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ZIKV	 infection	 depletes	 human	neural	 progenitors	 and	 reduces	 neural	 production	

by	upregulation	of	viral	replication	and	DNA	damage	targets	

	

Summary	

Zika	 virus	 (ZIKV)	 has	 been	 associated	 with	 microcephaly	 and	 other	 brain	

abnormalities;	 however,	 the	 molecular	 and	 cellular	 consequences	 of	 Zika	 virus	

circulating	 in	 Brazil	 to	 the	 human	 brain	 development	 have	 not	 been	 studied	 yet.	

Here	we	describe	alterations	in	human	neurospheres	derived	from	neural	stem	cells	

infected	 with	 Brazilian	 ZIKV.	 Combined	 proteomics	 and	 mRNA	 transcriptional	

profile	 analyses	 showed	 that	 Brazilian	 ZIKV,	 prior	 to	 induce	 cell	 death,	 alters	 cell	

cycle	 and	 halts	 neurogenic	 programmes,	 in	 addition	 to	 regulate	 transcription	 and	

protein	 translation	 due	 to	 viral	 replication.	 These	 results	 point	 to	 biological	

mechanisms	 potentially	 implicated	 in	 brain	 malformations	 as	 a	 result	 of	 ZIKV	

congenital	infection.		

	

Highlights	

• ZIKV	infection	depletes	neural	progenitors	and	reduces	neuronal	production	
in	human	neurospheres		

• ZIKV	 infection	 activates	 the	 DNA	 repair	 machinery	 and	 upregulates	 viral	
translation		

• ZIKV	infection	halts	cell	cycle	progression	and	neuronal	differentiation	genes	
and	proteins,	prior	to	cell	death	
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ETOC	BLURB	

Zika	virus	(ZIKV)	has	been	associated	with	microcephaly	rise	in	Brazil.	The	present	

study	 showed	 that	 ZIKV	 isolated	 in	 Brazil	 identifies	 more	 than	 500	 genes	 and	

proteins	altered	after	viral	infection	in	human	neurospheres	exposed	to	ZIKV.	Prior	

to	promote	cell	death,	ZIKV	impairs	brain	growth	by	arresting	cell	cycle	and	shutting	

down	neurogenic	programs	during	development	of	the	central	nervous	system.	

	

Introduction	

	

Primary	microcephaly	 is	a	rare	brain	malformation	characterized	by	the	reduction	

of	cephalic	perimeter.	Microcephaly	aetiologies	vary	 from	genetic	abnormalities	 to	

external	 factors	 such	 as	 toxoplasma,	 rubella,	 cytomegalovirus,	 herpes	 virus	 and	

syphilis	(TORCHS)	(Gilmore	and	Walsh,	2013).		

An	 increased	 number	 of	 cases	 of	 microcephaly	 associated	 with	 ZIKV	 has	 been	

reported	 in	Brazil	and	elsewhere	(Calvet	 	et	al.,	2016;	Mlakar	et	al.,	2016).	ZIKV	is	

able	to	induce	cell	death	in	human	neural	progenitors	(Tang	et	al.,	2016;	Garcez	et	

al.,	2016,	Qian	et	al.,	2016)	and	to	impair	the	growth	of	brain	organoids	(Garcez	et	

al.,	 2016,	 Qian	 et	 al.,	 2016).	 Still,	 the	 molecular	 fingerprint	 of	 neural	 stem	 cells	

infected	with	ZIKV	has	not	been	thoroughly	investigated	yet.		

Here	we	examine	the	transcriptome	and	proteome	of	human	neurospheres	derived	

from	 neural	 stem	 cells	 exposed	 to	 ZIKV	 isolated	 in	 Brazil.	 We	 show	 that	 ZIKV	

induces	responses	to	DNA	damage,	cell	cycle	arrest,	apoptosis	and	downregulation	
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of	 neurogenic	 programmes.	 These	 results	 shed	 a	 light	 in	 a	 potential	 molecular	

mechanism	 implicated	 in	 brain	 malformations	 as	 a	 result	 of	 ZIKV	 congenital	

infection.		

	

Results	

	

ZIKV	infects	and	induces	cell	death	in	human	neurospheres	

Sequencing	of	fragments	of	ZIKV	circulating	in	Brazil	matched	the	Asian	ZIKV	strain,	

confirming	previous	observations	that	ZIKV	circulating	in	Brazil	is	97-100%	similar	

to	 ZIKV	 isolated	 in	 Asia	 (Calvet	 et	 al.,	 2016,	 Supplementary	 Fig	 1A).	 RT-PCR	

discarded	 contamination	with	 Dengue	 and	 Chikungunya	 viruses,	 other	 circulating	

viruses	commonly	found	in	Brazil	(Supplementary	Fig	1B).		

Neural	stem	cells	derived	from	induced	pluripotent	cells	(iPS)	cells	were	exposed	to	

ZIKV	 (MOI	 0.025)	 for	 two	 hours,	 followed	 by	 a	 procedure	 to	 grow	 neurospheres.	

After	three	days,	neurospheres	exposed	to	ZIKV	became	labelled	with	the	antibody	

4G2	 against	 flavivirus	 envelope	 protein,	 confirming	 the	 infection	 (Fig	 1A,	 1B	 and	

1C).		

To	 confirm	 that	 ZIKV	 circulating	 in	 Brazil	 triggers	 apoptosis,	 neurospheres	 were	

labelled	 with	 an	 antibody	 against	 activated	 caspase	 3	 (Fig	 1D,	 1E	 and	 1F).	 In	

addition,	 cresyl	 violet	 staining	 revealed	 an	 increase	 in	 pyknotic	 nuclei	 in	 ZIKV-

exposed	 neurospheres	 (Supplementary	 Fig	 2A-2C).	 After	 six	 days	 in	 vitro,	 we	

observed	 that	 the	 number	 of	 ZIKV-exposed	 neurospheres	 was	 reduced	 by	 50%	
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(2791	±	178.1	 versus	1653	±	160	mean	±	 SEM)	 (Fig	1G,	 1H	and	1I).	After	 twelve	

days	in	vitro,	ZIKV	infected	neurospheres	were	vanished	from	culture	(Fig	1I).	These	

results	reveal	a	time-course	of	cell	death	in	neurospheres	exposed	to	ZIKV	infection.	

