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T h e	 a s s o c i a t i o n s	 o f 	 9 1	
established	 obesity-predisposing	
loci	 with	 weight	 loss	 across	 4	
years	 and	 with	 weight	 regain	
across	years	2–4	after	a	minimum	
of	3%	weight	loss	were	tested.	

Intensive	 lifestyle	 intervention	
(primarily	 fat	 gram,	 calorie,	
and	 physical	 activity	 goals)	
aimed	at	 ;7%	weight	 loss.	The	
intensive	 lifestyle	 intervention	
included	16	 individual	sessions	
within	 the	 first	 6	months	with	
in-person	 or	 phone	 follow-up	
at	least	monthly	thereafter.	





The	intronic	rs1885988	variant	(at	MTIF3	
modified	weight-loss	response	to	lifestyle	

intervention.	The	effect	within	the	combined	
interventions	reached	statistical	significance	in	
year	3.	Each	copy	of	the	minor	G	allele	was	

associated	with	a	mean	-1.14	kg	lower	weight	in	
the	lifestyle	arm	versus	a	mean	0.33	kg	higher	

weight	in	the	comparison	

Hence,	the	mean	differences	in	year-3	weight	
change	between	the	lifestyle	intervention	and	
comparison	arms	were	estimated	at	-1.48	kg	

between	AA	homozygotes	and	AG		
heterozygotes,	and	-2.96	kg	between	AA	and	GG	

homozygotes.	



MTIF3	encodes	a	29-kDa	nuclear-encoded	protein	that	
promotes	the	formation	of	the	initiation	complex	on	the	
mitochondrial	55S	ribosome.	The	mitochondrial	ribosome	is	
responsible	for	the	synthesis	of	13	of	the	inner	mitochondrial	
membrane	proteins	and	its	regulation	is	essential	for	ATP	
synthesis,	energy	balance,	and	modulation	of	reactive	oxygen	
species	production	in	the	mitochondria	by	the	electron	
transport	chain	

Here,	the	minor	G	allele	was	associated	with	lifestyle	
elicited	weight	loss	in	both	trials	and	with	weight	
regain	in	the	DPP	but	not	Look	AHEAD.	The	minor	G	
allele	has	previously	been	associated	with	higher	BMI	

In	conclusion,	they	assessed	the	effects	on	weight	
change	of	91	established	BMI-associated	loci	in	two	
large	RCTs	of	intensive	lifestyle	modification.	
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q  Neuropeptide	Y	(NPY)	is	a	36-amino	acid	neuropeptide	that	
acts	as	a	neurotransmitter	in	the	brain	and	in	the	
autonomic	nervous	system	of	humans.	

q  In	the	autonomic	system	it	is	produced	mainly	by	neurons	of	
the	sympathetic	nervous	system	and	serves	as	a	strong	
vasoconstrictor	and	also	causes	growth	of	fat	tissue.	

q  In	the	brain,	it	is	produced	in	various	locations	including	the	
hypothalamus,	and	is	thought	to	have	several	functions,	
including:	increasing	food	intake	and	storage	of	energy	as	fat,	
reducing	anxiety	and	stress,	reducing	pain	perception,	
affecting	the	circadian	rhythm,	reducing	voluntary	alcohol	
intake,	lowering	blood	pressure,	and	controlling	epileptic	
seizures.	

q  A	functional	polymorphism	in	the	promoter	region	of	NPY,	
rs16147(C-399T),	was	found	to	show	allele-specific	effects	on	
NPY	gene	expression	and	NPY	peptide	concentrations	



NPY	regulates	the	white	adipose	tissue	(WAT)	metabolism	via	the	nerve	endings	
housed	in	WAT;	adipokines,	secreted	by	WAT,	then	exert	as	a	sensory	input	and	
inform	the	brain	of	body	fat	levels	



Ιn	this	study,	they	aimed	to	investigate	whether	the	
rs16147	genotypes	modulated	the	effects	of	weight	
loss	diets	varying	in	macronutrients	on	changes	of	
waist	circumference	and	abdominal	fat	distribution	
in	a	2-y	diet	intervention	study,	the	Preventing	
Overweight	Using	Novel	Dietary	Strategies	(POUNDS	
LOST)	trial.	



