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Abstract. 	Alterations	in	ploidy	tend	to	influence	cell	physiology,	which	in	the	long-term,	contribute	to	species	adaptation	
and	evolution.	Polyploid	cells	are	observed	under	physiological	conditions	in	the	nerve	and	liver	tissues,	and	in	tumorigenic	
processes.	Although	tetraploid	cells	have	been	studied	in	mammalian	cells,	the	basic	characteristics	and	alterations	caused	by	
whole	genome	duplication	are	still	poorly	understood.	The	purpose	of	this	study	was	to	acquire	basic	knowledge	about	the	
effect	of	whole	genome	duplication	on	the	cell	cycle,	cell	size,	and	gene	expression.	Using	flow	cytometry,	we	demonstrate	
that	cell	cycle	subpopulations	in	mouse	tetraploid	embryonic	stem	cells	(TESCs)	were	similar	to	those	in	embryonic	stem	
cells	(ESCs).	We	performed	smear	preparations	and	flow	cytometric	analysis	to	identify	cell	size	alterations.	These	indicated	
that	the	relative	cell	volume	of	TESCs	was	approximately	2.2–2.5	fold	that	of	ESCs.	We	also	investigated	the	effect	of	whole	
genome	 duplication	 on	 the	 expression	 of	 housekeeping	 and	 pluripotency	marker	 genes	 using	 quantitative	 real-time	PCR	
with	external	RNA.	We	found	that	the	target	transcripts	were	2.2	times	more	abundant	in	TESCs	than	those	in	ESCs.	This	
indicated	 that	gene	expression	and	cell	volume	 increased	 in	parallel.	Our	findings	suggest	 the	existence	of	a	homeostatic	
mechanism	controlling	the	cytoplasmic	transcript	levels	in	accordance	with	genome	volume	changes	caused	by	whole	genome	
duplication.
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Whole	genome	duplication	has	a	marked	impact	on	cell	physiol-
ogy	and	is	of	fundamental	 importance	for	evolution.	The	

genome	of	 the	present-day	 living	mammals	has	been	suggested	
to	retain	 traces	of	 two	whole	genome	duplication	events	[1]	for	
which	evidence	has	been	 reported	 [2,	3].	Genome	duplication	
promotes	the	ability	to	adapt	to	environmental	changes	[4].	It	has	
also	been	observed	in	 tumor-forming	processes;	 tetraploid	cells	
have	been	observed	in	37%	of	human	tumors	[5].	The	appearance	
of	genome-duplicated	tetraploid	cells	has	been	linked	to	mutation	
or	aberrant	p53	expression	[6].	Somatic	polyploid	cells,	including	
tetraploid	cells,	appear	in	some	tissues	such	as	the	nerves	and	the	
liver,	under	regular	physiological	conditions	[7,	8].	Although	the	
mechanism	by	which	tetraploid	cells	appear	has	been	studied	in	detail	
[8,	9],	their	biological	characteristics	and	physiological	alterations	
are	still	poorly	understood.	This	is	due	to	the	limited	numbers	of	
tetraploid	cells	and	the	difficulty	in	tracking	genome	duplication	in	
mammalian	cells	in vivo.
Mouse	embryonic	stem	cells	(ESCs)	established	from	a	single	