Thus,	we	decided	to	explore	the	consequences	of	ZIKV	infection	prior	to	cell	death,	

by	analysing	neurospheres	three	days	after	the	infection.	

		

ZIKV	alters	growth	of	human	neurospheres	and	formation	of	neuronal	cells	

At	 this	 stage,	 both	mock	 and	ZIKV-infected	 conditions	 form	neurospheres	 (Fig	 2A	

and	2B);	however,	 infected	neurospheres	were	significantly	smaller	 in	comparison	

to	 mock	 neurospheres	 (Fig	 2C).	 Quantification	 of	 DAPI	 staining	 showed	 that	 the	

reduction	 in	 size	 correlates	 with	 a	 small	 number	 of	 cell	 nuclei	 in	 ZIKV-exposed	

neurospheres	(Fig	2D).	To	further	characterize	the	identity	of	the	cells	depleted	by	

ZIKV,	 neurospheres	 were	 immunostained	 for	 markers	 of	 neural	 progenitors	 and	

neuronal	 identity.	ZIKV-infected	neurospheres	reduced	Nestin	 (Supplementary	Fig	

2D-3I)	and	SOX2	progenitor	markers	 (Fig	2F,	2I,	2H).	There	was	decrease	also	on	

MAP2	 (Supplementary	Fig	2J-2M)	and	HuC/HuDU	C/D	neuronal	markers	 in	ZIKV-

infected	 neurospheres	 compared	 to	 mock-infected	 neurospheres	 (Fig	 2E,	 2I,	 2L).	

This	reduction	in	the	number	of	neural	progenitors	and	young	neurons	could	be	due	

to	 alterations	 in	 cell	 cycle.	 Flow	 cytometry	 analyses	 revealed	 that	 cells	 in	 ZIKV-

infected	neurospheres	abnormally	accumulate	 in	a	sub-G1	phase	(Fig	2M	and	2N).	

Together,	these	results	suggest	that	ZIKV	impairs	the	ability	of	neural	progenitors	to	

progress	in	the	cell	cycle	and	to	differentiate	into	neurons.		
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Quantitative	shotgun	proteomics	and	RNA-seq	 identify	 the	 fingerprint	of	ZIKV-

infected	neurospheres			

To	 determine	 the	 molecular	 consequences	 of	 ZIKV	 infection,	 proteins	 and	mRNA	

from	ZIKV-and	mock-infected	neurospheres	were	extracted	after	3	days	in	vitro	and	

submitted	 to	 state-of-the-art	 quantitative	 label-free	 shotgun	 proteomics	 and	

extracted	 mRNA	 to	 unbiased	 RNA-seq	 analysis.	 Comparing	 the	 expression	 of	 the	

most	 differentially	 regulated	 proteins	 (p<0.05)	 in	 ZIKV-infected	 neurospheres	

versus	 mock-infected	 neurospheres,	 we	 detected	 199	 downregulated	 and	 259	

upregulated	 amongst	 them.	 Regarding	 RNA-seq,	 26	 downregulated	 and	 64	

upregulated	 genes	 were	 identified.	 As	 expected,	 many	 proteins	 involved	 in	 viral	

recognition	 were	 deregulated	 including	 TLR4	 (toll-like	 receptor	 4)	 and	 the	 RNA	

helicase	DDX6	(Supplementary	Fig	3).	

Representation	 of	 gene	 ontology	 groups	 highlights	 the	 most	 relevant	 biological	

processes	 (Figure	 3A	 and	 3B),	 in	 which	 translation	 and	 cell	 cycle	 were	 the	

prominent	ones	 (Figure	3A).	Translational	mechanisms	of	host	 cell	 are	modulated	

by	 viral	 infection	 (Huys	 et	 al.,	 2013;	 Modhiran	 et	 al.,	 2015;	 Ward	 et	 al.,	 2011).	

Accordingly,	ZIKV-infected	neurospheres	show	downregulation	of	proteins	 related	

to	cellular	shutdown,	such	as	organelle	 localization,	regulation	and	protein	 folding	

(Figure	3B).	

The	 arrest	 of	 cell	 cycle	 after	ZIKV	 infection	was	previously	described	 (Tang	 et	 al.,	

2016).	 To	 get	 further	 insight	 into	 the	molecular	 pathways,	 we	 have	 performed	 a	
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regulation	analysis,	integrating	RNA-Seq	information	and	predicting	missing	links	to	

those	 altered	 pathways.	 The	 interactome	 of	 ZIKV-infected	 neurospheres	

deregulated	 proteins	 and	 genes	 (Figure	 3C)	 predict	 cell	 cycle	 arrest	 and	

chromosomal	 instability.	 Our	 results	 suggest	 that	 this	 might	 occur	 due	 to	

downregulation	 of	 Cyclin	 E	 (CCNE2)	 (Figure	 3C),	 in	 addition	 to	 upregulation	 of	

Cyclin-dependent	 kinase	 inhibitor	 1A	 (CDKN1A),	 which	 prevents	 the	 activation	 of	

the	Cyclin	E/CDK2	 complex,	 and	 functions	 as	 a	 regulator	of	 cell	 cycle	progression	

during	 G1.	 Although	 CDK2	 was	 not	 directly	 regulated	 in	 the	 proteome	 and	

transcriptome	 analyses,	 causal	 network	 using	 Ingenuity	 pathway	 analysis	

(Ingenuity®	 Systems,	 www.ingenuity.com)	 predicted	 inhibition	 of	 CDK2.	 Top	

upstream	predicted	regulators,	EIF4	(p-value	6.86x10-7)	and	TP53	(p-value	1.20x10-