The	POUNDS	LOST	trial		

q  is	a	2-y	randomized	clinical	trial	to	
compare	the	effects	on	body	weight	of	
energy-reduced	diets	with	different	

dietary	intakes	of	macronutrients		
q  In	total,	811	overweight	adults	were	

randomly	assigned	to	one	of	the	4	diets	
with	targeted	percentages	of	energy	
derived	from	fat,	protein,	and	
carbohydrates	
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The	energy	deficit	was	750	kcal	from	baseline,	and	
low	glycemic	index	food	was	used	for	the	diets.	



There	was	no	statistically	significant	difference	in	baseline	BMI,	WC,	and	abdominal	
adiposity	distribution	across	the	genotypes,	after	adjusting	for	age,	sex,	and	ethnicity	



The	C	allele	of	rs16147	was	associated	with	a	statistically	significantly	greater	reduction	in	WC	
in	all	the	participants	at	6	months	



They	found	a	statistically	significant	interaction	
between	the	NPY	genotype	and	dietary	fat	on	
WC:	the	genotype	effects	were	stronger	in	the	
high-fat	diet	group	than	in	the	low-fat	diet	group	
at	6	mo	(P-interaction	=	0.01).	Within	the	high-
fat	group,	the	T	allele	was	statistically	
significantly	associated	with	smaller	loss	in	WC.	

At	24	mo,	T	allele	carriers	in	the	high-fat	group	
were	prone	to	regain	abdominal	fat.	





The	aim	of	this	study	was	to	assess	the	effect	of	a	weight	loss	
treatment	on	obesity-associated	variables	with	respect	to	the	
CLOCK	and	FTO	genotypes.	



Weight	loss	program	

20%	less	energy	than	the	
baseline	daily	energy	intake	
(determined	using	a	3-d	
food	and	drink	record	
provided	by	each	

participant	at	the	beginning	
of	the	intervention).		

The	diets	were	designed	to	
have	50%	to	53%	

carbohydrates,	21%	to	23%	
proteins,	and	24%	to	29%	

fat.		

The	weight	loss	program	
was	followed	for	12	wk,	
with	dietary	counseling		



The	 changes	 in	 reported	 dietary	 intake	 (total	
energy,	fat,	protein,	and	carbohydrate)	at	the	end	of	
the	study	(P	<	0.05)	confirmed	that	the	participants	
had	adhered	to	the	regimen	imposed.	No	significant	
changes	 were	 seen	 in	 terms	 of	 the	 amount	 of	
physical	activity	undertaken.	













Conclusions	
Possession	of	CLOCK	rs3749474	may	influence	the	effect	

of	reducing	the	percentage	intake	of	dietary	fat	on	
obesity	associated	variables.	Participants	carrying	this	
SNP	(TT	þ	CT;	53%	of	the	studied	population)	may	

benefit	more	fully	from	dietary	fat	restriction	as	a	weight	
loss	treatment.		

Neither	the	interaction	genotype		change	in	the	
percentage	intake	of	carbohydrate	nor	the	genotype		
change	in	the	percentage	intake	of	energy	had	any	
effect	on	the	obesity-associated	variables	measured.		

