
Induction	 of	 differentiation	 and	 metabolic	 reprogramming	 in	

human	hepatoma	cells	by	adult	human	serum.	
	

Rineke	Steenbergen1		

Martin	Oti2		

Rob	ter	Horst3,	

Wilson	Tat1		

Chris	Neufeldt1	

Alexandr	Belovodskiy1	

Tiing	Tiing	Chua1	

Woo	Jung	Cho1	

Michael	Joyce1	

Bas	E.	Dutilh3,4		

D.	Lorne	Tyrrell1	

	

	

	

	

	

	

1	Li	Ka	Shing	Institute	of	Virology,	Dept.	of	Medical	Microbiology	and	Immunology,	
University	of	Alberta,	Edmonton,	Canada.		
2	Carlos	Chagas	Filho	Biophysics	Institute	(IBCCF),	Federal	University	of	Rio	de	
Janeiro	(UFRJ),	Rio	de	Janeiro,	Brazil	
3	 Centre	 for	 Molecular	 and	 Biomolecular	 Informatics,	 Radboud	 Institute	 for	
Molecular	 Life	 Sciences,	 Radboud	 University	 Nijmegen	 Medical	 Centre,	 Nijmegen,	
The	Netherlands		
4	 Theoretical	 Biology	 and	 Bioinformatics,	 Utrecht	 University,	 Utrecht,	 The	
Netherlands		
	 	

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 25, 2017. ; https://doi.org/10.1101/180968doi: bioRxiv preprint 

https://doi.org/10.1101/180968


	 2	

Abstract	

Tissue	culture	medium	routinely	contains	fetal	bovine	serum	(FBS).	Here	we	show	

that	culturing	human	hepatoma	cells	in	their	native,	adult	serum	(human	serum,	HS)	

results	 in	 the	 restoration	 of	 key	morphological	 and	metabolic	 features	 of	 normal	

liver	cells.	When	moved	to	HS,	these	cells	show	differential	transcription	of	22-32%	

of	 the	 genes,	 stop	 proliferating,	 and	 assume	 a	 hepatocyte-like	 morphology.	

Metabolic	 analysis	 shows	 that	 the	Warburg-like	metabolic	profile,	 typical	 for	 FBS-

cultured	 cells,	 is	 replaced	 by	 a	 diverse	 metabolic	 profile	 consistent	 with	 in	 vivo	

hepatocytes.	 We	 demonstrate	 the	 formation	 of	 large	 lipid	 and	 glycogen	 stores,	

increased	glycogenesis,	increased	β-oxidation,	increased	ketogenesis,	and	decreased	

glycolysis.	 Finally,	 organ-specific	 functions	 are	 restored,	 including	 xenobiotics	

degradation	and	secretion	of	bile,	very	low	density	lipoprotein,	and	albumin.	Thus,	

organ-specific	functions	are	not	necessarily	lost	in	cell	cultures,	but	might	be	merely	

suppressed	in	FBS.	Together,	we	showed	that	cells	that	are	representative	of	normal	

physiology	 can	 be	 produced	 from	 cancer	 cells	 simply	 by	 replacing	 FBS	 by	 HS	 in	

culture	media.	The	effect	of	serum	is	often	overseen	in	cell	culture	and	we	provide	a	

detailed	 study	 in	 the	 changes	 that	 occur,	 provide	 insight	 in	 some	 of	 the	 serum	

components	that	may	play	a	role	 in	the	establishment	of	 the	different	phenotypes,	

and	discuss	how	these	finding	might	be	beneficial	to	a	variety	of	research	fields.	
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Cancer	cell	lines	are	commonly	used	as	a	model	to	study	physiological	processes	in	

vitro,	because	they	are	readily	manipulated	and	can	be	cultured	in	large	quantities.	

However,	key	morphological	and	metabolic	 features	are	often	repressed	or	absent	

in	rapidly	dividing	cells.	Hepatocellular	carcinoma	(HCC)	cell	lines	for	example,	lack	

key	 liver	 features,	 including	cell	polarization,	VLDL	secretion,	and	detoxification	of	

xenobiotics1,	2.	Additionally,	 cancer	cells,	 including	hepatoma	cells,	 typically	have	a	

cancer	 metabolic	 profile3,	 using	 aerobic	 glycolysis	 (‘the	 Warburg	 effect’)	 and	

glutaminolyis	 for	 energy	 production,	 which	 is	 not	 representative	 of	 normal	 liver	

physiology	and	metabolism,	and	of	the	regulatory	role	that	healthy	hepatocytes	play	

in	lipid	and	glucose	homeostasis.	Although	cultured	primary	hepatocytes	are	more	

representative	of	hepatocytes	 in	vivo	 than	HCC	cells,	 they	are	also	expensive,	 only	

available	 in	 small	 quantities,	 and	 difficult	 to	 manipulate	 (e.g.	 CRISPR	 editing).	

Recently	 we	 demonstrated	 that	 choosing	 and	 alternative	 serum	 source	 can	 have	

major	 implications	 on	 cell	 functions:	 when	 HCC	 cells	 are	 cultured	 in	 their	 native	

adult	serum,	they	undergo	contact	inhibition	and	differentiate	into	a	hepatocyte-like	

cell4.	 These	 cells	 can	 be	 stably	 maintained	 for	 months,	 without	 subculturing.	 We	

showed	 that	 in	 these	cells	key	hepatic	 functions,	 like	VLDL	secretion	are	restored,	

and	for	example	the	production	of	hepatitis	C	virus	in	differentiated	cells	increases	

more	 than	 a	 1000-fold,	 without	 inducing	 cell	 death,	 while	 also	 producing	 HCV	
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particles	 that	 are	 more	 representative	 of	 the	 particles	 that	 are	 circulating	 in	 the	

serum	of	HCV	 infected	patients4.	 In	 the	 current	 study,	we	 further	 investigated	 the	

cellular	changes	that	occur	 in	HCC	cells	 that	are	cultured	 in	HS	 instead	of	FBS.	We	

used	a	 combination	of	microarray	analysis,	microscopic	 techniques,	 and	biological	

assays	 to	 show	 that	 the	 limitations	 of	 standard	HCC	 cultures	 can	 be	 overcome	by	

changing	 the	 serum.	By	 replacing	FBS	with	HS	 in	 the	 cell	 culture	medium,	Huh7.5	

cells	 (i)	 become	 growth	 arrested,	 obtain	 an	 epithelial,	 cuboid	 morphology	 and	

become	polarized;	(ii)	undergo	complete	metabolic	reprogramming,	with	a	reversal	

of	 the	 cancer	metabolic	 profile	 (Warburg	 effect	 and	 glutaminolyis);	 (iii)	 diversify	

other	metabolic	 pathways,	with	 a	 reduction	 in	 glycolysis,	 an	 increase	 in	 glycogen	

storage	(glycogenesis)	and	higher	reliance	on	β-oxidation;	and	(iv)	increase	mRNAs	

of	many	 CypP450	 enzymes	 and	 CypP450	metabolic	 rates	 and	 increase	 or	 restore	

secretory	processes,	like	VLDL,	albumin	and	bile	secretion.		

Summarizing,	 we	 show	 that	 by	 simply	 placing	 cells	 in	 their	 native	 adult	 serum,	

extensive	reprogramming	of	Huh7.5	takes	place,	and	the	morphology	and	functions	

that	 were	 considered	 lost	 in	 cancer	 cell	 lines	 can	 be	 restored.	 We	 discuss	 the	

relevance	of	 these	 findings	 for	 in	vitro	 research,	given	 the	central	 role	metabolism	

plays	in	various	physiological	processes.	
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Results	

1.	Polarization,	cytoskeletal	organization	and	other	morphological	changes.	

We	 investigated	 the	 effect	 of	 replacing	 FBS	 by	HS	 in	 tissue	 culture	media,	 on	 cell	

morphology	 and	 the	 gene	 expression	 profile	 of	 the	HCC	 cell	 line	Huh7.5.	We	 first	

examined	 overall	morphological	 changes	 resulting	 from	 extended	 culturing	 in	HS.	

HS	and	FBS-cultured	cells	where	grown	on	transwell	dishes,	prepared	for	electron	

microscopy	 and	 sectioned	 perpendicular	 to	 the	membrane	 surface,	 so	 that	 a	 ‘side	

view’	of	the	cell	is	created	(Figure	1A).	HS-cultured	cells	become	cuboid,	consistent	

with	 the	 in	vivo	 hepatocyte	 phenotype.	Moreover,	 their	 apical	 surface	 has	 a	more	

pronounced	epithelial	character	than	FBS-cultured	cells,	with	more	and	larger	villi.	

HS-cultured	 cells	 are	 also	 tightly	 interconnected,	with	 no	 open	 space	 in	 between,	

unlike	 their	 FBS-cultured	 counterparts.	 This	 is	 confirmed	 in	 higher	magnification	

images	of	the	cell	boundaries	(Figure	1B).	Increased	cytoplasm	density	and	altered	

organelle	organization	were	also	noted	in	HS-cultured	cells	as	further	described	in	

Supplemental	Data	1.	

Cytoskeletal	 organization	 plays	 an	 important	 role	 in	 establishing	 polarization	 and	

cell	 shape.	 Therefore,	 we	 visualized	 cytoskeletal	 reorganization	 of	 tubulin,	 a	

microfilament,	 and	 vimentin,	 an	 intermediate	 filament,	 by	 confocal	 microscopy.	
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Whereas	vimentin	is	disorganized	in	FBS-cultured	cells,	a	structured	organization	is	

seen	 in	 HS-cultured	 cells	 (d21).	 Tubulin	 appears	 more	 condensed	 in	 HS-cultured	

cells	than	in	FBS-cultured	cells,	where	staining	is	faint	and	more	dispersed.		

We	 also	 visualized	 the	 organization	 of	 claudin-1,	 a	major	 component	 of	 the	 tight	

junction	complex	(Figure	1D).	Claudin-1	is	present	in	FBS,	but	the	staining	is	patchy,	

whereas	 in	HS-cultured	cells	claudin-1	 is	distributed	evenly	around	the	entire	cell,	

pointing	at	better	barrier	function.	To	test	if	such	a	barrier	exists,	we	measured	the	

diffusion	 rate	 of	 fluorescently	 labeled	70	kDa	dextran	 conjugates	 across	 confluent	

layers	 of	 FBS-cultured	 cells	 or	 HS-cultured	 cells	 grown	 on	 transwell	 dishes.	 HS-

cultured	cells	were	almost	impermeable	to	these	conjugates,	showing	that	a	barrier	

is	indeed	established,	whereas	FBS	monolayers	remained	permeable	(Figure	1C).		

In	 conclusion,	morphological	 hallmarks	 of	 hepatocytes,	 including	 the	 formation	 of	

polarized	 cell	 layers	 consisting	 of	 tightly	 interconnected	 cuboid	 cells,	 can	 be	

achieved	in	Huh7.5	cells	simply	by	culturing	them	in	HS	instead	of	FBS.		

	

2.	Gene	expression	changes		

Next,	 we	 used	 genome-wide	 expression	 arrays	 to	 investigate	 the	 overall	 gene	

expression	changes	of	cells	cultured	in	HS	for	8,	15	and	23	days	compared	to	cells	

cultured	 in	 FBS.	 These	 time	 points	 were	 chosen	 because:	 (i)	 HS-cultured	 cells	
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become	growth	arrested	after	7-10	days,	(ii)	around	day	15	the	first	morphological	

signs	of	differentiation	become	apparent	and	 (iii)	 after	21	days	 the	differentiation	

process	 appears	 complete4.	 Indeed,	 gene	 expression	 changed	 significantly	 (p<0.05	

after	 multiple	 testing	 correction)	 in	 22	 to	 32%	 of	 the	 genes	 (11,000-16,000	 of	

49,000	 probes),	 revealing	 a	 complete	 cellular	 reprogramming	 upon	 shifting	 to	HS	

media	 (Supplemental	 Data	 2).	 Principal	 component	 analysis	 (PCA,	 Figure	 2A)	

showed	a	good	experimental	replicability,	and	a	clear	change	 in	expression	profile	

upon	 shifting	 the	 cells	 from	 FBS	 to	 HS.	 To	 determine	 the	 similarity	 in	 gene	

expression	 between	 HS-cultured	 cells	 and	 primary	 hepatocytes,	 published	

hepatocyte	expression	profiles	were	projected	onto	 the	PCA,	by	applying	 the	gene	

weights	 associated	with	 PC1	 and	 PC2	 to	 the	 gene	 expression	 levels.	 This	 showed	

close	proximity	of	primary	hepatocytes	 to	 the	 later	 stages	of	 the	HS-cultured	HCC	

cells,	suggesting	differentiation	towards	a	hepatocyte	phenotype	(Figure	2).	

