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Abstract. We studied the effect of ellagic acid (EA) 
on the morphology of nucleoli and on the pattern of 
major proteins of the nucleolus. After EA treatment 
of HeLa cells, we observed condensation of nucleoli 
as documented by the pattern of argyrophilic nucleo-
lar organizer regions (AgNORs). EA also indu ced 
condensation of RPA194-positive nucleolar regions, 
but no morphological changes were observed in nu-
cleolar compartments positive for UBF1/2 proteins 
or fibrillarin. Studied morphological changes indu
ced by EA were compared with the morphology of 
control, non-treated cells and with pronounced con-
densation of all nucleolar domains caused by actino-
mycin D (ACT-D) treatment. Si mi larly as ACT-D, 
but in a lesser extent, EA induced an increased num-
ber of 53BP1-positive DNA lesions. However, the 
main marker of DNA lesions, γH2AX, was not accu-
mulated in body-like nuclear structures. An in-
creased level of γH2AX was found by immunofluo-
rescence and Western blots only after EA treatment. 
Intriguingly, the levels of fibrillarin, UBF1/2 and 
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γH2AX were increased at the promoters of riboso-
mal genes, while 53BP1 and CARM1 levels were de-
creased by EA treatment at these genomic regions. In 
the entire genome, EA reduced H3R17 dimethyla-
tion. Taken together, ellagic acid is capable of signifi-
cantly changing the nucleolar morphology and pro-
tein levels inside the nucleolus. 

Introduction 
The nucleolus represents a highly organized compart-

ment of the cell nucleus that is a prominent region of 
ribosomal	gene	transcription	(Raška	et	al.,	2004,	2006;	
Lam	et	al.,	2005;	Boisvert	et	al.,	2007).	The	nucleolus	is	
a dynamic, non-membrane-bound structure whose 
shape is maintained by acrocentric chromosomes carry-
ing	 the	‘nucleolar	organizer	regions’	(NORs)	(Chen	et	
al.,	2005;	Olson	and	Dundr,	2005;	Shav-Tal	et	al.,	2005).	
The morphology of the nucleolus is tailored for ribo-
some biogenesis, and thus the nucleolus consists of 
three very important compartments responsible for pro-
duction of pre-ribosomal particles, and subsequently 
mature	18S,	5.8S,	 and	28S	 rRNA	(Raška	et	 al.,	2004,	
2006;	 Lam	 et	 al.,	 2005;	 Boisvert	 et	 al.,	 2007).	 These	
compartments, well recognized by electron microscopy, 
are	 called	 the	 fibrillar	 centre	 (FC),	 the	 dense	 fibrillar	
component	 (DFC),	 and	 the	 granular	 component	 (GC)	
(e.g.	Lam	et	 al.,	 2005).	An	 important	 breakthrough	 in	
the knowledge of biology of the cell nucleolus was 
brought	by	mass	spectrometry	showing	the	complex	nu-
cleolar	proteome	in	isolated	and	purified	nucleoli	(Lam	
et	al.,	2005;	Moore	et	al.,	2011).	Over	700	proteins	of	
the	nucleolus	were	identified	by	this	technique	(Scherl	
et	al.,	2002;	Andersen	et	al.,	2005).	Such	a	huge	amount	
of	nucleolar	proteins	documents	 the	complexity	of	 the	
regulation of transcription of ribosomal genes. Alter-
natively, some of these proteins may be involved in 
DNA repair processes appearing in ribosomal genes. 
Generally, it is well known that transcription of riboso-
mal genes is mediated by RNA polymerase I, and this 
process likely occurs at the border between the FC and 
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DFC	 (Gonzalez	 Melendi	 et	 al.,	 2001;	 Raška,	 2003).	
However,	where	exactly	the	transcription	of	ribosomal	
genes proceeds is still a matter of discussion, because 
some	experiments	showed	that	rDNA	transcripts	occur	
in	 the	 FC	 (e.g.	 Granboulan	 and	 Granboulan,	 1965;	
Scheer	and	Benavente,	1990;	Thiry	et	al.,	2000).	During	
rRNA processing, the pre-rRNA accumulates in the 
DFC, where posttranscriptional processing takes place. 
The compartment called GC is considered as a storage 
space for pre-ribosomal particles in various stages of 
maturation	(Shaw	and	Jordan,	1995;	Raška	et	al.,	2006).	
Export	of	ribosomal	subunits	is	mediated	by	simple	dif-
fusion,	as	has	been	described	for	60S	subunits	(Politz	et	
al.,	2003).	The	nucleolus	contains	many	regulatory	pro-
teins	that	also	serve	as	detection	targets	by	specific	anti-
bodies.	For	example,	here	we	studied	fibrillarin,	RNA	
polymerase	 I	 subunit	RPA194,	or	 transcription	 factors	
UBF1	and	UBF2	as	markers	of	nucleoli.	Similarly,	nu-
cleolin, interacting with different proteins and RNA se-
quences, is highly abundant in the nucleolus. The above-
mentioned proteins have a major regulatory role in 
ribosome particle biogenesis and some of them are re-
sponsible for maintenance of nucleolar chromatin struc-
ture,	and	thus	regulate	chromatin	condensation/de-con-
densation	in	the	nucleolus	(Erard	et	al.,	1988).	