This	effect	was	not	observed	in	FTO	gene	
polymorphisms	studied	
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Abstract
Purpose The interindividual variable response to weight-loss treatments requires the search for new predictive biomarkers 
for improving the success of weight-loss programs. The aim of this study is to identify novel genes that distinguish individual 
responses to a weight-loss dietary treatment by using the integrative analysis of mRNA expression and DNA methylation 
arrays.
Methods Subjects from Metabolic Syndrome Reduction in Navarra (RESMENA) project were classified as low (LR) or high 
(HR) responders depending on their weight loss. Transcriptomic (n = 24) and epigenomic (n = 47) patterns were determined 
by array-based genome-wide technologies in human white blood cells at the baseline of the treatment period. CD44 expres-
sion was validated by qRT-PCR and methylation degree of CpGs of the gene was validated by MassARRAY ® EpiTYPER™ 
in a subsample of 47 subjects. CD44 protein levels were measured by ELISA in human plasma.
Results Different expression and DNA methylation profiles were identified in LR in comparison to HR. The integrative 
analysis of both array data identified four genes: CD44, ITPR1, MTSS1 and FBXW5 that were differently methylated and 
expressed between groups. CD44 showed higher expression and lower DNA methylation levels in LR than in HR. Although 
differences in CD44 protein levels between LR and HR were not statistically significant, a positive association was observed 
between CD44 mRNA expression and protein levels.
Conclusions In summary, the combination of a genome-wide methylation and expression array dataset can be a useful 
strategy to identify novel genes that might be considered as predictors of the dietary response. CD44 gene transcription and 
methylation may be a possible candidate biomarker for weight-loss prediction.

Keywords mRNA · Methylation · Weight loss · Obesity · Metabolic syndrome

Introduction

Metabolic syndrome (MetS) encompasses a group of mani-
festations, such as obesity, insulin resistance and abnormal 
lipid profile, that are associated to quality of life and longev-
ity [1]. Indeed, MetS is the consequence of a combination 
of genetic, epigenetic, environmental, and lifestyle factors 
including inactivity or unbalanced diets. One of the main 
strategies for managing MetS features are dietary and life-
style programs [2]. Given that most MetS subjects are over-
weight or obese, dietary strategies are focused on weight 
reduction and include energy restriction and changes in 
macronutrient distribution, which subsequently may improve 
lipid profile and serum glucose concentrations [3]. Neverthe-
less, many factors influence the effectiveness of low-calorie 
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diets for body weight loss, and patients could be more or less 
sensitive to these treatments. Therefore, it is mandatory to 
improve the success of weight-loss strategies, being neces-
sary to deepen into the knowledge of all the factors involved 
in the metabolic processes in order to implement more per-
sonalized health care programs. In this context, genetic and 
epigenetic markers have been suggested as promising tools 
for diagnosis, prognosis, monitoring, and management of 
metabolic diseases [4].

In order to explain the inter-individual variability of the 
metabolic response to specific diets, several association stud-
ies have been carried out to identify those genetic variants 
that may be implicated in the process (reviewed in [5]). In 
this sense, a number of genes have been identified as impor-
tant players in the heterogeneous response to diet [6– 8]. 
For example, the metabolic response to different weight-
loss diets has been associated to specific genetic variants 
located in obesity (FTO and NPY) or MetS (IRS1)-related 
genes [9, 10]. On the other hand, several dietary factors, 
such as methyl donors or polyphenols, can induce changes in 
the epigenetic marks [11, 12]. The epigenetic mechanisms, 
including DNA methylation, contribute to regulate gene 
expression [13]. Thus, epigenetics could represent a mecha-
nistic link in the diet-gene interaction, since specific nutri-
ents or bioactive compounds may modify gene expression 
via epigenetic mechanisms [14– 16]. In this context, research 
concerning personal genome, epigenome and transcriptome 
may be useful to identify new potential biomarkers that pre-
dict the inter-individual response to specific dietary treat-
ment. For example, the study of the transcriptomic profile 
from adipose tissue of obese and overweight individuals dur-
ing a low-calorie diet identified predictors of body weight 
and glycemic evolution [17]. In the last years, genome-wide 
array technologies (GWAS and EWAS) have facilitated the 
discovery of gene alterations influencing the success of 
weight-loss dietary treatments, and are describing novel 
candidates for explaining successful weight reduction [18]. 
In this context, the present study aimed to evaluate white 
blood cell transcriptome and methylome before an energy-
restricted diet, and to identify novel genes that are able to 
distinguish individual’s responses by using the integrative 
analysis of mRNA expression and DNA methylation arrays.