	

3.	PAM	clustering	analysis	

To	obtain	better	insight	into	the	specific	genetic	processes	that	changed	as	a	result	

of	 culturing	 cells	 in	 HS,	 we	 identified	 clusters	 of	 co-expressed	 genes	 by	 applying	

hierarchical	 clustering	 using	 z-scores	 (Supplemental	 Data	 3)	 followed	 by	 PAM	
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(partitioning	 around	mediods)	 clustering	 (Figure	 3).	 Six	 gene	 expression	 patterns	

emerged,	and	Gene	Ontology	 (GO)	 terms	associated	with	 these	six	patterns	where	

determined	 (Figure	 3,	 Supplemental	 Data	 4).	 Changes	 in	 cell	 cycle	 and	 lipid	

metabolism	 gave	 the	 strongest	 signals	 related	 to	 the	 shift	 to	 HS.	 Most	 biological	

processes	 associated	 with	 the	 six	 clusters	 are	 consistent	 with	 our	 current	 and	

previous	analyses4:	cells	become	growth	arrested	(cluster	1,	4,	5)	and	lipid	droplets,	

as	 well	 as	 VLDL	 secretion	 were	 increased	 (cluster	 1,	 6).	 We	 also	 observed	 a	 de-

repression	 of	 apoptosis	 (cluster	 2).	 Cancer	 cells	 often	 repress	 apoptosis,	 and	 the	

observed	changes	may	reflect	the	loss	of	their	proliferative	character.		

Thus,	we	further	examined	the	metabolic	changes	occurring	in	HS-cultured	cells	that	

are	 predicted	 to	 accompany	 the	 transition	 from	 a	 proliferating	 to	 a	 differentiated	

and	growth-arrested	state	of	the	cell.		

	

4.	 Metabolic	 reprogramming:	 reversal	 of	 the	 Warburg	 effect	 and	 metabolic	

diversification.	

Proliferating	cells	often	display	a	‘cancer	metabolism’	profile,	first	described	by	Otto	

Warburg	 in	1924,	which	 includes	 reduced	 levels	of	oxidative	phosphorylation	and	

mitochondrial	activity,	higher	dependence	on	aerobic	glycolysis	and	glutaminolysis	
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for	ATP	production,	and	increased	generation	of	biosynthetic	intermediates	that	are	

essential	 for	 the	 production	 of	 macromolecules	 (phospholipids,	 nucleotides,	

proteins)	 to	 support	 cell	 proliferation	 (reviewed	 in3,	 5-7).	 The	 metabolic	

reprogramming	 that	 occurs	 during	 the	 Warburg	 effect	 is	 tightly	 regulated.	 Key	

regulators	 include	 pyruvate	 dehydrogenase	 kinase	 1	 (PDK1),	 the	 lactate	

dehydrogenase	 A/B	 ratio	 (LDHa/LDHb),	 and	 monocarboxylic	 acid	 transporter	 4	

(MCT4),	as	further	explained	in	Supplemental	Data	5.	

To	 test	 our	 hypothesis	 that	 cancer	metabolism	 is	 reversed	 in	HS-cultured	Huh7.5	

cells	we	compared	HS-	to	FBS-cultured	cells	using	a	combination	of	gene	expression	

analyses,	measurement	of	end-point	metabolites,	electron	microscopy	and	biological	

assays.	The	first	indication	that	HS-cultured	cells	rely	less	on	aerobic	glycolysis	than	

their	FBS-cultured	counterparts,	is	the	much	slower	acidification	of	the	cell	culture	

media,	as	indicated	by	medium	colour.	In	line	with	this,	and	with	the	reversal	of	the	

Warburg	effect,	mRNA	of	LDHa	was	decreased	and	LDHb	was	increased,	shifting	the	

reaction	 away	 from	 lactate	 production	 (Figure	 4A).	 Additionally,	mRNA	 of	 lactate	

transporter	 MCT4	 was	 also	 decreased	 in	 HS-cultured	 cells,	 as	 well	 as	 strong	

downregulation	of	PDK1,	which	regulates	pyruvate	uptake	by	mitochondria	(Figure	

4A,	Supplemental	Data	6)		
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Changes	 in	 mitochondrial	 morphology	 also	 might	 suggest	 increased	 rates	 of	

oxidative	 phosphorylation	 in	 HS-cultured	 cells.	 In	 FBS-cultured	 cells,	 the	

mitochondrial	matrix	appeared	lighter	than	in	HS,	where	it	was	condensed	and	dark	

with	 large	 spaces	 between	 the	 cristae	 (Figure	 4B).	 Hackenbrock8-10	 described	

similar	 mitochondrial	 transitions	 in	 isolated	 mitochondria,	 and	 linked	 them	 to	

electron	 transport	 chain	 activity:	 condensed	 mitochondria	 are	 indicative	 of	 high	

activity,	whereas	 orthodox	mitochondria	 indicate	 low	 activity.	 Other	 studies	 have	

since	 confirmed	 the	 link	 between	 mitochondrial	 activity	 and	 mitochondrial	

morphology11-13.	 High	 oxidative	 phosphorylation	 rates	 are	 also	 associated	 with	

mitochondrial	narrowing13,	and	we	made	similar	observations	 in	HS-cultured	cells	

(Figure	 4C).	 Although	 the	 physiological	 role	 of	 the	 mitochondrial	 heterogeneity	

remains	largely	unclear,	matrix	density	may	influence	diffusion	rates	of	metabolites	

in	and	out	of	the	mitochondria14-16,	for	example	of	ATP	and	ADP.	

We	 investigated	which	metabolic	 pathways	 changed	 as	 Huh7.5	 cells	 shifted	 away	

from	 their	 cancer	 metabolism.	 Figure	 5A	 shows	 that	 fermentation	 and	

glutaminolysis	were	decreased	in	HS-cultured	cells,	consistent	with	the	reversal	of	

cancer	 metabolism.	 Additionally,	 (i)	 all	 but	 one	 glycolysis	 enzymes	 were	 down-

regulated,	 including	 the	 rate-limiting	 step.	The	one	enzyme	 that	 is	up-regulated	 is	

also	involved	in	gluconeogenesis,	and	the	mRNAs	of	enzymes	in	the	gluconeogenesis	
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pathway	 were	 generally	 up-regulated	 (data	 not	 shown).	 (ii)	 Most	 glycogenesis	

enzymes,	 including	 the	 rate-limiting	 step	 were	 up-regulated,	 indicating	 that	 HS-

cultured	cells	convert	large	amounts	of	glucose	to	glycogen,	relying	less	on	glucose	

for	 ATP	 production.	 This	 is	 supported	 by	 the	 presence	 of	 large	 glycogen	 deposits	

within	the	cell,	as	is	shown	in	Figure	5B,	bottom	image	(marked	G).	Glucose	use	was	

not	 altered	 in	 HS-cultured	 cell	 compared	 to	 FBS-cultured	 cells	 (Figure	 5D,	 left	

panel).	 	 (iii)	 In	HS-cultured	 cells	 lipid	 droplets	 size	was	 increased	 (Figure	 5B,	 top	

two	panels4,	17).	β-oxidation	is	in	part	regulated	by	the	availability	of	lipid	stores	and	

metabolic	analysis	supports	an	increase	in	β-oxidation	rate:	many	enzymes	involved	

in	TG	(Triacylglycerol)	degradation	and	β-oxidation	are	increased,	including	the	rate	

regulating	step	of	β-oxidation,	CPT-1	(carnitine-palmitoyl	transferase	1).	 Increased	

protein	 levels	 of	 CPT-1	 (approximately	 7-fold)	 were	 confirmed	 by	 western	 blot	

(Figure	5C).	(iv)	Acetyl	CoA	produced	by	β-oxidation	is	partially	converted	to	ketone	

bodies	in	the	liver	of	healthy	individuals,	which	play	a	critical	role	in	normal	energy	

homeostasis18.	 Formation	of	ketone	bodies	 is	 therefore	often	used	 to	estimate	 the	

rate	 of	 β-oxidation.	 Ketogenesis	 was	 also	 increased	 in	 HS-cultured	 Huh7.5	 cells	

(Figure	5A),	which	was	confirmed	by	NMR	analysis	of	metabolic	end-products	in	HS-

cultured	 cells.	 Acetoacetate	 and	 3-hydroxybuyrate,	 the	 two	 main	 ketone	 bodies	

produced	 during	 ketogenesis,	 where	 significantly	 increased	 in	 HS	 cultured	 cells	
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(Figure	 5D).	 This	 further	 supports	 increased	 levels	 of	 β-oxidation	 in	 HS	 serum	

cultured	cells.	

Finally,	 consistent	with	 the	 reversal	of	 a	proliferative	metabolic	profile,	mRNAs	of	

pathways	 that	 produce	 ‘building	 blocks’	 for	 cell	 growth	 and	 proliferation,	

specifically	 cholesterol	 synthesis	 and	 lipogenesis,	 are	 decreased	 (Figure	 5E).	 In	

these	 pathways,	 citrate	 that	 is	 produced	 in	 the	 mitochondria	 is	 exported	 to	 the	

cytosol,	where	 it	 is	 converted	 to	Acetyl-CoA.	Acetyl-CoA	 can	 then	be	 incorporated	

into	cholesterol	and	 fatty	acids,	as	depicted	 in	Figure	5E.	mRNAs	of	most	genes	 in	

these	pathways	are	decreased	in	HS-cultured	cells.	Malonyl-CoA	is	also	produced	in	

the	 lipogenesis	 pathway	 and	 inhibits	 CPT-1,	 and	 thereby	 β-oxidation.	 Thus,	 its	

decreased	 production	 in	 HS-cultured	 cells	 is	 in	 line	 with	 the	 activation	 of	 β-

oxidation	in	HS-cultured	cells,	and	metabolic	reprogramming	in	general.			

	

Summarizing,	 our	 analyses	 show	 that	 the	 metabolism	 in	 HS-cultured	 cells	 shifts	

away	 from	 cancer	 metabolism	 (glutaminolysis	 and	 the	 Warburg	 effect)	 and	

glycolysis,	in	favor	of	glycogen	storage.	Lipid	stores	are	increased,	as	are	β-oxidation	

and	 ketogenesis.	 The	 increase	 in	 lipid	 droplet	 size	 is	 probably	 the	 result	 of	 the	

activation	of	TG	biosynthesis	and	storage	pathways,	that	are	regulated	by	LXRα	and	

PPARγ,	which	 in	 turn	 are	 both	 upregulated	 in	HS-cultured	 cells4.	 The	 presence	 of	

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 25, 2017. ; https://doi.org/10.1101/180968doi: bioRxiv preprint 

https://doi.org/10.1101/180968


	 13	

native	 lipoproteins	 in	 the	 human	 serum	 may	 also	 play	 a	 role:	 when	 we	 used	

lipoprotein	 free	 human	 serum,	 differentiation	 proceeded	 as	 expected,	 but	 the	

increase	in	lipid	droplet	size	was	largely	prevented	(not	shown).		

		

5.	Xenobiotics	biodegradation	and	metabolism	

As	cells	move	away	from	the	state	of	proliferation	and	cancer	metabolism,	surplus	

nutrients	 become	 available	 for	 storage,	 and	 to	 reinstate	 secretory	 processes	 like	

VLDL	 secretion.	 Indeed,	we	 showed	 previously	 that	 VLDL	 secretion	 is	 completely	

absent	in	FBS-cultured	cells,	but	as	cells	become	growth	arrested	and	differentiate,	

VLDL	 secretion	 is	 gradually	 restored4.	 Here,	 Kyoto	 Encyclopedia	 of	 Genes	 and	

Genomes	 (KEGG)	 pathway	 enrichment	 analysis	 supports	 the	 re-establishment	 of	

lipid	and	carbohydrate	metabolism	as	described	in	the	previous	sections,	as	well	as	

re-establishment	 of	 secretory	 processes	 (Table	 1,	 Supplemental	Data	 7).	 Enriched	

pathways	 included	 ‘steroid	 hormone	 synthesis’	 (KEGG	 pathway	 hsa00140),	

‘degradation	 of	 xenobiotics	 by	 cytochrome	 P450’	 (KEGG	 pathway	 hsa00980)	 and	

‘ascorbate	and	aldarate	metabolism’	(KEGG	pathway	hsa00053).	Steroid	hormones	

derive	 from	 cholesterol	 and	 are	 secreted	 by	 various	 organs	 including	 the	 liver.	