The nucleolus is also highly sensitive to genome in-
jury, and thus represents a central nuclear compartment 
with	pronounced	ability	for	the	stress	response.	For	ex-
ample, nucleolar functions play a role during stress-in-
duced	 regulation	 of	 tumour	 suppressor	 p53,	 which	 is	
mutated in the majority of cancer cells (Boulon et al., 
2010).	Cellular	stress	also	induces	changes	in	the	organ-
ization and compactness of the nucleolus, which can ap-
pear after genome irradiation or cytostatic treatment. 
Moreover, widely used transcription inhibitor actinomy-
cin	D	(ACT-D),	inhibiting	RNA	polymerase	I,	also	has	
the	ability	to	induce	DNA	lesions	(Govoni	et	al.,	1994;	
Al-Baker	et	al.,	2005).	ACT-D	treatment	leads	to	segre-
gation of the nucleolus characterized by condensation of 
nucleolar regions, and subsequently the FC and GC are 
separated	(Shav-Tal	et	al.,	2005).	Different	types	of	caps	
(central	nucleolar	bodies)	are	formed	by	nucleolar	pro-
teins	 such	 as	UBF1/2	 or	 coilin	when	 cells	 are	 treated	
with ACT-D. Based on these results it seems to be im-
portant	to	study	the	effects	of	potential	cytotoxic	drugs,	
including ACT-D, on the nucleolus compartments. This 
is important especially in tumour cells, characterized by 
an increase in the number of nucleoli. Also, studies of 
the nuclear pattern of argyrophilic nucleolar organizer 
regions	(AgNORs)	after	tested	treatments	may	be	valu-
able in tumour cells, because aberrant morphology of 
AgNORs was well described in malignancies and this 
morphological parameter can serve as a diagnostic tool 
(Derenzini,	2000).	

These results inspired us to study the effect of ellagic 
acid	 (EA),	 which	 was	 identified	 in	 pomegranate	 and	
other	fruit	extracts.	EA	represents	an	inhibitor	of	argi-
nine	methyltransferase	CARM1	(Kim	et	al.,	2004;	Selvi	
et	al.,	2010).	We	therefore	tested	EA	as	a	natural	prod-

uct, an ‘epi-drug’, which affects the epigenome of mam-
malian cells. EA is also characterized by its anti-prolif-
erative	effect	(Kim	et	al.,	2004;	Selvi	et	al.,	2010).	Here,	
we studied whether EA is capable of changing the nu-
cleolar morphology and the pattern of selected proteins 
of the nucleolus as very important targets of anti-cancer 
therapy. 

Material and Methods 

Cell cultivation and counting 

Human cervical adenocarcinoma HeLa cells and 
HeLa	cells	expressing	GFP-tagged	histone	H2B	(gener-
ous	gift	from	Dr.	Marion	Cremer,	Ludwig-Maximilian-
University	 of	 Munich,	 Germany)	 were	 cultivated	 in	
Dulbecco’s	Modified	Eagle’s	Medium	(DMEM,	Sigma-
Aldrich,	 Prague,	Czech	Republic),	 supplemented	with	
penicillin and streptomycin, and 10% foetal bovine se-
rum	(PAN	Biotech	GmbH,	Aidenbach,Germany).	Cells	
were	maintained	on	Petri	dishes	at	37	°C,	5%	CO2 in a 
humidified	thermostat.	For	the	experiments,	cells	were	
harvested	at	approximately	70–80	%	confluence.	At	this	
confluence	we	treated	the	cells	(24	h	after	seeding)	with	
CARM1	inhibitor	(EA;	Selvi	et	al.,	2010)	and	ACT-D	
(Horáková	 et	 al.,	 2010).	 EA	 binds	 to	 the	 XXPRX/
XXRPX	motif	on	histone	H3,	but	does	not	directly	bind	
to	the	catalytic	domain	of	CARM1	(Kim	et	al.,	2004).	
Intriguingly,	H3R26	methylation,	which	is	also	mediat-
ed by CARM1, should not be inhibited by EA because 
it does not contain the proline-arginine motif (Selvi et 
al.,	2010).	We	used	the	following	concentration	of	EA:	
250	µM	for	24	h.	For	comparison	we	tested	the	effect	of	
0.5	 μg/ml	 actinomycin	 D	 [#A9415,	 Sigma-Aldrich,	
treatment	for	2	h].	The	drugs	were	diluted	in	dimethyl	
sulphoxide	(0.05%	DMSO).	EA	concentration	was	es-
tablished according to the cell proliferation rate mea-
sured as the cell numbers in control non-treated cells 
and after the cell treatment. Cell counting was per-
formed by automatic cell counter TC-10 (BIO-RAD, 
Prague,	Czech	Republic).	Concentration	of	ACT-D	was	
also	 optimized	 according	 to	 our	 former	 experimental	
approaches	(Horáková	et	al.,	2010;	Stixová	et	al.,	2011,	
2012).	