6),	 are	 both	 linked	 to	 cell	 cycle	 and	 translation.	 Interestingly,	 we	 found	 BRCA1	

(breast	 cancer	 type	 1	 susceptibility	 protein)	 and	 MRE11A	 (double-strand	 break	

repair	 protein)	 directly	 connected	 to	 those	 regulators.	 	 Both	BRCA1	 and	MRE11A	

are	related	to	DNA	damage	signalling	or	cell	elimination	 if	DNA	is	not	repaired.	 In	

agreement,	analysis	of	cell	cycle	showed	that	ZIKV-infected	neurospheres	presented	

a	pre-G1	enriched	population,	which	 is	known	to	contain	cells	with	damaged	DNA	

(Kajstura	 et	 al.,	 2007)	 (Fig	 2M-2N).	 Similarly,	 the	 observation	 of	 pyknotic	 nuclei	

suggests	increased	DNA	damage	in	ZIKV-infected	neurospheres	(Supplementary	Fig	

2).	 Taken	 together,	 these	 results	 argue	 that	 ZIKV	 infection	 trigger	 the	DNA	 repair	

machinery	in	neural	stem	cells.	

In	accordance	to	 the	cell	cycle	arrest,	 the	neurogenic	program	was	downregulated	
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as	observed	by	a	decrease	in	the		expression	of	the	neurogenic	differentiation	1	gene	

(NEUROD1)	and	Special	AT-rich	sequence-binding	protein	2	(SATB2).		

Altogether,	these	results	suggest	that	ZIKV	depletes	the	pool	of	neural	progenitors,	

reduces	neuronal	production	through	upregulation	of	a	network	of	viral	translation	

and	DNA	repair	machinery	as	well	as	downregulation	of	molecules	associated	with	

cell	cycle	and	neuronal	differentiation.		

	

Discussion	

	

Since	 2015,	 ZIKV	 has	 been	 associated	 with	 primary	 microcephaly	 (Calvet	 et	 al.,	

2016;	Mlakar	et	al.,	2016).	In	order	to	gain	insights	into	the	molecular	mechanisms	

of	 how	 ZIKV	 generates	 brain	 abnormalities,	 we	 applied	 proteomics	 and	

transcriptomics	to	identify	the	molecular	fingerprint	of	human	neural	cells	infected	

by	the	ZIKV	variant	circulating	in	Brazil.		

In	 agreement	with	 previous	 studies	 describing	 the	 effect	 of	 the	African	 strain	MR	

766	in	neural	stem	cells	and	brain	organoids	(Tang	et	al.,	2016;	Garcez	et	al.,	2016;	

Qian	 et	 al.,	 2016),	 we	 demonstrate	 that	 ZIKV	 strain	 isolated	 in	 Brazil	 infects	

neurospheres,	 triggers	 caspase-mediated	 cell	 death	 in	 neural	 progenitors	 and	

reduces	neuronal	production.	As	a	consequence,	growth	was	reduced	(Fig	1	and	Fig	

2).	

Some	of	 the	deregulated	genes	after	ZIKV	 infection	had	been	previously	described	

by	 the	 transcriptome	analysis	of	MR	766	ZIKV-infected	human	neural	progenitors	
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(Tang	et	al.,	2016).	For	instance,	CDKN1A	gene,	a	cyclin-dependent	kinase	inhibitor	

1A,	 related	 to	 cell	 cycle	 arrest	by	preventing	phosphorylation	of	 cyclin-dependent	

kinases,	was	also	found	upregulated	after	MR	766	ZIKV	infection	(Tang	et	al.,	2016).	

Other	 examples	 include	 the	 upregulation	 of	 SESN2	 and	 GDF15,	 involved	 in	 the	

response	 to	 cellular	 stress	 after	 injury	 (Lee	 et	 al.,	 2012;	 Tiwari	 et	 al.,	 2015)	 and	

downregulation	of	ARNT2,	a	bHLH	factor	required	for	neuronal	differentiation		(Hao	

et	al.,	2013).	

On	 the	 other	 hand,	 our	proteomics’	 results	 showed	many	other	 cellular	 pathways	

modulated	 by	 ZIKV	 in	 human	 neurospheres.	 Many	 RNA	 viruses	 hijack	 cellular	

proteins,	 particularly	 RNA	 binding	 proteins	 to	 support	 virus	 replication.	 ZIKV	

increased	DDX6	expression	and	 translation.	DDX6	 (also	known	as	RCK/p54)	 is	 an	

ATP-dependent	RNA	helicase	engaged	in	RNA	processing	bodies,	which	participate	

in	 translational	 suppression,	 mRNA	 degradation	 and	 miRNA	 biogenesis.	

Interestingly,	upregulation	of	DDX6	was	also	observed	after	 the	exposure	 to	other	

flaviviruses.	 Dengue	 virus	 (DENV),	 West	 Nile	 virus	 (WNV)	 and	 Hepatitis	 C	 virus	

(HCV)	depend	on	DDX6	binding	to	double	strand	structures	in	3’UTR	region,	which	

promotes	virus	RNA	translation	(Ariumi	et	al.,	2011;	Huys	et	al.,	2013;	Jangra	et	al.,	

2010;	Ward	et	 al.,	 2011).	 Furthermore,	 ZIKV	 infection	modulates	 cellular	proteins	

involved	in	the	innate	immune	response	to	eliminate	virus	infection.	Flavivirus	RNA	

may	be	sensed	by	RIG-I-like	receptors	(RLR)	or	toll-like	receptors	members	(TLR),	

depending	 on	 RNA	 structure	 and	 cellular	 location.	 ZIKV	 in	 neurospheres	

upregulated	the	levels	of	TLR4,	a	major	receptor	in	virus-mediated	innate	immune	
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response	 in	neuronal	 cells	 against	other	 flaviviruses,	 including	WNV	and	 Japanese	