Ascorbate	 and	 aldarate	 metabolism	 is	 central	 to	 many	 conversions	 of	 glucose,	

including	 nucleoside	 synthesis	 and	 pentose	 interconversions,	 which	 itself	 was	
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significantly	 increased	 after	 15	 days	 in	 HS	 media.	 The	 most	 notable	 changes	

involved	 ‘Xenobiotics	 biodegradation	 and	 metabolism’.	 Three	 pathways	 in	 this	

cluster	 were	 significantly	 increased	 (Table	 1)	 and	 several	 detoxification	 enzymes	

were	 present	 in	 the	 top-25	 transcripts	 with	 increased	 expression.	 Notably,	 the	

enzyme	 with	 highest	 transcriptional	 increase	 was	 sulfotransferase	 1E1	 which	

catalyzes	the	sulfate	conjugation	of	xenobiotics,	 facilitating	removal	(Supplemental	

Data	6).	

To	confirm	the	increase	in	xenobiotics	metabolic	capacity,	we	focused	on	a	panel	of	

Cytochrome	P450	 (CypP450)	 enzymes,	 the	 key	 enzymes	 that	 degrade	 xenobiotics	

(Figure	6A,	Supplemental	Data	8).	All	CypP450	enzymes	had	increased	mRNA	levels	

in	 HS	 (1.5-60	 fold),	 with	 the	 exception	 of	 Cyp4A11.	 Cyp4A11	 is	 involved	 in	 the	

detoxification	of	lipid	products,	when	β-oxidation	is	absent	or	decreased.	Thus,	this	

finding	is	consistent	with	the	observed	increase	in	β-oxidation	in	HS-cultured	cells.	

Transcriptional	 levels	 of	 other	 proteins	 involved	 in	 degradation	 and	 removal	 of	

xenobiotics	 were	 also	 determined,	 and	 findings	 were	 generally	 consistent	 with	

increased	degradation	and	removal	of	toxic	compounds	(Supplemental	Data	9).		

To	 functionally	 confirm	 the	 changes	 observed	 at	 a	 transcriptional	 level,	 we	

examined	the	rates	of	xenobiotics	degradation	in	FBS-	and	HS-cultured	cells	(Figure	

6B).	 The	 intrinsic,	 non-induced	 rates	 of	 degradation	 by	 Cyp3A4	 (testosterone),	
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Cyp1A2	 (methoxy-resorufin)	 and	 Cyp2B6	 (buproprion)	 were	 increased	

approximately	4-,	6-	and	6-fold	respectively.		

Many	products	 resulting	 from	CypP450	activity	are	 removed	 from	 the	 liver	 in	 the	

bile,	through	the	bile	canalicular	surface,	which	is	only	established	in	polarized	cells.	

Bile	synthesis	 is	also	dependent	on	the	availability	of	excess	cholesterol.	Figure	6C	

shows	the	formation	of	structures	that	have	a	high	resemblance	to	bile	canaliculi	in	

HS-cultured	cells.	Most	mRNAs	of	enzymes	involved	in	bile	synthesis	are	increased	

(Figure	6D),	indicating	higher	levels	of	bile	acid	secretion.	Similar	observations	were	

reported	elsewhere	in	HepG2	cells	which	were	cultured	in	human	serum19.		
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Discussion	

When	tissue	and	cell	culture	was	initially	developed	in	the	early	to	mid	1950s,	the	

lack	 of	 cell	 growth	was	 a	major	 problem,	which	was	 overcome	by	 the	 addition	 of	

fetal	 animal	 sera	 or	 embryo	 extracts.	 The	 first	 human	 cell	 line	 for	 example,	 HeLa	

cells,	was	 grown	 in	 chicken	 plasma	 clot,	mixed	with	 saline,	 human	umbilical	 cord	

serum	 and	 bovine	 embryo	 extract20.	 Eventually,	 fetal	 bovine	 serum	 (FBS)	 became	

the	 serum	 of	 choice,	 because	 of	 its	 abundant	 availability	 and	 excellent	 growth	

promoting	capacities.	Undeniably,	great	progress	has	been	made	since	cell	cultures	

were	 first	 developed,	 however,	 it	 has	 also	 become	 increasingly	 clear	 that	 rapidly	

dividing	 cells	 are	 not	 representative	 of	 normal	 functional	 cells	 in	 an	 organ	 or	

organism,	 including	 the	 morphology	 of	 the	 cell,	 metabolism	 and	 organ-specific	

functionality.		

In	 this	 study	 we	 used	 a	 human	 hepatocellular	 carcinoma	 cell	 line,	 Huh7.5,	 and	

showed	that	culturing	these	cells	in	their	native	adult	serum,	instead	of	FBS,	results	

in	growth	arrest	and	drastic	changes	in	morphology	and	intracellular	organization,	

metabolic	 reprogramming	 and	 re-establishment	 of	 organ-specific	 functions,	 like	

VLDL	 secretion,	 albumin	 secretion	 and	 detoxification	 of	 xenobiotics.	 Significant	

changes	in	transcription	in	22-32%	of	the	genes	are	indicative	of	extensive	cellular	

reprogramming.	We	showed	that	metabolism	shifts	 from	a	cancer-like	profile,	 to	a	

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 25, 2017. ; https://doi.org/10.1101/180968doi: bioRxiv preprint 

https://doi.org/10.1101/180968


	 17	

profile	 that	 is	 more	 representative	 of	 hepatic	 metabolism,	 that	 includes	

glycogenesis,	higher	β-oxidation	rates,	lower	glycolysis	rates,	as	well	as	restoration	

of	processes	like	VLDL	secretion4,	degradation	of	xenobiotics	by	cytochrome	P450s,	

and	bile	secretion	(this	study,19).	This	refutes	the	notion	that	cell	lines	derived	from	

cancers	have	lost	their	ability	to	undergo	contact	inhibition	and	much	of	their	organ-

specific	functionality.	We	showed	in	Huh7.5	cells,	that	most	of	these	lost	functions,	

and	a	normal	metabolic	profile,	are	merely	suppressed	in	the	presence	of	a	growth	

inducing	serum,	like	FBS,	and	can	be	restored	by	culturing	cells	in	their	native	adult	

serum.	 	Other	 cell	 lines	appear	 to	undergo	similar	 changes	when	cultured	 in	 their	

native	 adult	 serum,	 although	 this	 is	 not	 a	 universal	 effect.	 For	 example,	 other	

hepatocellular	 carcinoma	 cell	 lines	 (HepG2,	 Huh-7)	 undergo	 similar	 transitions	

(unpublished	observations,	19).	HeLa	cells	in	our	hands	did	not	tolerate	culturing	in	

human	serum,	while	A549	cells,	a	adenocarcinomic	human	alveolar	basal	epithelial	

cell	 line,	 did	 thrive	 in	 HS,	 stopped	 dividing	 and	 underwent	 drastic	morphological	

changes.		

	

It	 is	 highly	 unlikely	 that	 one	 or	 only	 a	 few	 factors	 in	 HS	 are	 responsible	 for	

transcriptional	changes	 in	32%	of	the	genes	of	the	cells.	Like	FBS,	HS	is	a	complex	

mixture	of	components	and	undoubtedly	many	serum	components	play	a	role	in	the	
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establishment	of	the	different	phenotypes	in	different	sera.		We	have,	in	this	and	in	

previous	studies	determined	some	of	 the	groups	of	 components	 in	FBS	or	HS	 that	

contribute	 to	 the	 different	 phenotypes.	 So	 far	we	 have	 found	 	 that	 (i)	 the	 lack	 of	

growth	factors	in	adult	serum	relative	to	fetal	serum	induces	growth	arrest,	(ii)	the	

enrichment	 of	 certain	 differentiation	 inducting	 factors	 in	HS	 relative	 to	 FBS	 helps	

with	 differentiation,	 and	 (iii)	 the	 specific	 lipid	 composition	 of	 human	 relative	 to	

bovine	sera	may	play	a	role.	Cell	proliferation	slows	down	immediately	after	Huh7.5	

cells	are	transferred	to	HS,	and	after	7-10	days	proliferation	has	completely	stopped.	

Tight	 junctions	 are	 dissociated	 during	 cell	 proliferation	 so	 the	 absence	 of	 growth	

factors	 enables	 formation	 of	 cell/cell	 contacts	 and	 tight	 junctions,	 resulting	 in	

proper	 cell	 morphology.	 Growth	 factors	 also	 regulate	 oncogenes,	 which	 in	 turn	

influence	metabolism,	e.g.	oncogenes	c-Myc	and	p53	directly	regulate	mitochondrial	

respiration21,22,	 and	 are	 amongst	 the	most	 common	 alterations	 in	 human	 cancers,	

including	in	Huh7.5	cells23,	24.	c-Myc	increases	LDHa,	whereas	p53	controls	the	rate	

limiting	 step	 of	 glycolysis21.	 Thus,	 the	 lack	 of	 oncogene	 stimulation,	 through	 the	

reduced	levels	of	growth	factors	in	adult	serum	(like	HS)	might	play	a	direct	role	in	

the	observed	metabolic	reprogramming.		

The	native	character	of	HS	may	also	be	important,	as	other	adult	sera	do	not	result	

in	 the	 same	 changes:	 Huh7.5	 cells	 cultured	 in	adult	 bovine	 serum	 (ABS)	 undergo	
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growth	arrest	and	up-regulate	tight	junction	and	cell-cell	contact	components4,	but	

otherwise	 lack	 hepatocyte	 functionality	 like	 albumin	 and	 VLDL	 secretion.	

Conversely,	human	umbilical	cord	blood	serum	(CBS),	the	closest	human	equivalent	

of	FBS,	induces	high	cell	proliferation	rates,	but	also	increases	Huh7.5	functionality	

as	shown	by	increased	levels	of	albumin	secretion.	However,	VLDL	secretion	is	not	

restored	in	CBS-cultured	cells25.	Likely,	VLDL	secretion	co-depends	on	the	presence	

of	sufficiently	large	TG	stores	(lipid	droplets),	and	may	thus	also	depend	on	a	non-

proliferative	metabolic	profile/	growth	arrest.		

Growth	factors	that	are	remarkably	higher	in	human	serum	(CBS	and	HS),	compared	

to	 FBS,	 are	 IGF-1	 (insulin	 like	 growth	 factor	 1)	 and	 several	 IGFBPs	 (IGF	 binding	

proteins)26.	 IGF-1	 is	 increased	 approximately	 20	 and	 40-fold	 in	 HS	 and	 hUCBS	

respectively,	 relative	 to	 FBS.	 IGF-1	 and	 IGFBPs	 both	 play	 a	 role	 in	 hepatocyte	

differentiation,	 with	 IGFBPs	 modulating	 and	 prolonging	 the	 activity	 of	 IGF-1.	

Consistent	with	their	role	in	differentiation,	IGF-1	and	IGFBPs	impede	the	aggressive	

growth	of	certain	liver	cancers27-29.	IGFBP-3	is	one	of	the	factors	listed	in	the	top-25	

genes	 with	 the	 greatest	 increase	 in	 transcription	 in	 our	 microarray	 analysis	

(Supplemental	Data	6).		

In	addition	to	differences	in	growth	factor	level	and	composition,	the	composition	of	

the	 lipids	 in	HS	 is	also	markedly	different	 from	FBS.	Lipoproteins	 in	bovine	serum	
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mainly	 contain	 saturated	 fatty	 acids,	 whereas	 lipoproteins	 in	 human	 serum	 are	

enriched	in	lipids	containing	unsaturated	fatty	acids,	particularly	oleic	acid	(18:1)30.	

The	 presence	 of	 oleic	 acid	 is	 significant,	 as	 oleic	 acid	 is	 often	 added	 to	 cells	 to	

stimulate	 lipoprotein	 secretion31,	 which	 cannot	 be	 achieved	 by	 addition	 of	 most	

other	fatty	acids.		