Analysis of the cell cycle by flow cytometry 
For	flow	cytometric	analyses,	the	cells	were	washed	

twice	in	PBS,	fixed	for	30	min	in	ice-cold	70%	ethanol,	
and	stored	at	4°C	before	measurement.	Fixed	cells	were	
washed	in	phosphate-buffered	saline	(PBS)	and	stained	
with	FxCycle™	PI/RNase	Staining	Solution	(#F10797,	
InvitrogenTM, Life Technologies, Prague, Czech Repub-
lic)	for	30	min	at	37	°C.	The	DNA	content	was	deter-
mined	 according	 to	 the	 fluorescence	 of	 incorporated	
propidium	 iodide	 (PI)	 by	 flow	 cytometer	 BD	 FACS	
Canto	 II	 (488-nm	 argon	 laser	 for	 excitation,	 Becton-
Dickinson,	 Czechia,	 s.r.o.,	 Prague,	 Czech	 Republic).	
Distribution of the cells in individual cell cycle phases 
was measured and analysed using the BD FACS Diva 
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software	(Becton-Dickinson)	and	FlowJo	software	(Tree	
Star,	Ashland,	OR);	(http://www.flowjo.com).	Three	in-
dependent repetitions consisting of triplicates were ana-
lysed for control samples and cells treated with EA or 
ACT-D. 

AgNOR staining
Cells	were	 treated	 for	 15	min	with	 75	mM	KCl	 at	

37	°C,	fixed	with	methanol/acetic	acid	mix	(3 : 1),	and	
placed	at	-20	°C	for	30	min.	Cell	nuclei	were	spread	on	
microscope	 slides	 and	 dehydrated	 in	 70%,	 80%,	 and	
96%	ethanol	(cooled	at	-20	°C)	for	1	min	each.	Nuclei	
were	stained	for	30	min	in	the	dark,	and	the	following	
mixtures	were	used	for	staining:	mixture	A	(2%	gelatin	
dissolved	in	double-distilled	water	[ddH2O]	and	1%	for-
mic	 acid)	 and	 mixture	 B	 (50%	 AgNO3 dissolved in 
ddH2O).	Mixtures	A	and	B	were	diluted	at	a	1 : 2	ratio.	
Nuclei were stained for 15 min using Eosin Y solution 
(Sigma-Aldrich;	 #HT110180).	 Specimens	 were	 dehy-
drated	for	1	min	in	96%,	80%,	and	70%	ethanol	at	room	
temperature. Cells were mounted in Vectashield mount-
ing	 medium	 (Vector	 Laboratories,	 Burlingame,	 CA;	
#H-1000)	and	analysed	using	a	transmission	light	mode	
by	a	Leica	SP5	X	confocal	microscope	(Leica	Microsys-
tems, Mannheim, Germany, represented by Micro, s.r.o., 
Brno,	Czech	Republic).	

Immunofluorescence analyses, cell visualization 
by confocal microscopy, quantification of 
fluorescence intensity 

