2Aα are upregulated from 30 to 
60	years	old.	However,	from	transparent	lenses	to	cataractous	lenses	
in	 the	60s,	 these	phosphatases	 are	greatly	downregulated.	Down-	
regulation	of	PP-	1β	 and	PP-	2Aα could enhance CREB functions to 
suppress αB-	expression	as	observed	in	Figure	6c,d,f.	Overexpression	
of	the	PP-	1β	and	PP-	2Aα	in	MLECs,	on	the	contrary,	suppresses	CREB	
repression of αB-	crystallin	 expression	 (Figure	 S8).	 In	 cataractous	
lenses	from	50s	to	60s,	PP-	1β level is upregulated and then becomes 
downregulated	from	60s	to	80s	(Figure	8d).	In	contrast,	PP-	2Aα level 
remains	relatively	stable	from	50s	to	80s	(Figure	8f).

F IGURE  5 cAMP	response	element-	binding	protein	regulates	p53	acetylation	through	control	of	p300	and	Pcaf	to	promote	upregulation	
of	Bak	and	Bax.	(a)	Western	blot	analysis	of	two	acetyltransferases,	p300	and	Pcaf,	in	parent	αTN4-	1,	pCI-	Neo-	αTN4-	1,	pCI-	CREB-	αTN4-	1,	
and	pCI-	S133A-	CREB-	αTN4-	1	cells	with	the	endogenous	CREB	knocked	down	by	shCREB-	3′UTR	(Figure	S4).	(b)	Semi-	quantification	of	the	
Western	blot	results	in	(a).	Note	that	the	expression	of	lysine	acetyltransferase	p300	was	significantly	upregulated	in	pCI-	CREB-	αTN4-	1	but	
not	pCI-	S133A-	CREB-	αTN4-	1	cells.	(c)	Western	blot	analysis	of	total-	p53,	acetyl-	p53-	k379,	Bak,	and	Bax	under	40	mU	GO	treatment	in	pCI-	
Neo-	αTN4-	1,	pCI-	CREB-	αTN4-	1,	and	pCI-	S133A-	CREB-	αTN4-	1	cells	with	the	endogenous	CREB	knocked	down	by	shCREB-	3′UTR	(Figure	
S4).	(d–	f)	Semi-	quantification	of	the	Western	blot	results	in	(c).	(g)	Western	blot	analysis	of	p300	in	cycloheximide	(CHX)-	treated	αTN4-	1-	
shNC and αTN4-	1-	shCREB	cells.	(h)	Semi-	quantification	of	the	Western	blot	results	in	(g).	Note	that	the	half-	life	of	lysine	acetyltransferase	
p300 was decreased in CREB knocked down αTN4-	1-	shCREB	cells	compared	to	mock	knockdown	αTN4-	1-	shNC	cells.	These	results	indicate	
that	CREB	regulates	p300	stability	to	enhance	p53	acetylation	at	K379
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3  | DISCUSSION

In	 the	 present	 study,	 we	 have	 demonstrated	 the	 followings:	 (1)	
Treatment	 of	 both	 lens	 epithelial	 cells,	 αTN4-	1	 and	 mouse	 skin	
epithelial	cells,	JB6	with	different	concentrations	of	OA	or	LB100	
causes	 dose-	dependent	 hyperphosphorylation	 of	 CREB	 at	 S133;	
(2)	 Silence	of	PP-	1β	 and	PP-	2Aα causes hyperphosphorylation of 
CREB	at	S133;	 (3)	Overexpression	of	PP-	1β	and	PP-	2Acα through 
the	Tet-	on	system	leads	to	complete	dephosphorylation	of	CREB.	
Together,	our	 results	 for	 the	 first	 time	defined	the	specific	phos-
phatase	 isoforms	 that	 dephosphorylate	 CREB	 at	 S133.	 (4)	 CREB	
suppression of αB-	crystallin	 to	promote	stress-	induced	apoptosis	
of	 lens	 epithelial	 cells	 can	be	 largely	 inhibited	 in	 cells	 expressing	
the	 mutant	 CREB,	 S133A-	CREB;	 (5)	 S133A-	CREB	 mice	 express	
much higher level of αB-	crystallin	in	the	ocular	lens,	confirming	the	
in vivo suppression of αB-	crystallin	 by	 CREB;	 (6)	 RNAseq	 analy-
sis,	QRT-	PCR,	and	Western	blot	analysis	demonstrated	that	CREB	
but	 not	 S133A-	CREB	 activates	 the	 p300-	p53	 signaling	 axis	 and	
the	downstream	target	genes,	Bax	and	Bak;	(7)	Knockdown	of	Bax,	
Bak,	or	both	of	them	increases	resistance	against	oxidative	stress-	
induced	 apoptosis	 in	 CREB	 expression	 cells;	 (8)	 Both	 PP-	1β and 
PP-	2Aα are significantly upregulated in normal human lenses from 
30	to	60	years	old,	which	correlates	with	aging-	dependent	down-	
regulation	of	CREB.	From	normal	transparent	lenses	to	cataractous	
lenses	of	the	60s	age	group,	however,	both	PP-	1β	and	PP-	2Aα are 
significantly	downregulated.	Their	down-	regulation	could	enhance	
CREB suppression of αB-	crystallin	and	activation	of	p53	acetyla-
tion	as	observed	(Figures	6-	8),	implying	that	CREB-	regulated	dual	
signaling pathways have important functions in aging control and 
lens	pathology.	 It	 sensitizes	 lens	epithelial	 cells	 to	 stress-	induced	
apoptosis	 by	 suppressing	 expression	 of	 the	 endogenous	 αB-	
crystallin	gene	but	promoting	expression	of	Bax	and	Bak	via	p300-
 p53 signaling pathways.

