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Abstract
Objective: Posttranscriptional	 mechanisms	 are	 increasingly	 recognized	 as	 im-
portant	 contributors	 to	 the	 formation	 of	 hyperexcitable	 networks	 in	 epilepsy.	
Messenger	RNA	(mRNA)	polyadenylation	 is	a	key	 regulatory	mechanism	gov-
erning	protein	expression	by	enhancing	mRNA	stability	and	translation.	Previous	
studies	 have	 shown	 large-	scale	 changes	 in	 mRNA	 polyadenylation	 in	 the	 hip-
pocampus	of	mice	during	epilepsy	development.	The	cytoplasmic	polyadenyla-
tion	element-	binding	protein	CPEB4	was	found	to	drive	epilepsy-	induced	poly(A)	
tail	changes,	and	mice	lacking	CPEB4	develop	a	more	severe	seizure	and	epilepsy	
phenotype.	 The	 mechanisms	 controlling	 CPEB4	 function	 and	 the	 downstream	
pathways	that	 influence	the	recurrence	of	spontaneous	seizures	 in	epilepsy	re-
main	poorly	understood.
Methods: Status	epilepticus	was	induced	in	wild-	type	and	CPEB4-	deficient	male	
mice	via	an	intra-	amygdala	microinjection	of	kainic	acid.	CLOCK	binding	to	the	
CPEB4	 promoter	 was	 analyzed	 via	 chromatin	 immunoprecipitation	 assay	 and	
melatonin	levels	via	high-	performance	liquid	chromatography	in	plasma.
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1 	 | 	 INTRODUCTION

Alterations	in	posttranscriptional	regulatory	mechanisms	
are	widely	accepted	 features	of	brain	diseases	 including	
epilepsy.1–	3	Cytoplasmic	polyadenylation	is	a	key	process	
by	 which	 dormant,	 translationally	 inactive	 messenger	
RNAs	 (mRNAs)	 become	 activated	 via	 the	 elongation	 of	
their	poly(A)	tails.4	Cytoplasmic	polyadenylation	element-	
binding	proteins	(CPEB1–	4)	are	sequence-	specific	RNA-	
binding	proteins	and	key	regulators	of	mRNA	translation	
via	the	modulation	of	poly(A)	tail	length.5,6	CPEBs	bind	to	
the	cytoplasmic	polyadenylation	element,	located	within	
the	3′	untranslated	region	of	mRNA,	where,	upon	bind-
ing,	they	recruit	a	complex	of	factors	that	regulate	poly(A)	
tail	length,	controlling	both	translational	repression	and	
activation.4	CPEBs	mediate	 several	 cellular	processes	 in	
the	brain	pertinent	to	epileptogenesis,	including	synaptic	
plasticity	and	expression	of	neurotransmitter	receptors,7,8	
and	have	recently	been	 linked	 to	several	brain	diseases,	
including	 autism,9	 Huntington	 disease10	 and	 epilepsy.11	
Supporting	 a	 role	 of	 CPEBs	 during	 the	 development	 of	
epilepsy,	 data	 have	 shown	 that	 >25%	 of	 the	 total	 tran-
scriptome	 in	 the	 hippocampus	 undergoes	 alterations	 in	
their	poly(A)	tail	after	status	epilepticus	(SE)	in	mice.11	Of	
note,	CPEB4	binders	were	highly	enriched	among	genes	
displaying	 an	 altered	 poly(A)	 tail	 length.11	 Moreover,	
CPEB4-	deficient	mice	showed	a	more	severe	seizure	and	
epilepsy	phenotype	following	an	intra-	amygdala	microin-
jection	of	kainic	acid	(KA).11

Changes	 in	 the	 circadian	 rhythm	 of	 people	 living	
with	epilepsy	have	been	proposed	as	both	cause	and	con-
sequence	 of	 the	 disease.12	 Deficiency	 of	 both	 CLOCK	
(circadian	 locomotor	 output	 cycles	 kaput)	 and	 BMAL1	
(muscle	Arnt-	like	protein	1)	lowers	the	seizure	threshold	
in	mice,	supporting	a	causal	role	for	proteins	regulating	
molecular	 changes	 during	 the	 sleep–	wake	 cycle	 in	 ep-
ilepsy.13–	15	 Links	 to	 mRNA	 polyadenylation	 and	 CPEB4	
have	emerged,	with	data	showing	that	the	circadian	clock	

Results: Here,	we	show	 increased	binding	of	CLOCK	to	 recognition	sites	 in	 the	
CPEB4	 promoter	 region	 during	 status	 epilepticus	 in	 mice	 and	 increased	 Cpeb4	
mRNA	levels	in	N2A	cells	overexpressing	CLOCK.	Bioinformatic	analysis	of	CPEB4-	
dependent	 genes	 undergoing	 changes	 in	 their	 poly(A)	 tail	 during	 epilepsy	 found	
that	genes	involved	in	the	regulation	of	circadian	rhythms	are	particularly	enriched.	
Clock	transcripts	displayed	a	longer	poly(A)	tail	length	in	the	hippocampus	of	mice	
post-	status	epilepticus	and	during	epilepsy.	Moreover,	CLOCK	expression	was	in-
creased	 in	 the	 hippocampus	 in	 mice	 post-	status	 epilepticus	 and	 during	 epilepsy,	
and	in	resected	hippocampus	and	cortex	of	patients	with	drug-	resistant	temporal	
lobe	epilepsy.	Furthermore,	CPEB4	is	required	for	CLOCK	expression	after	status	
epilepticus,	with	lower	levels	in	CPEB4-	deficient	compared	to	wild-	type	mice.	Last,	
CPEB4-	deficient	mice	showed	altered	circadian	 function,	 including	altered	mela-
tonin	blood	levels	and	altered	clustering	of	spontaneous	seizures	during	the	day.
Significance: Our	 results	 reveal	 a	 new	 positive	 transcriptional–	translational	
feedback	loop	involving	CPEB4	and	CLOCK,	which	may	contribute	to	the	regu-
lation	of	the	sleep–	wake	cycle	during	epilepsy.

K E Y W O R D S

circadian	rhythm,	CLOCK,	CPEB4,	cytoplasmic	polyadenylation,	epilepsy,	status	epilepticus

Key Points

•	 Increased	binding	of	CLOCK	to	the	CPEB4	pro-
moter	was	seen	in	the	hippocampus	after	status	
epilepticus

•	 Increased	 CLOCK	 poly(A)	 tail	 length	 and	 ex-
pression	were	seen	in	the	brain	post-	status	epi-
lepticus	and	during	epilepsy	in	mice

•	 Increased	 CLOCK	 and	 CPEB4	 expression	 was	
seen	 in	 the	 hippocampus	 and	 cortex	 of	 TLE	
patients

•	 CPEB4-	deficient	mice	presented	lower	CLOCK	
expression	in	the	hippocampus	and	altered	me-
latonin	levels	in	plasma

•	 The	CPEB4–	CLOCK	axis	may	represent	an	ad-
ditional	pathway	that	contributes	to	the	regula-
tion	of	the	sleep–	wake	cycle	during	epilepsy
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regulates	the	dynamic	polyadenylation	status	of	mRNAs	
and	 that	 CPEB4	 expression	 oscillates	 with	 circadian	
rhythmicity.16,17	What	regulates	the	circadian	molecular	
machinery	during	epilepsy,	and	whether	CPEB4	contrib-
utes	to	its	regulation,	have	not	been	investigated	to	date.

