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Abstract		

The	Mediator	 Complex	 has	 an	 essential	 function	 in	 regulating	 the	 transcription	 of	 several	 genes,	
working	as	a	scaffold	between	transcription	factors	and	polymerase	II.	It	is	composed	of	26	subunits,	
with	 the	 kinase,	 or	 CDK	 subunit,	 being	 one	 of	 the	 most	 important	 for	 the	 mediator	 complex	
activation.	In	fact,	when	the	kinase	subunit	is	bound	to	the	complex,	binding	between	the	mediator	
complex	and	polymerase	 II	 is	hindered	and	 therefore	 transcription	 is	 repressed.	 This	 suggests	 that	
the	kinase	complex	and	its	components	are	essential	for	the	expression	of	polymerase	II	transcripts.	
MED13	is	part	of	the	kinase	subunit	and	high-throughput	transcriptomic	analysis	showed	MED13	as	
being	upregulated	in	human	skeletal	muscle	biopsies	following	an	oral	glucose	tolerance	test.	

The	aim	of	this	project	is	to	understand	the	function	of	MED13	in	human	skeletal	muscle	metabolism	
and	 the	 relationship	 between	 MED13	 knockdown	 and	 AMPK	 (AMP-activated	 protein	 kinase)	
function.	 Primary	 human	 skeletal	muscles	 cells	 obtained	 from	 three	 healthy	 donors	were	 cultured	
and	 transfection	with	MED13	 siRNA	was	 performed	 on	 differentiated	myotubes.	Metabolic	 assays	
such	 as	 fatty	 acid	 and	 glucose	 oxidation	 were	 performed	 as	 well	 as	 mitochondrial	 function.	
Quantitative	PCR	and	western	blot	techniques	were	used	to	assess	the	pathways	altered	by	MED13.		

Glucose	 uptake	 and	 fatty	 acid	 transporters	 were	 significantly	 increased	 upon	 MED13	 silencing.	
Reduction	 in	 fatty	 acid	 oxidation	 and	 unchanged	 glucose	 oxidation	 suggest	 that	 MED13	 favors	
substrate	 storage.	 Western	 blot	 analysis	 hinted	 on	 an	 increase	 in	 AMPK	 phosphorylation	 and	 in	
mitochondrial	biogenesis.	The	production	of	ATP	by	mitochondria	was	also	increased.	In	conclusion,	
MED13	plays	an	important	role	in	human	skeletal	muscle	substrate	utilization	for	energy	production.	
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Popular	scientific	summary			

Obesity	 and	metabolic	 disorders	 are	 among	 the	 leading	 causes	 of	 death	 today.	 The	World	 Health	
Organisation	 revealed	 that	 in	 2016	 more	 than	 1.9	 billion	 adults	 aged	 18	 years	 and	 older	 were	
overweight	 and	 in	 the	 past	 four	 decades	 childhood	 and	 adolescent	 obesity	 was	 increased	 by	 a	
tenfold.	Obesity	 is	a	preventable	disease	and	 therefore	understanding	 the	mechanisms	behind	 the	
development	of	metabolic	disorders	could	help	decreasing	the	number	of	deaths	caused	by	 it.	The	
whole-body	metabolism	is	regulated	by	complex	interactions	between	different	tissues	and	organs	in	
the	 body	 such	 as	 the	 brain,	 the	 liver,	 the	 pancreas,	 the	 adipose	 and	 the	 skeletal	 tissue.	 Skeletal	
muscle	tissue	is	one	of	the	most	vital	regulators	of	whole-body	and	glucose	metabolism.	While	being	
responsible	 for	 25%	 of	 glucose	 absorption	 in	 the	 body,	 it	 also	 serves	 as	 a	 pool	 of	 energy	 reserve	
during	state	of	starvation.	Glucose	 is	 the	main	 fuel	 for	cells	and	therefore	complications	 in	glucose	
metabolism	are	at	the	core	of	many	metabolic	disorders,	such	as	diabetes	and	obesity.		

From	a	cellular	point	of	view,	 instead,	metabolism	is	the	sum	of	chemical	reactions	needed	for	the	
production	of	energy	and	 therefore	 for	 the	 survival	of	 a	 cell.	Genes	play	a	 role	 in	many	disorders,	
since	 the	 presence	 or	 absence	 of	 some	 genes	 can	 be	 responsible	 or	 be	 a	 predictor	 of	 a	 certain	
disease.	In	the	context	of	metabolic	disorders,	genes	that	alter	the	normal	glucose	metabolism	are	to	
be	taken	into	consideration.	A	gene	called	MED13	was	found	to	be	increased	after	the	oral	ingestion	
of	 glucose	 (2	 hours	 oral	 glucose	 test,	 OGTT)	 in	 skeletal	 muscle	 from	 healthy	 and	 type	 2	 diabetic	
volunteers.	 Since	 MED13	 is	 part	 of	 the	 kinase	 submodule	 of	 the	 Mediator	 complex,	 a	 complex	
regulating	the	expression	of	several	genes	as	it	regulates	the	activity	of	polymerase	II	enzyme	(Pol	II)	
responsible	 for	 the	expression	of	nearly	all	 protein-coding	genes	 in	our	genome.	 In	 fact,	when	 the	
kinase	module	is	bound	to	the	mediator	complex,	transcription	by	Pol	II	is	inhibited.		

There	are	few	studies	showing	the	metabolic	function	of	MED13	in	animal	models,	such	as	mice	and	
Drosophila,	but	this	study	is	the	first	one	focusing	on	human	skeletal	muscle	cells.	The	method	used	
in	this	study	is	silencing	of	MED13	gene	and	then	performing	different	experiments.	This	enables	the	
comparison	 of	 normal	 human	 skeletal	 muscle	 cells	 with	 those	 with	 MED13	 loss	 of	 function.	 The	
experiments	 performed	were	 tailored	 to	 investigate	 if	 the	metabolism	of	 glucose	 and	 fatty	 acid	 is	
altered	and	 if	mitochondria,	which	are	 the	organelles	 responsible	 for	energy	production	 inside	 the	
cell,	 had	 changes	 in	 their	 activity.	 The	main	 findings	 are	 that	MED13	 is	 responsible	 for	 changes	 in	
metabolic	function	in	human	skeletal	muscle	cells,	these	changes	are	mainly	due	to	an	increase	in	the	
activity	 of	 mitochondria,	 probably	 as	 a	 consequence	 of	 an	 increased	 number	 of	 them.	 Another	
finding	was	that	a	lack	of	MED13	results	in	an	increased	glucose	uptake	and	fatty	acid	entrance	in	the	
cell,	probably	directed	for	storage	of	energy.	The	effect	of	MED13	on	skeletal	muscle	is	of	interest	as	
improved	glucose	uptake	and	clearance	of	fatty	acid	from	the	circulation	would	be	beneficial	in	the	
context	of	several	metabolic	disorders.		
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List	of	abbreviations	
	

ACC	 acetyl-coenzyme	A	carboxylase	

AMP	 adenosine	monophosphate	

AMPK		 adenosine	monophosphate-activated	protein	kinase	

ATP	 adenosine	triphosphate	

ANOVA	 analysis	of	variance	

Cpt1-B	 carnitine	palmitoyltransferase	1B	

CS	 citrate	synthase	

GLUT1	 glucose	transporter	type	1	

GLUT4	 glucose	transporter	type	4	

FABP3	 fatty-acid	binding	protein	3	

FCCP	 carbonilcyanide	p-triflouromethoxyphenylhydrazone	

MED13	 mediator	complex	subunit	3	

MYF5	 myogenic	factor	5	

MYOG	 myogenin	

OGTT	 oral	glucose	tolerance	test	

PPARD	 peroxisome	proliferator-activated	receptor	delta	

PPARG	 peroxisome	proliferator-activated	receptor	gamma	

PCR	 polymerase	chain	reaction	

PGC1-α	 peroxisome	proliferator-activated	receptor	ϒ	coactivator	1	α	

qPCR	 quantitative	polymerase	chain	reaction	

RT	 reverse	transcription	
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Introduction		