Methods

Study design

The RESMENA study (“REducción del Síndrome Meta-
bólico en Navarra”) is a Spanish, randomized controlled and 
longitudinal trial (NCT01087086) over a 6-month period 
that aimed to improve the parameters related with the MetS, 
including body fat composition, biochemistry, inflammation, 

or oxidative stress. The volunteers were recruited from Nav-
arra Hospital, “Clínica Universidad de Navarra” and other 
Navarrese primary care centres. The volunteers who pre-
sented difficulties for changing dietary habits, psychologi-
cal or eating disorders, weight instability the last 3 months 
before the study, pharmacological treatment, metabolism 
of energy- or nutrients-related chronic diseases, and food 
allergies or intolerances were excluded from the study. The 
volunteers were randomly ascribed to one of the two fol-
lowing groups: the control diet was based on the American 
Heart Association (AHA) criteria and the RESMENA diet 
was characterized by a higher meal frequency and a different 
macronutrient distribution (40% carbohydrates, 30% lipids 
and 30% proteins). The prescribed diets had the same energy 
restriction (− 30% of the studied requirements). The study 
design has been explained in detail previously [19].

Participants

For all the analyses performed in this research, both con-
trol and RESMENA group were mixed together as a unique 
observational cohort group, as both diets were equally 
successful for weight loss. Subjects were classified in two 
groups depending on their weight loss at the end of the treat-
ment: low responders (LR) when the weight loss was < 8% 
of the initial weight, and high responders (HR) when the 
volunteers lost > 8% of initial weight. The investigation was 
carried out in three subsamples from RESMENA project. (1) 
Discovery Population for Expression (DPE): the expression 
array approach of the study was performed in a subsam-
ple of 24 subjects (LR, n = 14; HR, n = 10); (2) Discovery 
Population for Methylation (DPM): for the methylation array 
a subsample of 47 subjects (LR, n = 31; HR, n = 16) was 
selected; and (iii) Validation Population (VP): the subse-
quent validation of selected gene from both arrays was con-
ducted in a subsample of 47 volunteers, which contained 26 
LR and 21 HR.

Ethics

The study was approved by the Research Ethics Commit-
tee of the University of Navarra (ref. 065/2009). All the 
participants gave written informed consent for participa-
tion in agreement with the Declaration of Helsinki (http://
www.clini caltr ials.gov; NTC01087086). The design of this 
study followed the CONSORT (CONsolidated Standards Of 
Reporting Trials) 2010 guidelines [20].

Anthropometric and biochemical measurements

Anthropometric measurements were taken in fasting con-
ditions. Body weight was measured to the nearest 0.1 kg 
with bioelectric impedance (TANITA SC-330, Tanita 



The	 RESMENA	 study	 (“REducción	 del	 Síndrome	 Meta-	
bólico	en	Navarra”)	is	a	Spanish,	randomized	controlled	and	
longitudinal	trial	(NCT01087086)	over	a	6-month	period	that	
aimed	to	improve	the	parameters	related	with	the	MetS		
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Figure 3. Flow diagram of participants during the study (a) and ratio RESMENA/control 
of energy and specific dietary components of the scheduled diet (b). Abbreviations: MetS, 
metabolic syndrome; IDF, International Diabetes Association; MF, meal frequency; TCV, 
total caloric value; CH, carbohydrates; EPA, eicosapentaenoic acid; DHA, docosahexaenoic 
acid; GL, glycemic load; TAC, total antioxidant capacity. Symbols: *** p < 0.001 
differences between control and RESMENA scheduled diets; N.A, not applicable. 
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3.2. Study Protocol 