3.1  |  Both PP- 1 and PP- 2A can dephosphorylate 
CREB to modulate its functions

It has been well established that activation of CREB occurs through 
phosphorylation	 of	 S133	 residue	 by	 the	 protein	 kinase	 A	 (PKA)	
(Altarejos	 &	Montminy,	 2011;	Montminy	 et	 al.,	 1986).	 Inactivation	
of	CREB	is	achieved	by	dephosphorylation	through	PP-	1	(Hagiwara	
et	al.,	1992)	or	PP-	2A	(Wadzinski	et	al.,	1993).	A	careful	examination	
of	 the	 phosphatase-	mediated	 inactivation	 reveals	 presence	 of	 two	
unanswered	 questions:	 First,	 we	 noticed	 that	 inconsistent	 results	
have been reported in the literature regarding dephosphorylation 
through	PP-	1	or	PP-	2A.	In	PC12	cells,	 it	was	found	that	PP-	1	medi-
ated	 CREB	 dephosphorylation	 at	 S133	 caused	 down-	regulation	 of	
the	downstream	 target,	 somatostatin	 gene	 (Hagiwara	 et	 al.,	 1992).	
This	process	can	be	 inhibited	by	the	specific	PP-	1	 inhibitor.	On	the	
contrary,	in	HepG2	cells,	analyses	with	mono-	Q,	amino-	hexyl	sepha-
rose,	and	heparin	agarose	columns	revealed	the	association	of	CREB	
dephosphorylation	with	PP-	2A	but	 in	exclusion	of	PP-	1	 (Wadzinski	
et	al.,	1993).	Second,	it	was	not	known	from	these	previous	studies	
which isoforms of phosphatases are implicated in dephosphoryla-
tion	of	CREB.	In	the	present	study,	using	both	lens	and	skin	epithe-
lial	cells,	we	demonstrated	that	OA	from	low	to	high	concentrations	
can	cause	dose-	dependent	hyperphosphorylation	of	CREB	(Figure	1),	
suggesting	 that	 both	 PP-	2A	 and	 PP-	1	 are	 likely	 dephosphorylating	
CREB	 at	 S133.	 LB100	 treatment	 further	 confirms	 the	 involvement	
of	 PP-	2A	 (Figure	 1e,f).	 Subsequently,	we	 conducted	 silence	 of	 dif-
ferent	isoforms	for	both	PP-	1	and	PP-	2A	using	stable	expression	of	
the	shRNAs	from	the	transfected	plasmids.	We	found	that	when	PP-	
1β	or	PP-	2Acα but not other isoforms of the catalytic subunits was 
knocked	down,	CREB	phosphorylation	at	S133	was	significantly	en-
hanced	(Figure	2a-	e).	On	the	contrary,	the	Tet-	on	induction	of	PP-	1β 
and	PP-	2Acα	expression	led	to	complete	dephosphorylation	of	CREB	
at	 S133	 (Figure	 2f,g).	 These	 results	 clearly	 demonstrate	 that	 both	