Encephalitis	virus	(JEV)	(Han	et	al.,	2014;	Szretter	et	al.,	2009).	Recently,	it	has	been	

reported	 that	ZIKV	 infection	 induces	TLR3	 in	human	 skin	 fibroblast	 (Hamel	 et	 al.,	

2015),	human	brain	organoids	and	mouse	neurospheres	(Dang	et	al.,	2016).	While	

TLR3	recognize	viral	double-stranded	RNA,	TLR4	is	able	to	recognize	viral	envelope	

glycoproteins	(Barton,	2007).	Despite	the	fact	that	TLR3	and	TLR4	present	distinct	

mechanisms	 of	 viral	 recognition,	 both	 receptors	 share	 similar	 downstream	

pathways	 leading	 to	 proinflammatory	 cytokine	 production	 (Ahmed,	 2013).	 This	

suggests	 that	modulation	of	 the	 innate	 immune	 response	 should	be	 considered	 in	

the	search	for	therapeutic	interventions	against	ZIKV.	 	Altogether,	these	data	show	

that	 ZIKV	 infection	 modulate	 proteins	 involved	 in	 pathways	 such	 as:	 RNA	

processing	bodies,	miRNA	biogenesis,	 translational	 initiation	regulators,	 ribosomal	

proteins,	innate	immune	response	and	neuronal	development.	

The	effect	of	ZIKV	infection	during	neurogenesis	likely	explains	the	consequences	of	

the	so-called	congenital	syndrome	of	ZIKV	for	brain	 formation.	Our	work	provides	

insights	 into	 the	 molecular	 mechanisms	 of	 ZIKV	 infection	 on	 progenitor	

proliferation,	 differentiation	 and	 survival,	 thus	 improving	 our	 understanding	 of	

human	 brain	 malformations.	 Yet,	 further	 in	 vivo	 and	 epidemiological	 studies	 are	

needed	 in	order	 to	better	understand	how	ZIKV	 is	 linked	 to	malformations	of	 the	

central	nervous	system.	
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Experimental	procedures	

All	 protocols	 and	 procedures	 were	 approved	 by	 the	 institutional	 research	 ethics	

committee	 of	 Hospital	 Copa	 D'Or	 (CEPCOPADOR)	 under	 approved	 	 protocol	 #	

727.269.	

	

Human	induced	pluripotent	stem	cells		

Human	 induced	 pluripotent	 stem	 cells	 were	 cultured	 either	 with	 Essential	 8	

medium	(Thermo	Fisher	Scientific,	USA)	containing	DMEM/F12	and	supplement,	or	

mTeSR1	 (Stemcell	 Technologies,	 USA)	 on	 Matrigel	 (BD	 Biosciences,	 USA)	 coated	

dishes.	 The	 colonies	 were	 chemically	 passaged	 (0.5	 mM	 EDTA,	 Thermo	 Fisher	

Scientific,	 USA)	 every	 5-7	 days	 until	 they	 reached	 70-80%	 confluence	 and	

maintained	at	37°C	in	humidified	air	with	5%	CO2.																																															

		

Human	neural	stem	cells	

Human	 induced	 pluripotent	 stem	 cells	 were	 cultured	 either	 with	 Essential	 8	

medium	(Thermo	Fisher	Scientific,	USA)	containing	DMEM/F12	and	supplement,	or	

mTeSR1	 (Stemcell	 Technologies,	 USA),	 on	 Matrigel	 (BD	 Biosciences,	 USA)	 coated	

surface.	The	colonies	were	manually	passaged	every	5-7	days	until	they	reached	70-

80%	confluence	and	maintained	at	37°C	 in	humidified	air	with	5%	CO2.	To	 induce	

differentiation	 to	Neural	stem	cells,	Human	 iPS	cells	were	split	and	24	hours	 later	

medium	was	 switched	 to	PSC	neural	 Induction	Medium	(Thermo	Fisher	Scientific,	

USA),	 containing	 Neurobasal	 medium	 and	 PSC	 supplement,	 according	 to	
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manufacturer's	 protocol.	Medium	was	 changed	 every	 other	 day	 until	 day	 7,	when	

neural	 stem	 cells	 are	 split	 and	 expanded	 on	 neural	 induction	medium	 (Advanced	

DMEM/F12	 and	 Neurobasal	 medium	 (1:1)	 with	 neural	 induction	 supplement;	

Thermo	Fisher	Scientific,	USA).	

	

	

Human	neurospheres	

Neural	 stem	 cells	 were	 cultured	 until	 80%	 confluence	 and	 split	 with	 Accutase	

(Merck-Millipore,	 Germany).	 Cells	 were	 resuspended	 in	 neural	 medium	with	 half	

DMEM/F12	 and	 half	 Neurobasal	 medium	 supplemented	 with	 1X	 N2	 and	 1X	 B27	

supplements.	 The	 suspended	 neural	 stem	 cells	 were	 grown	 under	 rotation	 at	 90	

rpm,	 and	medium	was	 replaced	 every	 4	 days.	 Pictures	 were	 acquired	 using	with	

EVOS	Cell	Imaging	System	(Thermo	Fisher	Scientific,	USA).	Neurospheres	area	was	

measured	with	ImageJ	(μm2).		

	

Infection	of	neural	stem	cells	with	ZIKV	

ZIKV	was	isolated	from	the	blood	of	a	patient	from	Espírito	Santo,	Brazil.	The	virus	

was	propagated	in	Vero	cells.	Neural	stem	cells	were	either	mock	or	ZIKV-infected.	