Cells	were	washed	in	PBS	and	fixed	for	10	min	in	4%	
formaldehyde. Cells were permeabilized with 0.1% 
Triton-X	(8	min)	and	0.1%	saponin	(12	min).	Then	the	
cells were washed in PBS and blocked for 1 h using 1% 
bovine	serum	albumin	(BSA)	in	PBS.	Incubation	with	
the primary antibodies was performed overnight in the 
dark	at	4	°C.	Antibodies	were	diluted	in	1%	BSA;	dilu-
tion	was	1 : 100–1 : 200.	The	cells	were	then	washed	in	
PBS and incubated with secondary antibody. DNA was 
stained	 using	 4’,6-diamidino-2-phenylindole	 (DAPI).	
The	primary	antibodies	were	as	follows:	anti-fibrillarin	
(#ab5821,	Abcam,	 Cambridge,	 UK),	 anti-UBF1/2	
(#sc9131;	Santa	Cruz	Biotechnology,	Inc.,	Heidelberg,	
Germany);	 anti-RPA194	 (#sc48385;	 Santa	 Cruz	 Bio-
technology,	Inc.);	anti-53BP1	(#ab21083;	Abcam);	anti-
γH2AX	 (#ab2893;	Abcam).	 For	 fluorescence	 staining	
we	used	secondary	antibody	Alexa	Fluor®	594	Donkey	
Anti-Rabbit	 IgG	(H+L)	 (#A-21207,	 InvitrogenTM, Life 
Technologies).	
Cells	stained	by	immunofluorescence	were	inspected	

and representative images acquired using confocal mi-
croscopy	Leica	DMRXA,	equipped	by	rotating	Nipkow	
discs,	 objective	 100x,	 numerical	 aperture	 (NA	=	 1.4.)	
(Leica	Microsystems).	Images	were	converted	to	TIFF	
format	and	quantification	of	fluorescence	intensities	was	
performed	by	NIH	ImageJ	software	(freeware)	accord-
ing to selected lines crossing the nucleoli, and histo-
grams were created. 

Chromatin immunoprecipitation assays and 
polymerase chain reaction (ChIP-PCR) 

ChIP procedures were performed according to the 
manufacturer’s	 protocol	 (#17-295,	 ChIP	 Assay	 Kit,	
Merck-Millipore,	 Prague,	 Czech	Republic)	 and	 as	we	
described	elsewhere	(Strašák	et	al.,	2009;	Foltánková	et	
al.,	2013).	For	ChIP	we	used	 the	 following	antibodies	
(5	µl	 each):	 anti-fibrillarin	 (#ab5821,	 Abcam),	 anti-
UBF1/2	 (#ab75781;	 Abcam);	 anti-53BP1	 (#ab21083;	
Abcam);	 anti-γH2AX	 (#ab2893;	 Abcam),	 and	 anti-
PRMT4	(syn.	CARM1;	#ab128851;	Abcam).	As	nega-
tive controls, we used samples precipitated without anti-
body and samples immunoprecipitated with anti-rabbit 
IgG	 (#A-4914,	 IgG	 whole	 molecule,	 Sigma-Aldrich).	
Immunoprecipitation reactions were performed over-
night	 at	 4	 °C.	Histone-DNA	 immuno-complexes	were	
incubated	for	2	h	at	4	°C	with	protein	A	agarose	beads	
and washed with appropriate buffers as recommended 
by	the	manufacturer	(#17-295,	buffers	were	purchased	
from	Merck-Millipore).	Elution	was	performed	in	0.1	M	
NaHCO3 with 1% SDS. Histone-DNA crosslinks were 
released	by	incubation	for	6	h	at	65	°C.	ChIP-DNA	was	
isolated using the QIAamp®	 DNA	Mini	 kit	 (#51304,	
QIAGEN,	represented	by	Dynex	Technologies,	s.	r.	o.,	
Buštěhrad,	Czech	Republic)	and	purified	DNA	was	used	
for PCR. Primers used to detect ribosomal genes have 
been	previously	described	(Horáková	et	al.,	2010).	

Western blot analyses 
Western blot analyses were performed according to 

Stixová	et	al.	(2012).	For	analyses,	we	used	the	follow-
ing	primary	antibodies:	anti-fibrillarin	(#ab5821,	Abcam);	
anti-UBF1/2	(#ab75780,	Abcam);	anti-53BP1	(#ab21083;	
Abcam);	anti-γH2AX	(#ab2893;	Abcam),	anti-PRMT4	
(syn.	 CARM1;	 #ab128851;	 Abcam),	 anti-H3R17me2	
(#ab8284,	Abcam);	anti-α-tubulin	(#LFPA0146,	Fisher-
Scientific,	 Waltham,	 MA).	 Total	 protein	 levels	 were	
measured	by	µQuant	spectrophotometer	(BioTek,	repre-
sented	by	Dynex	Technologies,	s.r.o.,	Buštěhrad,	Czech	
Republic)	 and	 the	 density	 of	Western	 blot	 fragments	
was	normalized	to	the	total	protein	levels	and	finally	to	
the	 level	 of	 α-tubulin.	 Quantification	 of	 the	 fragment	
density was perfumed by NIH ImageJ software. 