Obesity	 and	 overweight	 is	 a	 major	 public	 health	 issue,	 which	 contributes	 to	 increased	 worldwide	
morbidity	 and	mortality.	 Since	 1975,	 obesity	 incidence	 has	 nearly	 tripled	 and	 in	 2016,	 650	million	
people	were	obese	 (WHO,	2016).	Disturbance	 in	metabolic	homeostasis,	 such	as	 insulin	resistance,	
hyperlipidemia	or	glucose	intolerance,	is	a	hallmark	of	obesity.	Metabolic	inflexibility,	the	inability	of	
an	 organism	 to	 adapt	 fuel	 oxidation	 with	 fuel	 availability,	 is	 also	 associated	 with	 overweight	 and	
obesity.	Under	 this	 condition,	 cells	 are	 unable	 to	 switch	 between	 fatty	 acid	 oxidation	 and	 glucose	
utilization	 depending	 on	 the	 fed	 or	 fasted	 state	 (Muoio,	 2014).	 Most	 of	 the	 times	 metabolic	
inflexibility	arises	from	impaired	cellular	glucose	uptake.	Glucose	is	essential	for	energy	production	in	
most	 tissues	 and	 its	 homeostasis	 is	 maintained	 by	 a	 highly	 regulated	 system	 that	 includes	 the	
participation	 of	 different	 organs	 such	 as	 pancreas,	 liver	 and	 skeletal	muscle	 (Galgani	 et	 al.,	 2008).	
After	a	meal	pancreatic	β-cells	secrete	insulin,	which	stimulates	glucose	uptake	by	peripheral	tissues	
for	 energy	 production	 and	 also	 decreases	 the	 production	 of	 endogenous	 glucose	 by	 the	 liver.	
Diabetes	Mellitus	 diseases	 arise	 from	 either	 a	 defect	 in	 the	 production	 of	 insulin	 (type	 1)	 or	 from	
tissues'	 insulin	 insensitivity	 (type	 2).	 At	 the	onset	 of	 type	 2	 diabetes	 tissues	 become	 insensitive	 to	
insulin	 and	 circulatory	 glucose	 levels	 increase	 leading	 to	 a	 condition	 called	hyperglycemia.	 Chronic	
hyperglycemia	 resulting	 from	 insulin	 resistance	 is	 associated	 with	 the	 development	 of	 life-
threatening	 complications	 such	 as	 heart	 attacks	 and	 strokes,	 neuropathy,	 retinopathy	 and	 kidney	
failure	(Karlsson	et	al.,	2007).	Type	2	diabetes	accounts	for	90	%	of	all	cases	of	diabetes,	obesity	and	
physical	 inactivity	 have	 been	 shown	 to	 be	 its	 major	 risk	 factors,	 therefore	 lifestyle	 modifications,	
dietary	 changes	 and	 exercise	 are	 the	 most	 common	 and	 effective	 treatments	 for	 such	 condition	
(Stolar,	2010).	

Skeletal	 muscle	 is	 the	 largest	 tissue	 in	 the	 body,	 it	 allows	 voluntary	 movement	 through	 its	
attachment	 to	bones	 and	also	plays	 an	essential	 role	 in	 the	 systemic	energy	homeostasis.	 Skeletal	
muscle	 is	 capable	 of	 adapting	 to	 different	 physical	 and	 fuel	 availability	 conditions.	 During	 the	 fed	
state,	 when	 glucose	 levels	 are	 high,	 skeletal	 muscle	 metabolism	 will	 rely	 entirely	 on	 glucose	 and	
therefore	 on	 insulin	 action.	 In	 fasting	 state,	 instead,	 it	 will	 switch	 to	 fatty	 acid	 oxidation	 for	 the	
production	 of	 energy.	 The	 ability	 of	 skeletal	muscle	 to	 adapt	 to	 different	 fuel	 availability	 is	 called	
metabolic	flexibility	and	has	been	shown	to	be	impaired	or	non-functioning	in	human	type	2	diabetes	
and	 obesity	 (Galgani,	 Moro	 et	 al.,	 2008).	 Insulin	 resistance	 is	 therefore	 considered	 to	 play	 an	
important	 role	 in	 the	 development	 of	 metabolic	 inflexibility	 and	 defects	 in	 fatty	 acids	 oxidation	
(Goodpaster	 et	 al.,	 2017).	 In	 skeletal	muscle,	 the	main	 insulin-sensitive	 tissue	 in	 the	 body,	 insulin	
promotes	glucose	uptake	by	binding	to	its	receptor.	A	first	autophosphorylation	of	the	three	tyrosine	
molecules	 on	 the	 insulin	 receptor	 activates	 a	 cascade	 of	 phosphorylation	 and	 dephosphorylation	
reactions,	 which	 in	 turn	 lead	 to	 the	 translocation	 of	 the	 glucose	 transporter	 GLUT4	 to	 the	
sarcolemma,	allowing	the	entry	of	glucose	into	the	cell	(DeFronzo	et	al.,	2009).	GLUT4	molecules	are	
the	major	glucose	transporters	 in	skeletal	muscle	and	are	enclosed	 in	vesicles	whose	translocation,	
from	the	cytoplasm	to	the	membrane,	is	mediated	by	insulin-dependent	pathways	or	by	contraction.	
GLUT1	is	another	important	glucose	transporter,	which	is	thought	to	be	responsible	for	basal	glucose	
transport	 in	 skeletal	muscle	 cells.	Although	 its	expression	 is	higher	 in	erythrocytes	and	endothelial	
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cells	close	to	the	blood-brain	barrier,	 its	 importance	in	glucose	transport	was	also	shown	in	human	
skeletal	muscle	(Ciaraldi	et	al.,	2005).	Skeletal	muscle	contraction,	 i.e	during	physical	activity,	elicits	
an	 increase	 in	 glucose	 transport,	 which	 is	 independent	 of	 insulin	 action.	 Therefore,	 a	 better	
understanding	 of	 the	 molecular	 mechanism	 behind	 glucose	 uptake,	 glycogen	 storage	 and	 insulin	
resistance	in	skeletal	muscles	might	uncover	new	strategies	for	metabolic	regulation.	