At	 96	 hours	 post-infection	 (hpi),	 cytopathic	 effect	 was	 observed	 and	 conditioned	

media	from	mock	and	ZIKV-infected	cells	were	harvested,	centrifuged	at	300	x	g	and	

stored	 at	 -80oC.	 ZIKV	 genome	 was	 sequenced	 and	 strain	 identity	 was	 confirmed	
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(accession	 number	 NC_012532).	 	 ZIKV	 titers	 were	 determined	 by	 plaque	 assay	

performed	in	Vero	cells.	Neural	stem	cells	were	ZIKV-infected	at	MOIs	ranging	MOI	

ranging	from	0.25	to	0.0025.	Cells	were	 incubated	with	virus	or	mock	for	2	hours,	

when	medium	containing	virus	particles	was	replaced	with	fresh	medium.	

RNA	extraction	and	RT-PCR	

ZIKV	stock	sample	was	analyzed	by	RT-PCR	to	detect	Zika,	chikungunya	and	dengue	

viruses.	 Briefly,	 viral	 RNA	 was	 extracted	 using	 QIAamp	 MinElute	 Virus	 Spin	 Kit	

(Qiagen,	Netherlands)	and	cDNA	synthesis	was	performed	with	High-Capacity	cDNA	

Reverse	 Transcription	 Kit	 (Thermo	 Fisher	 Scientific,	 USA)	 according	 to	 the	

manufacturer's	instructions.	RT-PCR	was	performed	using	using	TaqMan	Universal	

Master	Mix	(Thermo	Fisher	Scientific,	USA)	on	7500	Real-Time	PCR	System	(Applied	

Biosystems)	with	primers	and	probes	specifically	designed	for	ZIKV	(Lanciotti	et	al.,	

2008),	CHIKV	(Lanciotti,	2007)	and	DENV	(Menting	et	al.,	2011).		

		

Immunostaining	

Neurospheres	 were	 fixed	 with	 4%	 paraformaldehyde	 (Sigma-Aldrich,	 USA)	 in	

phosphate-buffered	 saline	 for	 15	 min	 at	 37�,	 cryoprotected	 in	 sucrose	 solution,	

mounted	 in	OCT	embedding	compound	and	 frozen	at	 -20�.	Thin	sections	 (20	µm)	

were	obtained	with	 cryostat	 (Leica,	Germany),	permeabilized	with	0.3%	Triton	X-

100	 (Sigma-Aldrich,	 USA),	 incubated	 in	 50	 mM	 ammonium	 chloride,	 followed	 by	

blocking	 with	 3%	 bovine	 serum	 albumin	 (Sigma-Aldrich,	 USA)	 and	 overnight	
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incubation	with	rabbit	anti-human-Sox2	(1:100;	Merck-Millipore,	Germany),	rabbit	

anti-human-caspase	 3	 active	 (cleaved)	 form	 (1:100;	 Merck-Millipore,	 Germany),	

mouse	 anti-human-HuC/HuD	 neuronal	 protein	 (16A11)	 	 (1:100,	 Invitrogen,	 EUA)	

and	mouse	anti-flavivirus	group	antigen	antibody	(clone	4G2,	1:100).	Subsequently,	

samples	were	incubated	with	secondary	antibodies:	goat	anti-rabbit	Alexa	Fluor	488	

IgG	(1:400;	Thermo	Fisher	Scientific,	USA)	and	goat	anti-mouse	Alexa	Fluor	594	IgG	

(1:400;	 Thermo	 Fisher	 Scientific,	 USA).	 Nuclei	were	 stained	with	 0.5	 μg/mL	 4′-6-

diamino-2-phenylindole	 (DAPI)	 for	 5	 min.	 Images	 of	 three	 neurosphere	 slices	 of	

each	condition	were	acquired	with	TCS	SP8	confocal	microscope	(Leica,	Germany)	

with	an	oil	 immersion	20x	objective,	high	numerical	apertures	(NA).	Total	number	

of	 cells	 was	 calculated	 by	 DAPI	 stained	 nuclei.	 Image	 analysis	 was	 performed	 by	

applying	 segmentation	 algorithms	 for	 each	 channel	 using	 image	 analysis	 software	

Columbus	(PerkinElmer,	USA).	Briefly,	neurosphere	slices	total	area	was	measured	

and	 elements	 inside	 that	 area	were	 counted	 or	measured.	 The	 ratio	 between	 the	

number	of	 elements	or	 the	area	occupied	by	a	 specific	 staining	was	calculated	 for	

each	 specific	 slice	 and	 results	 are	 represented	 as	 average	 of	 three	 slices	 for	 each	

condition.		

	

Cresyl	Violet	staining	and	pyknotic	nuclei	analyses	

Neurospheres	 were	 cut	 and	 stained	 with	 cresyl	 violet.	 Photomicrographs	 were	

taken	with	a	magnification	of	400X	in	an	Axioplan	Zeiss	microscope.	Cells	displaying	

condensed	pyknotic	 and	 fragmented	nuclei	were	 identified,	 counted	under	 ImageJ	
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2.0	 (NIH)	 and	 grouped	 in	 the	 category	 “pyknotic	 nuclei”.	 Percentage	 of	 pyknotic	

nuclei	was	determined	after	normalization	against	total	cell	number.	

	

Quantitative	Proteomics	and	Data	Processing	Analyses	

Qualitative	and	quantitative	proteomic	analyses	were	performed	in	a	bidimensional	

micro	 UPLC	 tandem	 nanoESI-UDMSE	 platform	 by	 multiplexed	 data-independent	

acquisitions	 (DIA)	 experiments	 (Distler	 et	 al.	 2014).	 2D-RP/RP	 Acquity	 UPLC	 M-

Class	 System	 (Waters	 Corporation,	 USA)	 coupled	 to	 a	 Synapt	 G2-Si	 mass	

spectrometer	(Waters	Corporation,	USA)	was	used.	