blastocyst	are	pluripotent	and	retain	the	ability	to	form	germ	cells	

after	being	injected	into	a	host	blastocyst	[10].	The	homogeneity	of	
ESCs	presents	advantages	for	studies	in	embryology	and	cell	biology,	
such	as	those	concerning	signaling	pathways	[11,	12].	Mammalian	
tetraploid	cells	can	be	produced	artificially	by	inhibiting	cell	division	in	
diploid	cells	using	microtubule	polymerization-interfering	compounds	
such	as	cytochalasin-B	[13].	However,	tetraploid	cells	generated	with	
cytochalasin-B	often	display	aneuploidy.	Tetraploid	cells	obtained	
from	tumors	exhibit	chromosomal	deletions	and	amplifications	[14].	
Thus,	 tetraploid	cells	produced	by	either	method	are	not	suitable	
for	physiological	characterization	in	mammals.	We	have	previously	
established	mouse	tetraploid	embryonic	stem	cells	(TESCs)	from	a	
single	tetraploid	blastocyst	produced	by	electrofusion	[15].	TESCs	
can	be	also	created	by	transferring	two	somatic	cell	nuclei	into	an	
enucleated	single-celled	embryo	using	specific	nuclear	 transfer	
techniques	[16].	The	karyotypes	of	TESCs	are	more	homogeneous	
and	do	not	present	any	aberration	in	cell	division	or	chromosomal	
defects	due	to	highly	stable	chromosomes	[15].	However,	the	relative	
proliferation	rate	of	TESC	lines	is	significantly	lower	than	that	of	
ESC	lines	[15].	Thus,	even	though	TESC	lines	were	successfully	
created	using	an	established	method,	differences	 in	proliferation	
rates	compared	to	those	of	ESCs	persisted.
The	purpose	of	 this	study	was	 to	 identify	 the	effect	of	whole	

genome	duplication	on	the	cell	cycle,	cell	size,	and	gene	expression	
by	analyzing	TESCs	and	ESCs	at	the	single-cell	level.	Our	results	
indicate	that	mammalian	cells	may	harbor	homeostatic	mechanisms	
responsible	for	maintaining	the	cytoplasmic	concentration	of	tran-
scripts	in	line	with	changes	in	genome	volume.

Received:	July	11,	2016
Accepted:	July	19,	2016
Published	online	in	J-STAGE:	August	29,	2016
©2016	by	the	Society	for	Reproduction	and	Development
Correspondence:	K	Kano	(e-mail:	kanokiyo@yamaguchi-u.ac.jp)
This	is	an	open-access	article	distributed	under	the	terms	of	the	Creative	
Commons	Attribution	Non-Commercial	No	Derivatives	(by-nc-nd)	License	
<http://creativecommons.org/licenses/by-nc-nd/4.0/>.

Journal of Reproduction and Development, Vol. 62, No 6, 2016

http://creativecommons.org/licenses/by-nc-nd/4.0/


IMAI	et al.572

Materials and Methods

Mouse ESC culture
Establishment	of	ESCs	and	TESCs	has	been	described	previously	

[15].	ESCs	and	TESCs	were	seeded	on	mitomycin	C-treated	mouse	
embryonic	fibroblasts	 (MEFs)	 in	ESGRO	complete	serum-free	
medium	(Merck	Millipore,	Billerica,	MA,	USA)	supplemented	
with	20%	KnockOut	serum	replacement	(Life	Technologies	Japan,	
Tokyo,	Japan),	100	μg/ml	penicillin,	and	50	μg/ml	streptomycin.	
The	medium	was	changed	every	two	days.	The	cells	were	routinely	
passaged	on	mitomycin	C-treated	MEFs	using	phosphate-buffered	
saline	(PBS)-EDTA-Trypsin	(PET)	solution.

Alkaline phosphatase (AP) staining
After	 fixation	with	Lillie’s	buffer	 solution,	AP	staining	was	

performed	on	TESC	and	ESC	colonies	using	an	Alkaline	Phosphatase	
Detection	Kit	(SCR004;	Merck	Millipore)	according	to	the	manu-
facturer’s	protocol.