Here,	 we	 show	 increased	 binding	 of	 CLOCK	 to	 the	
promoter	 of	 Cpeb4	 during	 SE	 and	 increased	 Cpeb4	 ex-
pression	 induced	 via	 CLOCK	 overexpression	 in	 N2A	
cells.	 In	 addition,	 we	 show	 increased	 CLOCK	 mRNA	
polyadenylation	 and	 expression	 in	 the	 brain	 following	
SE	and	during	epilepsy,	which	is	most	likely	under	the	
control	of	CPEB4.	Taken	 together,	our	 results	describe	
a	CLOCK–	CPEB4	axis	as	a	molecular	mechanism	pos-
sibly	contributing	to	the	timing	of	spontaneous	seizure	
recurrence	in	epilepsy.

2 	 | 	 MATERIALS AND METHODS

Chemicals	 have	 been	 purchased	 from	 Sigma-	Aldrich,	
Dublin,	Ireland,	if	not	stated	otherwise.	For	Western	blot-
ting	 and	 quantitative	 polymerase	 chain	 reaction	 (qPCR)	
description,	please	 refer	 to	our	extended	Supplementary	
Methods	and	Table S2.

2.1	 |	 Animals

All	 animal	 studies	 adhered	 to	 the	 principles	 of	 the	
European	 Communities	 Council	 Directive	 (2010/63/
EU),	 and	 relevant	 national	 licenses	 were	 approved	 by	
the	 Research	 Ethics	 Committee	 of	 the	 Royal	 College	
of	 Surgeons	 in	 Ireland	 (RCSI;	 REC	 1322)	 and	 the	 Irish	
Products	 Regulatory	 Authority	 (AE19127/P038).	 Eight-		
to	 12-	week-	old	 C57BL/6J	 male	 mice	 were	 sourced	 from	
the	 Biomedical	 Research	 Facility	 (RCSI)	 and	 housed	 in	
the	Microsurgical	Research	and	Training	Facility	(RCSI).	
CPEB4-	deficient	 mice	 harbor	 a	 deletion	 of	 the	 constitu-
tive	exon	2,	resulting	in	a	premature	stop	codon.11,18	Mice	
were	housed	in	groups	of	2–	5/cage	and	kept	in	a	controlled	
animal	facility	on	a	12-	h	light/dark	cycle	at	22	±	1°C,	with	
humidity	of	40%–	60%.	A	red	light,	which	does	not	disrupt	
circadian	rhythmicity,	was	present	during	the	dark	period.

2.2	 |	 Mouse model of SE

Before	 cannula	 implantation,	 mice	 were	 anesthetized	
using	 isoflurane	 (5%	 induction,	 1%–	2%	 maintenance)	
and	 maintained	 normothermic	 by	 means	 of	 a	 feedback-	
controlled	heat	blanket	(Harvard	Apparatus).11	Once	fully	
anesthetized,	 mice	 were	 placed	 in	 a	 stereotaxic	 frame	
and	 a	 midline	 scalp	 incision	 was	 performed	 to	 expose	

the	 skull.	 A	 guide	 cannula	 (anteroposterior	=	.94	mm,	
lateral	=	2.85	mm)	was	fixed	in	place	with	dental	cement.	
SE	was	 induced	by	a	microinjection	of	 .3	μg	KA	 in	 .2	μL	
phosphate-	buffered	saline	(PBS)	into	the	right	basolateral	
amygdala	 (intra-	amygdala	KA	[IAKA]).	Vehicle-	injected	
control	animals	received	.2	μL	of	sterile	PBS.	The	anticon-
vulsant	 lorazepam	 (6	mg/kg;	 Wyetch)	 was	 delivered	 via	
intraperitoneal	injection	40	min	post-	KA/vehicle.

2.3	 |	 Long- term 
electroencephalographic monitoring

Continuous	 electroencephalographic	 (EEG)	 recordings	
were	 carried	 out	 using	 implantable	 EEG	 telemetry	 de-
vices	 (Data	 Science	 International;	 model	 F20-	EET).11	
Transmitters	 were	 implanted	 in	 a	 subcutaneous	 pocket,	
between	 the	 shoulders,	 and	 connected	 to	 four	 cortical	
EEG	 electrodes	 fixed	 with	 dental	 cement,	 one	 on	 top	 of	
each	hippocampus	and	the	reference	electrodes	on	top	of	
the	frontal	cortex.	EEG	data	were	reviewed	daily,	and	an	
observer	 unaware	 of	 genotype	 manually	 scored	 seizures	
during	 the	 light	 (7:00	a.m.	 to	 7:00	p.m.)	 and	 dark	 period	
(7:00	p.m.	to	7:00	a.m.).

2.4	 |	 Human brain tissue

This	 study	 was	 approved	 by	 the	 Ethics	 (Medical	
Research)	 Committee	 at	 Beaumont	 Hospital,	 Dublin	
(05/18),	 and	 written	 informed	 consent	 was	 obtained	
from	all	patients.	Epilepsy	patients,	all	diagnosed	with	
temporal	 lobe	 epilepsy	 (TLE;	 four	 females	 and	 four	
males,	 average	 age	=	37	±	10.5	years),	 were	 referred	
for	 surgical	 resection	 of	 the	 temporal	 lobe	 (Table  S1).	
Hippocampi	 (n	=	4)	 and	 cortex	 (n	=	4)	 were	 obtained,	
frozen	in	liquid	nitrogen,	and	stored	at	−80°C.	A	pathol-
ogist	confirmed	the	absence	of	significant	neuronal	loss.	
Autopsy	 control	 samples	 (two	 females	 and	 two	 males,	
average	 age	=	35	±	15.49	years)	 from	 the	 temporal	 hip-
pocampus	(n	=	4)	and	cortex	(n	=	4)	were	obtained	from	
the	Brain	and	Tissue	Bank	for	Developmental	Disorders	
at	 the	 University	 of	 Maryland,	 Baltimore,	 Maryland,	
USA.

2.5	 |	 Blood sampling

Blood	 samples	 were	 collected	 from	 8–	12-	week-	old	 male	
CPEB4+/−	 mice	 and	 wild-	type	 (WT)	 control	 littermates	
(CPEB4+/+)	 from	 the	 submandibular	 vein	 into	 EDTA-	
containing	 tubes	 at	 10:00	 (light	 cycle)	 and	 21:00	 (dark	
cycle).	 Plasma	 was	 separated	 from	 whole	 blood	 by	
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centrifugation	 (4000	×	 g	 for	 10	min	 at	 4°C)	 and	 stored	
at	 −80°C	 until	 analysis	 of	 melatonin	 concentrations	 via	
high-	performance	liquid	chromatography	(HPLC).