Peptide	 loads	were	carried	 to	separation	 in	a	nanoACQUITY	UPLC	HSS	T3	Column	

(1.8	 µm,	 75	 µm	 X	 150mm;	 Waters	 Corporation,	 USA).	 Peptide	 elutions	 were	

achieved	by	using	 an	 acetonitrile	 gradient	 from	7%	 to	40%	 (v/v)	 for	 95	min	 at	 a	

flow	rate	of	0.4	µL	/min	directly	 into	a	Synapt	G2-Si.	 For	every	measurement,	 the	

mass	spectrometer	was	operated	in	resolution	mode	with	an	m/z	resolving	power	

of	about	40	000	FWHM,	using	ion	mobility	with	a	cross-section	resolving	power	at	

least	40	Ω	/ΔΩ.	MS/MS	analyses	were	performed	by	nano-electrospray	ionization	in	

positive	 ion	 mode	 nanoESI	 (+)	 and	 a	 NanoLock	 Spray	 (Waters,	 UK)	 ionization	

source.	The	 lock	mass	 channel	was	 sampled	every	30	sec.	The	mass	 spectrometer	

was	 calibrated	with	 an	MS/MS	 spectrum	 of	 [Glu1]-Fibrinopeptide	 B	 human	 (Glu-

Fib)	 solution	 that	 was	 delivered	 through	 the	 reference	 sprayer	 of	 the	 NanoLock	

Spray	source.	
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Proteins	were	 identified	and	quantitative	data	were	processed	by	using	dedicated	

algorithms	and	cross-matched	with	the	Uniprot	human	proteome	database,	version	

2015/11	 (70,225	 entries),	 with	 the	 default	 parameters	 for	 ion	 accounting	 and	

quantitation	(Li	et	al	2009).	The	databases	used	were	reversed	“on	the	fly”	during	

the	 database	 queries	 and	 appended	 to	 the	 original	 database	 to	 assess	 the	 false-

positive	 identification	 rate.	 For	 proper	 spectra	processing	 and	database	 searching	

conditions,	we	used	Progenesis	QI	 for	 proteomics	 software	package	with	Apex3D,	

peptide	3D,	and	ion	accounting	informatics	(Waters).	This	software	starts	with	LC-

MS	data	loading,	then	performs	alignment	and	peak	detection,	which	creates	a	list	of	

interesting	 peptide	 ions	 (peptides)	 that	 are	 explored	 within	 Peptide	 Ion	 Stats	 by	

multivariate	 statistical	 methods;	 the	 final	 step	 is	 protein	 identity.	 The	 following	

parameters	 were	 considered	 in	 identifying	 peptides:	 1)	 Digestion	 by	 trypsin	

allowing	 one	missed	 cleavage;	 2)	methionine	 oxidation	was	 considered	 a	 variable	

modification	 and	 carbamidomethylation	 (C),	 fixed	modification;	 3)	 false	 discovery	

rate	 (FDR)	 less	 than	 1%.	 Identifications	 that	 did	 not	 satisfy	 these	 criteria	 were	

rejected.	

		

Pathway	and	functional	correlation	analysis	

Differentially	 expressed	 genes	 and	 proteins	were	 analysed.	 Functional	 annotation	

analysis	 tool	DAVID	v	6.7	 (http://niaid.abcc.ncifcrf.gov)	was	used	 to	 identify	over-

represented	ontological	 groups	 amongst	differentially	 expressed	proteins	of	mock	

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.2033v1 | CC-BY 4.0 Open Access | rec: 9 May 2016, publ: 9 May 2016



17	
	

and	 ZIKV-infected	 neurospheres	 and	 to	 group	 proteins	 into	 functional	 categories	

(Huang	 et	 al.,	 2009a,	 2009b).	Whole	 genome	was	 used	 as	 a	 background	 list.	 The	

over-represented	GO	terms	(GOTERM_ALL	level)	using	default	settings	and	p	≤	0.01	

under	 Fisher	 exact	 test.	 Ingenuity®	 Pathway	 Analysis	 (IPA®,	 QIAGEN	 Redwood	

City,	USA,	www.qiagen.com/ingenuity),	was	used	to	identify	proteins	and	genes	that	

may	 be	 part	 of	 pathway	 dysregulation	 caused	 by	 ZIKV.	 IPA®	 core	 analysis	 was	

performed	using	experimentally	observed	data,	with	 canonical	pathways,	diseases	

and	 biological	 functions,	 and	 networks	 explored	 in	 detail.	 The	 refinement	 of	 the	

network	 generated	 by	 IPA®	 was	 performed	 applying	 the	 following	 parameters:	

direct/indirect	interactions,	experimentally	observed	as	confidence	level,	human	as	

species.	In	addition,	we	explored	the	protein-protein	and	gene-protein	interactome	

using	most	relevant	biological	functions,	as	an	interactive	representation	that	shows	

the	molecular	relationship	between	molecules	from	the	dataset	based	on	Ingenuity	

Knowledge	Database.	 In	 addition,	 protein-protein	 regulatory	 network	 information	

from	high	 confidence	 STRING	 interactions	 (www.string-db.org)	was	 added	 to	 this	

interactome	(Jensen	et	al.,	2009).	

		

RNA-seq	

Total	RNA	isolation	from	both	conditions	of	neurospheres	samples	(MOCK	and	ZIKV	

infection)	was	 done	with	 iPrep	 PureLink	 Total	 RNA	 Kit	 (Thermo	 Fisher	 Scientific,	

USA).	For	total	RNA	quantitation	and	quality	analyses	we	used	Qubit	RNA	HS	Assay	

Kit	 (Thermo	 Fisher	 Scientific,	 USA)	 and	 Agilent	 RNA	 6000	 Pico	 Kit	 (Agilent	
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Technologies,	 USA).	 RNA-seq	 was	 performed	 using	 duplicated	 samples	 for	 each	

condition,	 libraries	 were	 built	 using	 TruSeq	 Stranded	 mRNA	 Library	 Prep	 Kits	

(Illumina,	 USA)	 according	 manufacturer's	 instructions.	 To	 evaluate	 fragment	

average	and	quantify	libraries	we	used	Agilent	2100	BioAnalyzer	and	High	Sensitivity	

DNA	Kit	 (Agilent	Technologies,	USA)	and	a	qPCR-based	KAPA	 library	quantification	

kit	 (KAPA	 Biosystems,	 USA),	 finally	 we	 pooled	 libraries	 with	 20	 pM	 of	 final	

concentration	 to	 following	 sequencing	 steps.	 For	 paired-end	 sequencing	 we	 used	

MiSeq	 Sequencing	 System	 (Illumina,	 USA)	 platform	 and	MiSeq	Reagent	 Kit	 v3	 (150	

cycles).	