The	 metabolic	 flexibility	 of	 skeletal	 muscle	 allows	 it	 to	 contribute	 to	 whole-body	 metabolic	
adaptation	 and	 can	 be	 mainly	 attributed	 to	 the	 action	 of	 AMP	 activated	 protein	 kinase	 (AMPK),	
which	 is	 a	 key	 intermediate	 in	 the	 glucose	 disposal	 in	 skeletal	 muscle.	 In	 fact,	 AMPK	 can	 sense	
changes	 in	energy	availability,	 through	 the	AMP	 to	ATP	 ratio	mainly,	and	also	 through	ADP	 to	ATP	
ratio,	 and	 increases	or	 reduces	energy	production	accordingly.	Upon	energy	depletion,	 resulting	 in	
high	levels	of	AMP,	AMPK	promotes	ATP-generating	processes	such	as	glucose	uptake,	glycolysis,	and	
fatty	acid	uptake	and	oxidation.	Apart	from	turning	on	catabolic	pathways	for	ATP	production,	AMPK	
will	also	switch	off	anabolic	processes	to	prevent	energy	consumption	(Hardie,	2011).	AMPK	consists	
of	a	catalytic	subunit	α	and	two	regulatory	subunits	β	and	γ.	High	levels	of	AMP	will	lead	to	activation	
of	AMPK	characterized	by	phosphorylation	on	Thr172	residue	of	the	catalytic	subunit.	AMPK	in	turn	
phosphorylates	the	enzyme	Acetyl-CoA	Carboxylase	(ACC),	 inhibiting	its	activity.	ACC	is	essential	for	
the	carboxylation	of	acetyl-CoA	to	malonyl-CoA,	inhibiting	the	entrance	of	long-chain	fatty	acids	into	
the	mitochondria	for	oxidation.	Therefore,	when	energy	level	is	low,	AMP	activates	AMPK	and	ACC	is	
deactivated	leading	to	increased	fatty	acid	oxidation	and	a	decrease	in	lipid	synthesis.	Concomitantly	
to	 promoting	 glucose	 uptake,	 AMPK	 can	 also	 directly	 phosphorylate	 glycogen	 synthase,	 inhibiting	
acutely	glycogen	synthesis.	Chronic	AMPK	activation	has	also	been	shown	to	promote	mitochondrial	
biogenesis	 (Zong	 et	 al.,	 2002).	 AMPK	 can	 directly	 phosphorylate	 PGC1-α	 (Peroxisome	 proliferator	
activated	 receptor	 gamma	 coactivator	 1	 alpha),	 a	 transcriptional	 co-activator	 controlling	 the	
expression	 of	 several	 mitochondrial	 genes	 (Jäger	 et	 al.,	 2007).	 Therefore	 modulation	 of	 energy-
sensing	pathways	has	been	an	attractive	strategy	for	treating	metabolic	syndrome.		

Mitochondria	are	cytosolic	organelles	responsible	for	most	of	the	ATP	production	in	eukaryotic	cells.	
Skeletal	muscle	needs	a	 lot	of	ATP	to	function	and	therefore	are	believed	to	be	the	tissue	with	the	
highest	 amount	 of	 mitochondria	 (Osellame	 et	 al.,	 2012).	 The	 release	 of	 ATP	 by	 mitochondria	 is	
achieved	by	a	series	of	catabolic	and	anabolic	reactions	that	take	place	both	in	the	membrane	and	in	
the	matrix	 of	mitochondria	 (Crescenzo	 et	 al.,	 2015).	 The	main	 fuel	 for	 ATP	 production	 is	 glucose,	
which	enters	the	cell	via	transporters	such	as	GLUT4	or	GLUT1	(Montel-Hagen	et	al.,	2008).	After	the	
conversion	of	glucose	into	pyruvate	(in	a	process	called	glycolysis)	pyruvate	enters	the	mitochondria	
and	 undergoes	 a	 series	 of	 chemical	 reactions,	which	 are	 collectively	 called	 tricarboxylic	 acid	 (TCA)	
cycle.	 At	 the	 end	 of	 this	 cycle,	 the	 products	 are	 ready	 to	 be	 transported	 through	 the	 different	
complexes	of	the	mitochondria	and	undergo	a	series	of	transformation	which	end	in	the	production	
of	ATP,	through	an	enzyme	called	ATP	synthase.	Fatty	acids	can	also	fuel	the	production	of	ATP	via	a	
process	called	β-oxidation	 (Bertram	et	al.,	2006).	Given	 the	 importance	of	mitochondria	 to	cellular	
metabolic	 health,	 better	 insights	 into	 the	mechanisms	 controlling	 their	 activity	 and	 biogenesis	 are	
still	required.		
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Better	understanding	of	nutrient	effect	on	human	skeletal	muscle	would	provide	 important	 insight	
into	the	pathophysiology	of	various	metabolic	disorders	including	type	2	diabetes.	Glucose	is	known	
to	 stimulate	 insulin	 secretion	 by	 pancreatic	 β-cells,	 however	 little	 is	 known	 if	 it	 regulates	 energy-
sensing	 pathways	 in	 skeletal	 muscle.	 Transcriptomic	 analysis	 of	 human	 skeletal	 muscle	 biopsies	
obtained	 before	 and	 after	 a	 2-hour	 glucose	 oral	 tolerance	 test	 identified	 the	 Mediator	 Complex	
Subunit	 13	 (MED13)	 as	 being	 upregulated	 in	 healthy	 volunteers	 and	 type	 2	 diabetic	 patients	 in	
response	to	glucose	load	(Figure	1,	unpublished	data	from	the	laboratory).	MED13	has	drawn	a	lot	of	
interest	in	the	latest	years	for	a	role	in	energy	homeostasis.	MED13	encodes	for	a	component	of	the	
Mediator	complex,	a	multi-protein	complex	essential	for	the	transcription	of	nearly	all	polymerase	II-
dependent	genes.	The	Mediator	serves	as	a	scaffold	for	assembling	the	pre-initiation	complex	with	
RNA	 polymerase	 II	 and	 the	 general	 transcription	 factors.	 The	 Mediator	 complex	 consists	 of	 26	
subunits	organized	in	four	main	modules.	MED13	is	part	of	the	kinase	submodule	which	modulates	
the	 association	 between	 the	 Mediator	 complex	 and	 the	 polymerase	 II,	 hence	 regulating	 the	
transcription	 of	 specific	 gene	 sets	 (Soutourina,	 2018).	 A	 newly	 characterized	 MED13-associated	
neurodevelopmental	disorder	further	supports	that	MED13	is	an	essential	component	of	the	Kinase	
subunit	 of	 the	 mediator	 complex	 and	 reveals	 that	 both	 loss	 of	 function,	 missense	 and	 in-frame	
mutations	can	alter	MED13	protein	activity	and	lead	to	impaired	development	and	intellectual	ability	
(Snijders	 Blok	 et	 al.,	 2018).	 Studies	 on	MED13	 function	 in	mice	 showed	 that	 its	 overexpression	 in	
cardiac	muscle	 cells	 conferred	 a	 lean	 phenotype,	 suggesting	 that	 it	 increases	 energy	 consumption	
(Grueter	et	al.,	2012).	Muscle-specific	deletion	of	MED13	gene	in	mice	resulted	in	enhanced	glucose	
utilization	and	glycogen	storage	due	to	an	increase	in	insulin	sensitivity.	In	this	model,	muscle-specific	
knockout	of	MED13	also	prevented	hepatic	lipid	accumulation	and	therefore	suggested	that	MED13	
is	responsible	for	glucose	homeostasis.	The	study	also	showed	that	MED13	action	was	attributed	to	
its	repressive	action	on	two	downstream	genes,	NURR1	and	MEF2.	Results	obtained	from	deletion	or	
overexpression	of	MED13	in	either	mice	skeletal	muscle	or	cardiac	muscle	suggest	that	MED13	have	
different	function	depending	on	the	tissue	studied	(Amoasii	et	al.,	2016).		

	

Figure	1.	–	MED13	expression	 in	skeletal	muscle	biopsies	from	normal	glucose	tolerant	(NGT)	and	type	2	
diabetic	(T2D)	subjects	before	(baseline)	and	after	(120	min)	an	oral	glucose	tolerance	test	(OGTT);	n=25;	
**	p<0.001	
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Aim		

Based	on	the	evidence	of	MED13	transcriptional	regulation	of	energy	metabolism	in	mice,	the	aim	of	
the	study	was	to	 investigate	the	precise	role	of	MED13	on	human	skeletal	muscle	metabolism.	The	
role	 of	 MED13	 was	 examined	 considering	 the	 hypothesis	 that	 a	 change	 in	MED13	 expression	 in	
human	 skeletal	 muscle,	 mediated	 by	 a	 2-hour	 glucose	 challenge,	 affects	 gene	 expression	 and	
metabolic	pathways	 in	skeletal	muscle	to	maintain	systemic	glucose	homeostasis.	 In	this	study,	 the	
impact	of	MED13	and	 the	precise	 role	of	 its	 regulated	genes	on	glucose	and	 lipid	metabolism	was	
determined	in	primary	human	skeletal	muscle	cells.		