F IGURE  6 cAMP	response	element-	binding	protein	inhibits	αB-	crystallin	expression	in	mouse	model	as	well	as	in	cataract	patients.	(a)	
Schematic	diagram	of	the	strategy	for	generating	the	CREB-	S133A	mutant	heterozygote	mouse	strain	by	CRISPR/Cas9	genome	editing.	
One	set	of	sgRNA	and	donor	DNA	oligo	were	used	to	generate	S133A	mutant	mice.	The	mapping	sequence	on	mouse	genomic	DNA	is	
shown.	The	S133A	mice	had	a	T	changed	to	G	(marked	in	red)	in	exon	5	(marked	with	red	star	symbol*).	PAM,	protospacer	adjacent	motif.	(b)	
Western	blot	analysis	of	CREB,	p-	CREB-	S133,	and	αB-	crystallin	in	lens	epithelium	of	WT-	CREB	and	S133A-	CREB	heterozygote	mice.	Note	
that	as	the	CREB	phosphorylation	level	became	decreased	in	S133A	mutant	mice,	the	αB-	crystallin	expression	is	greatly	increased	in	these	
mice	compared	with	the	WT-	CREB	mice.	(c)	The	automated	western	immunoblot	(AWI)	analysis	of	CREB	and	αB-	crystallin	in	normal	and	
cataractous	lenses	of	different	age	groups.	Automated	Western	immunoblot	was	performed	on	a	Wes	(ProteinSimple)	as	described	recently	
(Dahl	et	al.,	2016;	Liu	et	al.,	2020).	Briefly,	each	sample	was	loaded	with	0.9	μg	total	protein	and	then	analyzed	with	the	Size	Separation	
Master	Kit	and	Split	Buffer	(12–	230	kDa)	according	to	the	manufacturer's	standard	instruction	using	anti-	CREB	and	anti-	αB-	crystallin	
antibody	(for	antibody	information,	see	Experimental	Procedures)	with	a	dilution	factor	of	1:100	(anti-	CREB)	or	1:1000	(anti-	αB-	crystallin).	
The	Compass	software	(Protein	Simple,	version	4.1.5)	was	used	to	program	the	Wes	and	for	presentation	(c)	and	quantification	(d–	g).	Output	
Western	blot	style	data	(c)	were	displayed	with	exposure	time	indicated,	and	the	quantification	data	(d–	g)	were	displayed	from	the	software-	
calculated	average	of	seven	exposures	(1–	512	s).	(d	&	f)	Quantification	results	show	CREB	(d)	and	αB-	crystallin	(f)	expression	difference	
in	human	normal	and	cataract	lenses	of	the	60s	age	group.	Note	compared	to	the	normal	lenses,	the	expression	of	CREB	was	significantly	
increased	(d),	in	contrast,	αB-	crystallin	expression	was	greatly	decreased	in	cataract	lenses	(f).	NL,	normal	lenses;	CL,	cataractous	lenses.	(e	
&	g)	Quantification	results	show	age	difference	of	CREB	and	αB-	crystallin	expression,	respectively.	Each	bar	represents	an	average	of	12–	18	
cataract	lens	samples.	*p <	0.05,	***p < 0.001
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PP-	1	 and	 PP-	2A	 can	 act	 on	 the	CREB	 dephosphorylation	 at	 S133.	
Moreover,	our	results	have	determined	that	PP-	1β	and	PP-	2Acα are 
the two major isoforms of serine/threonine phosphatases that medi-
ate	dephosphorylation	of	CREB	at	this	residue.	Whether	PP-	1β and 
PP-	2Acα also dephosphorylate CREB in other tissues remains to be 
further	studied.	Furthermore,	our	results	demonstrate	that	dephos-
phorylation of CREB suppresses its function in mediating stress re-
sponse	and	aging	control	(Figures	3–	6,	see	more	discussion	below).

3.2  |  Protein phosphorylation/dephosphorylation 
modulates functions of CREB and other key 
regulators to exert control on aging

Protein	phosphorylation/dephosphorylation	is	a	fundamental	regu-
latory	mechanism	and	controls	the	functions	of	more	than	one-	third	
of	total	eukaryotic	proteins	(Cohen,	1989;	Hunter,	1995;	Hunter	&	
Karin,	1992;	Moorhead	et	al.,	2007;	Mumby	&	Walter,	1993;	Olsen	

F IGURE  7 The	automated	Western	immunoblot	(AWI)	analysis	of	p53	(a,	c	&	d)	and	acetyl-	p53-	k382	(b,	e	&	f)	in	normal	and	cataractous	
lenses	of	different	age	groups.	(a)	Output	Western	blot	style	data	of	p53	with	exposure	time	indicated.	(b)	Output	Western	blot	style	data	of	
acetyl-	p53-	k382	with	exposure	time	indicated.	(c–	f)	Quantification	data	derived	from	the	software-	calculated	average	of	seven	exposures	
(1–	512	s).	(c	&	e)	Quantification	results	show	p53	(c)	and	p53-	K382	(e)	expression	difference	in	human	normal	and	cataract	lenses	of	the	60s	
age	group.	Note	compared	to	the	normal	lenses,	although	the	expression	of	p53	was	significantly	reduced	(c),	its	acetylation	at	K382	was	
significantly	enhanced	in	cataract	lenses	(e).	NL,	normal	lenses;	CL,	cataractous	lenses.	(d	&	f)	Quantification	results	show	age	difference	of	
p53	and	aceryl-	p53-	K382	expression.	Each	bar	represents	an	average	of	12–	18	cataract	lens	samples.	*p <	0.05,	**p < 0.01
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et	 al.,	 2006).	 Through	modulating	major	 signaling	 transducers	 and	
transcription	 factors,	 protein	 phosphorylation/dephosphorylation	
plays	 important	 roles	 in	 regulating	 aging	 (Hart,	 2019;	 Kang	 et	 al.,	
2013;	Matsuoka	et	al.,	2007;	Pan	&	Finkel,	2017).	In	this	regard,	the	
tumor	suppressor,	p53,	is	an	excellent	example.