Statistical analysis 
For statistical analysis we used Student’s t-tests, cal-

culated	by	the	SigmaPlot	software	(version	13.0;	Jandel	
Scientific,	San	Jose,	CA).	As	statistically	significant	dif-
ferences between parameters measured in control and 
treated	 cells	 we	 considered	 values	 at	 P	 ≤	 0.05.	 For	
ChIP-PCR	quantification,	significantly	increased	values	
for	EA	(ACT-D)	from	control	samples	are	marked	by	*	
(#).	Decreased	values	are	pointed	out	by	red	signs	*	(#).	
Significantly	 different	 values	 from	 control	 samples,	
shown	for	other	experiments,	are	 labelled	by	asterisks	
(*).	Statistical	significance	for	Student’s	t-tests was ad-
ditionally compared with the relevant table in Rohlf and 
Sokal	(1995).	

Morphology of Nucleoli Changed by Ellagic Acid
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Results 

The effect of ellagic acid reduced cell 
proliferation and blocked the cells in G2-M 
phase of the cell cycle 
As	the	first	step,	we	tested	the	effect	of	EA,	known	as	

a	CARM1	inhibitor	(Selvi	et	al.,	2010;	Castellano	et	al.,	
2012),	 on	 HeLa-GFP-H2B	 cell	 numbers.	 Doses	 of	
200	µM	and	250	µM	significantly	reduced	the	cell	num-
bers	to	70–80	%	of	control	values	(Fig.	1A).	For	all	ex-
periments	we	used	250	µM	EA	inhibitor	in	order	to	po-
tentially	 affect	morphology	 and	 epigenetic	 profiles	 of	
the nucleoli. As a control agent changing the morphol-
ogy of nucleoli and affecting transcription of ribosomal 
genes	we	used	actinomycin	D	(ACT-D).	As	an	addition-
al parameter showing the cell proliferation rate (analysis 
of	S	 phase),	we	 studied	 the	 cell	 cycle	 profile	 by	flow	
cytometry. Both EA and ACT-D caused cell cycle arrest 
in	G2-M	phase	of	 the	 cell	 cycle	 and	 reduced	S	phase	
(Fig.	 1B).	 Especially	 after	 EA	 treatment,	 mitotic	 cells	

were	 well	 visible	 by	 fluorescence	 microscopy	 (visual	
observation).	

Ellagic acid changed the morphology of AgNORs, 
nucleolar proteins RPA194, UBF and fibrillarin

We tested the effect of EA on the morphology of nu-
cleoli. For such analyses the cells were stained by silver 
(Ag)	in	order	 to	visualize	NORs.	We	studied	these	re-
gions	in	standard	HeLa	cells	and	HeLa	cells	stably	ex-
pressing	 GFP-tagged	 histone	 H2B	 (Fig.	 2A,	 B).	 We	
found that EA has the ability to change the morphology 
of AgNORs in HeLa tumour cells. In contrast to cres-
cent-like morphology of AgNORs after ACT-D treat-
ment, EA induced highly compact, large, and silver-
dense	nucleoli	in	HeLa	cells	(Fig.	2A,	B).	

Based on these changes in AgNOR morphology, we 
additionally analysed the pattern of selected nucleolar 
proteins,	 including	 RPA194,	 UBF1/2,	 and	 fibrillarin	
(Fig.	3A,	B	and	Fig.	4).	ACT-D	caused	a	100%	effect	
leading	to	formation	of	compact	RPA194-,	UBF1/2-po-

Fig. 1.	Cell	proliferation	parameters	affected	by	ellagic	acid	and	actinomycin	D	in	HeLa-GFP-H2B	cells.	(A) Cell num-
bers	after	the	treatment	with	150	µM,	200	µM	and	250	µM	of	EA	in	comparison	with	non-treated	control	cells	and	cells	
affected	by	DMSO,	used	for	EA	dilution.	Percentage	of	the	cells	±	standard	errors	are	shown.	Asterisks	(*)	indicate	sig-
nificantly	different	results	from	control	values	shown	as	100	%.	(B)	Results	of	cell	cycle	analyses	measured	by	flow	cy-
tometry	according	to	fluorescence	intensity	of	incorporated	propidium	iodide.	The	number	of	cells	in	individual	cell	cycle	
phases	(G1,	S	and	G2-M)	was	analysed	(see	histogram	and	summarizing	bar	chart).	
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Fig. 2. Morphology	of	argyrophilic	nucleolar	organizer	regions.	AgNORs	(black)	were	studied	in	(A) standard HeLa cells 
and (B)	HeLa	cell	stably	expressing	GFP-H2B.	AgNORs	were	visualized	in	control	non-treated	cells	and	cells	exposed	to	
EA and ACT-D. Transmitted light was used for visualization and AgNORs were recognized as black regions inside the 
cell	nuclei	(grey).	Analysis	was	performed	by	wide-field	microscopy.	