	

These	findings	are	relevant	for	many	fields.	In	general	HS-based	cell	culturing	may	

increase	 the	 usefulness	 of	 human	 cancer	 cell	 lines	 by	 establishing	 affordable,	

scalable	and	physiologically	relevant	cell	culture	models.	In	the	case	of	Huh7.5	cells,	

they	enable	the	study	of	normal	hepatocyte	physiology,	but	also	the	transition	from	

normal	 physiology	 to	 the	 diseased	 state,	 for	 example	 as	 a	 result	 of	 chronic	 viral	

infections	 like	 HCV	 infection.	 Metabolic	 (dys)regulation	 plays	 a	 central	 role	 in	

cancer,	 immune	 regulation,	 metabolic	 syndrome,	 diabetes	 and	 fatty	 liver	 disease,	

and	 availability	 of	 cells	 with	 a	 ‘normal’	 metabolic	 profile	 is	 advantageous	 in	

deciphering	 the	 factors	 that	 lead	 to	 the	 diseased	 state.	 But	 foremost,	 from	 a	 cell	

biology	perspective,	 the	profound	changes	 that	we	observed,	 simply	as	 a	 result	of	

changing	serum	in	cell	cultures,	where	unexpected	and	surprising,	and	shows	that	

much	remains	to	be	learned	about	the	effect	of	native	sera	and	of	FBS.	
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Methods	

	

Standard	Cell	culture	conditions	for	proliferation	–	Huh7.5	cells	were	a	kind	gift	

of	 Dr.	 C.	 Rice,	 Rockefeller	 University,	 New	 York,	 USA),	 and	 were	 maintained	

according	to	the	protocols	provided.	In	short,	cells	were	maintained	in	DMEM/10%	

FBS	 /penicillin/	 streptomycin.	 The	 cell	 line	 used	 in	 this	 study	 has	 a	 low	 passage	

number,	cell	were	never	replated	at	a	ratio	higher	than	1:4,	and	after	approximately	

20-30	passages,	cells	were	discarded,	and	a	new	vial	was	thawed.	

	

Maintenance	of	cells	 in	human	serum	-	Since	the	use	of	human	serum	results	in	

growth	arrest4,	cell	cultures	were	normally	maintained	in	FBS-containing	media	as	

described	 above.	 At	 the	 time	 of	 transfer	 to	 human	 serum	 cells	 were	 trypsinized,	

trypsin	was	 inactivated	with	 DMEM/10%	 FBS/	 penicillin/	 streptomycin	 and	 cells	

were	 centrifuged	 at	 300g.	 Cell	 pellets	 were	 then	 resuspended	 in	 DMEM/2%	 HS/	

penicillin/	streptomycin,	and	plated	at	a	density	of	30-50%.	At	confluency	cells	were	

trypsinized	once	more,	plated	at	a	density	of	50%,	and	then	 left	 to	 form	confluent	

layers	 of	 undividing	 cells.	 Although	 cells	 can	 be	 trypsinized/	 sub-cultured	 for	

approximately	7-10	days,	continued	sub-culturing	leads	to	cell	death,	as	cells	appear	

to	loose	their	ability	to	attach	to	untreated	cell	culture	plastic.		

		

Microarray	analysis	-	Cells	were	cultured	(3	biological	replicates/	flasks)	either	in	

FBS,	or	in	human	serum	for	8,	15	or	23	days.	These	days	were	chosen	because	HS-

cultured	 cells	 undergo	 growth	 arrest	 around	 day	 7-10	 post	 transfer,	 the	 first	

morphological	signs	of	differentiation	appear	around	day	14,	and	the	differentiation	

process	 appears	 complete	 after	 21	 days	 in	 human	 serum	 containing	 media.	 Cell	

lysates	 were	 then	 prepared	 for	 microarray	 analysis	 of	 Affymetrix	 GeneChip®	

PrimeView™	Human	Gene	expression	Array	cartridges	according	to	the	instructions	

of	 the	manufacturer.	 Microarray	 data	were	 deposited	 in	 the	 GEO	 repository	with	

Accession	Number	GSE87684	(GEO)	

All	 expression	 data	 analyses	 were	 performed	 using	 the	 R	 statistical	 program	 (R	

Development	Core	Team;	R:	A	Language	and	Environment	for	Statistical	Computing	
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(R	Foundation	for	Statistical	Computing);32).	Probe	intensities	were	normalized	with	

the	“affy”	R	package	from	the	Bioconductor	project33,	using	the	“Robust	Multiarray	

Averaging”	(RMA)	algorithm34.	Differential	expression	analysis	was	performed	using	

the	“limma”	R	package35,	which	fits	a	linear	model	to	the	expression	data.	Principal	

Components	 Analysis	 was	 performed	 using	 the	 R	 “prcomp”	 function.	 For	 the	

clustering	analysis	gene	expression	levels	were	converted	to	z-scores,	standardized	

across	the	samples,	to	eliminate	the	differences	in	absolute	gene	expression	levels,	

and	focus	on	the	pattern	of	changes.	An	initial	hierarchical	clustering	was	performed	

using	Euclidean	distances	and	average	linkage	in	order	to	get	an	idea	of	how	many	

clusters	were	present	in	the	data.	Based	on	this	the	expression	data	were	clustered	

into	 6	 clusters	 using	 the	 Partitioning	 Around	 Medoids	 (PAM)	 algorithm,	 which	

requires	 a	 predetermined	number	of	 clusters	 to	 be	 specified.	Gene	Ontology	 term	

enrichment	calculations	were	performed	using	the	“goseq”	R	package36.	

	

Metabolic	 modeling	 -	 For	 our	 metabolic	 modeling	 purposes	 we	 use	 a	 recently	

constructed	 stoichiometric	 metabolic	 network	 for	 human,	 called	 Recon237.	 	 The	

boundaries	of	exchange	reactions	were	left	at	default	values	and	dead-end	reactions	

(i.e.	the	reactions	whose	product	metabolites	are	not	used	for	any	other	reaction	or	

for	growth)	were	removed.	We	integrate	the	measured	gene	expression	values	with	

this	model	using	a	program	called	Metabolic	Adjustment	by	Differential	Expression	

(MADE)38.	MADE	uses	the	p-values	and	fold	changes	obtained	in	a	differential	gene	

expression	 analysis	 to	 identify	 enzymes	 with	 significantly	 different	 expression	

between	 conditions,	 and	 looks	 for	 the	 best	 fit	 with	 the	 metabolic	 network.	 The	

program	 predicts	 for	 each	 gene	 if	 it	 is	 activated,	 deactivated	 or	 stable	 between	

conditions	and	time	points,	such	that	each	prediction	is	consistent	with	the	network	

structure.	This	can	be	visualized	as	activation	and	inactivation	of	the	corresponding	

reactions	using	the	online	tool	HumanCyc39	

	

Transmission	 Electron	 microscopy	 (TEM)	 -	 For	 conventional	 transmission	

electron	 microscopic	 study,	 cells	 were	 either	 cultured	 in	 FBS	 and	 grown	 to	

confluence,	or	cultured	in	HS-containing	media,	grown	to	confluence	and	allowed	to	
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differentiate.	 Some	 FBS	 and	 HS-cultured	 cells	 were	 grown	 on	 a	membrane	 of	 BD	

Falcon	cell	culture	inserts	(cat.	#353180,	BD	Biosciences,	Canada),	in	order	to	obtain	

perpendicular	 sections	 of	 cells	 on	 the	 membrane	 surface.	 2x	 conventional	 TEM	

fixative	 (mixture	 of	 4%	 glutaraldehyde,	 2%	 paraformaldehyde,	 0.2	M	 sucrose	 and	

4	mM	CaCl2	in	0.16	M	sodium	cacodylate	buffer,	pH	7.4)	was	added	to	the	cell	media	

to	make	optimally	diluted	 fixative.	Pre-fixation	was	performed	at	37	°C	 for	1	hour.	

Following	 fixation,	 cells	 were	 washed	 with	 0.05	M	 sodium	 cacodylate	 buffer	 (cat.	

#11654,	Electron	Microscopy	Sciences,	USA)	to	remove	residual	aldehyde	from	cells.	

For	lipid	fixation,	cells	were	post-fixed	with	1%	ice-cold	osmium	tetroxide	(OsO4,	cat.	

#19140,	 Electron	 Microscopy	 Sciences,	 USA)	 in	 0.05	M	 sodium	 cacodylate	 buffer.	

Following	 lipid	 fixation,	 cells	 were	 again	 washed	 with	 0.05	M	 sodium	 cacodylate	

buffer.	To	 increase	 contrast	 of	 cell	membrane	and	 subcellular	membrane	 (en	bloc	

stain),	 cells	 were	 treated	 with	 1%	 uranyl	 acetate	 (cat.	 #22400-4,	 Electron	

Microscopy	Sciences,	USA)	in	0.1	M	sodium	acetate	buffer	(pH	5.2)	for	15	min.	Cells	

were	washed	with	 0.1	M	 sodium	 acetate	 buffer	 followed	 by	Milli-Q	 filtered	water	

and	 then	 dehydrated	with	 ascending	 ethanol	 series	 (30%,	 50%,	 70%,	 80%,	 90%,	

95%	and	100%).	Cells	on	membranes	were	gradually	infiltrated	with	Spurr’s	resin	

(cat.	 #14300,	 Electron	 Microscopy	 Sciences,	 USA).	 Several	 pieces	 from	 the	

membranes	 of	 the	 cell	 culture	 inserts	were	 embedded	 into	 BEEM	 flat	 embedding	

molds	 (cat.	 #7004-01,	 Electron	 Microscopy	 Sciences,	 USA),	 so	 that	 they	 could	 be	

sectioned	 perpendicular	 to	 the	 membrane	 surface	 and	 thermally	 polymerized	 at	

65	°C	for	24	h.	Ultra-thin	sections	with	a	thickness	of	60	nm	from	polymerized	resin	

blocks	were	 sectioned	using	 a	 Leica	EM	UC7	ultramicrotome	 (Leica	Microsystems	

Inc.	Canada),	transferred	on	bare	Cu	grids,	and	post-stained	with	2%	uranyl	acetate	

and	 Reinolds׳	 lead	 citrate	 for	 10	 minutes	 each.	 Sections	 were	 observed	 under	 a	

Hitachi	 H-7650	 transmission	 electron	 microscope	 (Hitachi-High	 Technologies	

Canada)	 at	 80	kV	 and	 imaged	 under	 a	 high	 definition	 electron	multiplying	 charge	

coupled	device	(EMCCD)	camera	(XR111,	Advanced	Microscopy	Techniques,	USA).	
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Immunofluorescence	 staining	 -	 For	 confocal	 imaging	 of	 claudin-1,	 tubulin	 and	

vimentin,	 cells	 were	 grown	 in	 FBS	 or	 in	 HS-containing	 media	 on	 poly-L-Lysine	

coated	coverslips.	Cells	were	washed	with	PBS,	and	fixed	in	3.65%	formaldehyde	in	

PBS	 for	 8	minutes	 at	 room	 temperature.	After	 fixation	 cells	were	washed	3x	with	

PBS,	 incubated	 with	 0.2%	 Triton-X-100	 for	 2	 minutes	 at	 room	 temperature,	 and	

washed	 again	 3x	with	 PBS,	 followed	 by	 a	 2	 hour	 blocking	 step	 in	 PBS	 containing	

0.1%	 Tween-20	 and	 2%	milk	 powder.	 Primary	 antibodies	 (anti-α-tubulin:	 Sigma-

Aldrich,	 T6074;	 rabbit-anti-claudin-1:	 Invitrogen	 71-7800;	 mouse	 anti-vimentin	

(v9):	 Abcam	 Ab8069),	 diluted	 in	 0.1%	 Tween-20	 PBS	 containing	 2%	 milk,	 were	

added	to	the	cells	and	incubated	overnight	at	4	˚C.	Cells	were	washed	the	next	day,	

3x,	 in	 PBS	 containing	 0.1%	 Tween-20	 followed	 by	 incubation	 with	 Alexa	 Fluor	

conjugated	 secondary	 antibodies	 AlexaFluor488	 donkey	 anti-mouse	 IgG	 (Life	

Technologies,	 A21202),	 AlexaFluor594	 donkey	 anti-mouse	 IgG	 (Life	 Technologies,	

A21203),	AlexaFluor594	donkey	anti-rabbit	IgG	(Life	Technologies,	A11012)	for	45	

minutes	 at	 room	 temperature.	 After	 washing	 the	 cells	 3x	 in	 PBS	 0.1%	 Tween-

20	 	cells	 were	 incubated	 in	 a	 Hoechst	 stain,	 1:3000	 for	 5	minutes	 and	 coverslips	

were	 mounted	 to	 slides	 using	 Fluoromount-G	 (SothernBiotech).	Confocal	 images	

were	obtained	with	a	LSM	710	Axio	Observer	microscope	 (Carl	Zeiss	 Inc.)	using	a	

63x/1.40	NA	Oil	DIC	Plan-Apochromat	objective.	Images	were	acquired	as	a	z-stack	

series	 (with	 a	 distance	 of	 0.24μm	 between	 slices)	 and	 are	 represented	 as	 a	 z-

projection.	