It	is	well	established	that	DNA	damage	can	cause	genome	insta-
bility,	 leading	to	acceleration	of	aging	 (Sperka	et	al.,	2012).	During	
DNA	 damaging,	 the	 initiating	 sensor	 is	 the	 ATM	 kinase	 encoded	
by the ataxia telangiectasia,	which	controls	neuronal	degeneration,	

hypersensitivity	to	ionizing	radiation	(IR),	and	premature	aging	(Zhou	
&	Elledge,	2000).	Activation	of	ATM	through	 intermolecular	auto-
phosphorylation	relays	the	signals	to	p53	by	phosphorylating	its	Ser-	
15	residue	(Bakkenist	&	Kastan,	2003).	The	function	of	p53	is	largely	
regulated	 by	 protein	 phosphorylation	 and	 dephosphorylation.	 At	
present,	17	serine/threonine	 residues	of	p53	have	been	 identified	
and the activity of p53 is regulated by different kinases and phos-
phatases	(Bode	&	Dong,	2004;	Kruiswijk	et	al.,	2015).	We	have	pre-
viously	demonstrated	that	both	PP-	1	and	PP-	2A	can	modulate	p53	

F IGURE  8 The	automated	Western	immunoblot	(AWI)	analysis	of	PP1β	(a,	c	&	d)	and	PP2Aα	(b,	e	&	f)	in	normal	and	cataractous	lenses	
of	different	age	groups.	(a	&	b)	Output	Western	blot	style	data	of	PP1β	and	PP2Aα	with	exposure	time	indicated.	(c–	f)	Quantification	data	
derived	from	the	software-	calculated	average	of	seven	exposures	(1–	512	s).	(c	&	e)	Quantification	results	show	PP1β	(c)	and	PP2Aα	(e)	
expression	difference	in	human	normal	and	cataract	lenses	of	the	60s	age	group.	Note	compared	to	the	normal	lenses,	both	the	expression	
of	PP1β	(c)	and	PP2Aα	(e)	were	significantly	decreased.	NL,	normal	lenses;	CL,	cataractous	lenses.	(d	&	f)	Quantification	results	show	age	
difference	of	PP1β	and	PP2Aα	expression.	Each	bar	represents	an	average	of	12–	18	cataract	lens	samples.	**p <	0.01,	***p < 0.001
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phosphorylation	 status	 at	 Ser-	15	 and	 Ser-	37	 to	 suppress	 its	 tran-
scriptional	 activity	 and	 pro-	apoptotic	 activity	 (Li	 et	 al.,	 2006;	Qin	
et	al.,	2008).	Both	p53	and	the	retinoblastoma	protein	(RB,	another	
tumor	suppressor)	mediate	two	major	pathways	of	aging	 (Campisi,	
2005;	Miura	et	al.,	2004;	Pelicci,	2004;	Sperka	et	al.,	2012;	Stewart	
&	Weinberg,	2006).