Fig. 3.	Nuclear	pattern	of	RPA194	and	UBF1/2	in	cells	treated	with	EA	and	ACT-D.	(A)	RPA194	and	(B)	UBF1/2	accu-
mulation	patterns	(red)	were	studied	in	HeLa	cells	stably	expressing	GFP-tagged	histone	H2B	(green).	Quantification	of	
fluorescence	intensities	was	performed	by	ImageJ	software	according	to	selected	lines	crossing	the	nucleoli	and	histo-
grams were created. 

Morphology of Nucleoli Changed by Ellagic Acid
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si	tive	 and	 fibrillarin-positive	 regions	 of	 the	 nucleoli	
(Figs.	3,	4).	However,	EA	induced	similar	morphology	
of	 the	 studied	 proteins	 as	 ACT-D	 in	 only	 RPA194-
positive	regions	(Fig.	3A).	Approximately	50	%	of	the	
cells were characterized by EA-induced morphological 
changes	of	RPA194	protein	 (Fig.	3A).	The	 rest	of	 the	
cells were characterized by an identical pattern of 
RPA194-positive	 regions	 as	 observed	 in	 control,	 non-
treated	cells	(see	especially	quantification	in	Fig.	3A).	In	
the	case	of	UBF1/2-	and	fibrillarin-positive	regions,	EA	
did	not	significantly	influence	the	pattern	of	these	pro-
teins, which was nearly identical to control, non-treated 
cells.	Only	ACT-D	caused	the	expected	condensation	of	
UBF1/2-	and	fibrillarin-positive	regions	of	the	nucleoli	
(Figs.	3	and	4).	

Ellagic acid increased the number of 53BP1- 
and γH2AX-positive DNA lesions 

We also tested whether ACT-D and EA induce ge-
nome	injury.	For	these	analyses	we	selected	53BP1	and	
γH2AX	 as	markers	 of	DNA	 damage	 (Fig.	 5A-C).	 By	
immunofluorescence	and	confocal	microscopy,	we	ob-
served	an	increased	number	of	53BP1-positive	foci	after	
ACT-D	treatment	and	in	a	lesser	extent	after	EA	treat-
ment	(Fig.	5C,	D).	EA-treated	cells	were	characterized	
in	approximately	60	%	by	a	pattern	of	53BP1	NBs	simi-

lar	 to	control	cells	and	in	40	%	there	was	a	pattern	of	
53BP1	NBs	specific	for	ACT-D	treatment	(Fig	5C,	E).	
Conversely,	γH2AX	was	not	accumulated	into	compact	
foci after ACT-D and EA treatment, but an increased 
level	of	γH2AX	in	the	entire	genome	was	found	accord-
ing	 to	fluorescence	 intensity	 in	both	ACT-D-	and	EA-
treated	cells	(Fig.	5B).	

Ellagic acid increased the level of fibillarin, 
UBF1/2, γH2AX, and decreased the level of 
53BP1 and CARM1 at the promoter regions of 
ribosomal genes 

Because of the effects of EA and ACT-D on the mor-
phology of the nucleolus, we tested the abundance of 
fibrillarin,	UBF1/2,	53BP1,	γH2AX	and	CARM1	at	the	
promoters of ribosomal genes and genomic regions en-
coding	28S	rRNA.	Using	ChIP-PCR	we	observed	EA-
induced	increase	in	the	level	of	fibillarin,	UBF1/2,	and	
γH2AX,	 while	 EA	 reduced	 the	 level	 of	 53BP1	 and	
CARM1 at the promoter regions of ribosomal genes 
(Fig.	6A,	B).	The	region	encoding	28S	rRNA	was	char-
acterized	by	only	an	increase	in	γH2AX	after	EA	treat-
ment	(Fig.	6A,	B).	ACT-D	caused	an	increase	in	fibril-
larin,	γH2AX	and	CARM1	at	the	promoters	of	ribosomal	
genes,	while	53BP1	was	decreased	after	this	treatment	
(Fig.	6A,	B).	In	the	region	encoding	28S	rRNA	we	ob-
served that ACT-D increased the level of CARM1 (Fig. 
6A,	B).	