The	two	main	objectives	of	this	study	were	to	investigate	 in	vitro	the	impact	of	MED13	knockdown	
on	substrate	utilization	(glucose	and	fatty	acid	metabolism),	to	determine	the	transcriptional	effect	
of	MED13	and	to	assess	if	MED13	impacts	mitochondrial	ATP	production.			
Preliminary	data	indicated	that	MED13	knockdown	mediated	by	RNA	interference	increases	glucose	
uptake	in	human	skeletal	muscle	cells.	Therefore,	glucose	utilization	following	MED13	silencing	was	
determined.	As	skeletal	muscle	has	the	capacity	of	utilizing	fatty	acid	as	energy	source,	oxidation	of	
palmitate	upon	MED13	knockdown	was	investigated	as	well.	Analysis	of	the	whole	transcriptome	by	
gene	array	has	been	performed	in	human	primary	muscle	cells	and	AMPK	expression	was	found	to	be	
significantly	 increased	 following	MED13	 knockdown.	 As	 AMPK	 regulates	 glucose	 uptake	 and	 fatty	
acid	utilization,	 the	 implication	of	AMPK	 in	MED13-mediated	effect	on	skeletal	muscle	metabolism	
was	 investigated	 using	 AICAR,	 an	 AMP	 analog	 able	 to	 enhance	AMPK	 activity	 in	 cells.	 Additionally	
mitochondrial	function	was	determined.	Expression	of	genes	involved	in	the	metabolic	processes	was	
also	determined	to	assess	if	MED13	silencing	affects	their	transcription.	

Materials	and	Methods	

Primary	human	skeletal	muscle	cell	culture		

Myoblasts,	 skeletal	 muscle	 cell	 progenitors,	 were	 isolated	 from	 human	 skeletal	 muscle	 biopsies	
(vastus	lateralis	muscle)	obtained	from	three	healthy	volunteers	(two	females	and	one	male).	These	
primary	human	cells	were	subcultured	at	37ºC	with	7.5%	CO2	in	DMEM/F-12	supplemented	with	20%	
fetal	bovine	serum	(FBS)	(Sigma	Aldrich)	and	1%	Antibiotic-Antimycotic	(penicillin,	streptomycin	and	
Amphotericin	B)	 (Gibco).	 At	 90%	 confluence,	 differentiation	of	myoblasts	 into	 elongated	myocytes	
was	 induced	 in	 fusion	media	 containing	 DMEM	 (4.5	 g	 glucose/L),	 20%	M199,	 HEPES	 (0.02	M),	 1%	
Antibiotic-Antimycotic,	 1%	 FBS,	 zinc	 sulfate	 (0.03	 µg/ml),	 vitamin	 B12	 (1.4	mg/ml),	 Apotransferrin	
(100	ug/ml)	and	insulin	(10	µg/ml)	for	4	days.	Subsequently	cells	were	switched	to	post-fusion	media	
for	48	hours	to	favor	myotubes	formation	(DMEM	(4.5	g	glucose/L),	20%	M199,	HEPES	(0.02	M),	1%	
Antibiotic-Antimycotic,	1%	FBS,	zinc	sulfate	(0.03	µg/ml),	vitamin	B12	(1.4	mg/ml)).		
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siRNA	transfection	

Six	days	after	 inducing	differentiation,	cells	were	transfected	with	20	nM	of	negative	control	siRNA	
(Scr)	or	MED13	specific	siRNA	(siMED13)	(Thermo	Fisher	Scientific).	Each	transfection	was	performed	
for	 5	 hours	 in	 OptiMEM	 reduced	 serum	media	with	 Lipofectamine	 RNAiMAX	 transfection	 reagent	
(Invitrogen).	A	 second	 transfection	was	performed	approximately	48	hours	 after	 the	 first	 and	 final	
assays	were	performed	48	hours	after	the	second	transfection.	This	double	transfection	protocol	has	
been	validated	 to	 target	all	 cells	 (myotubes	and	myoblasts)	using	FAM-labeled	 siRNA	 (unpublished	
data	from	the	group).	

RNA	extraction	and	gene	expression	analysis	

Total	 RNA	 from	 primary	 human	 skeletal	 muscle	 cells	 was	 isolated	 with	 Trizol	 according	 to	 the	
manufacturer’s	 recommendations	 (Life	 Technologies).	 Total	 RNA	 concentration	 was	 quantified	
spectrophotometrically	 (NanoDrop	 ND-1000	 Spectrophotometer).	 RNA	 was	 reverse-transcribed	 to	
cDNA	using	the	High	Capacity	cDNA	RT	kit	 (Life	Technologies).	Gene	expression	was	determined	by	
real-time	 polymerase	 chain	 reaction	 (RT-qPCR)	 using	 SYBR	 Green	 reagent	 (Life	 Technologies)	 and	
custom	designed	primers	for	MED13,	Myogenic	factor	5	(Myf5),	Myogenin	(MYOG),	Desmin,	GLUT1,	
CD36,	PPARD,	FABP3,	CPT1b,	CS	 and	PGC1-α.	Gene	expression	was	normalized	by	 the	 geometrical	
mean	of	TBP	and	RPLP0.	
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Table 1: List of primers used for real-time qPCR 

Target Gene  Primer Sequence 

RPLP0 Fw TGGAGAAACTGCTGCCTCAT 
 Rev GATTTCAATGGTGCCCCTGG 

MED13 Fw GTGAAGAGCATATCACCCTTGC 
 Rev AATGCCTGTCCTGTGAGAGTG 

MYF5 Fw CCACCTCCAACTGCTCTGAT 
 Rev GCAATCCAAGCTGGATAAGG 

MYOG Fw CTCCTGCAGTCCAGAGTGG 
 Rev AGGTTGTGGGCATCTGTAGG 

DES Fw CTGGAGCGCAGAATTGAATC 
 Rev GGCAGTGAGGTCTGGCTTAG 

GLUT1 Fw GGCCAAGAGTGTGCTAAAGAA 
 Rev ACAGCGTTGATGCCAGACAG 

CD36 Fw CTTTGGCTTAATGAGACTGGGAC 
 Rev GCAACAAACATCACCACACCA 

FABP3 Fw TGGAGTTCGATGAGACAACAGC 
 Rev CTCTTGCCCGTCCCATTTCTG 

PPARD Fw CAGGGCTGACTGCAAACGA 
 Rev CTGCCACAATGTCTCGATGTC 

CPT1b Fw CATGTATCGCCGTAAACTGGAC 
 Rev TGGTAGGAGCACATAGGCACT 

CS Fw AACTGCTACCCAAGGCTAAGG 
 Rev CTTTTGAGAGCCAAGATACCTGT 

PGC1α Fw TCTGAGTCTGTATGGAGTGACAT 
 Rev CCAAGTCGTTCACATCTAGTTCA 

TBP Fw TTCGGAGAGTTCTGGGATTG 
 Rev GAAAATCAGTGCCGTGGTTC 
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Metabolic	assays	

All	 results	were	 normalized	 by	 protein	 content	 (BCA	Protein	Assay	 kit,	 ThermoScientific).	 Data	 are	
average	of	 6	 independent	 experiments	 performed	 in	 duplicate	or	 triplicate	on	 cells	 obtained	 from	
three	different	donors.	