In	the	present	study,	we	present	the	first	evidence	that	CREB	
is	significantly	upregulated	 in	cataractous	 lenses	of	more	than	60	
patients	 examined.	 The	 upregulated	 expression	 of	 CREB	 in	 the	
cataractous	 lenses	suggests	 its	functions	 in	aging.	 Indeed,	associ-
ated	with	CREB	upregulation,	we	observed	 the	 significant	down-	
regulation of αB-	crystallin	 in	 these	patients.	Such	results	 indicate	
CREB suppression of αB-	crystallin	 in	 human	 cataractous	 lenses,	
which is consistent with what we have recently revealed in rat 
lenses	under	stress	insult	 (Wang	et	al.,	2020).	The	CREB	suppres-
sion of αB-	crystallin	is	further	confirmed	in	the	S133A-	CREB	mice	
(Figure	6a)	where	the	point	mutation	from	Ser-	133	to	Ala-	133	intro-
duced	by	CRISPR/Cas9	technology	 in	one	copy	of	the	gene	 leads	
to great upregulation of αB-	crystallin	expression	(Figure	6b).	It	has	
been shown that mice lacking αB-	crystallin	display	premature	aging	
phenotypes.	Brady	et	al.	(2001)	showed	that	at	about	40	weeks	of	
age,	mice	null	for	αB-	crystallin	developed	skeletal	muscle	atrophy,	
severe	 curvature	 of	 the	 spine,	 a	 significant	 loss	 of	 body	 fat	 and	
death	at	an	earlier	age	compared	 to	age-	matched	wild-	type	 (WT)	
mice. These αB	(−/−)	mice	appeared	relatively	normal	compared	to	
WT	animals	at	younger	ages,	but	at	 about	20	weeks	of	age	mus-
cle,	fat,	and	bone	deficiencies	started	to	appear.	These	deficits	are	
common	 in	much	older	WT	mice	 (Navarro	et	 al.,	 2018).	More	 re-
cently,	Lim	et	al.	(2017)	further	show	that	αB-	crystallin	expression	
correlates	with	aging	deficits	in	peripheral	nervous	system.	Thus,	by	
suppressing αB-	crystallin	expression	 in	 animal	 and	human	 lenses,	
CREB acts as an important transcription factor promoting lens 
aging.	 Our	 results	 also	 show	 that	 the	 S133A-	CREB	mutant	mim-
icking	constant	CREB	dephosphorylation	at	S133,	on	the	contrary,	
had much attenuated ability in suppressing αB-	crystallin	expression	
(Figures	3a	and	6b),	implying	that	both	PP-	1	and	PP-	2A	likely	slow	
down	lens	aging	by	de-	regulating	CREB	suppression	of	αB-	crystallin	
expression.	 Indeed,	overexpression	of	PP-	1β	or	PP-	2Aα	 in	MLECs	
promotes	CREB	S133	dephosphorylation	and	also	upregulates	ex-
pression of αB-	crystallin	(Figure	S8).	Taken	together,	dephosphory-
lation	regulation	of	CREB	functions	by	PP-	1	and	PP-	2A	is	implicated	
in control of aging.

3.3  | Dephosphorylation of CREB by PP- 1β and PP- 
2Aα promotes survival of lens epithelial cells

In	the	nerve	system,	CREB	has	been	shown	to	mediate	promotion	
of	neuronal	survival	by	NGF	and	BDGF	(Bonni	et	al.,	1999;	Merk	
et	al.,	2018;	Riccio	et	al.,	1999).	Mechanistically,	the	activated	CREB	
can	 promote	 Bcl-	2	 expression	 and	 thus	 enhance	 survival	 of	 the	
related	neurons	 through	 activation	of	RSK90	 kinase.	 In	 contrast,	
CREB plays a major role in stress response in the ocular lenses. 

By	 down-	regulating	 expression	 of	 αB-	crystallin,	 CREB	 promotes	
stress-	induced	 apoptosis	 (Wang	 et	 al.,	 2020).	 Besides	 its	 nega-
tive control of αB-	crystallin,	 in	 the	present	 study,	we	 found	 that	
CREB	promotes	stress-	induced	apoptosis	through	activation	of	the	
p300-	p53	signaling	axis.	First,	 from	RNAseq	analysis	followed	by	
Western	blot	 analysis	 and	gene	knockout,	we	demonstrated	 that	
the	pro-	apoptotic	genes,	Bak	and	Bax,	were	upregulated	in	mouse	
lens	epithelial	cells	expressing	exogenous	CREB	 (Figure	4).	 In	de-
ducing	 how	CREB	 regulates	 Bak	 and	Bax	 expression,	we	 further	
demonstrated that CREB positively regulates p300 level through 
its	 interaction	with	the	later	to	enhance	its	stability	(Figure	5g,h).	
P300,	being	an	acetyltransferase,	has	been	shown	to	interact	with	
p53	 and	 promote	 its	 acetylation	 (Gu	 &	 Roeder,	 1997;	 Sakaguchi	
et	 al.,	 1998).	 Indeed,	we	detected	 that	CREB	positively	 regulates	
p53	 acetylation	 at	 K379	 (Figure	 5).	 In	 addition	 to	 p300,	we	 also	
found	 that	 CREB	 upregulates	 expression	 of	 another	 acetyltrans-
ferase,	Pcaf.	How	CREB	regulates	Pcaf	is	currently	under	investiga-
tion.	Thus,	through	regulating	p300	and	other	acetyltransferases,	
CREB promotes p53 acetylation to increase its transcription ability 
and	 upregulates	 expression	 of	 the	 pro-	apoptotic	 genes	 including	
Bax	and	Bak	(Figures	4	and	5).