2.6	 |	 Cell culture and transfection

Mouse	neuroblastoma	2A	(N2A)	cell	line	was	maintained	
in	Dulbecco's	Modified	Eagle/Nutrient	Mixture	F-	12	me-
dium	 (Invitrogen)	 supplemented	 with	 10%	 fetal	 bovine	
serum	 and	 100	U/mL	 penicillin/streptomycin.	 For	 tran-
sient	transfection,	N2A	cells	were	seeded	in	antibiotic-	free	
medium	 in	 12-	well	 plates	 (8	×	104	 cells/well)	 and	 trans-
fected	(24	h	later	at	70%	confluency)	with	1	μg	enhanced	
green	fluorescent	protein–	CLOCK	plasmid	construct/well	
using	Lipofectamine	2000	reagent	(Invitrogen)	according	
to	the	manufacturer's	instructions.	After	6	h,	transfection	
medium	 was	 changed	 back	 to	 normal	 growth	 medium.	
Twenty-	four	 hours	 after	 transfection,	 cells	 were	 washed	
twice	 in	PBS	and	harvested	 in	Trizol.	Experiments	were	
repeated	twice.

2.7	 |	 High- performance liquid 
chromatography

Tubes	 containing	 serum	 were	 heated	 at	 98°C	 for	 2	min	
and	put	on	ice	for	an	additional	10	min.	To	pellet	proteins,	
tubes	were	then	centrifuged	at	15	870	g	for	10	min	at	4°C.19	
Melatonin	concentrations	were	measured	with	an	Agilent	
1260	 HPLC	 system	 (Agilent	 Technologies).	 The	 chroma-
tographic	system	consisted	of	a	Kromaphase	C18	column	
with	a	particle	size	of	5	μm,	a	pore	size	of	100	Å,	25	cm	in	
length,	with	.46-	cm	inner	diameter.	The	system	was	equili-
brated	 overnight	 with	 40%	 methanol	 and	 60%	 ultrapure	
water.	 Measurements	 were	 performed	 at	 a	 constant	 tem-
perature	 of	 20°C	 and	 a	 flow	 rate	 of	 .8	mL/min,	 fixing	 the	
detector	at	a	wavelength	of	244	nm.	Quantification	of	mela-
tonin	was	performed	by	comparing	the	samples	with	exter-
nal	standards.

2.8	 |	 Chromatin 
immunoprecipitation assay

Ipsilateral	 hippocampi	 were	 dissected	 1	h	 post-	SE,	 ho-
mogenized	in	1%	formaldehyde,	and	incubated	at	room	
temperature	 for	10	min.20	Formaldehyde	was	quenched	
with	 	.125	mol·L−1	 glycine.	 Samples	 were	 then	 incu-
bated	 in	 a	 hypotonic	 buffer	 (20	mmol·L−1	 Tris–	HCl,	
10	mmol·L−1	NaCl,	3	mmol·L−1	MgCl2),	lysed	in	a	dounce	
homogenizer,	and	rotated	at	4°C	for	20	min.	One	percent	
NP-	40	 was	 added	 to	 each	 sample,	 then	 samples	 were	

centrifuged	 at	 19	 900	g	 for	 5	min	 at	 4°C	 and	 chromatin	
was	 sheared	 in	 a	 Diagenode	 sonicator.	 To	 ensure	 ap-
propriate	shearing	profiles,	DNA	was	analyzed	on	a	2%	
agarose	 gel	 and	 visualized	 on	 an	 ultraviolet	 box	 (VWR	
International).	Then,	samples	were	incubated	with	mag-
netic	 Dynabeads	 (Thermo	 Fisher	 Scientific)	 that	 had	
been	 preincubated	 overnight	 with	 5	μg	 of	 CLOCK	 anti-
body	 (Abcam	 ab3517)	 or	 IgG	 control	 (Cell	 Signaling).	
Beads	and	DNA	were	incubated	at	4°C	for	1	h.	Magnetic	
beads	 and	 bound	 material	 were	 washed	 with	 radioim-
munoprecipitation	assay	buffer	to	remove	loosely	bound	
DNA/proteins.	 Beads	 were	 then	 separated	 from	 com-
plexed	DNA	using	Chelex	reagent	and	heated	 to	100°C	
for	10	min.	Samples	were	incubated	at	room	temperature	
for	a	further	10	min	before	being	centrifuged	at	19	900	g	
for	5	min.	The	supernatant	was	transferred	to	a	new	tube,	
stored	at	4°C,	and	quantified	by	qPCR	with	gene-	specific	
primers.	Transcription	factor	occupancy	was	normalized	
to	IgG	binding	to	the	DNA	and	calculated	as	a	percent-
age	of	 total	 input.	Primers	used	were	as	 follows:	Clock:	
forward:	 5′-	GGAAA	ACC	CGC	CTC	TCCTTC-	3′;	 reverse:	
5′-	GAGGC	CTG	CCC	TGA	GTAAAG-	3′.

2.9	 |	 Statistical analysis

For	statistical	analysis,	we	used	GraphPad	Prism	9.	Data	is	
presented	as	mean	±	SEM.	Analysis	of	variance	with	post	
hoc	Fisher	protected	least	significant	difference	and	Tukey	
test	was	used	to	analyze	group	data	of	three	or	more.	For	
two-	group	comparisons,	Student	t-	test	was	used	to	deter-
mine	statistical	differences	between	groups.	Significance	
was	accepted	at	p	<	.05.

3 	 | 	 RESULTS

3.1	 |	 Increased occupancy of the CPEB4 
promoter by CLOCK after SE

To	identify	possible	transcriptional	regulatory	mechanisms	
governing	 CPEB4	 expression	 in	 the	 brain,	 we	 analyzed	
the	 promoter	 region	 (5000	 bases	 upstream	 of	 transcrip-
tional	start	site	 [GRCm39/mm39])	of	 the	Cpeb4	gene	 for	
transcription	 factor	 recognition	 motifs.	 This	 revealed	
one	E-	box	within	5000	base	pairs	upstream	of	the	CPEB4	
transcriptional	start	site.	We	also	found,	however,	several	
further	 upstream,	 within	 10	000	 base	 pairs	 (Figure  1A).	
E-	box	elements	are	targeted	by	several	transcription	fac-
tors	including	Clock,	a	key	regulator	of	circadian	rhythms	
and	 previously	 associated	 with	 epilepsy.14,21,22	 We	 next	
performed	a	chromatin	immunoprecipitation	assay	using	
a	CLOCK-	specific	antibody	 in	 tissue	 from	the	 ipsilateral	
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hippocampus	 from	 mice	 subjected	 to	 IAKA-	induced	 SE	
1	h	 postlorazepam.	 CLOCK	 binding	 to	 the	 Cpeb4	 pro-
moter	was	increased	by	approximately	threefold	in	mice	
subjected	 to	 SE	 (Figure  1B).	 Additionally,	 overexpres-
sion	of	CLOCK	in	N2A	cells	led	to	dramatic	increases	in	
Cpeb4	transcript	levels,	further	suggesting	Cpeb4	is	under	
the	transcriptional	control	of	CLOCK	(Figure 1C).	In	line	
with	 previous	 data	 showing	 increased	 Cpeb4	 expression	
in	 the	 hippocampus	 shortly	 following	 SE11	 and	 CLOCK	
activating	Cpeb4	transcription,	CPEB4	protein	levels	were	
increased	in	mice	1	h	post-	SE	(Figure 1D).