Flow cytometry
After	 trypsinization	with	 the	PET	solution,	1	×	106	ESCs	or	

TESCs	were	washed	in	ice-cold	PBS,	fixed	in	1.4	ml	ice-cold	100%	
ethanol,	and	incubated	for	at	least	1	h	at	4°C.	Following	removal	of	
ethanol	by	centrifugation,	the	cells	were	resuspended	in	1	ml	PBS	
containing	100	μg/ml	RNase	A,	and	incubated	for	1	h	at	23°C.	Next,	
the	cells	were	stained	with	40	μl	propidium	iodide	solution	(40	μg/
ml).	Subsequently,	the	mixture	was	incubated	for	5	min	at	23°C	and	
filtered	through	a	40-μm	mesh	filter	(KyoshinRikoh,	Tokyo,	Japan),	
followed	by	analysis	on	a	BD	Accuri	C6	Flow	Cytometer	(Becton,	
Dickinson	and	Company,	Franklin	Lakes,	NJ,	USA).

Giemsa and hematoxylin-eosin staining
Following	trypsinization	with	the	PET	solution,	cells	were	fixed	in	

Carnoy’s	solution	for	30	min	and	placed	on	microscope	slides.	After	
drying,	the	slides	were	stained	with	Giemsa	stain	and	hematoxylin-
eosin.	Cell	diameters	were	measured	using	ImageJ	software	(US	
National	Institutes	of	Health,	Bethesda,	MD,	USA).

Quantitative real-time PCR (qRT-PCR)
Total	RNA	was	isolated	from	ESCs	and	TESCs	using	the	ReliaPrep	

RNA	Cell	MiniPrep	System	(Promega,	Madison,	WI,	USA).	Following	
the	manufacturer’s	protocol,	1.2	×	108	copies	of	external	standard	
RNA	(External	Standard	Kit	(λ	polyA)	for	qPCR;	TaKaRa	Bio,	Shiga,	
Japan)	were	added	to	a	lysate	containing	2	×	105	cells.	Total	RNA	was	

quantified	using	a	spectrophotometer	(ND-1000	Nanodrop;	Thermo	
Fisher	Scientific,	Waltham,	MA,	USA)	and	cDNA	was	synthesized	
using	the	QuantiTect	Reverse	Transcription	Kit	(Qiagen	KK,	Tokyo,	
Japan).	qRT-PCR	was	performed	using	 the	Power	SYBR	Green	
PCR	Master	Mix	(Applied	Biosystems,	Waltham,	MA,	USA)	and	
the	StepOnePlus	Real-time	PCR	System	(Life	Technologies	Japan	
Corporation).	The	amplification	protocol	consisted	of	the	following	
steps:	95°C	for	10	min,	40	cycles	of	95°C	for	15	sec,	and	60°C	for	
60	sec.	Relative	transcript	levels	were	determined	by	normalization	
to	the	external	standard	gene,	λ	polyA.	The	sequences	of	the	primer	
sets	are	shown	in	Table	1.

Statistical analysis
Student’s	t-test	was	used	to	detect	significant	differences	between	

experimental	groups.	P-values	<	0.05	were	considered	statistically	
significant.

Results

Cell cycle alterations caused by whole genome duplication
In	this	study,	we	used	three	previously	established	and	characterized	

cell	lines:	control	diploid	ESCs,	ESC#1,	#2,	and,	#3;	and	tetraploid	
ESCs,	TESC#1,	#2	and,	#3	[15].	TESC	lines	maintained	their	initial	
morphology	and	positive	AP	staining	even	after	25	passages	(Fig.	
1).	To	investigate	 the	influence	of	whole	genome	duplication	on	
cell	proliferation,	we	used	flow	cytometry	to	compare	the	cell	cycle	
subpopulations	in	ESCs	and	TESCs.	No	significant	differences	were	
detected	between	ESCs	and	TESCs	in	the	G1,	S,	and	G2/M	phases	
(Fig.	2A,	B).