	

Dextran	diffusion	studies	 -	Cells	were	grown	on	collagen	coated	transwell	dishes	

and	 in	 the	case	of	HS-cultured	cells	allowed	to	differentiate,	or	 in	 the	case	of	FBS-

cultured	cells	grown	to	confluency.	Cells	were	then	place	in	phenol	red	free	media,	

and	 1	 µg/ml	 70kDa	 dextran	 conjugated	 to	 Oregon	 green	 was	 added	 to	 the	 top	

compartment.	Samples	were	taken	every	30	minutes,	for	a	total	of	2	hours,	from	the	

bottom	 compartment	 to	 determine	 dextran	 diffusion	 rates.	 Orgeon	 green	

Fluorescence	was	measured	on	an	Enspire	2300	Multilabel	 reader	 (Perkin	Elmer)	

and	 compared	 to	 subconfluent	 FBS-cultured	 cells	 to	 determine	maximal	 diffusion	

rates.	 Confluency	 of	 FBS-cultured	 cells	 was	 ensured	 by	 visualizing	 cells	 on	 filters	
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under	a	conventional	phase-contrast	microscope,	as	well	as	measuring	FBS	diffusion	

rates	 on	 3	 consecutive	 days.	 The	 lowest	 diffusion	 rate	 of	 those	 3	 was	 used,	 if	

differences	existed.		

	

NMR	analysis	of	reporter	metabolites	 -	Target	profiling	and	analysis	of	reporter	

metabolites	by	NMR	was	performed	by	Chenomx	Inc,	Edmonton,	Canada.	 In	short,	

FBS-cultured	cells	and	confluent,	differentiated	HS-cultured	cells	were	washed	with	

DMEM	and	placed	in	DMEM	(without	serum)	overnight.	Supernatants	of	HS	or	FBS-

cultured	 cells	 were	 collected,	 first	 filtered	 through	 22µm	 filters	 to	 remove	 large	

debris.	 Internal	 standard	 solution	 (IS-1)	 was	 added	 to	 each	 sample,	 and	 the	

resulting	mixture	was	vortexed	for	30	seconds.	Samples	were	then	filtered	through	

Nanosep	 3K	Omega	microcentrifuge	 tubes	 to	 remove	 all	 proteins	 and	 other	 large	

complexes,	and	transferred	to	an	NMR	tube	for	data	acquisition	

NMR	 spectra	 were	 acquired	 on	 a	 Varian	 two-channel	 VNMRS	 600	 MHz	 NMR	

spectrometer	equipped	with	an	HX	5	mm	probe.	The	pulse	sequence	used	was	a	1D-

tnnoesy	with	a	990	ms	presaturation	on	water	and	a	4	s	acquisition	 time.	Spectra	

were	collected	with	32	 transients	and	4	steady-state	scans	at	298	K.	Spectra	were	

tehn	processed	using	the	Processor	module	in	Chenomx	NMR	Suite	8.0.	Compounds	

were	identified	and	quantified	using	the	Profiler	module	in	Chenomx	NMR	Suite	8.0	

with	the	Chenomx	Compound	Library	version	9,	containing	332	compounds.	

	

RNA	 extraction	 and	 cDNA	 synthesis	 -	 Total	 RNA	 from	 cells	 was	 isolated	 using	

TRIzol	 reagent	 (Invitrogen)	 according	 to	 the	 manufacturer's	 instructions,	 and	

quantified	by	measuring	the	absorbance	at	260	nm.	RNA	quality	was	determined	by	

measuring	 the	 260/280	 ratio.	 Thereafter,	 first-strand	 cDNA	 synthesis	 was	

performed	 by	 using	 the	 High-Capacity	 cDNA	 reverse	 transcription	 kit	 (Applied	

Biosystems)	 according	 to	 the	 manufacturer’s	 instructions.	 Briefly,	 1.5	 μg	 of	 total	

RNA	from	each	sample	was	added	to	a	mix	of	2.0	μl	10X	RT	buffer,	0.8	μl	25X	dNTP	

mix	 (100	 mM),	 2.0	 μl	 10X	 RT	 random	 primers,	 1.0	 μl	 MultiScribeTM	 reverse	

transcriptase,	and	3.2	μl	nuclease-free	water.	The	final	reaction	mix	was	kept	at	25οC	
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for	10	min,	heated	to	37	οC	for	120	min,	heated	for	85	οC	for	5	sec,	and	finally	cooled	

to	4	οC.		

	

Quantification	 by	 real	 time-PCR	 -	 Quantitative	 analysis	 of	 specific	 mRNA	

expression	was	 performed	 by	 real	 time-PCR,	 by	 subjecting	 the	 resulting	 cDNA	 to	

PCR	amplification	using	96-well	optical	reaction	plates	in	the	Bio-rad	CFX-96	Real-

Time	PCR	System	(Bio-rad).	25-µl	 reaction	mix	contained	0.1	µl	of	10	µM	 forward	

primer	 and	 0.1	 µl	 of	 10	 µM	 reverse	 primer,	 12.5	 µl	 of	 SYBR	 Green	 Universal	

Mastermix,	11.05	µl	of	nuclease-free	water,	and	1.25	µl	of	cDNA	sample.	The	primers	

used	 in	 the	 current	 study	 were	 chosen	 from	 previously	 published	 studies40.	 No-

template	 controls	 were	 incorporated	 onto	 the	 same	 plate	 to	 test	 for	 the	

contamination	of	any	assay	reagents.	An	optical	adhesive	cover	was	used	to	seal	the	

plate;	 thereafter,	 thermocycling	 conditions	 were	 initiated	 at	 95°C	 for	 10	 min,	

followed	 by	 40	 PCR	 cycles	 of	 denaturation	 at	 95°C	 for	 15	 sec,	 and	

annealing/extension	at	60°C	for	1	min.	Dissociation	curves	were	performed	by	the	

end	of	each	cycle	to	confirm	the	specificity	of	the	primers	and	the	purity	of	the	final	

PCR	product.	

	

Real	 time-PCR	 Data	 analysis	 -	 The	 real	 time-PCR	 data	were	 analyzed	 using	 the	

relative	gene	expression	method.	Briefly,	the	data	are	presented	as	the	fold	change	

in	 gene	 expression	 normalized	 to	 the	 endogenous	 reference	 gene	 (β-actin)	 and	

relative	to	the	untreated	control	of	the	same	time	point.	

	

Measuring	 different	 P450s	 activities	 using	 cocktail	 substrates	 -	 The	 reaction	

was	 started	 by	 incubating	 live	 intact	 cells	 with	 200	 µL	 William’s	 E	 Medium	

containing	a	mixture	of	substrates	including,	100	µM	7-methoxyresorufin	(CYP1A2	

substrate),	 500	 µM	 bupropion	 (CYP2B6	 substrate),	 20	 µM	 paclitaxel	 (CYP2C8	

substrate),	250	µM	S-mephenytoin	(CYP2C19	substrate),	15	µM	dextromethorphan	

(CYP2D6	substrate),	200	µM	testosterone	(CYP3A	substrate)	in	addition	to	20	unites	

of	 sulfatase	 and	 5000	 units	 of	 β-glucuronidase.	 The	 reaction	 was	 stopped	 by	 the	
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addition	of	200	µL	ice	cold	methanol	containing	100	µM	acetaminophen	as	internal	

standard	for	LC/MS	analysis.	

Metabolites	 formed	 were	 analyzed	 on	 a	liquid	 chromatography– tandem	 mass	

spectrometry	system,	similar	to	a	previously	published	method41.	Selected	reaction	

monitoring	 in	 the	 positive-ion	electrospray	 ionization	 mode	 was	 performed	 for	

acetaminophen	 as	 an	 internal	 standard,	 resorufin	 (a	 metabolite	 of	 7-

methoxyresorufin	 produced	 by	 CYP1A2	activity),	 hydroxybupropion	 (a	metabolite	

of	bupropion	produced	by	CYP2B6	activity),	6α-hydroxypacliataxel	(a	metabolite	of	

paclitaxel	produced	by	CYP2C8	activity),	4′-hydroxymephenytoin	(a	metabolite	of	

S-mephenytoin	 produced	 by	 CYP2C19	 activity),	 dextrorphan	 (a	 metabolite	 of	

dextromethorphan	 produced	 by	 CYP2D6	 activity),	 and	 6β-hydroxytestosterone	

(a	metabolite	of	testosterone	produced	by	CYP3A	activity).		

	

Data	availability,	code	availability	

Microarray	 data	 were	 deposited	 in	 the	 GEO	 repository	 with	 Accession	 Number	

GSE87684	(GEO),	other	source	data	are	available	in	the	supplemental	data.	Code	is	

available	from	the	authors	upon	request.		

	

Statistical	analysis	 -	For	calculation	of	significance	of	quantitative	data,	the	Prism	
Statistics	 package	 was	 used.	 All	 experiments	 consisted	 of	 a	 minimum	 of	 3	
independent	 replicates	 (further	 detailed	 in	 figure	 legends),	 and	 statistical	
significance	 was	 calculated	 using	 ‘Student’s	 t-test	 (unpaired,	 two-tailed)	 for	
comparing	 two	 samples,	 or	 one-sided	 ANOVA/	 Dunnett	 (with	 adjustments	 for	
multiple	comparisons)	for	comparision	of	3	or	more	samples.	Values	are	depicted	as	
means,	 with	 s.d.	 or	 s.e.m.	 as	 indicated	 in	 the	 legends.	 P-values	 of	 0.05	 or	 smaller	
were	considered	significant.	P	values	ranges	are	depicted	as	asterisks:	*:	P<0.05,	**:	
P<0.01,	***:	P<0.001,	****:	P≤0.0001,	n.s:	P>0.05	
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Figure	Legends	
	
Figure	 1.	Morphology	 of	 Huh7.5	 cells	 cultured	 in	 FBS-	 and	HS-containing	media.	 (A)	
Electron	 micrographs	 of	 sagittal	 sections	 of	 Huh7.5	 cells	 that	 were	 cultured	 in	 FBS-
containing	 media	 (top	 image)	 and	 HS-containing	 media	 (bottom	 image).	 Black	 lines	
indicate	the	location	of	the	borders	between	two	HS	cells.	The	images	were	taken	at	the	
same	magnification	(bar	is	2	µm).	Shown	is	a	representative	figure	from	2	experiments	
with	 2	 transwell	 dishes	 each.	 (B)	 Electron	 micrographs	 of	 the	 border	 between	 two	
adjacent	cell	in	FBS	(left)	and	in	HS	(right).	The	arrows	indicate	the	start	and	end	of	the	
border	region	on	the	 image.	Shown	 is	a	representative	 image	of	3	experiments	with	2	
dishes	 each.	 (C)	 Dextran	 diffusion	 rate	 across	 confluent	 layers	 of	 FBS	 (FBS)	 and	 HS-
cultured	cells	(HS	d21),	grown	on	transwell	dishes.	Subconfluent	cultures	were	used	as	a	
control	 (control).	 Data	 are	 normalized	 to	maximal	 diffusion	 rate	 (MAX),	measured	 on	
dishes	 without	 cells.	 Data	 are	 presented	 as	 mean	 with	 standard	 deviation,	 from	 4	
independent	experiments	with	two	transwell	dishes	each.	 (D)	Confocal	 imaging	of	FBS	
and	 HS-cultured	 Huh7.5	 cells.	 Cytoskeleton	 components	 vimentin	 and	 tubulin	 where	
stained,	 as	 well	 as	 claudin-1,	 a	 tight	 junction	 component.	 Images	 are	 representative	
images	taken	from	3	separate	coverslips.		
	
Figure	2.	Principal	component	analysis	
Principal	 component	 analysis	 (PCA)	 is	 a	 statistical	method	 that	 is	 typically	 used	 as	 an	
exploratory	method	for	data	analysis,	as	 it	provides	 insight	 in	 the	quality	of	a	dataset,	
and	 in	 differences	 between	 experimental	 groups.	 (A)	 First	 two	 principal	 components	
(PCs)	of	triplicate	genome-wide	expression	profiles	of	Huh7.5	cells	in	FBS	and	8,	15,	and	
23	days	after	transfer	to	HS.	To	determine	the	similarity	in	gene	expression	between	HS-
cultured	cells	and	primary	hepatocytes,	published	hepatocyte	expression	profiles	were	
projected	onto	the	PCA,	by	applying	the	gene	weights	associated	with	PC1	and	PC2	to	
the	 gene	 expression	 levels	 (squares).	 (B)	 Scree-plot	 indicating	 the	 total	 variance	
explained	by	the	individual	PCs.	75%	of	variance	in	gene	expression	is	explained	by	the	
first	two	PCs	principal	components.	
	