Glucose	uptake		

After	 4	 hours	 serum	 starvation	 in	 DMEM	 1g	 glucose	 media,	 cells	 were	 incubated	 for	 1	 hour	 in	
absence	 or	 presence	 of	 insulin	 (120nM).Cells	 were	 then	 incubated	 for	 15	minutes	 in	 glucose-free	
DMEM	media	with	 radioactive	2-[1,2-3H]deoxy-D-glucose	 and	10	μM	unlabeled	2-deoxy-D-glucose.	
After	 this	 time,	 cells	were	washed	 twice	with	 ice	 cold	PBS	and	 stored	at	 -20°C.	Cells	were	 lysed	 in	
400µl	of	0.03%	SDS	for	at	 least	1	hour	with	slight	shaking.	Then	300	µl	of	cell	 lysate	were	added	to	
vials	 containing	 3	ml	 of	 scintillation	 liquid	 and	 amount	 of	 2-[1,2-3H]deoxy-D-glucose	 in	 cell	 lysates	
was	 determined	 by	 scintillation	 counting	 using	 a	 1414	 WinSpectral	 Liquid	 Scintillation	 Counter	
(Wallac,	Perkin-Elmer).		

Glucose	oxidation		

Cells	were	incubated	with	radioactive	D-[U-14C]glucose	in	absence	(Basal)	or	presence	of	2mM	AICAR	
(AMPK	 activator)	 or	 0.5µM	 FCCP	 (mitochondrial	 oxidative	 phosphorylation	 uncoupler).	 Small	 cups	
were	inserted	in	each	well	and	plates	were	sealed	and	incubated	for	4	hours.	Thereafter,	2M	HCl	(1:8	
volume)	was	added	directly	into	the	media	to	lower	the	pH	and	2M	NaOH	was	added	to	the	cup.	Due	
to	acidification	of	the	media,	14CO2,	produced	during	the	glucose	oxidation	process,	 is	released	and	
trapped	 in	NaOH	which	 instead	has	 very	high	pH.	 14CO2	was	 captured	 for	one	hour	 and	 cups	were	
transferred	 to	 scintillation	 vials	 and	 amount	 of	 captured	 14CO2	 was	 determined	 by	 scintillation	
counting	using	a	1414	WinSpectral	Liquid	Scintillation	Counter.	

Fatty	acid	oxidation		

Cells	were	 incubated	with	 [9,10-3H]palmitic	 acid	 and	 25µM	palmitate	 for	 6	 hours	 in	DMEM	media	
containing	different	concentrations	of	glucose	(0,	1	or	4.5g/l).	During	this	time,	fatty	acid	are	oxidized	
and	 oxidation	 of	 palmitate	 produces	 radiolabeled	 water.	 After	 a	 6-hour	 period	 of	 incubation,	 the	
media	 was	 collected.	 Charcoal	 slurry	 was	 used	 to	 separate	 the	 radiolabelled	 water	 from	 the	
palmitate,	and	after	centrifugation,	supernatant	was	collected	and	transferred	to	scintillation	vials	to	
determine	the	amount	of	3H2O	by	scintillation	counting	using	a	1414	WinSpectral	Liquid	Scintillation	
Counter.	
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Mitochondrial	respiration	assay		

Mitochondrial	 function	 was	 assessed	 using	 Seahorse	 XF	 Cell	 Mito	 Stress	 Test	 Kit	 (Agilent	
Technologies).	 This	 test	 measures	 oxygen	 consumption	 rate	 (OCR)	 before	 and	 after	 sequential	
addition	of	modulators	of	cellular	respiration	such	as	oligomycin	(ATP	synthase	inhibitor),	FCCP,	and	
a	 mix	 of	 rotenone	 and	 antimycin	 A	 (complex	 I + II	 inhibitors).	 This	 enables	 to	 determine	 basal	
respiration,	 ATP-linked	 respiration,	 maximal	 respiration	 and	 non-mitochondrial	 respiration	
respectively.	

Cells	 were	 plated	 at	 a	 density	 of	 30	000	 cells	 per	 well	 in	 96-well	 assay	 plates.	 The	 day	 after,	
differentiation	was	initiated	with	fusion	media	for	4	days	and	cells	were	subsequently	cultured	for	2	
days	in	post	fusion	media.	The	same	double	transfection	protocol	was	performed	and	the	assay	was	
performed	 48	 hours	 after	 the	 second	 transfection.	 Cells	 were	 incubated	 in	 XF	 Base	 Medium	
supplemented	with	0.5mM	glucose,	1mM	pyruvate	and	2mM	L-glutamine.	OCR	values	were	obtained	
at	 baseline	 and	 after	 addition	 of	 1 μM	 oligomycin,	 2µM	 FCCP	 and	 0.75μM	 rotenone	 +	 0.75μM	
antimycin	A.	

Protein	extraction	and	western	blot	analysis	

Serum-starvation	of	cells	was	induced	by	changing	the	medium	to	DMEM	(1	g	glucose/L)	for	4	hours.	
Cells	were	 then	 incubated	 for	 one	 hour	 in	 absence	 or	 presence	 of	AICAR	 (2mM).	 Thereafter,	 cells	
were	washed	with	ice-cold	PBS	and	stored	at	-20°C.	At	the	time	of	protein	extraction,	cells	were	lysed	
in	 ice-cold	 homogenization	 buffer.	 Lysates	were	 rotated	 for	 30	minutes	 at	 4°C	 and	 centrifuged	 at	
12,000	g	for	15	minutes	at	4°C.	Supernatants	were	collected	and	protein	concentration	determined	
using	BCA	Protein	Assay	kit.	Equal	amounts	of	protein	were	diluted	 in	Laemmli	buffer	and	samples	
were	heated	at	56°C	for	20	minutes	prior	to	separation	by	SDS-PAGE	using	Criterion	XT	Bis-Tris	Gels	
(Bio-Rad).	Proteins	were	then	transferred	to	PVDF	membranes	(Merck	Millipore)	and	proper	transfer	
as	well	as	equal	protein	loading	was	determined	by	Ponceau	S	staining	(Sigma	Aldrich).	Membranes	
were	blocked	in	7.5%	milk	in	TBST	(10	mM	Tris-HCl,	100	mM	NaCl,	0.02%	Tween	20)	for	1	hour	and	
thereafter	 incubated	 at	 4°C	 overnight	 with	 primary	 antibodies	 for	 phosphoAMPKThr172	 (Cell	
Signaling,	#2535)	and	phosphoACCSer79	(Cell	Signaling,	#3661).	Membranes	were	washed	with	TBST,	
incubated	 for	 1	 hour	with	 appropriate	 secondary	 antibodies,	 washed	with	 TBST	 and	 visualized	 by	
enhanced	chemiluminescence	(ECL	Western	Blotting	Detection	Reagent,	GE	Healthcare).		

Statistical	analysis	

Data	are	presented	as	mean	±	SEM.	Differences	were	assessed	using	paired	Student’s	t-test	for	gene	
expression	and	metabolic	assays	were	analyzed	using	repeated-measures	2-way	ANOVA	followed	by	
Sidak’s	 post	 hoc	 pair-wise	 comparison	 using	GraphPad	 Prism	7	 (GraphPad	 Software	 Inc.).	 P	 values	
below	0.05	were	considered	significant.	
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Results	

Silencing	efficacy	and	differentiation	markers	

The	 efficacy	 of	MED13	 silencing,	 obtained	 through	 siRNA	 double	 transfection,	was	 determined	 by	
real-time	 PCR	 (qPCR).	MED13	 expression	 was	 reduced	 by	 approximately	 80%	 in	 the	 transfected	
samples	 compared	 to	 the	 Scr	 samples	 (Figure	 2A).	 The	mRNA	 expression	 of	 three	 skeletal	muscle	
differentiation	markers	 (Myf5,	myogenin	 and	 desmin)	was	 investigated	 by	 qPCR	 in	 order	 to	 verify	
that	silencing	of	MED13	did	not	affect	the	differentiation	state	of	myotubes.	No	significant	difference	
in	 differentiation	markers	 expression	between	 Scr	 and	 siMED13	was	 found	 (Figure	 2B),	 suggesting	
that	human	skeletal	muscle	cells	lacking	MED13	were	differentiated	as	myotubes	in	the	same	way	as	
the	negative	control-transfected	cells.		