Global levels of fibrillarin, UBF1/2, 53BP1 and 
CARM1 in the entire genome were not changed, 
but H3R17me2 was reduced and γH2AX 
increased by ellagic acid 

Additionally, we tested the effects of ACT-D and EA 
on	the	protein	level	in	the	entire	cell	nucleus	(Fig.	7A).	
By Western blots we found that both ACT-D and EA did 
not	change	 the	global	 levels	of	fibrillarin,	53BP1,	and	
CARM1	 when	 normalized	 to	 α-tubulin.	 The	 level	 of	
UBF1/2	was	 increased	by	ACT-D	 treatment	 (Fig.	 7A,	
B).	The	level	of	γH2AX	was	increased	only	by	stimula-
tion	of	the	cells	with	EA	(Fig.	7A).	The	entire	level	of	
H3R17me2	was	significantly	reduced	by	EA	treatment	
of	HeLaGFP-H2B	cells	when	normalized	 to	α-tubulin	
(Fig.	7B).	

Discussion
Nucleolus consists of many proteins, including up-

stream	binding	 factors	UBF1/2,	polymerase	 I,	nucleo-
lin,	nucleophosmin	or	fibrillarin.	These	proteins	of	im-
mense functional roles are anchored in individual 
compartments	of	 the	nucleolus	 (FC,	DFC	or	GC)	 and	
they can relocate upon genome injury. Numerous fac-
tors displaying effects on the morphology of nucleoli 
have been described, e.g., various sources of radiation, 
infection	 by	 viruses,	 or	 cell	 treatment	 with	 cytotoxic	
agents, including tested inhibitor of RNA polymerase I, 

Fig. 4.	Nuclear	pattern	of	fibrillarin	in	cells	treated	with	EA	
and	ACT-D.	The	fibrillarin	accumulation	pattern	(red)	was	
studied	 in	HeLa	 cells	 stably	 expressing	GFP-tagged	 his-
tone	H2B	(green).	Quantification	of	fluorescence	 intensi-
ties was performed by ImageJ software according to se-
lected lines intersecting the nucleoli and related histograms 
are shown.
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Fig. 5.	Nuclear	pattern	of	53BP1	and	γH2AX	in	cells	treated	with	EA	and	ACT-D.	(A)	53BP1	and	(B)	γH2AX	nuclear	
distribution	patterns	(red)	were	studied	in	HeLa	cells	stably	expressing	GFP-tagged	histone	H2B	(green).	Quantification	
of	fluorescence	intensities	by	ImageJ	software	was	done	according	to	selected	lines	crossing	the	nucleoli	and	histograms	
are shown. (C)	The	number	of	53BP1-positive	DNA	damage-related	nuclear	bodies	(pink)	was	analysed	in	standard	HeLa	
cells	[cell	nuclei	were	stained	with	DAPI	(blue)],	treated	with	EA	and	ACT-D.	Quantification	of	the	number	of	53BP1	
nuclear bodies is shown in panel (D). Panel (E)	shows	the	percentage	of	EA-treated	cells	with	the	pattern	of	53BP1	nu-
clear	bodies	similarly	as	in	control	cells	(black	bar)	or	in	ACT-D-treated	cells	(red	bar).
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ACT-D	(Hiscox,	2002;	2007;	Calle	et	al.,	2008;	Lin	den-
boim	et	al.,	2010).	Concerning	the	histone	code,	nucleo-
lus is a site of accumulation of histone H1 (Stoldt et al., 
2007;	Takata	et	al.,	2007)	and	pronounced	nucleolar	lo-
calization of H1 was prominently observed in G1 phase 
of	the	cell	cycle	(Stoldt	et	al.,	2007).	Moreover,	 it	has	
been reported that proteins of the nucleolus are highly 
dynamic,	 for	 example,	 nucleolar	 histone	 H2B	 (Musi-
nova	et	al.,	2011)	and	heterochromatin	protein	1	(HP1β)	
(Stixová	et	 al.,	 2011).	These	 experiments	 showed	 that	
the nucleolus, the residence of ribosomal genes, also has 
its	own	histone	signature	(Horáková	et	al.,	2010;	Fol	tán-
ková	et	al.,	2013).	Moreover,	as	shown	by	ChIP-PCR,	
ribosomal	genes	are	highly	abundant	on	γH2AX,	even	

in	 non-irradiated	 genome	 (Foltánková	 et	 al.,	 2013).	
Interestingly,	 ultraviolet	 (UV)	 radiation	 increases	
γH2AX	significantly	and	does	not	induce	extensive	pro-
tein	outflow	 from	 the	nucleolus	 (Daniely	 et	 al.,	 2002;	
Foltanková	et	al.,	2013).	However,	e.g.	nucleolin	relo-
cates from the nucleolus to the nucleoplasm after cell 
exposure	 to	 ionizing	 radiation	 (Daniely	 et	 al.,	 2002).	
Pronounced reposition was also observed for WRN pro-
tein	upon	oxidative	stress	(Karmakar	and	Bohr,	2005),	
and	 these	 experimental	 conditions	 also	 caused	 reloca-
tion	 of	 nucleostemin	 (Huang	 et	 al.,	 2011)	 or	 PARP,	
which moved out of the nucleolus after the cell treat-
ment	with	an	anti-oxidative	agent	(N-methyl-N’nitro-N-
nitrosoguanidine)	 (Bauer	 et	 al.,	 2001).	 The	 pattern	 of	