Cell volume alterations caused by whole genome duplication
To	characterize	the	alterations	in	cell	volume	caused	by	whole	

genome	duplication,	the	relative	size	of	subconfluent	ESCs	and	TESCs	
was	determined	by	flow	cytometry	(Fig.	3A,	B).	The	estimated	relative	
diameter	of	TESCs,	derived	from	the	forward	scatter	(FSC)	values	
(Fig.	3A),	was	1.36	fold	greater	than	that	of	ESCs	(Fig.	3B,	Table	
2).	Assuming	that	ESCs	were	perfect	spheres,	the	relative	TESCs/
ESCs	cell	area	and	volume	ratios	were	1.85	and	2.53,	respectively	
(Table	3).
Furthermore,	to	verify	the	flow	cytometry	data,	we	used	Giemsa	

and	hematoxylin-eosin	staining	to	measure	the	cell	area	in	fixed	cells	
(Fig.	4A).	The	actual	cell	area	of	TESCs	was	significantly	larger	than	
that	of	ESCs	(Fig.	4B).	Assuming	that	ESCs	were	perfect	spheres,	
we	calculated	a	relative	TESCs	/ESCs	cell	volume	of	2.29	(Table	3).

Table 1.	 Sequences	of	primer	sets	used	in	this	study

Gene Forward	primer	(5'	→	3') Reverse	primer	(5'	→	3') Product	size	
(bp)

Amplification	
efficiency	(%)

Gapdh GTGCTGAGTATGTCGTGGAGTC CATACTTGGCAGGTTTCTCCAG 357 105.9
Actb GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT 240 97.9
Nanog TCCTTGCCAGGAAGCAGAAGATGC CACTGGTTTTTCTGCCACCGCTTG 233 96.2
Oct3/4 GCATACGAGTTCTGCGGAGGGATG GGACTCCTCGGGAGTTGGTTCCAC 207 99.9
Cdk1 AGGCCTCGTGATGCTTTCAAGTGC ATCCTCGGGTCTTTGGCCTTCTCA 152 98.7
Ccnb1 ATTCCCTCGGTGGGATTCAAGTGC TTCAAAGCACACCCCTGGAAGAGC 116 106.5
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Gene expression changes caused by whole genome duplication
To	study	the	changes	in	gene	expression	caused	by	whole	genome	

duplication	we	used	qRT-PCR	to	measure	the	transcript	levels	in	
TESCs	and	ESCs.	We	used	2	×	105	cells/sample	and	known	copy	
numbers	of	λ	polyA	RNA	as	the	external	standard	(Fig.	5A).	The	rela-
tive	gene	expression	level	of	the	typical	housekeeping	genes,	Gapdh 
and Actb,	was	significantly	higher	in	TESCs	than	that	in	ESCs	(2.15	
and	2.27	fold,	respectively)	(Fig.	5B,	Supplementary	Fig.	1A:	online	
only).	In	addition,	the	relative	ratio	of	the	cell	cycle-associated	genes,	
Cdk1	and	Cyclin	B1	(Ccnb1)	was	generally	higher	in	TESCs	than	
that	in	ESCs	(2.45	and	2.18	fold,	respectively)	(Supplementary	Fig.	
1B).	We	also	analyzed	two	pluripotency	markers,	Nanog	homeobox	
(Nanog)	and	Octamer-binding	 transcription	factor	3/4	(Oct3/4),	
whose	expression	was	2.18	fold	higher	in	TESCs	than	that	in	ESCs	
(Fig.	5C,	Supplementary	Fig.	1C),	indicating	a	significantly	higher	
level	of	absolute	gene	expression.

Discussion

In	the	present	study,	we	investigated	changes	in	the	cell	cycle,	cell	
size,	and	gene	expression	caused	by	whole	genome	duplication	in	

Fig. 1.	 Morphology	of	mouse	tetraploid	embryonic	stem	cells	(TESCs)	
and	 mouse	 diploid	 embryonic	 stem	 cells	 (ESCs).	 Like	 ESCs,	
TESCs	 formed	 typical	 round-shaped	 colonies	 with	 clear	
boundaries.	 TESC	 colonies	 stained	 positive	 for	 the	 control	
ESC-positive	marker	alkaline	phosphatase	 (AP).	Representative	
images	are	shown.	Scale	bar,	50	µm.