3.2	 |	 CPEB4- mediated mRNA 
polyadenylation disproportionally affects 
genes involved in the regulation of 
circadian rhythms

To	identify	what	pathways	are	regulated	via	CPEB4	post-
	SE	and	during	epilepsy,	we	analyzed	our	published	dataset	
on	poly(A)	tail	changes	occurring	in	the	hippocampus	of	
the	IAKA	mouse	model	(Figure 2A),11	restricting	our	anal-
ysis,	 however,	 to	 previously	 identified	 CPEB4	 binders.9	
This	 showed	 that	 CPEB4	 binders	 were	 overrepresented	

F I G U R E  1  Clock	binding	to	the	CPEB4	promoter	after	status	epilepticus	(SE).	(A)	Diagram	showing	Clock	binding	site	to	the	wild-	type	
(WT)	sequence	of	the	Cpeb4	3′	untranslated	region	Transcriptional	start	site	(TSS).	(B)	Percent	of	CLOCK	binding	input	in	the	ipsilateral	
hippocampus	of	WT	mice	injected	with	vehicle	(n	=	18,	three	samples	per	pool)	and	kainic	acid	(KA)	(n	=	18,	three	samples	per	pool),	
1	h	after	SE	that	represents	the	amount	of	chromatin	used	in	the	chromatin	immunoprecipitation	(ChIP)	assay.	IgG-	negative	control	is	
shown.	(C)	Clock	and	Cpeb4	transcript	levels	24	h	posttransfection	of	N2A	cells	with	Clock	overexpressing	plasmid.	Green	fluorescent	
protein-	transfected	N2A	cells	were	used	as	control	(Crtl;	n	=	6	per	group).	(D)	CPEB4	protein	levels	in	the	ipsilateral	dentate	gyrus	of	the	
hippocampus	of	WT	mice	treated	with	vehicle	(Ctrl;	n	=	4)	or	KA	(n	=	4)	1	h	after	SE.	Protein	quantity	was	normalized	to	the	loading	control	
β-	actin	(ACTB).	Data	are	mean	±	SEM	with	95%	confidence	intervals.	*p	<	.05,	***p	<	.001	by	unpaired	t-	test.
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among	 genes	 with	 an	 altered	 poly(A)	 tail	 post-	SE	 (7.4%	
no	 change	 vs.	 14.2%	 shortened	 and	 11.5%	 lengthened)	
and	 during	 epilepsy	 (6%	 no	 change	 vs.	 13.8%	 shortened	
and	10.8%	lengthened;	Figure S1).	More	specifically,	235	

CPEB4	 binders	 (1.09%	 of	 total	 transcriptome	 analyzed)	
changed	their	poly(A)	tail	 length	(shortened	and	length-
ened)	 post-	SE	 and	 721	 CPEB4	 binders	 (3.34%	 of	 total	
transcriptome	analyzed)	changed	their	poly(A)	tail	length	
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(shortened	 and	 lengthened)	 during	 epilepsy	 (Table  S3	
[acute	and	epilepsy]).

To	 identify	 pathways	 affected	 by	 CPEB4-	dependent	
mRNA	 polyadenylation	 changes,	 CPEB4	 binders	 with	
an	altered	poly(A)	tail	length	(shortened	and	lengthened	
combined)	 were	 analyzed	 by	 Gene	 Ontology	 terms.23	
This	 analysis	 identified	 three	 pathways	 post-	SE	 (phago-
cytosis,	 spliceosome,	 and	 endoplasmic	 reticulum	 [ER])	
and	 several	 pathways	 during	 epilepsy	 (synaptic	 trans-
mission	 [long-	term	 potentiation,	 γ-	aminobutyric	 acider-
gic	synapse],	protein	processing	[ER,	ubiquitin-	mediated	
proteolysis],	 signaling	 pathways	 [mammalian	 target	 of	
rapamycin,	 cyclic	 guanosine	 monophosphate–	protein	
kinase	 G,	 and	 mitogen-	activated	 protein	 kinase],	 genes	
regulating	 gap	 junctions,	 cell	 cycle,	 spliceosome,	 and	
genes	 involved	 in	 the	 regulation	 of	 circadian	 rhythms;	
Figure 2B).	Interestingly,	“circadian	rhythms”	were	iden-
tified	 as	 one	 of	 the	 most	 significantly	 altered	 pathways	
during	epilepsy	(Figure 2B	and	Table S4).

Next,	we	focused	our	analysis	on	CPEB4	binders	with	
an	altered	poly(A)	tail	during	epilepsy	that	have	previously	
been	shown	to	be	implicated	in	circadian	rhythms	(https://
www.wikip	athwa	ys.org/index.php/Pathw	ay:WP3594)	and	
compared	these	to	their	poly(A)	status	in	CPEB4-	deficient	
mice	 (Figure 2C	and	Table 1).	This	 showed	 that,	during	
epilepsy,	approximately	50%	of	analyzed	genes	displayed	a	
shortened	poly(A)	tail,	whereas	15%	showed	a	lengthened	
poly(A)	 tail	 (Figure  2C	 and	 Table  1).	 Notably,	 CPEB4-	
deficient	mice	showed	the	opposite	poly(A)	tail	status	of	
genes	associated	with	circadian	rhythms	when	compared	
to	poly(A)	changes	observed	in	the	IAKA	epilepsy	model.	
This	was	most	evident	in	genes	with	a	lengthened	poly(A)	
tail	 during	 epilepsy	 (Table  1).	 In	 contrast,	 among	 genes	
associated	with	circadian	rhythms	but	that	have	not	been	
identified	as	CPEB4	binders,	only	18	of	136	genes	(13.2%)	
showed	 a	 shortened	 poly(A)	 tail	 and	 21	 of	 136	 genes	
(15.4%)	showed	a	lengthened	poly(A)	tail	during	epilepsy	
(Table S5).

We	 next	 compared	 published	 datasets	 analyzing	 os-
cillations	 in	 protein	 expression	 in	 the	 brain	 during	 the	
day	 in	 experimental	 epilepsy24	 versus	 their	 poly(A)	 sta-
tus	 in	 CPEB4-	deficient	 mice.9	 This	 revealed	 that	 genes	
linked	 to	 CPEB4	 are	 enriched	 among	 proteins	 changing	
their	 expression	 according	 to	 the	 time	 of	 the	 day	 under	
both	 control	 conditions	 (71/169	 genes;	 representation	
factor	 [R.F]	 =	1.3,	 p	<	.005)	 and	 during	 epilepsy	 (97/247	
genes;	 R.F	=	1.2,	 p	<	.013).	 Notably,	 although	 cross	 com-
parison	 of	 proteins	 with	 altered	 expression	 during	 the	
day	also	showed	a	correlation	with	the	poly(A)	profile	in	
CPEB4-	deficient	mice,	this	was	restricted	to	genes	with	a	
lengthened	poly(A)	tail	(control:	46/169	genes,	R.F	=	1.6,	
p	<	.0004;	 epilepsy:	 55/247	 genes,	 R.F	=	1.3;	 p	<	.020;	
Figure  2D),	 further	 in	 line	 with	 our	 results	 indicating	
that	CPEB4	binders	with	a	longer	poly(A)	tail	in	CPEB4-	
deficient	mice	and,	hence,	shorter	poly(A)	tail	in	our	epi-
lepsy	model,	are	mostly	affected	in	epilepsy.