	

Figure	2.	MED13	silencing	and	effect	on	differentiation.	A|	MED13	expression	following	silencing	with	siRNA.	
B|	mRNA	expression	of	Myogenic	factor	5	(Myf5),	Myogenin	(MYOG)	and	Desmin.	Data	are	mean	±	SEM	(n=6);	
**	p<	0.001	as	determined	by	paired	Student´s	t-test.				

Glucose	metabolism		

Human	skeletal	muscle	cells	rely	almost	entirely	on	glucose,	therefore	glucose	metabolism,	such	as	
uptake	and	oxidation,	was	assessed	to	check	if	MED13	knockdown	affects	glucose	utilization.	Glucose	
uptake	 was	 shown	 to	 be	 increased	 by	 MED13	 silencing	 at	 basal	 and	 insulin-stimulated	 condition	
(Figure	 3A).	 An	 enhanced	 glucose	 transport	 inside	 the	 cell	 was	 also	 suggested	 by	 an	 increase	 in	
GLUT1	expression	(Figure	3B).	In	fact,	GLUT1	is	one	of	the	main	glucose	transporter	and	is	expressed	
in	 most	 tissues	 in	 the	 body.	 Its	 high	 specificity	 for	 glucose	 suggests	 that	 its	 expression	 in	 cells	 is	
directly	linked	to	the	level	of	glucose	that	enters	the	cell.	GLUT1	expression	was	increased	following	
MED13	 silencing,	 reinforcing	 the	 increased	 glucose	 transport	 at	 basal	 and	 insulin-stimulated	
conditions.	 Even	 though	 FCCP	 (mitochondrial	 uncoupler)	 increased	 glucose	 oxidation	 in	 respect	 to	
basal	samples,	MED13	silencing	did	not	affect	glucose	oxidation	(Figure	3C).			
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Figure	3.	Glucose	metabolism	in	primary	human	skeletal	muscle	cells.	A|	Glucose	uptake	in	absence	(Basal)	or	
presence	 of	 120	 nM	 of	 insulin	 (Ins).	 B|	 mRNA	 expression	 of	 Glucose	 Transporter	 1	 (GLUT1).	 C|	 Glucose	
oxidation	 in	 absence	 (Basal)	 or	 presence	 of	 0.5	 µM	 FCCP.	 Data	 are	mean	 ±	 SEM	 (n=6);	 #	 silencing	 effect;	 §	
treatment	 effect;	 	 *	 p<	 0.05;	 **	 p<	 0.001	 as	 determined	 by	 repeated-measures	 2-way	 ANOVA	 followed	 by	
Sidak’s	post	hoc	test	or	paired	Student´s	t-test.	
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Figure	4.	Fatty	acid	oxidation	and	fatty	acid	metabolism-related	genes	in	human	skeletal	muscle	cells.	A|	Fatty	
acid	oxidation	in	absence	(0	g/l)	or	presence	(1	and	4.5	g/l)	of	glucose.	B|	mRNA	expression	of	genes	involved	
in	fatty	acid	transport	(CD36)	and	metabolism	(FABP3	and	PPARD)	were	determined	by	qPCR.	Data	are	mean	±	
SEM	(n=6);	#	silencing	effect;	§	treatment	effect;		*	p<	0.05;	**	p<	0.001	as	determined	by	repeated-measures	
2-way	ANOVA	followed	by	Sidak’s	post	hoc	test	or	paired	Student´s	t-test.	

Fatty	acid	oxidation	was	decreased	upon	silencing	of	MED13,	independently	of	the	concentration	of	
glucose	 (Figure	 4A).	When	 cells	 are	 given	 a	 higher	 amount	 of	 glucose	 they	 tend	 to	 oxidize	 more	
glucose	than	fatty	acid	as	shown	by	decreased	fatty	acid	oxidation	when	the	concentration	of	glucose	
increases.	The	transport	of	fatty	acid	was	indirectly	investigated	by	measuring	the	mRNA	expression	
of	 genes	 involved	 in	 fatty	 acid	 transport	 (CD36)	 and	 metabolism	 (FABP3	 and	 PPARD).	 Fatty	 acid	
transporter	 CD36	 expression	 as	 well	 as	 FABP3	 and	 PPARD	 were	 increased	 following	 silencing	 of	
MED13	(Figure	4B).	These	results	suggest	that	fatty	acid	uptake	and	metabolism	could	be	enhanced.			
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Figure	5.	AMPK	and	mitochondrial	function	A|	Representative	blot	of	pAMPK	and	pACC	with	or	without	AICAR	
(AMPK	activator).	 	B|	Oxygen	consumption	rate	(OCR)	at	baseline,	following	the	addition	of	oligomycin,	FCCP	
and	 antimycin	 A	 and	 rotenone	 (n=4)	 C|	 mRNA	 expression	 of	 Peroxisome	 proliferator-activated	 receptor-
gamma	coactivator	(PGC)-1alpha.	D|	mRNA	expression	of	carnitine	palmitoyltransferase	1B	(Cpt1b)	and	citrate	
synthase	(CS).Data	are	mean	±	SEM	(n=6;	n=4	in	panel	B);	#	silencing	effect;	§	treatment	effect;		*	p<	0.05;	**	
p<	 0.001	 as	 determined	 by	 repeated-measures	 2-way	 ANOVA	 followed	 by	 Sidak’s	 post	 hoc	 test	 or	 paired	
Student´s	t-test.	

Phosphorylation	of	AMPK	was	found	to	be	increased	by	MED13	silencing	at	basal	and	AICAR-treated	
conditions	 (Figure	 5A).	 The	 activation	 of	AMPK	was	 confirmed	by	 increased	phosphorylation	of	 its	
target	 (ACC)	 (Figure	5A).	As	MED13	silencing	resulted	 in	AMPK	activation	while	 fatty	acid	oxidation	
was	decreased,	mitochondrial	 function	was	next	estimated.	Preliminary	results	suggest	that	human	
skeletal	 cells	with	MED13	knockdown	have	 increased	basal	mitochondrial	 respiration	 compared	 to	
control	 cells	 (Figure	 5B,	 between	 time	 0	 and	 20).	 The	 ATP	 production	 processes,	 reflected	 by	 the	
decrease	 caused	 by	 oligomycin	 treatment	 was	 also	 increased	 upon	 MED13	 knockdown.	 Maximal	
respiration	 capacity	 assessed	 following	 addition	 of	 FCCP	 was	 also	 increased	 following	 MED13	
silencing.	 Altogether,	 these	 data	 suggest	 that	 MED13	 silencing	 either	 improves	 mitochondrial	
capacity	or	increase	mitochondrial	content.	
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PGC1-α	is	a	key	regulator	of	cellular	metabolism	and	mitochondrial	biogenesis	and	its	expression	was	
increased	upon	MED13	 silencing	 (Figure	5C).	Additionally,	MED13	 silencing	 increases	expression	of	
CPT1b,	 a	 transporter	 located	 on	 the	 outer	 mitochondrial	 membrane,	 while	 citrate	 synthase	
expression	was	unchanged	(Figure	5D).		