Fig. 2.	 Flow	cytometric	analysis	of	cell	cycle	distribution	using	propidium	iodide	staining.	(A)	Flow	cytometry	DNA	histograms	of	different	TESC	and	
ESC	lines.	(B)	Analysis	of	subpopulations	in	G1/G0,	S,	and	G2/M	phases.	No	significant	differences	were	detected	between	the	ESCs	and	TESCs	
for	each	phase.	Data	represent	mean	±	SD.
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mouse	TESCs.	We	found	that	TESCs	maintained	normal	cell	cycle	
progression	and	constant	cytoplasmic	transcript	levels	for	housekeep-
ing	and	pluripotency	genes	despite	artificial	tetraploidization.	These	
results	 imply	 the	existence	of	gene	regulatory	mechanisms	 that	
respond	to	changes	in	genome	volume.
In	this	study,	we	employed	TESCs	as	a	novel	model	of	polyploid	

cells	to	identify	the	biological	features	of	polyploid	cells	arising	from	
whole	genome	duplication.	Tetraploid	cells	are	known	to	exist	in	
the	nerve	and	liver	tissues	[7,	8],	but	they	are	scarce	and	are	hence	
difficult	 to	isolate	and	culture.	Polyploidization,	including	whole	
genome	duplication,	 is	a	frequent	phenomenon	in	tumorigenesis.	

However,	these	polyploid	cells	are	aneuploid,	owing	to	chromosomal	
deletions	or	amplification,	and	the	resulting	cell	populations	are	
heterogeneous	[17,	18].	In	this	context,	TESCs	are	superior	to	tumor	
cell	 lines	since	they	present	a	high	degree	of	homology	for	each	
chromosome.	Therefore,	TESCs	represent	a	novel	model	to	analyze	
the	impact	of	whole	genome	duplication	on	the	fundamental	features	
of	mammalian	cells.
We	have	previously	shown	that	the	relative	proliferation	rate	of	

TESCs	is	significantly	lower	than	that	of	ESCs	[15].	The	relative	
expression	of	cell	cycle-	and	cell	division-related	genes	is	lower	in	
mouse	tetraploid	blastocysts	than	that	in	mouse	diploid	blastocysts	
[19].	However,	the	relative	mRNA	concentration	ratio	of	cell	cycle	
associated	genes,	Cdk1 and Ccnb1,	did	not	differ	 significantly	
between	TESCs	and	ESCs	(Supplementary	Fig.	1B).	Thus,	the	lower	
proliferation	rate	of	TESCs	could	not	be	attributed	to	alterations	in	cell	
cycle-related	gene	expression	or	to	differences	in	the	composition	of	
the	cell	cycle	subpopulation.	Instead,	it	may	depend	on	the	prolonged	
duration	of	each	cell	cycle	in	TESCs	due	to	the	doubled	genome	
volume	due	to	 tetraploidization.	In	 the	 tetraploid	cells	produced	
from	non-tumor	diploid	cells,	such	as	fibroblasts,	check	points	fail	
to	trigger	cell	cycle	arrest	[20].	Here,	we	report	that	the	cell	cycle	

Fig. 3.	 Relative	size	measurement	of	TESCs	and	ESCs	by	flow	cytometry.	
(A)	Density	 plots	 of	TESCs	 and	 ESCs	 stained	with	 propidium	
iodide.	(B)	Debris-excluded	histograms	(FSC-A	vs.	cell	number)	
for	ESCs	(blue)	and	TESCs	(red).	Average	FSC	values	are	shown.	
FSC	=	forward	scatter.