When	focusing	on	the	main	core	proteins	involved	in	
the	 regulation	 of	 circadian	 rhythms,	 Clock	 was	 the	 only	
CPEB4	binder	showing	a	 lengthened	poly(A)	tail	during	
SE	 and	 epilepsy	 and,	 conversely,	 an	 opposite	 poly(A)	
tail	pattern	in	CPEB4-	deficient	mice	(Figure 2E).	In	line	
with	 a	 shortened	 poly(A)	 tail	 in	 CPEB4-	deficient	 mice,	
hippocampal	CLOCK	mRNA	and	protein	expression,	al-
though	not	reaching	significance,	was	slightly	reduced	in	
naïve	 CPEB4-	deficient	 (CPEB4+/−	 and	 CPEB4−/−)	 mice	
(Figure 2F).	Naïve	CPEB4-	deficient	mice	also	showed	al-
tered	mRNA	levels	of	other	components	of	the	molecular	
clock	such	as	the	transcriptional	activator	Bmal1	and	tran-
scriptional	repressor	Cry1	(Figure S2).

We	 next	 analyzed	 serum	 melatonin	 levels	 in	 WT	
(CPEB4+/+)	and	CPEB4-	deficient	(CPEB4+/−)	mice	at	two	
different	timepoints,	10:00	a.m.	(light	cycle)	and	09:00	p.m.	
(dark	cycle),	over	a	24-	h	period	in	a	12-	h	light–	dark	cycle.	
Serum	 melatonin	 levels	 were	 slightly	 increased	 during	
the	dark	cycle	in	naïve	WT	mice	(~20%;	Figure 2G).	More	
strikingly,	 melatonin	 levels	 in	 serum	 of	 CPEB4+/−	 mice	

F I G U R E  2  CPEB4-	mediated	mRNA	polyadenylation	and	regulation	of	circadian	rhythms.	(A)	Schematic	showing	the	experimental	
design	using	the	intraamygdala	kainic	acid	(KA)	mouse	model.	Mice	injected	with	KA	develop	epilepsy	after	a	short	latent	period	of	
3–	5	days.	Ipsilateral	hippocampi	were	collected	at	8	h	(acute	phase)	and	14	days	(chronic	phase;	epilepsy)	after	status	epilepticus	(SE).	
i.a,	intra-	amygdala;	Lz	=	lorazepam;	PBS,	phosphate-	buffered	saline;	TLE,	temporal	lobe	epilepsy.	(B)	Top	Gene	Ontology	(GO)	terms	and	
associated	biological	processes	of	transcripts	enriched	with	CPEB4	binders	undergoing	poly(A)	tail	changes	post-	SE	and	during	epilepsy;	
p-	value	is	plotted	on	the	x-	axis.	(C)	Percentage	of	circadian-	related	transcripts	(total	of	53	genes)	showing	poly(A)	tail	changes	and	enriched	
with	CPEB4	binders	during	epilepsy.	(D)	Venn	diagram	showing	overlap	of	transcripts	undergoing	poly(A)	tail	changes	in	CPEB4-	deficient	
mice	versus	their	encoding	products	in	experimental	epilepsy.	One-	sided	Fisher	exact	test	was	used.	R.F,	representation	factor.	(E)	Table	
showing	poly(A)	tail	changes	of	main	components	of	the	molecular	clock	in	the	ipsilateral	hippocampus	after	SE,	during	epilepsy,	and	in	
CPEB4-	deficient	mice.	Blue	indicates	lengthened	poly(A)	tail;	red	indicates	shortened	poly(A)	tail.	One-	way	analysis	of	variance	parametric	
statistics	with	post	hoc	Fisher	test	are	shown.	F.C.,	fold	change.	(F)	Clock	mRNA	and	CLOCK	protein	levels	in	the	hippocampus	of	naïve	
CPEB4-	deficient	mice	(n	=	5	[CPEB4+/+],	n	=	4–	6	[CPEB4+/−],	and	n	=	5	[CPEB4−/−]).	ACTB,	β-	actin.	(G)	Melatonin	(MLT)	concentration	in	
plasma	of	naïve	CPEB4+/+	(n	=	10–	12)	and	CPEB4+/−	(n	=	8–	13)	mice	during	a	24-	h	period	(*CPEB4+/+	light	cycle	vs.	CPEB4+/−	light	cycle;	
#CPEB4+/−	light	cycle	vs.	CPEB4+/−	dark	cycle).	*,#p	<	.05,	****p	<	.001.
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T A B L E  1 	 Poly(A)	status	of	transcripts	with	a	dynamic	control	of	gene	expression	and	CPEB4	binders	during	epilepsy.

Gene

Polyadenylation changes

Epilepsy CPEB4- deficient mice

F.C. p F.C. p

Hnrnpd	(heterogeneous	nuclear	ribonucleoprotein	D) −2.45a .0000b 1.33c .0010b

Hdac2	(histone	deacetylase	2) −2.39a .0010d 1.11 .1430

Nono	(non-	POU-	domain-	containing,	octamer	binding	
protein)

−	2.30a .0037d 1.28c .0030e

Gnaq	(guanine	nucleotide	binding	protein,	alpha	q	
polypeptide)

−	2.08a .0008b 1.30c .0040e

Klf10	(Kruppel-	like	factor	10) −1.91a .0119f 1.01 .9610

Ppargc1a	(peroxisome	proliferative	activated	receptor,	
gamma,	coactivator	1	alpha)

−1.85a .0067d 1.20c .0270f

Ppp1cc	(protein	phosphatase	1,	catalytic	subunit,	
gamma	isoform)

−1.68a .0003b 1.06 .4330

Arnt2	(aryl	hydrocarbon	receptor	nuclear	translocator	
2)

−1.63a .0010b −1.16 .1020

Skp1a	(S-	phase	kinase-	associated	protein	1A) −1.63a .0029d −1.12a .0490f

Rorb	(RAR-	related	orphan	receptor	beta) −1.56a .0031d −1.18 .1020

Egr3	(early	growth	response	3) −1.52a .0276f 1.19c .0150f

Ppp1cb	(protein	phosphatase	1,	catalytic	subunit,	beta	
isoform)

−1.52a .0002b 1.34c .0080e

Prox1	(prospero-	related	homeobox	1) −1.51a .0020d 1.52c .0004b

Rora	(RAR-	related	orphan	receptor	alpha) −1.49a .0157f 1.00 1.0

Dyrk1a	(dual-	specificity	tyrosine-	(Y)-	phosphorylation	
regulated	kinase	1a)