Our	 results	 further	 show	 that	 mouse	 lens	 epithelial	 cells	 ex-
pressing	S133A-	CREB,	on	the	contrary,	display	much	lower	level	of	
apoptosis	than	those	expressing	CREB	(Figure	3c,d).	In	analyzing	the	
underlying	mechanisms,	we	 found	 that	S133A-	CREB	has	much	at-
tenuated	ability	to	suppress	expression	of	αB-	crystallin	both	in	vitro	
(Figure	 3a,b)	 and	 in	 vivo	 (Figure	 6b).	 In	 addition,	 S133A-	CREB	 no	
longer	interacts	with	p300	to	promote	the	stability	of	the	later,	and	
displays	much	weak	ability	to	promote	Pcaf	expression	(Figure	5a,b).	
As	a	 result,	 the	p300-	p53-	Bak/Bax	 signaling	axis	 is	not	 activated.	
More	 importantly,	we	 found	 that	p53-	K379/K382	acetylation	 and	
the	 acetyltransferase,	Pcaf,	 are	upregulated	 in	human	 cataractous	
lenses	 (Figure	7	 and	Figure	S7),	 confirming	 the	 importance	of	 the	
CREB	activation	of	 the	p300-	p53	signaling	axis	 in	human	 lens	pa-
thology.	Taken	together,	dephosphorylation	of	CREB	by	PP-	1β and 
PP-	2Acα	 de-	regulates	 its	 suppression	 of	 αB-	crystallin	 expression	
and	activation	of	p300-	p53-	Bak/Bax	signaling	axis	to	promote	sur-
vival of lens epithelial cells.

3.4  |  CREB, αB- crystallin, PP- 1β, and PP- 2Aα 
may be used for molecular signature of human 
senile cataracts

The	ocular	lens	is	an	excellent	organ	to	study	aging	because	of	its	
simplicity	 in	 structure	 containing	 only	 two	 types	 of	 cells,	 the	 an-
terior single layer of epithelial cells and the differentiating or dif-
ferentiated	 fiber	 cells	 (Li	 et	 al.,	 2005).	 Lack	 of	 any	 distribution	of	
vascular and nerve tissue in the mature lenses makes it even simpler. 
In	addition,	our	previous	study	demonstrated	that	the	lens	epithelial	
cells have the similarly conserved signaling pathways but distinct 
functions	 (Li	 et	 al.,	 2005).	 For	 example,	 the	 stress-	activated	 Ras/
Raf/MEK/ERK	pathway	confers	survival	in	non-	lens	cells	(Xia	et	al.,	
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1995)	but	mediates	stress-	induced	apoptosis	in	lens	epithelial	cells	
(Li	et	al.,	2005).

During	aging	of	the	ocular	lens,	extensive	changes	have	been	de-
tected	in	major	lens	structure	proteins,	members	of	different	fam-
ilies of crystallins including α-	,	β-	,	and	γ-	crystallins	(Friedrich	et	al.,	
2017;	Quinlan	&	Hogg,	2018;	Su	et	al.,	2012;	Truscott	&	Friedrich,	
2016;	Wang	et	al.,	2014,	2019).	 In	this	regard,	Su	et	al.	 (2012)	ob-
served that autolytic cleavage of crystallins adjacent to serine resi-
dues	yields	about	25%	of	all	peptides	derived	from	αA-	,	αB-	,	β-	,	and	
γS-	crystallins,	which	may	act	 as	 the	molecular	 signatures	of	 long-	
lived	proteins	in	the	ocular	lens.	In	a	subsequent	study,	Wang	et	al.	
(2014)	suggest	that	non-	enzymatic	post-	translational	modifications	
(PTM)	of	the	lens	structure	proteins	seem	to	be	a	fundamental	mo-
lecular process of aging since the combination of various modifi-
cations	and	their	accumulation	with	age	not	only	affects	function,	
but	leads	to	crosslinking	and	protein	aggregation,	thus	causing	light	
scattering.

Besides	structure	proteins,	molecular	changes	found	in	various	
enzymes	 responsible	 for	 cellular	 redox	 setting,	 cytoskeletons,	 and	
intermediate	filaments	induced	by	oxidative	and	other	stress	condi-
tions	are	also	linked	to	aging	and	lens	pathology	(Barnes	&	Quinlan,	
2017;	 Fan	 et	 al.,	 2017;	 Giblin	 et	 al.,	 1995;	 Raghavan	 et	 al.,	 2016;	
Rakete	&	Nagaraj,	2016;	Reddy	et	al.,	2001;	Wang	et	al.,	2017).	More	
recently,	Wang	et	al.	 (2017)	 identified	74	and	50	disulfide-	forming	
proteins in human and mouse cataractous lenses among which a ma-
jority	of	proteins	are	redoxing	enzymes.	In	addition,	the	same	group	
reported	that	extensive	oxidation	was	detected	in	 lens-	specific	 in-
termediate	filament	proteins	(Wang	et	al.,	2017).