Table 2.	 Relative	ratio	of	cellular	measurement	in	TESCs	and	ESCs

FSC	(×	106) Relative	ratio 
(TESCs/ESCs)ESCs TESCs

4.98	±	0.07 6.78	±	0.09 1.36

Table 3.	 Relative	ratio	of	cellular	measurement	in	TESCs	and	ESCs

Method
TESCs/ESCs

Diameter Area Volume
Flow	cytometry 1.36 N.D. 2.53
Giemsa	and	H-E N.D. 1.74 2.29

Fig. 4.	 Measurement	 of	 the	 cell	 area	 in	 fixed	 TESCs	 and	 ESCs.	 (A)	
Single	 ESCs	 and	TESCs	 stained	with	Giemsa	 or	 hematoxylin-
eosin	(HE).	Scale	bar,	10	µm.	Representative	images	are	shown.	
(B)	Cell	area	of	single	ESCs	(n	=	165)	and	TESCs	(n	=	135).	Data	
represent	mean	±	SD.	*	P	<	0.05.
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subpopulations	in	TESCs	do	not	differ	substantially	from	those	in	
ESCs,	as	observed	by	flow	cytometric	analysis,	suggesting	that	cell	
cycle	progression	is	not	affected	by	whole	genome	duplication	in	
mammalian	cells.
To	accurately	identify	the	cell	size	alterations	caused	by	whole	

genome	duplication	at	the	single-cell	level,	flow	cytometric	analysis	
was	performed	and	actual	cell	size	was	measured	by	smear	prepara-
tions.	Accordingly,	the	calculated	relative	TESCs/ESCs	cell	volume	
ratio	was	found	to	be	approximately	2.2–2.5-fold,	suggesting	that	the	
mammalian	cell	volume	doubles	upon	whole	genome	duplication.
Next,	we	investigated	the	effect	of	whole	genome	duplication	on	

gene	expression.	Given	that	qRT-PCR	is	not	suitable	for	measuring	
absolute	expression	levels,	we	employed	a	new	method	involving	the	
addition	of	external	RNA	to	a	lysate	containing	2	×	105	cells,	and	then	
performed	the	qRT-PCR	[21].	Results	revealed	that	the	expression	
of	the	most	common	housekeeping	genes	in	mouse	ESCs,	Gapdh 
and Actb	[22,	23],	was	2.2	fold	higher	in	TESCs	compared	to	that	in	
ESCs.	Although	some	reports	have	described	the	stable	expression	
of	Gapdh and Actb	 in	mammalian	embryos	and	in	cultured	cells,	
other	studies	have	concluded	that	Actb	 is	not	a	stably	expressed	
gene	[24–26].	Our	findings	suggest	that	the	alteration	of	these	two	
housekeeping	genes	is	stable	and	homeostatic	in	mammalian	ESCs,	
even	after	whole	genome	duplication.	We	extended	our	analysis	to	
the	pluripotency	markers,	Nanog and Oct3/4.	The	expression	of	these	
was	2.2	fold	higher	in	TESCs	than	that	in	ESCs.	Thus,	whole	genome	

duplication	in	mammalian	cells	appears	to	elicit	the	same	alteration	
in	the	transcript	levels	of	both	housekeeping	and	essential	genes.
Based	on	our	 findings,	whole	genome	duplication	caused	a	

2.2–2.5-fold	expansion	in	cell	volume	and	a	2.2	fold	increase	in	
gene	expression.	Drawing	on	the	present	results,	we	predict	that	the	
relative	transcript	levels	might	be	kept	constant	in	the	cytoplasm	of	
single	ESCs	despite	whole	genome	duplication.
In	summary,	a	comparison	of	tetraploid	and	diploid	ESCs	showed	

that	whole	genome	duplication	did	not	affect	progression	through	
the	cell	cycle,	but	doubled	the	cell	volume	and	the	expression	of	
representative	housekeeping	and	pluripotency	marker	genes.	Further	
studies	are	required	to	characterize	the	molecular	signals	implicated	
in	genome	volume	alteration	in	mammalian	cells	and	their	effects	
on	genome	dosage	competition.
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