Discussion	

Skeletal	 muscle	 is	 the	 major	 tissue	 in	 the	 body	 and	 therefore	 plays	 a	 pivotal	 role	 in	 whole-body	
metabolism,	mainly	due	to	its	function	in	glucose	uptake	and	glycogen	storage	(Zierath	et	al.,	2004).	
The	 effect	 of	MED13	 on	 skeletal	muscle	metabolism	was	 determined	 as	MED13	was	 found	 to	 be	
elevated	after	a	2	hours	oral	glucose	tolerance	test	in	human	skeletal	muscle	biopsies.	The	elevated	
expression	of	MED13,	together	with	findings	from	previous	studies,	suggested	that	this	gene	plays	a	
role	 in	 glucose	 uptake	 and	 overall	 substrate	 metabolism.	 Therefore,	 in	 this	 study,	 MED13	 was	
investigated	for	the	first	time	in	human	skeletal	muscle	cells.	Silencing	of	MED13	in	primary	human	
skeletal	muscle	 cells	 increases	 glucose	 uptake	 and	 decrease	 fatty	 acid	 oxidation.	 At	 the	molecular	
level,	 MED13	 knockdown	 activates	 AMPK	 as	 evident	 by	 increased	 phosphorylation	 and	 enhances	
mitochondrial	 function.	The	presented	work	provides	novel	 insights	 into	how	nutritional	status	can	
modulate	skeletal	muscle	metabolism	through	MED13.	

The	use	of	 in	 vitro	models	 to	 study	 the	physiological	 role	of	 some	 targets	presents	advantage	and	
limitations.	 Here,	 cells	 derived	 from	 3	 different	 donors	 are	 used	 which	 gives	 some	 genetic	
background	 diversity	 in	 comparison	 to	 immortalized	 cell	 lines.	 In	 this	 study,	 silencing	 of	MED13	 is	
performed	 on	 differentiated	myotubes,	 but	 it	 cannot	 be	 excluded	 that	 some	 observed	 effects	 are	
driven	by	 knockdown	of	MED13	 in	 the	myoblasts	 still	 present.	MED13	 knockdown	does	not	 affect	
markers	of	differentiation,	indicating	that	the	differentiation	state	and	the	proportion	of	myotubes	is	
not	affected.	However,	 it	would	be	 interesting	 to	 characterize	 the	effect	of	MED13	 in	proliferative	
cells	to	confirm	the	observed	metabolic	effects	are	specific	to	skeletal	muscle.	

The	metabolic	 function	of	MED13	has	previously	 been	 investigated	 in	mice	 and	Drosophila	 but	 no	
human	 study	 had	 been	 done	 before.	 In	 this	 study	 it	 is	 reported	 that	 glucose	 uptake	 is	 increased	
following	 silencing	 of	 MED13	 in	 human	 skeletal	 muscle	 cells	 and	 this	 could	 be	 due	 to	 increase	
expression	of	GLUT1	glucose	transporter.	Muscle-specific	deletion	of	MED13	 (MED13-mKO)	 in	mice	
leads	 to	 increased	 abundance	 of	 GLUT4	 in	 skeletal	 muscle,	 supporting	 an	 increase	 in	 glucose	
transport	(Amoasii,	Holland	et	al.,	2016).	While	GLUT4	is	highly	dependent	on	insulin	activity,	GLUT1	
is	essential	 for	basal	glucose	uptake	 in	skeletal	muscle	cells	even	in	 low	insulin	availability.	The	 low	
abundance	 of	 GLUT4	 detected	 in	 primary	 human	 skeletal	 muscle	 cells	 in	 conjunction	 with	 similar	
increase	at	basal	and	insulin-stimulated	glucose	uptake	upon	MED13	knockdown	support	the	role	of	
GLUT1	in	this	system.	After	being	transported	into	the	cell,	glucose	is	phosphorylated	to	glucose-6-
phosphate	 and	 can	 then	 be	 oxidized	 or	 stored	 as	 glycogen.	 Silencing	 of	MED13	 has	 no	 effect	 on	
glucose	 oxidation,	 suggesting	 that	 glycogen	 storage	 might	 be	 increased	 rather	 than	 oxidation.	
Glycogen	storage	is	increased	in	skeletal	muscle	of	MED13-mKO	mice	after	12	weeks	of	high-fat	diet	
supporting	 a	 role	 for	 MED13	 in	 controlling	 glycogen	 synthesis	 (Amoasii,	 Holland	 et	 al.,	 2016).	
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Glycogen	synthesis	was	not	measured	in	the	current	study,	and	should	be	investigated	to	determine	
the	fate	of	glucose	after	its	transport	inside	the	cell.		

Skeletal	muscle	has	the	ability	to	switch	between	glucose	and	fatty	acid	as	fuel	source	(Galgani,	Moro	
et	 al.,	 2008).	 Silencing	of	MED13	 increases	 the	 expression	of	 the	 fatty	 acid	 transporters	 CD36	 and	
FABP3	 suggesting	 that	 MED13	 knockdown	 increases	 the	 transport	 of	 fatty	 acids	 inside	 the	 cell.	
Oxidation	of	fatty	acid	is	reduced	upon	silencing	of	MED13.	These	results	suggest	that	fatty	acids	are	
probably	 not	 directly	 used	 for	 energy	 production	 but	 might	 instead	 be	 stored.	 Our	 findings	 are	
consistent	 with	 evidence	 of	 lipid	 accumulation	 upon	 MED13	 loss	 of	 function	 both	 in	 Drosophila	
muscles	 (Lee	 et	 al.,	 2014)	 and	 mice	 cardiomyocytes	 (Grueter,	 van	 Rooij	 et	 al.,	 2012).	 In	 fact,	 a	
knockdown	of	MED13	in	Drosophila	muscle	leads	to	increased	fat	body	mass	and	lipid	accumulation	
in	 adult	 flies.	 The	 results	 from	 this	 study	 suggested	 that	 a	 loss	 of	 function	 of	 MED13	 increases	
susceptibility	 for	obesity	by	altering	 the	 lipid	metabolism.	 In	 contrast,	overexpression	of	MED13	 in	
mice	 cardiomyocytes	 leads	 to	 an	 increase	 in	 lipid	 uptake	 and	metabolism	 in	white	 adipose	 tissue,	
therefore	 resulting	 in	 a	 leaner	 phenotype	 than	 wild-type	 mice	 (Baskin	 et	 al.,	 2014).	 Therefore,	
MED13	 regulates	 lipid	 metabolism	 in	 skeletal	 muscle	 and	 further	 experiments	 are	 needed	 to	
understand	the	mechanisms	governing	these	effects.	