The study was designed as a randomized, controlled trial to compare the effects of two dietary 
strategies (Figure 3b) on improving body composition, biochemical and oxidative stress parameters in 
a MetS population with hyperglycemia. Participants were randomly assigned to the control or the 
experimental diet (control and RESMENA groups, respectively). The study lasted a total of six months 
implemented in two sequential stages: an initial 8-week nutritional learning intervention period, during 
which the study participants received nutritional assessment every fifteen days, and a follow-up  
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4-month self-control period, in which they applied on their own the previously acquired nutritional 
habits. The CONSORT 2010 guidelines [57] were followed by taking into account the design of the 
present study as two-groups longitudinal intervention, except for blinding.  

Participants were asked to maintain their normal physical activity during the study, which was 
checked by a 24-h physical activity questionnaire [58] at the beginning and at the end of the study. For 
assessing physical activity, all participants were asked about their occupation, sleeping hours and 
additional activities at work and during the rest of the day. The physical activity questionnaire included 
representative values expressed as multiples of Resting Energy Expenditure. Average daily physical 
activity level was calculated taking into account the intensity and time spent on each activity. 
Activities were divided in 5 categories (resting, very light, light, moderate and heavy) [58]. 

At baseline and at the end point of the 6-month study, trained nutritionists performed 
anthropometrical measurements and body composition analyses by Dual-energy X-ray Absorptiometry 
(DXA) following validated protocols [19]. Moreover, fasting blood samples for biochemical analyses 
were collected. 

3.3. Diets 

Two energy-restricted diets (−30% energy of the studied requirements) were prescribed and 
compared (Figure 3b). Thus, the control diet was based on the AHA guidelines [59], including 3–5 
meals per day, a macronutrient distribution of 55% total caloric value (TCV) from carbohydrates, 15% 
proteins and 30% lipids, a healthy fatty acids (FA) profile and a cholesterol consumption lower than 
300 mg/day. The RESMENA diet was characterized by a higher meal frequency, consisting of seven 
meals per day and by a different macronutrient distribution, 40% TCV from carbohydrates, 30% 
proteins and 30% lipids [19]. Furthermore, this pattern tried to reinforce the high n-3 polyunsaturated 
FA (n-3 PUFAs) and high natural antioxidant foods consumption and promoted low GL carbohydrates 
intake. It also maintained a healthy FA profile and a cholesterol content of less than 300 mg/day as the 
control diet.  

RESMENA participants were prescribed a 7-day menu plan, while in the control group, a 
previously described [60] food exchange system plan was provided to volunteers. A 48-hour weighed 
food record was collected at the beginning and at the end of both the nutritional-learning and the 
autonomous periods, in order to assess the volunteer’s adherence to the prescribed nutritional patterns. 
The designed diets composition, as well as the different dietary records, were analyzed by the DIAL 
software (Alce Ingenieria, Madrid, Spain) [61]. The sum of eicosapentaenoic and docosahexaenoic 
fatty acid (EPA+DHA) obtained by the DIAL program [61] was used to estimate n-3 PUFAs 
consumption. TAC was calculated using the validated data, considering raw or cooked preparations [62]. 
Finally, the GL was obtained from the international updated website database based in the Human 
Nutrition Unit, School of Molecular Biosciences from the University of Sydney [63]. 

3.4. Clinical and Biochemical Assessments 

Anthropometric measurements were performed in fasting conditions, as previously described [64]. 
Body weight was assessed to the nearest 0.1 kg by using a bioimpedance (TANITA SC-330, Tanita, 
Corporation, Tokyo, Japan). BMI was calculated as the body weight divided by the squared height 



The	volunteers	were	randomly	ascribed	to	one	of	the	two	following	
groups:	the	control	diet	was	based	on	the	American	Heart	