Figure	3.	PAM	clustering.	
PAM	 clustering	 (partitioning	 around	medoids)	 of	 the	microarray	 data	 into	 6	 clusters.	
Samples	are	on	 the	x-axis	while	genes	are	on	 the	y-axis.	Gene	expression	values	were	
standardized	across	the	samples	into	Z-scores.	Red	indicates	higher	expression	relative	
to	 other	 samples,	 blue	 indicates	 lower	 expression.	 The	 Gene	 Ontologies	 terms/	
Biological	 Processes	 (GO	 terms/	 BP)	 associated	 with	 the	 clusters	 were	 determined	
(Supplemental	Data	4)	and	summarized	on	the	right	of	the	figure.	
	
Figure	4.	Reversal	of	the	Warburg	effect.	
(A)	Relative	expression	of	genes	involved	in	the	regulation	of	the	Warburg	effect.	Data	
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were	obtained	from	mRNA	isolated	a	time	series	with	3	biological	replicates	each,	and	at	
least	2	measurements	per	biological	replicate.	Data	are	depicted	as	a	fold	change	over	
FBS.	 Depicted	 is	 mean	 with	 s.d.,	 statistical	 significance	 was	 determined	 by	 ANOVA/	
Dunnett	(one-sided,	with	multiple	comparisons	correction).	P	values	ranges	are	depicted	
as	 asterisks:	 *:	 P<0.05,	 **:	 P<0.01,	 ***:	 P<0.001,	 ****:	 P≤0.0001,	 n.s:	 P>0.05	 (B)	
Mitochondrial	morphology	in	cells	that	where	cultured	in	FBS	(top	images)	and	cells	that	
were	cultured	in	HS-containing	media	(bottom	images),	and	schematic	representation	of	
mitochondrial	 morphology.	 Shown	 is	 a	 representative	 image,	 morphology	 was	
consistent	 in	 3	 separate	 EM	 experiments	 with	 2	 cell	 culture	 dishes	 each.	 (C)	
Measurement	 of	 length	 versus	 width	 of	 mitochondria	 on	 electron	 micrographs.	 Top	
panel:	FBS,	bottom	panel:	HS.	Although	these	measurements	do	not	represent	the	real	
size	for	the	mitochondria,	a	similar	size	distribution	is	expected	when	mitochondria	are	
the	 same	 size,	 when	 a	 large	 number	 of	 mitochondria	 is	 analyzed.	 In	 this	 analysis,	
mitochondria	in	HS-cultured	cells	are	narrower	than	those	in	FBS-cultured	cells.	Plotted	
are	 individual	 measurements	 of	 mitochondria	 on	 electron	 micrographs,	 taken	 in	 3	
separate	experiments	with	2	cell	culture	dishes	per	experiment.		
	
Figure	5.	Metabolic	mapping	
(A)	 Analysis	 of	 several	 metabolic	 pathways	 using	 HumanCyc:	 Encyclopedia	 of	 human	
genes	and	metabolism.	Each	enzyme	in	a	biosynthetic	pathway	is	depicted	as	a	square.	
Changes	 in	 transcription	 levels	 are	 colour-coded:	 red	 indicates	 an	 activated	 gene	
(P<0.05),	purple	indicates	a	deactivated	gene	(P<0.05)	and	grey	indicates	no	significant	
change.	 Asterisks	 indicate	 the	 (predicted)	 rate	 limiting	 or	 rate	 regulating	 steps	 of	 the	
metabolic	pathway.	(B)	Lipid	droplets	(indicated	by	arrows)	in	FBS	and	HS-cultured	cells,	
and	 presence	 of	 glycogen	 stores	 in	 HS-cultured	 cells	 (indicated	 by	 G).	 Shown	 are	
representative	images	from	3	separate	experiments	with	2	cell	culture	dishes	each.	(C)	
Licor	 blot	 of	 CPT-1	 (carnitine	 palmitoyl	 transferase-1)	 and	 tubulin.	 Shown	 is	 a	
representative	 image	 of	 5	 blots,	 quantitation	 of	 those	 5	 blots	 is	 represented	 in	 the	
bottom	 panel.	 Values	 are	 depicted	 as	 fold	 increase	 over	 FBS	 (n=5,	 mean	 ±	 s.d.).	
Statistical	 significance	was	 calculated	 using	 a	 t-test.	 ***:	 P<0.001.	 (D)	 Quantitation	 of	
ketone	bodies	present	 in	 the	cell	 culture	 supernatant	of	HS	and	FBS-cultured	cells,	by	
NMR.	n=4,	depicted	 is	mean±	s.d..	Statistical	significance	was	calculated	using	a	t-test.	
**:	 P≤0.01.	 (E)	 Enzymes	 involved	 in	 palmitate	 and	 cholesterol	 synthesis	 and	 their	
differential	expression	patterns.	See	(A)	for	further	details.	
	
Figure	6.	cytochrome	P450	metabolism	and	production	
(A)	mRNA	of	different	cytochrome	P450	(CYP)	genes,	as	determined	by	quantitative	PCR.	
Data	are	depicted	as	mean±s.d.	n=4	(4	biological	replicates	with	duplicate	
measurements	each).	Statistical	significance	was	calculated	using	Student’s	t-test.	P	
values	ranges	are	depicted	as	asterisks:	*:	P<0.05,	**:	P<0.01,	***:	P<0.001,	****:	
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P≤0.0001,	n.s:	P>0.05	(B)	Activity	of	selected	CYPs,	measured	with	a	substrate	cocktail	
assay.	Shown	is	a	representative	time-series,	of	3	independent	experiments	with	
duplicate	cell	culture	dishes	each.	(C)	Electron	micrograph	of	a	structure	resembling	a	
bile	canalicular	surface.	Bar	represents	500	nm.	Shown	is	a	representative	figure	from	2	
experiments	with	2	transwell	dishes	each.	(D)	Metabolic	mapping	of	microarray	data,	of	
enzymes	involved	in	bile	acid	synthesis.	See	the	legend	of	Figure	5A	for	further	
description	of	this	analysis.	
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Figure 1. Morphology of Huh7.5 cells cultured in FBS-‐ and HS-‐containing media.
(A) Electron micrographs of sagi1al sec2ons of Huh7.5 cells that were cultured in FBS-‐containing media (top
image) and HS-‐containing media (bo1om image). Black lines indicate the loca2on of the borders between
two HS cells. The images were taken at the samemagnifica2on (bar is 2 µm). Shown is a representa2ve figure
from 2 experiments with 2 transwell dishes each. (B) Electron micrographs of the border between two
adjacent cell in FBS (leI) and in HS (right). The arrows indicate the start and end of the border region on the
image. Shown is a representa2ve image of 3 experiments with 2 dishes each. (C) Dextran diffusion rate of
confluent layers of FBS (FBS) and HS-‐cultured cells (HS d21), grown on transwell dishes. Subconfluent
cultures were used as a control (control). Data are normalized to maximal diffusion rate (MAX), measured on
dishes without cells. Data are presented as mean with standard devia2on, from 4 independent experiments
with two transwell dishes each. (D) Confocal imaging of FBS and HS-‐cultured Huh7.5 cells. Cytoskeleton
components vimen2n and tubulin where stained, as well as claudin-‐1, a 2ght junc2on component. Images
are representa2ve images taken from 3 separate coverslips.

FBS

HS

HSFBS
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Figure 2. Principal component analysis
Principal component analysis (PCA) is a sta3s3cal method that is typically used as an exploratory
method for data analysis, as it provides insight in the quality of a dataset, and in differences between
experimental groups. (A) First two principal components (PCs) of triplicate genome-‐wide expression
profiles of Huh7.5 cells in FBS and 8, 15, and 23 days aMer transfer to HS. (B) Scree-‐plot indica3ng the
total variance explained by the individual PCs showing that 75% of variance in gene expression is
explained by the first two PCs principal components.
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Figure 3. PAM clustering.
PAM clustering (par44oning around medoids) of the microarray data into 6 clusters. Samples are on
the x-‐axis while genes are on the y-‐axis. Gene expression values were standardized across the
samples into Z-‐scores. Red indicates higher expression rela4ve to other samples, blue indicates lower
expression. Six paHerns of expression emerged from this analysis, and the Gene Ontologies terms/
Biological Processes (GO terms/ BP) associated with these clusters were determined (Supplemental
Data 4) and summarized on the right of the figure.
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Figure 4. Reversal of the Warburg effect.
(A) Rela%ve expression of genes involved in the regula%on of the Warburg effect. Data were obtained
from mRNA isolated a %me series with 3 biological replicates each, and at least 2 measurements per
biological replicate. Data are depicted as a fold change over FBS. Depicted is mean with s.d., sta%s%cal
significance was determined by ANOVA/ DunneI (one-‐sided, with mul%ple comparisons correc%on). P
values ranges are depicted as asterisks: *: P<0.05, **: P<0.01, ***: P<0.001, ****: P≤0.0001, n.s:
P>0.05 (B) Mitochondrial morphology in cells that where cultured in FBS (top images) and cells that
were cultured in HS-‐containing media (boIom images), and schema%c representa%on of
mitochondrial morphology. Shown is a representa%ve image, morphology was consistent in 3 separate
EM experiments with 2 cell culture dishes each. (C) Measurement of length versus width of
mitochondria on electron micrographs. Top panel: FBS, boIom panel: HS. Although these
measurements do not represent the real size for the mitochondria, a similar size distribu%on is
expected when mitochondria are the same size, when a high amount of mitochondria is analyzed. In
this analysis, mitochondria in HS-‐cultured cells are narrower than those in FBS-‐cultured cells. Depicted
are individual measurement of mitochondria on electron micrographs, taken in 3 separate
experiments with 2 cell culture dishes per experiment.
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Figure 5. Metabolic mapping
(A) Analysis of several metabolic pathways using HumanCyc. Each enzyme in a biosynthe;c pathway is depicted
as a square. Changes in transcrip;on levels are colour-‐coded: red indicates an ac;vated gene (P<0.05), purple
indicates a deac;vated gene (P<0.05) and grey indicates no change. Reac;ons marked with “X” indicates no
microarray data were available. Asterisks indicate the (predicted) rate limi;ng or rate regula;ng steps of the
metabolic pathway. (B) Lipid droplets (indicated by arrows) in FBS and HS-‐cultured cells and presence of
glycogen stores in HS-‐cultured cells (indicated by G). Shown are represan;ve images taken in 3 separate
experiments with 2 cell culture dishes each. (C) Licor blot of CPT-‐1 (carni;ne palmitoyl transferase-‐1) and
tubulin. Shown is a representa;ve image of 5 blots, quan;ta;on of those 5 blots is represented in the boVom
panel. Values are depicted as fold increase over FBS (n=5, mean ± s.d.). Sta;s;cal significance was calculated
using a t-‐test. ***: P<0.001. (D) Quan;ta;on of ketone bodies present in the cell culture supernatant of HS and
FBS-‐cultured cells, by NMR. n=4, depicted is mean± s.d.. Sta;s;cal significance was calculated using a t-‐test. **:
P≤0.01. (E) Enzymes involved in palmitate and cholesterol synthesis and their differen;al expression paVerns.
See (A) for further details.
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Figure 6. Cytochrome P450 metabolism and bile produc:on
(A) mRNA of different cytochrome P450 (CYP) genes, as determined by quan@ta@ve PCR. Data are depicted 
as mean±s.d. n=4 (4 biological replicates with duplicate measurements each). Sta@s@cal significance was 
calculated using Student’s t-‐test. P values ranges are depicted as asterisks: *: P<0.05, **: P<0.01, ***:
P<0.001, ****: P≤0.0001 (B) Ac@vity of selected CYPs, measured with a substrate cocktail assay. Shown is a
representa@ve @me-‐series, of 3 independent experiments with duplicate cell culture dishes each. (C) 
Electron micrograph of a structure resembling a bile canalicular surface. Bar represents 500 nm. Shown is a
representa@ve figure from 2 experiments with 2 transwell dishes each. (D) Metabolic mapping of 
microarray data, of enzymes involved in bile acid synthesis. Changes in transcrip@on levels are colour-‐ 
coded: black indicates an ac@vated gene (P<0.05), white indicates a deac@vated gene (P<0.05) and grey 
indicates no change. Reac@ons marked with “X” indicates no microarray data were available.
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Supplemental Data 1

other morphological changes in HS cultured cells

Additional morphological changes that were observed in the elelctron microscopic analysis include:

- the cytoplasm of HS cultured cells appears much more crowded than the cytoplasms of FBS cultured
cells.

- mitochondiral morphology has drastically changed, as outlined in section 4 of the main document

- in general. organelles appeared more structured and organized, for example, the endop[lasmic
reticulum shows a higher degree of organization, particularly around the mitochondira. We assume
these regions represent the mitochondria associated membranes or MAM.