−1.47 .0700 1.27c .0100e

Pten	(phosphatase	and	tensin	homolog) −1.46a .0199f 1.27c .0020d

Klf9	(Kruppel-	like	factor	9) −1.46a .0084d 1.72c .0003b

Nampt	(nicotinamide	phosphoribosyltransferase) −1.40a .0207f −1.29a .0030d

Hs3st2	(heparan	sulfate	(glucosamine)	3-	O-	
sulfotransferase	2)

−1.40a .0414f −1.40a .0010b

Kcnd2	(potassium	voltage-	gated	channel,	Shal-	related	
family,	member	2)

−1.38a .0202f 1.30c .0030d

Npas2	(neuronal	PAS	domain	protein	2) −1.38a .0338f −1.05 .4940

Jun	(Jun	oncogene) −1.35a .0126f 1.25c .0040d

Creb1	(cAMP	responsive	element	binding	protein	1) −1.31a .0315f −1.36a .0020d

Ncor1	(nuclear	receptor	corepressor	1) −1.30a .0100d 1.15 .0530

Zfhx3	(zinc	finger	homeobox	3) −1.28 .0900 1.20 .1140

Top1	(topoisomerase	(DNA)	I) −1.27a .0406f 1.15c .0400f

Adcy1	(adenylate	cyclase	1) −1.21a .0452f −1.16a .0210f

Ogt	(UDP-	N-	acetylglucosamine:polypeptide-	N-	
acetylglucosaminyl	transferase)

−1.17 .2100 −1.26a .0160f

Fbxl3	(F-	box	and	leucine-	rich	repeat	protein	3) −1.16 .4500 1.28c .0087d

Egr1	(early	growth	response	1) −1.07 .7500 1.17c .0210f

Mapk8	(mitogen-	activated	protein	kinase	8) 1.00 1.0 1.21c .0300f

Nrip1	(nuclear	receptor	interacting	protein	1) 1.00 1.0 1.00 1.0

Ntrk3	(neurotrophic	tyrosine	kinase,	receptor,	type	3) 1.00 1.0 1.21c .0360f
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showed	the	reverse,	with	higher	levels	observed	during	the	
light	cycle	and	lower	levels	during	the	dark	cycle	(~50%).	
Moreover,	melatonin	levels	where	higher	during	the	day	
cycle	and	lower	during	the	night	cycle	when	compared	to	
WT	mice	(Figure 2G).

3.3	 |	 Increased CLOCK expression in the 
hippocampus of mice following SE and in 
patients with TLE

To	validate	our	microarray	data	and	test	whether	a	length-
ened	poly(A)	tail	 found	in	Clock	 transcripts	post-	SE	and	
during	epilepsy	is	 translated	into	an	increase	 in	CLOCK	
protein	expression,	we	analyzed	hippocampal	tissue	from	

WT	 mice	 subjected	 to	 IAKA	 shortly	 following	 SE	 and	
during	 epilepsy.	 Hippocampal	 Clock	 mRNA	 levels	 were	
increased	8	and	24	h	post-	SE	(Figure 3A),	and	CLOCK	pro-
tein	expression	was	increased	24	h	post-	SE	(Figure 3B).	A	
similar	increase	was	observed	during	epilepsy	(i.e.,	14	days	
post-	SE),	where	Clock	mRNA	levels	were	slightly	upregu-
lated	in	the	hippocampus	(Figure 3C)	and	CLOCK	protein	
levels	increased	(Figure 3D).	In	addition,	we	analyzed	ex-
pression	 changes	 of	 other	 components	 of	 the	 molecular	
clock,	 including	 BMAL1,	 CRY1,	 and	 PER2,	 post-	SE	 and	
during	 epilepsy.	 Whereas	 the	 expression	 of	 BMAL1	 and	
PER2	 was	 increased	 post-	SE,	 no	 changes	 were	 observed	
for	 CRY1	 (Figure  S3A).	 During	 epilepsy,	 BMAL1	 levels	
were	decreased,	and	no	changes	were	observed	for	CRY1	
and	PER2	(Figure S3B).

Gene

Polyadenylation changes

Epilepsy CPEB4- deficient mice

F.C. p F.C. p

Sfpq	(splicing	factor	proline/glutamine	rich) 1.00 1.0 1.00 1.0

Ube3a	(ubiquitin	protein	ligase	E3A) 1.00 1.0 1.00 1.0

Nlgn1	(neuroligin	1) 1.03 .7400 1.08 .1590

Per1	(period	circadian	clock	1) 1.06 .7300 1.13 .1090

Adora2a	(adenosine	A2a	receptor) 1.12 .1800 −1.12 .0680

Crem	(cAMP	responsive	element	modulator) 1.13 .1100 1.11 .1270

Nr1d2	(nuclear	receptor	subfamily	1,	group	D,	member	
2)

1.17 .1500 −1.11 .1240

Dhx9	(DEAH	(Asp-	Glu-	Ala-	His)	box	polypeptide	9) 1.18 .0530 1.17 .0630

Kdm5a	(lysine	(K)-	specific	demethylase	5A) 1.22 .0800 1.21c .0120f

Homer1	(homer	homolog	1	(Drosophila)) 1.35 .0800 1.21c .0190f

Pspc1	(paraspeckle	protein	1) 1.36 .0800 −1.16a .0390f

Crh	(corticotropin	releasing	hormone) 1.37 .4200 −1.16 .1020

Clock	(circadian	locomotor	output	cycles	kaput) 1.41c .0145f −1.23a .0039d

Hdac1	(histone	deacetylase	1) 1.43c .0086e −1.07 .5470

Dbp	(D	site	albumin	promoter	binding	protein) 1.53c .0029d 1.26c .0241f

Prkaa2	(protein	kinase,	AMP-	activated,	alpha	2	
catalytic	subunit)

1.57c .0063e 1.10 .4120

Ddx5	(DEAD	(Asp-	Glu-	Ala-	Asp)	box	polypeptide	5) 1.77c .0005b −1.21 .1410

Rock2	(Rho-	associated	coiled-	coil	containing	protein	
kinase	2)

1.82c .0077e −1.20a .0180f

Csnk1d	(casein	kinase	1,	delta) 2.55c .0025d −1.13 .1220

Id4	(inhibitor	of	DNA	binding	4) 2.58c .0015d 1.25c .0170f

Abbreviation:	F.C.,	fold	change.
aShortened	poly(A)	tail.
bp	<	.001.
cLengthened	poly(A)	tail.
dp	<	.005.
ep	<	.01.
fp	<	.05.

T A B L E  1 	 (Continued)
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We	 next	 analyzed	 resected	 cortical	 and	 hippocam-
pal	 tissue	 obtained	 after	 resection	 surgery	 from	 drug-	
refractory	TLE	patients.	In	line	with	what	we	had	reported	
previously,	CPEB4	protein	levels	were	highly	increased	in	
the	 hippocampus11	 and	 cortex	 (Figure  3E,F).	 Likewise,	
CLOCK	protein	levels	were	also	increased	in	hippocampal	
and	cortical	tissue	by	approximately	twofold	(Figure 3E,F).