Fig. 6. ChIP-PCR analysis of ribosomal genes after the treatment with EA or ACT-D. (A)	The	levels	of	fibrillarin,	UBF1/2,	
53BP1,	γH2AX	and	CARM1	were	analysed	in	promoters	of	ribosomal	genes	and	rDNA	encoding	28S	rRNA.	Quantifica-
tion of the studied protein levels by ImageJ software is shown in panel (B). “NC” indicates negative control and “C” in-
dicates	non-treated	cells.	Significantly	increased	values	for	EA	(ACT-D)	from	control	samples	are	marked	by	*	(#).	De-
creased	values	are	pointed	out	by	red	signs	*	(#).	Student’s	t-tests	(performed	by	SigmaPlot	software,	version	8.0;	Jandel	
Scientific)	were	used	for	data	evaluation.
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nucleolar proteins, especially nucleolin, was also changed 
after	coronavirus	infection	(Dove	et	al.,	2006).	

 Here, we also showed that ellagic acid is capable of 
changing the morphology of some proteins of the nu-
cleolus and affects nucleolar protein levels at ribosomal 
genes. This was compared with ACT-D treatment chang-
ing the entire morphology of nucleoli, especially the 
pattern	of	fibrillarin,	UBF1/2	and	RPA194-positive	re-
gions	(Figs.	3,	4).	We	showed	that	EA	can	change	the	
morphology	of	only	AgNORs	and	RPA194,	but	the	nu-
clear	patterns	of	UBF1/2	and	fibrillarin	were	not	changed	
(Figs.	2–4).	In	addition	to	its	anti-oxidant	effect,	EA	also	
has	an	anti-proliferative	effect	(Fig.	1A),	which	is	espe-
cially important in anti-cancer therapy. Intriguingly, the 
morphological changes induced here by EA were also 

accompanied	 by	 induction	 of	 undesirable	 53BP1-po-
sitive	DNA	lesions.	The	number	of	53BP1-positive	nu-
clear bodies was smaller than that observed after ACT-D 
treatment	(Fig.	5D).	Based	on	these	results	we	provided	
quantification	 of	 53BP1-positive	 NBs	 after	 EA	 treat-
ment in Fig. 5E. In contrast to our results, Bae et al. 
(2010)	observed	that	EA	has	photoprotective	effects	on	
collagen	 breakdown	 and	 inflammatory	 responses	 in	
UV-B irradiated human skin cells and hairless mice. 

In our studies, the EA and ACT-D effect was addition-
ally	associated	with	cell	cycle	arrest	in	G2-M	phase	of	
the cell cycle, similarly as strong DNA damage induced 
by	γ-radiation	 (Fig.	1B;	Bártová	et	al.,	2000).	 Interes-
tingly,	Sawicki	and	Godman	(1971)	reported	that	cells	
are	the	most	sensitive	to	intoxication	with	ACT-D	in	the	
G1/S	 interphase	 or	 early	 S	 phase	 of	 the	 cell	 cycle.	
Therefore, this data show that both ACT-D and EA can 
substantially modify the cell cycle and this effect seems 
to	be	cell	type-specific,	which	can	also	be	related	to	cell	
cycle progress and RNA half-life in various cell types. 

Taken together, we showed that EA has a selective 
effect on proteins of the nucleolus. Not all proteins of 
our	interest	were	changed	after	the	EA	treatment;	only	
RPA194-positive	 regions	 were	 more	 condensed.	 The	
DNA damaging effect of EA was less pronounced than 
ACT-D treatment, but the cell numbers were reduced. 
EA especially affected epigenetic features of the pro-
moters of ribosomal genes. In this genomic region, we 
found	 an	 increased	 level	 of	 fibrillarin,	 UBF1/2	 and	
γH2AX,	while	 the	 levels	of	53BP1	and	CARM1	were	
decreased by EA treatment. These data unambiguously 
pointed EA out as a potential modulator of nucleolar 
morphology, and EA therefore displays potential to af-
fect processes taking place in this prominent compart-
ment of the cell nucleus.
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