Illumina	 reads	 underwent	 quality	 control	 analysis	 using	 FastQC	

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).	 The	 reads	 were	

aligned	with	TopHat	version	2.1.1	(Kim	et	al.,	2013)	using	the	EMBL	human	genome	

GRCh37	as	reference.	Aligned	reads	were	assembled	de	novo	using	CuffLinks	version	

2.2.1	(Trapnell	et	al.,	2010).	FPKM	(Fragments	Per	Kilobase	of	transcript	per	Million	

reads	mapped)	values,	which	reflect	mRNA	expression	levels,	were	generated	using	

CuffDiff	 that	 is	 part	 of	 CuffLinks	 software.	 The	 R	 (Trapnell,	 2012)	 package	

CummeRbund	 (R	 Core	 Team,	 2012)	 was	 used	 to	 visualize	 the	 results.	 Ingenuity	

Pathway	Analysis	(www.ingenuity.com;	Ingenuity	Systems,	Redwood	City,	CA,	USA)	

was	 employed	 to	 identify	 biological	 functions	 associated	 with	 the	 differentially	

expressed	genes.	
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Viral	RNA	isolation	and	genome	sequencing	

First,	 viral	 RNA	 was	 isolated	 from	 infected	 neurospheres	 using	 iPrep	

PureLink	Virus	Kit	(Thermo	Fisher	Scientific)	and	the	cDNA	synthesis	reaction	was	

performed	using	 cDNA	Synthesis	System	Kit	 (Roche),	with	 random	primers.	After,	

PCR	 was	 done	 using	 specific	 primers	 to	 Asian	 ZIKV	 genotype	 sequence	 to	 get	

amplicons	for	sequencing.		Amplicons	were	fragmented	by	enzymatic	digestion	and	

libraries	 built	 by	 the	 automated	AB	Library	Builder	 System	 (Applied	Biosystems).	

Libraries	 were	 submitted	 to	 emulsion	 PCR	 using	 the	 automated	 Ion	 OneTouch	 2	

platform.	 The	 emulsion	 PCR	 reaction	 was	 loaded	 on	 a	 318v2	 chip	 and	 the	

sequencing	 reaction	 was	 performed	 on	 the	 Ion	 PGM™	 (Thermo	 Fisher	 Scientific,	

USA).	

Genome	assembly	and	phylogenetic	analysis	

Genome	assembly	was	performed	using	Geneious	v.9.1.3	using	the	genome	of	a	Zika	

virus	strain	isolated	in	Brazil	as	reference	(accession	number	KU926310).	Minimum	

overlap	 and	 minimum	 overlap	 Identity	 parameter	 values	 were	 40	 and	 95%,	

respectively.		We	obtained	a	partial	sequence	including	partial	envelope,	NS1,	NS2A,	

NS2B	 and	 NS3	 from	 ZIKV	 genome.	 The	 obtained	 genome	 from	 BR_ZIKV_AB_ES	

isolate	was	deposited	in	GenBank	with	accession	number	KX212103.		

		

The	 genomic	 sequence	 of	 BR_ZIKV_AB_ES	was	 aligned	with	 other	 ZIKV	 sequences	

available	 in	 NCBI	 using	 Mafft	 v.7	 (Katoh	 and	 Standley,	 2013).	 Measurement	 of	
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phylogenetic	signal	 in	 the	aligned	dataset	was	done	using	 likelihood	mapping	test,	

as	employed	in	Tree-Puzzle	v	5.2	(Schmidt	et	al.,	2002).	The	analysis	revealed	only	

17%	unresolved	and	2.8	%	partly	resolved	quartets,	indicating	that	the	dataset	has	a	

strong	 phylogenetic	 signal.	 The	 set	 of	 aligned	 data	 was	 submitted	 to	 jModelTest	

v.1.2.7	(Darriba	et	al.,	2012),	in	order	to	find	the	best	nucleotide	substitution	model.	

The	construction	of	the	phylogenetic	tree	was	performed	with	maximum	likelihood	

(ML)	method	(Myung,	2003)	using	RaxML	v.8.0	(Stamatakis,	2014).	A	bootstrap	test	

with	1,000	replicates	was	applied	to	provide	confidence	values	(Felsenstein,	1985)	

(Supplementary	 Fig	 1A).	 Genetic	 distances	 amongst	 strains	were	 calculated	 using	

MEGA	6.06	(Tamura	et	al.,	2013).		
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Figure	legends:		

	

Figure	1:	ZIKV	triggers	cell	death	in	human	neurospheres	

(A-F)	 Immunocytochemistry	 for	 the	 flavivirus	antigen	(red)	and	cleaved	caspase-3	

(green)	counterstained	with	DAPI	(blue)	on	Mock-	and	ZIKV-infected	neurospheres.	