3.4	 |	 CPEB4- deficient mice present 
decreased CLOCK expression post- SE 
in the hippocampus and an altered 
circadian seizure phenotype

We	then	investigated	the	impact	of	CPEB4-	deficiency	on	
CLOCK	 expression	 after	 SE.	 CPEB4-	deficient	 mice	 dis-
played	a	decrease	in	hippocampal	CLOCK	protein	levels	
at	 both	 8	 and	 24	h	 post-	SE	 (Figure  4A),	 further	 suggest-
ing	CLOCK	expression	to	be	under	the	control	of	CPEB4.	

Finally,	 to	determine	whether	 the	deletion	of	Cpeb4	has	
an	impact	on	the	seizure	rhythmicity,	we	analyzed	the	sei-
zure	phenotype	of	epileptic	WT	(CPEB4+/+)	and	CPEB4-	
deficient	(CPEB4+/−)	mice.	Interestingly,	CPEB4+/−	mice	
showed	an	opposite	pattern	in	the	number	of	seizures	ex-
perienced	along	the	day	compared	to	WT	mice,	experienc-
ing	more	seizures	during	the	dark	cycle	when	compared	
to	the	light	cycle	(Figure 4B).

4 	 | 	 DISCUSSION

Posttranscriptional	 regulatory	 mechanisms	 are	 widely	
recognized	 to	 contribute	 to	 epilepsy	 development.1–	3	
Among	 these,	 mRNA	 polyadenylation	 has	 only	 recently	
emerged	as	a	new	player	in	epileptogenesis.11	Moreover,	
CPEB4	has	been	identified	as	a	major	contributor	to	these	
changes.11	Although	there	is	growing	evidence	of	CPEB4	
contributing	 to	 several	 brain	 pathologies,5	 what	 drives	

F I G U R E  3  Clock	protein	expression	in	the	brain	following	status	epilepticus	(SE)	and	during	epilepsy	in	mice	and	in	temporal	lobe	
epilepsy	(TLE)	patients.	(A)	Clock	mRNA	and	(B)	CLOCK	protein	levels	in	the	ipsilateral	hippocampus	of	wild-	type	(WT)	mice	injected	with	
vehicle	(Ctrl,	n	=	4)	and	kainic	acid	(KA;	SE,	n	=	4)	at	8	h	and	24	h	post-	SE.	(C)	Clock	mRNA	and	(D)	CLOCK	protein	levels	in	the	ipsilateral	
hippocampus	of	WT	mice	injected	with	vehicle	(Ctrl,	n	=	4)	and	KA	(SE,	n	=	4)	at	14	days	after	SE.	(E)	Hippocampal	and	(F)	cortical	CPEB4	
and	CLOCK	protein	levels	of	patients	with	TLE	and	control	(n	=	4	per	group).	Protein	quantity	was	normalized	to	the	loading	control	β-	actin	
(ACTB).	Data	are	mean	±	SEM	with	95%	confidence	intervals.	*p	<	.05,	**p	<	.01	by	unpaired	t-	test.
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CPEB4	expression	during	brain	diseases	has	not	been	ana-
lyzed	to	date.

Our	 first	 finding	 shows	 that	 CLOCK	 binds	 to	 the	
promoter	region	of	Cpeb4	during	the	physiological	con-
dition,	which	increases	post-	SE.	We	also	show	that	over-
expression	of	CLOCK	leads	to	increased	Cpeb4	transcript	
levels.	CPEB4	expression	has	previously	been	shown	to	
oscillate	 in	 a	 24-	h	 fashion	 in	 hepatic	 tissue.16,17	 Hence,	
it	 is	 tempting	 to	 speculate	 that	 circadian	 expression	
changes	 of	 CPEB4	 are,	 at	 least	 in	 part,	 regulated	 via	
CLOCK.	Definite	proof	of	CLOCK	regulating	the	circa-
dian	 expression	 of	 CPEB4	 would,	 however,	 require	 the	
analyses	of	cyclic	CPEB4	expression	in	CLOCK-	deficient	
mice.

Here,	 we	 show	 that	 the	 total	 number	 of	 identified	
CPEB4-	dependent	 pathways	 is	 higher	 during	 epilepsy	
when	compared	to	SE.	This	is,	however,	most	likely	sim-
ply	a	direct	consequence	of	poly(A)	changes	being	much	
more	 pronounced	 during	 epilepsy.11	 Although	 circadian	
rhythms	were	one	of	 the	 top	pathways	 identified	during	
epilepsy,	 our	 analysis	 identified	 several	 other	 pathways	
potentially	under	the	control	of	CPEB4.	Of	note,	ER	stress,	
identified	during	both	SE	and	epilepsy,	has	a	known	role	
during	 epilepsy	 development25	 and	 has	 previously	 been	
shown	to	be	regulated	via	CPEB4	in	the	liver.17

It	is	increasingly	clear	that	changes	in	the	sleep–	wake	
cycle	contribute	 to	epilepsy	development.	Sleep	depriva-
tion	is	a	known	trigger	of	seizures.12,26	Both	CLOCK	and	
BMAL1	 deficiency	 have	 been	 reported	 to	 lower	 the	 sei-
zure	threshold	in	rodents.13,14	This	not	only	demonstrates	
a	role	of	core	clock	proteins	during	seizure	generation	and	
epilepsy	 development,	 but	 also	 suggests	 that	 increasing	
CLOCK	protein	expression	 in	 the	brain	may	represent	a	
protective	mechanism	against	seizures.	Of	note,	CPEB4-	
deficient	mice	show	lower	CLOCK	brain	levels,	potentially	
contributing	 to	 their	 increased	 brain	 hyperexcitability.11	
We	have	previously	shown	that	a	shorter	poly(A)	tail	leads	
to	a	decrease	in	protein	expression	in	the	brain9,11;	hence,	
we	 can	 speculate	 that	 a	 longer	 poly(A)	 tail	 observed	 in	
Clock	leads	to	the	observed	increase	in	its	expression,	most	
likely	regulated	via	CPEB4.	Why,	in	contrast	to	the	lower	
CLOCK	brain	levels	reported	in	other	studies,14,27	CLOCK	
was	 increased	 post-	IAKA	 and	 in	 TLE	 patient	 brain,	 re-
mains	to	be	determined.	Possible	explanations	include	the	
use	of	different	models	and	species	or	timepoints	during	
disease	progression	at	which	samples	were	analyzed.	We	
have,	however,	shown	that	the	IAKA	model	closely	mim-
ics	the	human	condition	at	the	molecular	level,28	and	we	
have	 obtained	 similar	 results	 in	 our	 mouse	 model	 and	
patients.	 Nevertheless,	 the	 effects	 of	 CPEB4	 on	 epilepsy	
being	 restricted	 to	 its	 impact	 on	 the	 regulation	 of	 circa-
dian	rhythms	is	unlikely;	most	likely,	several	pathways	are	
affected	simultaneously.