Fatty	 acid	 oxidation	 in	 skeletal	 muscle	 is	 regulated	 by	 various	 molecular	 signals,	 including	 AMPK	
(Watt	et	al.,	2012).	Silencing	of	MED13	increases	AMPK	phosphorylation,	indicating	an	activation	of	
the	enzyme.	Acutely,	AMPK	is	known	to	promote	fatty	acid	oxidation	(Thomson	et	al.,	2009),	but	this	
effect	 was	 not	 observed	 in	 this	 study.	 As	 chronic	 activation	 of	 AMPK	 enhances	 hepatic	 de	 novo	
lipogenesis	 in	mice	 (Yavari	 et	 al.,	 2016),	 silencing	of	MED13	 in	 this	 study	 is	most	 likely	 to	mimic	 a	
chronic	activation	of	AMPK	rather	 than	acute.	This	 is	confirmed	by	 increased	expression	 in	PGC1-α	
following	 silencing	of	MED13.	 Long-term	activation	of	AMPK	 increases	PGC1-α	expression	and	also	
can	promote	glycogen	storage	(Jeon,	2016)	which	is	in	line	with	our	data.	Mitochondrial	respiration	is	
significantly	increase	by	MED13	silencing	at	baseline	and	maximal	capacity	following	FCCP	addition.	
The	addition	of	oligomycin	inhibits	production	of	ATP	(Chen	et	al.,	2017),	therefore	the	OCR	reported	
during	 this	 time	 represents	 the	 proton	 leakage	 from	 the	 mitochondria.	 The	 difference	 between	
MED13	 silencing	 and	 control	 cells	 is	 still	 noticed,	 suggesting	 that	 MED13	 silencing	 increases	 ATP	
production.	Since	there	is	a	relevant	decrease	in	OCR	both	in	control	and	MED13	silencing	cells,	there	
is	 no	 evidence	 suggesting	 that	 MED13	 might	 lead	 to	 mitochondrial	 dysfunction.	 Conclusively,	
mitochondrial	function	in	human	skeletal	muscle	cells	appears	to	be	increased	with	the	silencing	of	
MED13.	 The	 reason	 for	 the	 increase	 might	 be	 that	 these	 cells	 have	 an	 increased	 number	 of	
mitochondria,	which	in	turn	consume	more	oxygen	and	produce	more	ATP.	 Increased	expression	of	
both	PGC1-α	and	Cpt1b	support	the	idea	that	the	number	mitochondria	is	increased	upon	silencing	
of	 MED13.	 In	 fact,	 PGC1-α	 is	 a	 transcription	 factor	 known	 to	 stimulate	 mitochondrial	 biogenesis	
(Liang	et	al.,	2006)	while	CPT1b	encodes	for	an	enzyme	responsible	for	the	fatty	acid	transport	into	
mitochondria	(Jornayvaz	et	al.,	2010).		

In	conclusion,	MED13	expression	is	 increased	in	response	to	an	oral	glucose	load	in	human	skeletal	
muscle.	 Loss	of	 function	 in	human	primary	 skeletal	muscle	 cells	 reveals	 that	MED13	alters	 glucose	
and	lipid	metabolism,	and	increases	mitochondrial	function	by	regulating	AMPK	and	PGC1-α.	MED13	
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might	therefore	contribute	to	skeletal	muscle	adaptations	to	nutritional	status,	although	more	work	
is	required	to	uncover	the	molecular	actors	involved.	

A	 new	MED13-associated	 neurodevelopmental	 disease	was	 characterized	 in	 13	 patients.	Missense	
mutations,	 in-frame	deletions	or	 loss-of-function	mutations	were	 among	 the	 genetic	modifications	
causing	 MED13	 protein	 alteration.	 Although	 further	 studies	 are	 needed	 to	 understand	 the	
mechanism	of	disease	development,	this	finding	shows	that	MED13	protein	not	only	has	a	function	in	
whole-body	metabolism	but	also	in	development	and	intellectual	ability	(Snijders	Blok	et	al.,	2018).	
Although	in	the	current	report	we	suggest	that	silencing	of	MED13	leads	to	an	increased	metabolic	
function,	it	must	be	taken	into	consideration	that	both	the	complete	loss	of	function	of	this	protein	
and	 missense	 mutations	 were	 found	 to	 cause	 severe	 developmental	 impairment.	 This	 evidence	
opens	a	new	window	to	the	potential	function	of	MED13	and	suggests	that	more	studies	are	needed	
to	uncover	the	mechanisms	behind	its	activity.		

Future	perspectives	

Further	 elucidations	 are	 needed	 to	 comprehensively	 understand	 the	 function	 of	MED13	 in	 human	
skeletal	muscle.	 In	 order	 to	 determine	 the	 exact	 utilization	 of	 glucose	 and	 fatty	 acid	 entering	 the	
cells,	glycogen	synthesis	and	storage	of	triglycerides	measurement	should	provide	an	insight	into	the	
substrates	function	 inside	the	cell	and	therefore	the	metabolic	health	of	the	cells	 following	MED13	
loss	of	function.		

As	oxygen	consumption	rate	by	mitochondria	was	determined	only	in	four	subjects	at	least	two	other	
subjects	are	needed	in	order	to	have	a	more	robust	number	of	replicates	and	confirm	the	preliminary	
data.	 Moreover,	 estimating	 mitochondria	 abundance,	 for	 example	 by	 measuring	 the	 activity	 of	
Citrate	 Synthase	 or	 complexes	 of	 the	mitochondrial	 electron	 transport	 chain,	 or	 by	measuring	 the	
mitochondrial	DNA	or	would	 indicate	 if	MED13	 impacts	mitochondrial	 biogenesis	 or	mitochondrial	
function	per	se.		

Oxidation	of	other	types	of	fatty	acids	would	help	understanding	the	precise	effect	of	MED13	on	fatty	
acid	 metabolism.	 Palmitate,	 a	 saturated	 long-chain	 fatty	 acid,	 was	 used	 as	 substrate	 to	 measure	
oxidation	in	this	study.	Fatty	acids	depending	on	their	chain	length	and	degree	of	saturation	undergo	
different	cellular	metabolism	and	release	different	intracellular	signals.	Therefore	it	 is	of	 interest	to	
determine	 if	MED13	impacts	differently	the	utilization	of	fatty	acids	such	as	oleate,	an	unsaturated	
long-chain	fatty	acid,	or	butyric	acid,	a	short-chain	fatty	acid.		

Lastly,	mRNA	expression	and	protein	abundance	of	downstream	and	upstream	regulators	of	AMPK	
should	 be	 measured,	 in	 order	 to	 understand	 the	 pathway	 responsible	 for	 AMPK	 activation	 and	
action.		
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Ethical	aspects	and	impact	of	research	on	the	society		

Skeletal	muscle	 biopsies	were	 obtained	with	 informed	 consent	 from	all	 participants	 in	 accordance	
with	 the	Declaration	 of	Helsinki	 and	 the	 study	 protocol	was	 approved	 by	 the	 ethics	 committee	 at	
Karolinska	Institutet.		

Obesity	has	become	a	fast	growing	worldwide	problem.	In	2016,	the	prevalence	of	obesity	in	Sweden	
was	15%.	Obesity	and	also	overweight	are	major	risks	factors	for	several	chronic	diseases	 including	
diabetes,	cardiovascular	diseases	and	cancer.	The	 fundamental	event	behind	obesity	 is	 that	energy	
intake	sustainably	exceeds	the	requirements	of	energy	expenditure.	As	skeletal	muscle	is	one	of	the	
major	 energy	 consumers	 of	 the	 body,	 it	 is	 important	 to	 focus	 on	 that	 tissue	 in	 order	 to	 better	
understand	the	mechanisms	contributing	to	the	pathogenesis	of	metabolic	disorders.	By	determining	
the	physiological	mechanisms	involved	in	response	to	nutrients,	new	molecules	that	control	glucose	
metabolism	 can	 be	 identified.	 Data	 from	 the	 OGTT	 experiments	 showed	 no	 difference	 in	 the	
expression	of	MED13	between	normal	patients	and	type	2	diabetes	patients	(Unpublished	data	from	
the	 Department	 of	 Integrative	 Physiology,	 Karolinska	 Institutet).	 This	 finding	 suggest	 that	 MED13	
pathway	 is	 not	 dysregulated	 in	 the	 diseased	 state	 of	 type	 2	 diabetes.	 Therefore,	 since	 MED13	
silencing	 induced	 an	 increase	 in	 glucose	 uptake	 and	 mitochondrial	 function,	 the	 development	 of	
pharmacological	 interventions	 aimed	 to	 decrease	 MED13	 function	 specifically	 in	 skeletal	 muscle	
might	help	patients	with	type	2	diabetes	to	enhance	glucose	homeostasis	and	metabolic	flexibility.		
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