Association	(AHA)	criteria	and	the	RESMENA	diet	was	characterized	
by	a	higher	meal	frequency	and	a	different	macronutrient	

distribution	(40%	carbohydrates,	30%	lipids	and	30%	proteins).	The	
prescribed	diets	had	the	same	energy	restriction	(−	30%	of	the	

studied	requirements).		
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2.4. Dietary Records 

The dietary records at the end of the study showed that the designed differences between the two 

dietary patterns composition were met, although no statistically significant differences were found for 

fiber, GL or EPA + DHA (Table 4). This outcome could be explained by the fact that the dietary 

records analyzed in this study were collected at the endpoint, once volunteers had completed four 

months of autonomy and after the six months that lasted the study. Therefore, volunteers may not 

complete them with the thoroughness required or might not followed the diet as strictly as at the 

beginning of the study. However, it was achieved that the RESMENA individuals had a higher meal 

frequency (p < 0.001), protein (p = 0.001) and TAC (p = 0.031) intake than the control group ones. 

Furthermore, the fruit consumption was also higher in the RESMENA group (p = 0.049). Moreover, 

both groups declared to consume the same amount of energy (Table 4), as designed. In the RESMENA 

group, a higher number of drop-outs than in the control group appeared, which may be a limitation of 

the study, although the difference was not statistically significant (p > 0.10). 

Table 4. Comparison of control and RESMENA dietary records at the endpoint. 

 Control  RESMENA p 
Energy (kcal/day) 1513 ± 54 1569 ± 77 0.542 

Meal Frequency (meals/day) 4.3 ± 0.2 5.8 ± 0.2 <0.001 

Proteins (% TCV/day) 16.9 ± 0.4 20.4 ± 0.9 0.001 

Lipids (% TCV/day) 40.8 ± 1.5 37.7 ± 1.0 0.108 

CHO (% TCV/day) 37.1 ± 1.5 36.9 ± 1.1 0.940 

Fiber (% TCHO/day) 11.4 ± 0.8 12.0 ± 0.6 0.573 

GL (U/day) 73.4 ± 5.9 70.0 ± 5.5 0.682 

EPA+DHA (g/day) 0.30 ± 0.08 0.39 ± 0.17  0.617 

TAC (mmol/day) 6.1 ± 0.6 8.5 ± 0.9 0.031 

Fruits (kcal/day) 117 ± 21 185 ± 27 0.049 

Abbreviations: TCV, total caloric value; CHO, carbohydrates (without fiber); TCHO, total carbohydrates 

(included fiber); GL, glycemic load; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; TAC, total 

antioxidant capacity. 

3. Experimental Section  

3.1. Subjects  

A subsample of 79 hyperglycemic adults diagnosed of MetS according to the IDF criteria [56] were 

selected from the 109 volunteers with Mets symptoms enrolled to participate in the RESMENA-S 

project. During the 6-month-study, 21 volunteers dropped out. Therefore, 58 individuals of the 

subsample completed the study and were included in the final statistical analysis (Figure 3a).  

This study was conducted according to the guidelines laid down in the Declaration of Helsinki, and 

all procedures involving human subjects were approved by the Ethics Committee of the University of 

Navarra (065/2009). Written informed consent to participate in the intervention trial [20] was obtained 

from all subjects.  

Vol.:(0123456789)1 3

European Journal of Nutrition 
https://doi.org/10.1007/s00394-018-1750-x

ORIGINAL CONTRIBUTION

An integrated transcriptomic and epigenomic analysis identifies 
CD44 gene as a potential biomarker for weight loss within an energy-
restricted program

Mirian Samblas1  · Maria Luisa Mansego1,2  · Maria Angeles Zulet1,2,3  · Fermín I. Milagro1,2  · 
J. Alfredo Martinez1,2,3 