- An increase in vesicle transport and changes in the lysosomal pathways were also observed on the
electron micrographs. Whereas in FBS cells early lysosomes (dark structures in the top figure) are
abundant, but other components of the endosomal/lysosomal pathway were not detected, lysosomal
structures were not seen on EM images of HS cultured cells. Instead, in HS cultured cells late
endosomes, multivesicular bodies and autophagosome, potentially indicating that a more complete
endosomal/ lysosomal pathway is operational in HS cultured cells.
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Supplemental Data 2 
 

Transcriptional changes in HS-cultured cells compared to 
FBS-cultured cells 

 
 
 
 

 
Comparison Nr. of differentially expressed probes 

(multiple testing corrected, p<0.05) 
FBS – HS day 8 16304 
FBS – HS day 15 11420 
FBS – HS day 23 16252 
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Supplemental data 3, hierarchical clustering analysis

Clustering is a machine learning algorithm that groups data that have a high degree of similarity together in a cluster. In this analysis,
data were clustered, initially, by using hierarchical clustering as shown above, based on gene expression pattern similarity of the entire
dataset (y-axis) as well as on patterns of expression over time (x-axis). The z-scores of the gene expression levels were used in order
to focus on the expression variation pattern across the samples rather than on their absolute expression levels, which can vary strongly
from gene to gene.

Hierarchical clustering of the entire data set is shown on the left and of transcripts that showed a significant change (p <0.05) is shown
on the right In both analyses the replicates clustered together (x-axis), as was also shown by the PCA analysis (figure 1), and 6 patterns
emerged (y-axis) when the data with significant changes were considered (right panel). To further analyze the genes or processes that
were associated with these 6 clusters, a variant of k-means clustering was used, PAM clustering (partitioning around medoids), to
generate more clearly delineated clusters (see figure 3 in the main document).
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Supplemental data 5

regulation of the Warburg effect

Proliferating cells often display a metabolic profile that is referred to as ‘cancer metabolism’, first
described by Otto Warburg in 1924. Cancer metabolism is typically characterized by reduced
levels of oxidative phosphorylation and mitochondrial activity, higher dependence on aerobic
glycolysis and glutaminolysis for ATP production, and increased generation of biosynthetic
intermediates that are essential for the production of macromolecules (phospholipids,
nucleotides, proteins) to support cell proliferation (reviewed in3, 5-7). The metabolic reprogamming
that occurs during the Warburg effect is tightly regulated. The likely benefit for proliferative cells
to adopt a Warburg-like metabolic profile, despite the much lower yield of ATP, is the
conservation of pyruvate for the synthesis of lipids, nucleotides and amino acids, as building
blocks for new cells 1-4.

Key regulators of the Warburg effect include:

* PDK1 (pyruvate dehydrogenase kinase 1): in proliferative cells PDK1 is up-regulated, inhibiting
PDH (pyruvate dehydrogenase), which transport pyruvate into the mitochondria, PDK1
upregualtion results in limiting the uptake of pyruvate into the mitochondria. PDK1 is down-
regulated in HS-cultured cells, in line with a non-proliferative character. PDH did not change.

* LDHA and LDHB: lactate dehydrogenases A and B catalyze the conversion of pyruvate ot
lactate (LDHA), vice versa (LDHB) High LDHA levels direct the conversion of pyruvate to
lactate, whereas low LDHa levels, with higher LDHB levels favour the reverse reaction. LDHA is
decreased in HS cultured cells, whereas LDHB is increased, consistent with the ratio in
differentiated tissue

* MCT4 (monocarboxylic acid transporter 4): MCT4 removes lactate from the cells, and is
increased during aerobic glycolysis (right panel). MCT4 is decreased in HS cultured cells,
consistent with the reversal of the Warburg effect.

1. Cairns, R.A., Harris, I.S. & Mak, T.W. Regulation of cancer cell metabolism. Nat Rev Cancer 11,
85-95 (2011).

2. Lunt, S.Y. & Vander Heiden, M.G. Aerobic glycolysis: meeting the metabolic requirements of cell
proliferation. Annu Rev Cell Dev Biol 27, 441-464 (2011).

3. Pavlova, N.N. & Thompson, C.B. The Emerging Hallmarks of Cancer Metabolism. Cell Metab 23,
27-47 (2016).

4. Vander Heiden, M.G., Cantley, L.C. & Thompson, C.B. Understanding the Warburg effect: the
metabolic requirements of cell proliferation. Science 324, 1029-1033 (2009).
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Supplemental	  Data	  6:	  25 genes	  with	  highest	  increase	  or	  decrease	  in	  expression	  

Increased	  expression	  (Top	  25)
fold	  increase

Gene	  Title Gene	  Symbol d8 d15 d23
1 sulfotransferase	  family	  1E,	  estrogen-‐preferring,	  member	  1 SULT1E1 1.60980851 10.074521 17.2660059
2 apolipoprotein	  A-‐IV APOA4 1.46445382 3.96256758 12.9515673
3 urothelial	  cancer	  associated	  1	  (non-‐protein	  coding) UCA1 13.0403278 14.1624532 12.653981
4 S100	  calcium	  binding	  protein	  A14 S100A14 1.10835538 2.47252987 12.1360695
5 anterior	  gradient	  2	  homolog	  (Xenopus	  laevis) AGR2 4.09387803 7.3550794 11.4152296
6 phospholipase	  A1	  member	  A PLA1A 1.72761844 6.24060598 11.0728783
7 Kruppel-‐like	  factor	  4	  (gut) KLF4 4.8156499 6.25374168 10.9723147
8 epithelial	  splicing	  regulatory	  protein	  1 ESRP1 1.72298527 4.746049 10.2605455
9 guanylate	  binding	  protein	  2,	  interferon-‐inducible GBP2 4.90674414 7.71908765 10.2079568
10 transcription	  factor	  EC TFEC 2.9324839 5.22814844 9.95592446
11 leucine	  rich	  repeat	  containing	  19 LRRC19 1.10196646 2.89413995 9.76210338
12 zinc	  finger	  protein	  114 ZNF114 2.96517484 4.5009058 9.35384665
13 cholinergic	  receptor,	  nicotinic,	  alpha	  1	  (muscle) CHRNA1 3.89463693 4.89524151 8.91442928
14 discoidin	  domain	  receptor	  tyrosine	  kinase	  1	  ///	  microRNA	  4640 DDR1 1.01238471 3.17424196 8.03071659
15 chromosome	  19	  open	  reading	  frame	  69 C19orf69 1.08588648 2.76599503 7.98168685
16 UDP	  glucuronosyltransferase	  2	  family,	  polypeptide	  A3 UGT2A3 1.85090717 6.82158978 7.87140438
17 protease,	  serine,	  23 PRSS23 3.95576075 6.46029912 7.76669156
18 chromosome	  12	  open	  reading	  frame	  39 C12orf39 4.53196492 6.43655253 7.71021042
19 proline/histidine/glycine-‐rich	  1 PHGR1 1.80191957 5.29692291 7.02058702
20 anoctamin	  1,	  calcium	  activated	  chloride	  channel ANO1 0.97804907 0.94345729 6.98110729
21 vanin	  2 VNN2 11.4370228 10.9074657 6.93981919
22 insulin-‐like	  growth	  factor	  binding	  protein	  3 IGFBP3 0.93963018 2.63802643 6.76395235
23 hephaestin HEPH 2.6201261 4.21156181 6.52502213
24 cell	  death-‐inducing	  DFFA-‐like	  effector	  c CIDEC 4.24499095 4.38011981 6.48955863
25 family	  with	  sequence	  similarity	  47,	  member	  E	   FAM47E 4.80857272 7.66127981 6.25362451

Decreased	  expression	  (Top	  25)
fold	  decrease

Gene	  Title Gene	  Symbol d8 d15 d23
1 fibrinogen	  beta	  chain FGB 1.01799746 2.61994629 5.23852945
2 leukemia	  inhibitory	  factor LIF 5.24506451 5.02385697 4.77031089
3 tubulin,	  beta	  1	  class	  VI TUBB1 2.94554978 3.25901429 4.70925991
4 glucan	  (1,4-‐alpha-‐),	  branching	  enzyme	  1 GBE1 2.20827505 3.07756181 4.11316342
5 coagulation	  factor	  XIII,	  B	  polypeptide F13B 2.234701 3.08244714 3.96939829
6 reelin RELN 2.70351405 2.92224273 4.83406186
7 alcohol	  dehydrogenase	  6	  (class	  V) ADH6 3.36367076 3.17448993 4.49200411
8 protein	  phosphatase	  1,	  regulatory	  (inhibitor)	  subunit	  1A PPP1R1A 3.86675208 3.40475789 3.49474836
9 cancer	  susceptibility	  candidate	  5 CASC5 2.32440917 2.14682899 3.47556406
10 F-‐box	  and	  leucine-‐rich	  repeat	  protein	  21	  (gene/pseudogene) FBXL21 2.56581742 1.99000289 3.40485515
11 forkhead	  box	  N4 FOXN4 2.82919142 3.00748786 3.30598489
12 natriuretic	  peptide	  B NPPB 0.73137249 1.77084611 3.2991722
13 claudin	  14 CLDN14 3.44809761 3.16915066 3.28154663
14 fucosyltransferase	  11	  (alpha	  (1,3)	  fucosyltransferase) FUT11 1.55861651 2.67772711 3.17790018
15 ribonucleotide	  reductase	  M2 RRM2 1.22693238 1.67626212 3.57449496
16 SPC25,	  NDC80	  kinetochore	  complex	  component,	  homolog	  (S.	  cerevisiae) SPC25 1.69842724 1.92727121 3.13577253
17 E2F	  transcription	  factor	  7 E2F7 2.29203247 2.27124832 3.05634284
18 alanine-‐glyoxylate	  aminotransferase	  2-‐like	  1 AGXT2L1 1.11519966 1.67205374 3.40744429
19 fibrinogen	  alpha	  chain FGA 2.0769312 3.00503011 3.4734301
20 6-‐phosphofructo-‐2-‐kinase/fructose-‐2,6-‐biphosphatase	  4 PFKFB4 3.22650034 3.78462628 3.42101327
21 pyruvate	  dehydrogenase	  kinase,	  isozyme	  1 PDK1 2.32540542 2.45489876 3.07676876
22 non-‐SMC	  condensin	  I	  complex,	  subunit	  G NCAPG 1.98587391 2.51523109 3.02975911
23 hypoxia	  inducible	  lipid	  droplet-‐associated HILPDA 1.63404113 2.40863783 3.15806134
24 kinesin	  family	  member	  14 KIF14 1.26819019 1.80179264 3.40913024
25 zinc	  finger	  protein	  789 ZNF789 1.45259678 2.17329004 2.86947321
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Supplemental Data 7. Differentially expressed KEGG pathways (p<0.25) (referring to Table 1) 

Cluster Total
Day 8 Pathway Pathway Fold 
Cluster (Day) KEGG ID Pathway Name Genes Genes Change P-Value FDR Genes
D8 hsa00980 Metabolism of xenobiotics by cytochrome P450 7 71 3.6547081 0.0028452 0.3205809 UGT2B11, ADH6, AKR1C1, AKR1C2, UGT2B7, UGT2B15, AKR1C3
D8 hsa00140 Steroid hormone biosynthesis 6 57 3.9020192 0.0040838 0.3205809 UGT2B11, AKR1C1, AKR1C2, UGT2B7, UGT2B15, AKR1C3
D8 hsa00053 Ascorbate and aldarate metabolism 3 26 4.2772134 0.0317944 1 UGT2B11, UGT2B7, UGT2B15
D8 hsa00040 Pentose and glucuronate interconversions 3 32 3.4752358 0.053993 1 UGT2B11, UGT2B7, UGT2B15
D8 hsa00500 Starch and sucrose metabolism 4 54 2.7458654 0.0569395 1 UGT2B11, UGT2B7, UGT2B15, HKDC1
D8 hsa00830 Retinol metabolism 4 64 2.3168239 0.0934388 1 UGT2B11, ADH6, UGT2B7, UGT2B15
D8 hsa00010 Glycolysis / Gluconeogenesis 4 65 2.2811805 0.0975833 1 ADH6, LDHB, ACSS2, HKDC1
D8 hsa05219 Bladder cancer 3 42 2.6477987 0.1031796 1 DAPK1, EGF, THBS1
D8 hsa01040 Biosynthesis of unsaturated fatty acids 2 21 3.5303983 0.1087832 1 BAAT, FADS2
D8 hsa00860 Porphyrin and chlorophyll metabolism 3 43 2.586222 0.1088309 1 UGT2B11, UGT2B7, UGT2B15
D8 hsa00514 Other types of O-glycan biosynthesis 3 46 2.4175554 0.1264744 1 UGT2B11, UGT2B7, UGT2B15
D8 hsa00524 Butirosin and neomycin biosynthesis 1 5 7.4138365 0.1278403 1 HKDC1
D8 hsa00982 Drug metabolism - cytochrome P450 4 73 2.0311881 0.1336722 1 UGT2B11, ADH6, UGT2B7, UGT2B15
D8 hsa00983 Drug metabolism - other enzymes 3 52 2.1386067 0.1644904 1 UGT2B11, UGT2B7, UGT2B15
D8 hsa05322 Systemic lupus erythematosus 6 138 1.6117036 0.1683911 1 HIST1H2BD, HLA-DMA, HIST2H2AA4, C7, HIST2H2AA3, HIST1H2BC
D8 hsa00130 Ubiquinone and other terpenoid-quinone biosynthesis 1 7 5.2955975 0.1743041 1 COQ3
D8 hsa04974 Protein digestion and absorption 4 81 1.8305769 0.1743672 1 DPP4, ACE2, COL14A1, SLC7A7
D8 hsa00640 Propanoate metabolism 2 32 2.3168239 0.2132246 1 LDHB, ACSS2
D8 hsa00072 Synthesis and degradation of ketone bodies 1 9 4.118798 0.2183074 1 HMGCS2
D8 hsa00430 Taurine and hypotaurine metabolism 1 10 3.7069182 0.239427 1 BAAT
D8 hsa05020 Prion diseases 2 36 2.059399 0.2533973 1 EGR1, C7