More	 recently,	we	 reported	 that	 the	 sumoylation	enzyme	 sys-
tems display distinct changes during aging and cataractogenesis 
(Liu	et	al.,	2020).	The	ligases,	UBA2,	Ubc9,	and	PIAS1,	as	well	as	the	
de-	sumoylation	enzyme	SENP2/6	are	found	upregulated	 in	human	
cataractous	lenses	from	50s	to	70s	of	different	age	groups.	All	su-
moylation	enzymes,	however,	are	downregulated	from	70s	to	80s.	
Thus,	 these	enzymes	can	be	used	as	molecular	markers	 for	 senile	
cataract.	 Among	 sumoylation	 substrates,	 we	 have	 also	 demon-
strated	that	the	contrast	stability	of	p46	and	p32	Pax6	can	be	used	
as	another	molecular	marker	for	senile	cataract.	In	the	present	study,	
we	have	found	that	in	cataractous	lenses	from	66	patients	of	differ-
ent	 age	groups,	 expression	of	CREB,	αB-	crystallin,	PP-	1β,	 and	PP-	
2Aα	display	unique	patterns	and	thus	can	also	be	used	for	molecular	
markers for senile cataract.

In	summary,	the	results	presented	in	this	study	reveal	important	
functions of CREB in mediating aging control and stress response. 
Through suppression of αB-	crystallin	 expression	and	activation	of	
the	 p300-	p53-	Bak/Bax	 signaling	 axis,	 CREB	 promote	 aging	 and	
apoptosis.	 Protein	 phosphatases,	 both	 PP-	1β	 and	 PP-	2Aα,	 can	
modulate	 CREB	 functions	 by	 dephosphorylating	 S133	 residue.	
Dephosphorylation	 of	 CREB	 at	 S133	 de-	regulates	 CREB	 suppres-
sion of αB-	crystallin	expression	and,	to	a	less	degree	of	importance,	
modulates	the	p300-	p53	signaling	axis.	In	this	way,	PP-	1	and	PP-	2A	
promote survival of lens epithelial cells and also slow down aging 
process	(Figure	9).

4  |  EXPERIMENTAL PROCEDURES

4.1  |  Chemicals

Detailed information about chemicals used in this study is described 
in	the	Appendix	S1.

4.2  |  Collection of human lens capsular 
epithelial samples

Collection of human capsular epithelia from cataract lenses of dif-
ferent age groups was approved by the Institutional Review Board of 
the	Zhongshan	Ophthalmic	Center	(ZOC).	Informed	written	consent	
was obtained from each of the cataract patients. Detailed informa-
tion	is	described	in	the	Appendix	S1.

4.3  |  CRISPR/Cas9- mediated gene editing to 
generate S133A- CREB mouse model

The	S133A-	CREB	heterozygote	mouse	model	was	generated	using	
CRISPR/Cas9	 technology	 as	 described	 before	 (Gong	 et	 al.,	 2018).	
Detailed	information	is	described	in	the	Appendix	S1.

F IGURE  9 A	schematic	diagram	to	show	that	CREB	can	promote	
aging	and	stress-	induced	apoptosis	through	two	major	signaling	
mechanisms: direct suppression of αB-	crystallin,	and	indirect	
activation	of	p53	acetylation	and	pro-	apoptotic	genes,	Bax/Bak.	
Suppression	of	αB-	crystallin,	an	anti-	aging	and	anti-	apoptotic	
regulator	causes	apoptosis	of	lens	epithelial	cells;	on	the	contrary,	
p53	acetylation	promotes	upregulation	of	pro-	apoptotic	genes,	
both	Bax	and	Bak	to	promote	stress-	induced	apoptosis.	As	a	
result,	both	pathways	merged	to	cause	ocular	pathogenesis–	
cataractogenesis. These pathways are clearly detected in human 
cataractous	lenses	(Figures	6–	8).	cAMP	response	element-	binding	
protein	functions	in	both	aspects	are	negatively	modulated	by	PP-	
1β	and	PP-	2Aα	through	dephosphorylation	at	S133
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4.4  |  Culture of mouse lens epithelial cells 
(αTN4- 1), and mouse skin epithelial cells 
(JB6) and their treatment by okadaic acid 
(OA) and LB100

Culture	 of	mouse	 lens	 epithelial	 cells	 (αTN4-	1),	 and	mouse	 skin	
epithelial	 cells	 (JB6)	 and	 their	 treatment	 by	 okadaic	 acid	 (OA)	
and	 LB100	 were	 conducted	 as	 we	 described	 before	 (Li	 et	 al.,	
2006;	Qin	et	al.,	2008).	Detailed	information	is	described	in	the	
Appendix	S1.