Received: 9 January 2018 / Accepted: 11 June 2018 
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Purpose The interindividual variable response to weight-loss treatments requires the search for new predictive biomarkers 
for improving the success of weight-loss programs. The aim of this study is to identify novel genes that distinguish individual 
responses to a weight-loss dietary treatment by using the integrative analysis of mRNA expression and DNA methylation 
arrays.
Methods Subjects from Metabolic Syndrome Reduction in Navarra (RESMENA) project were classified as low (LR) or high 
(HR) responders depending on their weight loss. Transcriptomic (n = 24) and epigenomic (n = 47) patterns were determined 
by array-based genome-wide technologies in human white blood cells at the baseline of the treatment period. CD44 expres-
sion was validated by qRT-PCR and methylation degree of CpGs of the gene was validated by MassARRAY ® EpiTYPER™ 
in a subsample of 47 subjects. CD44 protein levels were measured by ELISA in human plasma.
Results Different expression and DNA methylation profiles were identified in LR in comparison to HR. The integrative 
analysis of both array data identified four genes: CD44, ITPR1, MTSS1 and FBXW5 that were differently methylated and 
expressed between groups. CD44 showed higher expression and lower DNA methylation levels in LR than in HR. Although 
differences in CD44 protein levels between LR and HR were not statistically significant, a positive association was observed 
between CD44 mRNA expression and protein levels.
Conclusions In summary, the combination of a genome-wide methylation and expression array dataset can be a useful 
strategy to identify novel genes that might be considered as predictors of the dietary response. CD44 gene transcription and 
methylation may be a possible candidate biomarker for weight-loss prediction.

Keywords mRNA · Methylation · Weight loss · Obesity · Metabolic syndrome

Introduction

Metabolic syndrome (MetS) encompasses a group of mani-
festations, such as obesity, insulin resistance and abnormal 
lipid profile, that are associated to quality of life and longev-
ity [1]. Indeed, MetS is the consequence of a combination 
of genetic, epigenetic, environmental, and lifestyle factors 
including inactivity or unbalanced diets. One of the main 
strategies for managing MetS features are dietary and life-
style programs [2]. Given that most MetS subjects are over-
weight or obese, dietary strategies are focused on weight 
reduction and include energy restriction and changes in 
macronutrient distribution, which subsequently may improve 
lipid profile and serum glucose concentrations [3]. Neverthe-
less, many factors influence the effectiveness of low-calorie 
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Subjects	 were	 classified	 in	
two	 groups	 depending	 on	
their	weight	loss	at	the	end	of	
t h e 	 t r e a t m e n t : 	 l o w	
responders	 (LR)	 when	 the	
weight	 loss	 was	 <	 8%	 of	 the	
initial	 weight,	 and	 high	
responders	 (HR)	 when	 the	
volunteers	 lost	>	8%	of	 initial	
weight.		
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VP, the HR lost 9.5 ± 2.0% whereas LR lost only 5.7 ± 2.1% 
of body weight (p < 0.001).

Changes in WBC gene expression and methylation 
patterns between LR and HR subjects 
and integrated analysis of the data

A subset of 24 subjects (14 LR and 10 HR subjects) with 
available RNA and 47 individuals (31 LR and 16 HR) DNA 
of high quality and clinically representative of both groups 
was selected for array studies. The applied workflow is 
described in Fig. 1. For the microarray analysis, a total of 
908 genes were differentially expressed between both groups 
with a FDR < 0.05. Among these, 156 transcripts presented a 
logFC ± 0.58 and a B ≥ 0, twenty of which were down-regu-
lated in LR and up-regulated in HR and 136 up-regulated in 
LR and down-regulated in HR (Online Resource 1).

From the genome-wide DNA methylation study, a total of 
2102 CpGs in 1785 genes differentially methylated between 
LR and HR, after the adjustment for age, gender and base-
line weight, with an absolute methylation variation above 
5% and raw p value < 0.05 were identify. Nine hundred and 
fifty-two CpGs were hypomethylated and 1150 hypermeth-
ylated in the LR group compared to the HR group (Online 
Resource 2). However, none of these CpGs remained statisti-
cally significant after a Benjamini–Hochberg correction for 
multiple comparisons.