Cluster Total
Day 15 Pathway Pathway Fold 
Cluster (Day)KEGG ID Pathway Name Genes Genes Change P-Value FDR Genes
D15 hsa00140 Steroid hormone biosynthesis 11 57 8.1830115 6.16E-008 9.68E-006 UGT2B11, CYP3A7, CYP3A5, AKR1C1, AKR1C2, HSD3B1, SULT1E1, UGT2B7, UGT2B15, UGT2A3, AKR1C3
D15 hsa00980 Metabolism of xenobiotics by cytochrome P450 11 71 6.5694599 6.45E-007 5.06E-005 UGT2B11, ADH6, CYP3A7, CYP2B6, CYP3A5, AKR1C1, AKR1C2, UGT2B7, UGT2B15, UGT2A3, AKR1C3
D15 hsa00982 Drug metabolism - cytochrome P450 9 73 5.227752 4.69E-005 0.0024559 UGT2B11, ADH6, CYP3A7, CYP2B6, CYP3A5, FMO3, UGT2B7, UGT2B15, UGT2A3
D15 hsa00830 Retinol metabolism 8 64 5.3003597 0.0001136 0.0044597 UGT2B11, ADH6, CYP3A7, CYP2B6, CYP3A5, UGT2B7, UGT2B15, UGT2A3
D15 hsa00983 Drug metabolism - other enzymes 6 52 4.8926397 0.0012882 0.0404486 UGT2B11, CYP3A7, CYP3A5, UGT2B7, UGT2B15, UGT2A3
D15 hsa00053 Ascorbate and aldarate metabolism 4 26 6.5235196 0.0029581 0.0774045 UGT2B11, UGT2B7, UGT2B15, UGT2A3
D15 hsa00040 Pentose and glucuronate interconversions 4 32 5.3003597 0.0063795 0.1430827 UGT2B11, UGT2B7, UGT2B15, UGT2A3
D15 hsa00500 Starch and sucrose metabolism 5 54 3.9261924 0.0084965 0.166743 UGT2B11, UGT2B7, UGT2B15, UGT2A3, HKDC1
D15 hsa00860 Porphyrin and chlorophyll metabolism 4 43 3.9444537 0.0179457 0.3130534 UGT2B11, UGT2B7, UGT2B15, UGT2A3
D15 hsa00514 Other types of O-glycan biosynthesis 4 46 3.6872068 0.0224839 0.3529969 UGT2B11, UGT2B7, UGT2B15, UGT2A3
D15 hsa00524 Butirosin and neomycin biosynthesis 1 5 8.4805755 0.1125208 1 HKDC1
D15 hsa04974 Protein digestion and absorption 4 81 2.0939693 0.1234703 1 DPP4, ACE2, COL14A1, SLC7A7
D15 hsa00591 Linoleic acid metabolism 2 30 2.8268585 0.1568838 1 CYP3A7, CYP3A5
D15 hsa00590 Arachidonic acid metabolism 3 59 2.1560785 0.1618846 1 CYP2B6, GPX2, AKR1C3
D15 hsa00072 Synthesis and degradation of ketone bodies 1 9 4.7114309 0.1934104 1 HMGCS2
D15 hsa00430 Taurine and hypotaurine metabolism 1 10 4.2402878 0.2124615 1 BAAT
D15 hsa00920 Sulfur metabolism 1 13 3.2617598 0.2669754 1 SULT1E1

Cluster Total
Day 23 Pathway Pathway Fold 
Cluster (Day)KEGG ID Pathway Name Genes Genes Change P-Value FDR Genes
D23 hsa00980 Metabolism of xenobiotics by cytochrome P450 13 71 5.1883803 8.63E-007 0.0001355 UGT2B11, ADH6, CYP1A1, CYP3A7, CYP2B6, CYP3A5, AKR1C1, AKR1C2, ALDH3B1, UGT2B4, UGT2B7, UGT2B15, UGT2A3
D23 hsa00140 Steroid hormone biosynthesis 11 57 5.4684548 3.60E-006 0.0002822 UGT2B11, CYP1A1, CYP3A7, CYP3A5, AKR1C1, AKR1C2, SULT1E1, UGT2B4, UGT2B7, UGT2B15, UGT2A3
D23 hsa00982 Drug metabolism - cytochrome P450 11 73 4.2698894 4.22E-005 0.0022094 UGT2B11, ADH6, CYP3A7, CYP2B6, CYP3A5, ALDH3B1, FMO3, UGT2B4, UGT2B7, UGT2B15, UGT2A3
D23 hsa00830 Retinol metabolism 10 64 4.4275841 6.90E-005 0.0027075 UGT2B11, ADH6, CYP1A1, CYP3A7, CYP2B6, CYP3A5, UGT2B4, UGT2B7, UGT2B15, UGT2A3
D23 hsa00053 Ascorbate and aldarate metabolism 5 26 5.4493343 0.0018717 0.0558831 UGT2B11, UGT2B4, UGT2B7, UGT2B15, UGT2A3
D23 hsa00983 Drug metabolism - other enzymes 7 52 3.814534 0.0021357 0.0558831 UGT2B11, CYP3A7, CYP3A5, UGT2B4, UGT2B7, UGT2B15, UGT2A3
D23 hsa00040 Pentose and glucuronate interconversions 5 32 4.4275841 0.0048259 0.1082387 UGT2B11, UGT2B4, UGT2B7, UGT2B15, UGT2A3
D23 hsa00500 Starch and sucrose metabolism 6 54 3.1485043 0.0113096 0.2219506 UGT2B11, UGT2B4, UGT2B7, UGT2B15, UGT2A3, HKDC1
D23 hsa00860 Porphyrin and chlorophyll metabolism 5 43 3.2949463 0.0168795 0.2944535 UGT2B11, UGT2B4, UGT2B7, UGT2B15, UGT2A3
D23 hsa00514 Other types of O-glycan biosynthesis 5 46 3.0800585 0.0220862 0.3467536 UGT2B11, UGT2B4, UGT2B7, UGT2B15, UGT2A3
D23 hsa04142 Lysosome 8 121 1.8734901 0.0633453 0.9041103 CTSC, CTSH, CTSL1, CTSS, MANBA, ASAH1, NEU1, AP1S2
D23 hsa00340 Histidine metabolism 3 29 2.931366 0.0808432 1 ALDH3B1, HNMT, ACY3
D23 hsa00511 Other glycan degradation 2 17 3.3337104 0.1192251 1 MANBA, NEU1
D23 hsa04974 Protein digestion and absorption 5 81 1.749169 0.1569234 1 DPP4, ACE2, SLC3A1, COL14A1, SLC7A7
D23 hsa00524 Butirosin and neomycin biosynthesis 1 5 5.6673077 0.1644804 1 HKDC1
D23 hsa01040 Biosynthesis of unsaturated fatty acids 2 21 2.6987179 0.1683103 1 BAAT, SCD5
D23 hsa04977 Vitamin digestion and absorption 2 24 2.3613782 0.2069834 1 APOA4, CUBN
D23 hsa04540 Gap junction 5 90 1.5742521 0.2112926 1 EGF, EGFR, ITPR3, PRKACB, TUBB1
D23 hsa04610 Complement and coagulation cascades 4 69 1.6426979 0.225684 1 A2M, FGA, FGB, C6
D23 hsa00591 Linoleic acid metabolism 2 30 1.8891026 0.2862001 1 CYP3A7, CYP3A5
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Supplemental Data 8 (referring to figure 6)
mRNA levels determined by quantitative PCR of different 

cytochrome P450 genes.

A: CYP1, 2 and 3 families: drug and steroid metabolism

B: CYP4 familly: arachidonic acid or fatty acid metabolism
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Supplemental Data 9 (referring to figure 6)  
mRNA levels determined by quantitative PCR of other factors 

involved in degradation or removal of xenobiotics

Epoxide hydrolases:
detoxifiction of exogenous chemicals such
as polycyclic aromatic hydrocarbons

ABC transporters:
transport of a wide variety of substrates out of the cell, including metabolic products, lipids, steroids,
and drugs. ABCA1 removes excess cholesterol from the cell, ABCB1 is also known as MDR-1,

ABCC1 is also known as MRP1, ABCD1 transports fatty acids into the peroxisome,

NQO1, GSTA1:
removal of lipid peroxidation by-
products, carcinogens, bilirubin

UDP-glucoronosulfotransferases:
transforms lipophilic molecules such as steroids, bilirubin, hormones,

analgesic and other drugs to water soluable compounds
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Table	  1:	  Significantly	  increased	  KEGG	  pathways	  (p<0.05)	  

KEGG	  ID	   Pathway	  name	   Fold	  
change	  

p-‐value	  

HS	  D8	   hsa00980	   Metabolism	  of	  xenobiotics	  by	  cytochrome	  P450	   3.65	   0.0028	  
hsa00140	   Steroid	  hormone	  biosynthesis	   3.90	   0.0040	  
hsa00053	   Ascorbate	  and	  aldarate	  metabolism	   4.27	   0.0317	  

HS	  D15	   hsa00140	   Steroid	  hormone	  biosynthesis	   8.18	   6.16E-‐008	  
hsa00980	   Metabolism	  of	  xenobiotics	  by	  cytochrome	  P450	   6.56	   6.45E-‐007	  
hsa00982	   Drug	  metabolism	  -‐	  cytochrome	  P450	   5.22	   4.69E-‐005	  
hsa00830	   Retinol	  metabolism	   5.30	   0.0001	  
hsa00983	   Drug	  metabolism	  -‐	  other	  enzymes	   4.89	   0.0012	  
hsa00053	   Ascorbate	  and	  aldarate	  metabolism	   6.52	   0.0029	  
hsa00040	   Pentose	  and	  glucuronate	  interconversions	   5.30	   0.0063	  
hsa00500	   Starch	  and	  sucrose	  metabolism	   3.92	   0.0084	  
hsa00860	   Porphyrin	  and	  chlorophyll	  metabolism	   3.94	   0.0179	  
hsa00514	   Other	  types	  of	  O-‐glycan	  biosynthesis	   3.68	   0.0224	  

HS	  D23	   hsa00980	   Metabolism	  of	  xenobiotics	  by	  cytochrome	  P450	   5.18	   8.63E-‐007	  
hsa00140	   Steroid	  hormone	  biosynthesis	   5.46	   3.60E-‐006	  
hsa00982	   Drug	  metabolism	  -‐	  cytochrome	  P450	   4.26	   4.22E-‐005	  
hsa00830	   Retinol	  metabolism	   4.42	   6.90E-‐005	  
hsa00053	   Ascorbate	  and	  aldarate	  metabolism	   5.44	   0.0018	  
hsa00983	   Drug	  metabolism	  -‐	  other	  enzymes	   3.81	   0.0021	  
hsa00040	   Pentose	  and	  glucuronate	  interconversions	   4.42	   0.0048	  
hsa00500	   Starch	  and	  sucrose	  metabolism	   3.14	   0.0119	  
hsa00860	   Porphyrin	  and	  chlorophyll	  metabolism	   3.29	   0.0168	  
hsa00514	   Other	  types	  of	  O-‐glycan	  biosynthesis	   3.08	   0.0220	  
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