In	 addition,	 our	 results	 show	 that	 the	 expression	
of	 other	 molecular	 components	 of	 the	 core	 clock	 pro-
teins	 is	 altered	 in	 brain	 tissue	 of	 CPEB4-	deficient	 mice.	
Although	this	may	be	a	consequence	of	CPEB4	targeting	
CLOCK,	this	further	demonstrates	the	critical	role	CPEB4	
plays	in	the	regulation	of	circadian	rhythms	in	the	brain.	
Alterations	 in	 circadian	 rhythms	 in	 CPEB4-	deficient	
mice	are	further	evidenced	by	altered	melatonin	levels	in	
their	blood.	Melatonin	 is	 the	primary	hormone	 integrat-
ing	sleep–	wake	cycle	and	circadian	rhythms.29	Moreover,	
treatment	 of	 epileptic	 rodents	 and	 patients	 with	 mela-
tonin	 has	 shown	 anticonvulsive	 effects.30–	32	 This	 seems,	
however,	 to	 be	 dependent	 on	 melatonin	 concentrations,	
with	too	high	melatonin	concentrations	also	having	pro-
convulsive	effects.33	In	patients,	despite	showing	normal	
rhythmicity,	 melatonin	 levels	 have	 been	 reported	 to	 be	
lower	 when	 compared	 to	 control.34	 Our	 results	 showed	
opposing	 plasma	 melatonin	 levels	 in	 CPEB4-	deficient	
mice	when	compared	to	WT	mice,	with	melatonin	levels	
being	higher	during	the	night	and	lower	during	the	day,	
suggesting	 a	 shift	 in	 circadian	 plasma	 melatonin	 levels	
in	 CPEB4-	deficient	 mice	 throughout	 the	 day.	 Of	 note,	
CPEB4-	deficient	 mice	 also	 experienced	 more	 epileptic	
seizures	 during	 the	 night,	 possibly	 as	 a	 consequence	 of	
increased	 melatonin	 blood	 levels.	 However,	 regardless,	
whether	 the	 higher	 seizure	 susceptibility	 observed	 in	
CPEB4-	deficient	 mice	 is	 due	 to	 altered	 melatonin	 con-
centrations	or	whether	altered	melatonin	levels	are	a	con-
sequence	 of	 altered	 expression	 of	 core	 clock	 proteins	 in	
CPEB4-	deficient	 mice,	 our	 results	 are	 the	 first	 to	 report	
CPEB4-	mediated	mRNA	polyadenylation	in	the	brain	as	a	
new	contributor	to	the	regulation	of	the	sleep–	wake	cycle.

Transcription-	translation	 feedback	 loops	 (TTFLs)	 are	
an	essential	mechanism	to	generate	and	sustain	approxi-
mately	24-	h	rhythms	in	cells.35	In	mammals,	the	primary	
TTFL	 involves	 interactions	 between	 transcriptional	 acti-
vators	(e.g.,	BMAL1,	CLOCK)	and	the	repressive	complex	
formed	by,	for	example,	PER	and	CRY.	TTFL	are,	however,	
much	more	complex	and	are	further	regulated	by	second-
ary	feedback	loops	to	further	fine-	tune	protein	expression	
and	protein	expression	oscillations.36	Circadian	transcrip-
tion	 may	 be	 further	 impacted	 by	 different	 transcription	
factors,	 chromatin	 remodeling,	 and	 posttranscriptional	
changes	such	as	mRNA	polyadenylation.16	Studies	in	liver	
tissue	 have	 shown	 a	 strong	 correlation	 between	 poly(A)	
tail	 length	 rhythmicity	 and	 protein	 rhythms,	 where	 the	
peak	tail	length	precedes	the	peak	in	protein	expression.	
These	were,	at	least	in	some	cases,	regulated	via	CPEBs.16	
We	 here	 describe	 a	 new	 TTFL	 involving	 CLOCK	 and	
CPEB4,	 representing	 a	 possible	 amplification	 loop	 for	
both	CPEB4	and	CLOCK,	thereby	fine-	tuning	the	expres-
sion	of	hundreds	of	mRNAs	and	impacting	on	a	plethora	
of	intracellular	pathways.
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A	possible	limitation	of	our	study	is	that	our	research	
focused	 specifically	 on	 CPEB4;	 other	 CPEBs	 and	 other	
RNA	binding	proteins	are,	however,	most	 likely	also	 im-
plicated	not	only	in	mediating	poly(A)	tail	length	changes	
during	 epilepsy	 but	 also	 in	 the	 regulation	 of	 the	 sleep–	
wake	cycle.	In	our	study,	we	have	restricted	tissue	analy-
sis	to	one	timepoint	of	the	day	(i.e.,	morning).	Therefore,	
the	analysis	of	 several	 timepoints	during	 the	day	 should	
be	carried	out	in	future	studies.	In	addition,	different	cell	
type	compositions	between	control	and	patient	brain	may	
impact	on	gene	expression	levels.	Also,	although	we	have	
shown	 increased	 CLOCK	 and	 CPEB4	 expression	 in	 cor-
tical	and	hippocampal	 tissue	 in	TLE	patients,	we	cannot	
exclude	postmortem	effects	in	control	samples	contribut-
ing	to	the	observed	differences.	Moreover,	our	analysis	was	

restricted	to	male	mice.	Sex	differences	in	behavioral	circa-
dian	rhythms	in	rodents	have,	however,	been	reported	pre-
viously.37	In	this	context,	it	is,	however,	worth	pointing	out	
that	in	our	previous	study	both	male	and	female	CPEB4-	
deficient	mice	experienced	more	severe	seizures	during	SE	
when	 compared	 to	WT	 mice.11	 Finally,	 our	 analysis	 was	
restricted	to	the	IAKA	mouse	model.	Our	findings	should,	
therefore,	be	replicated	in	other	models	of	epilepsy	in	the	
future	(e.g.,	TBI	model,	genetic	epilepsies).

Taken	 together,	 our	 data	 identify	 a	 new	 positive	
transcriptional–	translational	 feedback	 loop	 in	 the	 brain	
between	CPEB4	and	CLOCK.	Consequently,	CPEB4	may	
represent	 a	 new	 target	 gene	 in	 conditions	 where	 alter-
ations	in	the	sleep–	wake	cycle	are	one	of	the	underlying	
pathologies.

F I G U R E  4  CPEB4-	deficient	mice	
present	decreased	CLOCK	expression	in	
the	hippocampus	and	an	altered	sleep–	
wake	cycle.	(A)	Protein	levels	of	CLOCK	
in	the	ipsilateral	hippocampus	of	CPEB4-	
deficient	mice	at	8	h	and	24	h	after	status	
epilepticus	(SE;	n	=	3	[CPEB4+/+],	n	=	3	
[CPEB4+/−],	n	=	3	[CPEB4−/−]).	Protein	
quantity	was	normalized	to	the	loading	
control	β-	actin	(ACTB).	(B)	Top	left	panel:	
Photographs	showing	mice	displaying	
spontaneous	seizures	during	the	dark	and	
light	cycles.	Bottom	left	panel:	Average	of	
daily	spontaneous	seizures	in	CPEB4+/+	
(n	=	3)	and	CPEB4+/−	(n	=	8)	mice	in	24-	h	
period	during	14-	day	recording	period	
(starting	at	the	time	of	intra-	amygdala	
kainic	acid	treatment).	Right	panel:	Graph	
showing	daily	seizure	frequency	according	
to	time	of	day.	Data	are	mean	±	SEM	
with	95%	confidence	intervals.	*p	<	.05,	
***p	<	.001,	****p	<	.0001	by	unpaired	
t-	test.
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