(G)	 Quantification	 of	 flavivirus	 antigen	 and	 (H)	 cleaved	 caspase-3	 fluorescence	

intensity.	 Individual	 sample	 data	 were	 normalized	 against	 the	 average	 of	 Mock-

infected	experimental	group.	(I-J)Brightfield	photomicrographs	of	Mock-	and	ZIKV-

infected	 neurospheres	 at	 day	 12.	 Calibration	 Bar:	 100μm.	 (K)	 Time-course	 of	
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neurospheres	 viability	 of	 Mock-	 and	 ZIKV-infected	 experimental	 groups.	 Data	

presented	as	mean	±	SD,	n=4,	Student’s	t-test,	**	p<0.01.	

	

Figure	2:	ZIKV	reduces	 the	growth	of	neurospheres,	by	depleting	 the	pool	of	

neural	progenitors	and	the	generation	of	neurons		

(A-B)	 Brightfield	 photomicrographs	 of	 Mock-	 and	 ZIKV-infected	 neurospheres.	

Calibration	Bar:	100μm.	Bar	graphs	showing	a	reduction	of	neurospheres	area	(C)	

and	in	numbers	of	nuclei	per	neurosphere	area	(D)	on	ZIKV-infected	experimental	

group.	 (E-K)	 Immunocytochemistry	 for	 the	neuronal	marker	HuC/D	 (red)	 and	 the	

neural	 progenitor	 marker	 SOX2	 (green)	 counterstained	 with	 DAPI	 (blue).	

Quantification	of	HuC/D	and	SOX2	fluorescence	intensity	shows	a	decrease	of	both	

markers	 on	 ZIKV-infected	 neurospheres.	 (M-N)	 Flow	 cytometry	 distribution	

analyses	 of	 neurospheres	 at	 subG1	 phase	 of	 cell	 cycle	 3	 days	 after	 ZIKV	 or	mock	

infection.	Differences	on	bar	graphs	were	expressed	by	fold	change	in	relation	to	the	

average	 values	 of	 the	 Mock-infected	 group.	 Data	 presented	 as	 mean	 ±	 SD,	 n=4,	

Student’s	t-test,	*	p<0.05;	**	p<0.01;	***	p<0.001.	

	

Figure	 3:	 ZIKV	 alters	 translation,	 causing	 arrest	 of	 the	 cell	 cycle	 and	

decreasing	neural	differentiation	in	human	neurospheres		

Functional	enrichment	of	gene	ontology	biological	functions	of	upregulated	(A)	and	

downregulated	 (B)	 proteins.	 (C)	 Network	 interactive	 representation	 of	 molecular	

relationship	 between	 regulated	 molecules	 on	 ZIKV-infected	 neurospheres,	
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predicting	 downregulation	 of	 CDK2	 and	 inhibition	 of	 cell	 cycle	 progress.	

Interactome	 analyzed	 from	 the	 dataset	 based	 on	 Ingenuity	 Knowledge	 Database	

(www.ingenuity.com)	and	String	(string-db.org).		

	

Supplemental	Information:	

Supplementary	Figure	1:	Asian	genotype	of	ZIKV	isolated	in	Brazil	

(A)	 Phylogenetic	 analysis	 including	 BRZIKV_AB_ES	 isolate	 and	 ZIKV	 available	

sequences.	Both	genotypes	are	represented	on	this	ML	(maximum	likelihood)	tree:	in	

blue,	 Asian,	 in	 green,	 African	 genotype	 and,	 highlighted	 in	 red,	 the	 partial	 ZIKV	

sequence	 obtained	 from	 infected	 neurospheres	 here	 described	 (BRZIKV_AB_ES).	

This	analysis	demonstrates	that	the	isolated	strain	belongs	to	Asian	genotype.		The	

genetic	distance	of	BRZIKV_AB_ES	to	strains	isolated	in	Brazil	(Asian)	is	only	0.2	%	

and	to	the	MR	strain	766	(African)	is	11.6%.	(B)	ZIKV	stock	sample	was	analyzed	by	

RT-PCR	to	detect	Zika	(blue	lines),	chikungunya	(red	line)	and	Dengue	(black	line)	

viruses	

	

Supplementary	Figure	2:	
	
	
ZIKV	 infection	 increases	 the	 number	 of	 cells	 displaying	 pyknosis	 and	

decreases	progenitors	and	neuronal	markers	on	neurospheres			

(A-B)	Brightfield	photomicrographs	of	cells	displaying	condensed	pyknotic	(arrows)	

and	fragmented	nuclei	(arrowheads).	Calibration	Bar:	10μm.		
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(C)	Quantification	of	 the	percentage	of	 pyknotic	 nuclei	 found	on	Mock-	 and	ZIKV-

infected	 neurospheres.	 Data	 presented	 as	 mean	 ±	 SEM,	 n=4,	 Student’s	 t-test,	 **	

p<0.01.		

Immunocytochemistry	 for	 the	progenitor	marker	nestin	 (red)	on	mock-	 (D-E)	and	

on	 ZIKV-infected	 neurospheres	 (F-G)	 counterstained	 with	 DAPI	 (blue).	 (H)	

Quantification	 of	 neural	 progenitor	 marker	 nestin	 fluorescence	 intensity.	

Immunocytochemistry	 for	 the	 neuronal	 marker	 MAP2	 (red)	 on	 mock-	 (I-J)	 and	

ZIKV-infected	 neurospheres	 (K-L)	 counterstained	 with	 DAPI	 (blue).	 (M)	

Quantification	of	neuronal	marker	MAP2	fluorescence	 intensity.	Data	presented	as	

mean	±	SD,	n=4,	Student’s	t-test,	*p	<	0.05.	;	***	p<0.001	Calibration	Bar:	100μm	

	

Supplementary	Figure	3:		

ZIKV	infection	upregulates	proteins	required	for	viral	replication.		

Network	 interactive	 representation	 of	 molecular	 relationship	 between	 regulated	

molecules	 on	 ZIKV-infected	 neurospheres.	 Interactome	 analyzed	 from	 the	 dataset	

based	 on	 Ingenuity	Knowledge	Database	 (www.ingenuity.com)	 and	 String	 (string-

db.org).		
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