4.5  |  Silence of PP- 1 or PP- 2A subunits and 
overexpression of PP- 1β and PP- 2Acα in αTN4- 1 cells

Silence	of	PP-	1	or	PP-	2A	subunits	and	overexpression	of	PP-	1β and 
PP-	2Acα	through	Tet-	on	induction	system	or	using	pCI-	Neo	Vector-	
carried	 cDNA	 in	 αTN4-	1	 cells	 were	 conducted	 as	 we	 described	
before	(Li	et	al.,	2006;	Xiao	et	al.,	2010).	Detailed	information	is	de-
scribed	in	the	Appendix	S1.

4.6  |  Establishment of stable expression cell lines

The	establishment	of	stable	expression	cell	lines,	pCI-	Neo-	αTN4-	1,	
pCI-	CREB-	αTN4-	1,	 and	 pCI-	S133A-	CREB-	αTN4-	1,	 was	 conducted	
as	we	described	before	(Wang	et	al.,	2020).	Detailed	information	is	
described	in	the	Appendix	S1.

4.7  |  RNA interference and lentivirus infection

The	 shRNA-	mediated	CREB	knockdown	was	 conducted	using	 the	
pLKO	 lentiviral	 expression	 system	 targeting	 the	 3′UTR	 region	 of	
CREB	gene.	Detailed	information	is	described	in	the	Appendix	S1.

4.8  |  Treatment by 40 mU Glucose oxidase (GO)

Various	lines	of	cells	were	treated	by	40	mU	Glucose	oxidase	(GO)	as	
we	described	(Gong	et	al.,	2018;	Wang	et	al.,	2020).	Detailed	infor-
mation	is	described	in	the	Appendix	S1.

4.9  | Apoptosis analysis with cellTiter- Glo® 
luminescent cell viability assay and live/dead viability/
cytotoxicity

The	 percentage	 of	 apoptosis	 in	 GO-	treated	 mouse	 lenses	 were	
determined	 by	 cellTiter-	Glo® luminescent cell viability assay kit 
(Promega,	G7573)	as	described	before	(Crouch	et	al.,	1993).	Detailed	
information	is	described	in	the	Appendix	S1.

4.10  |  Total protein extraction and Western 
blot analysis

Total	proteins	were	extracted	from	cultured	lens	epithelial	cells	and	
capsular	epithelial	samples	using	RIPA	buffer,	processed	for	Western	
blot	analysis	as	we	described	before	(Gong	et	al.,	2014;	Gong	et	al.,	
2018;	 Li	 et	 al.,	 1995,	 2005,	 2006;	 Li	&	 Spector,	 1996;	Mao	 et	 al.,	
2004;	Qin	et	al.,	2008;	Xiao	et	al.,	2010).	Detailed	information	is	de-
scribed	in	the	Appendix	S1.

4.11  | Automated western immunoblotting

The	 simple	 western	 immunoblots	 were	 performed	 on	 a	 Wes	
(ProteinSimple)	as	previously	described	(Dahl	et	al.,	2016;	Liu	et	al.,	
2020).	Detailed	information	is	described	in	the	Appendix	S1.

4.12  |  RT- PCR, qRT- PCR, and RNAseq Analysis

RT-	PCR,	qRT-	PCR,	and	RNAseq	analysis	were	conducted	as	we	de-
scribed	before	(Wang	et	al.,	2020).	Detailed	information	is	described	
in	the	Appendix	S1.

4.13  |  Establishment of Bak, Bax, and Bak/Bax 
knockout stable cell lines

Establishment	of	Bak,	Bax,	and	Bak/Bax	knockout	stable	cell	 lines	
was	conducted	using	CRISPR/Cas9	system.	Detailed	information	is	
described	in	the	Appendix	S1.

4.14  | DNA sequencing

Verification	of	the	Bak,	Bax,	and	Bak/Bax	knockout	stable	cell	lines	
was	conducted	using	DNA	sequencing.	Detailed	information	is	de-
scribed	in	the	Appendix	S1.

4.15  |  Statistical analysis

All	experiments	were	repeated	at	 least	 three	times	 (N =	3)	except	
for	RNAseq	analysis	 in	which	each	analyzed	sample	was	a	pool	of	
two	separated	samples	(N =	4).	Significance	was	determined	by	two-	
tailed	Student's	t-	test.	The	error	bar	in	all	figures	represents	standard	
deviation. The p value < 0.05 was considered statistically significant. 
*,	**,	and	***	represent	p <	0.05,	0.01,	and	0.001,	respectively.
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