Since DNA methylation may regulate gene expression, 
it was tested whether the identified diet response-associ-
ated CpGs methylation changes correlated with expres-
sion of respective annotated genes. According to the data 
obtained from the mRNA expression and DNA methylation 
array, there were four genes differentially methylated and 
expressed between LR and HR (Fig. 2). Among them, three 
genes were up-regulated and hypomethylated in LR (CD44, 
ITPR1 and MTSS1) and one gene (FBXW5) was down-reg-
ulated and hypomethylated in LR (Table 2).

Functions of genes in obesity, weight loss 
and inflammation

To further understand the biological relevance of the identi-
fied genes, a literature search was performed to investigate 
the potential involvement of CD44, ITPR1, MTSS1 and 
FBXW5 in obesity, MetS, and inflammation and also as bio-
marker. The literature search was carried out using each gene 
name and the following terms; obesity, insulin resistance, 
inflammation, weight loss or biomarker (neither cancer nor 
tumour). The results showed that CD44 had been described 
in 2,998 studies associated with obesity, MetS or inflamma-
tion, and also as biomarker. In contrast, MTSS1 and ITPR1 
only appeared in 3 and 33 studies, respectively. No results 
were found concerning the FBXW5 gene.

Validation of expression and methylation changes 
of CD44 in human WBC

Due to the biological relevance of CD44 gene in obesity, 
weight loss and inflammation, this gene was selected to vali-
date the expression and methylation changes found between 
LR and HR in arrays analysis. qRT-PCR and MassARRAY 
® EpiTYPER™ were used to technically validate and bio-
logically replicate the results obtained in CD44 gene. The 
expression validation was performed on WBC from 24 of 
the subjects in the original microarray analysis, and a sig-
nificant correlation was obtained between qRT-PCR and 
microarray expression data (R = 0.479, p = 0.020) (Fig. 3a). 
For the DNA methylation, 32 subjects from the methylation 
array analysis were selected. The region analysed for CD44 
contained the same CpG selected in the methylation array 
(CpG5) and two additional CpGs (CpG1 and CpG4). DNA 
methylation levels of CpG5 measured by MassARRAY ® 
EpiTYPER™ showed a significant correlation (R = 0.382, 
p = 0.031) with the DNA methylation levels quantified by 
microarray (Fig. 3d). In addition, CpG5 methylation levels 
in the microarray also significantly correlated with those 
involving CpG1 (R = 0.562, p < 0.001) and CpG4 (R = 0.412, 
p = 0.018) (Fig. 3b, c). The biological replication was per-
formed on WBC from VP (n = 47, 32 LR and 15 HR). CD44 
gene expression was significantly higher in LR than in HR 

Genome-wide mRNA expression 
analysis: HumanHT-12 v4 

Expression BeadChip

Discovery population for 
expression: 

subsample of 24 subjects 
RESMENA  project

gDNA isolation RNA extraction

Genome-wide DNA methylation
analysis: Infinium Human 

Methylation 450K BeadChip

Gene selection filter
p value < 0.05; 5 % change 

between LR and HR

2102 CpG sites
1785 gemes

First gene selection filter 
FDR < 0.05

908 genes

Second gene selection filter
logFC ± 0.58 and B ≥ 0

156 genes

Integrative analysis

4 genes

Discovery population for 
methylation: 

subsample of 47 subjects 
RESMENA  project

Fig. 1  Schematic diagram of the study design and integrative analysis 
of methylation and expression arrays
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(p < 0.05) (Fig. 4a). Moreover, lower methylation levels 
were observed in LR in comparison to HR for the three 
CpGs, although only CpG4 and CpG5 reached statistical 
significance (p < 0.05) as graphically depicted (Fig. 4b). 
Gene expression and methylation in VP followed opposite 

direction, in accordance to the results of the arrays, show-
ing that LR subjects presented higher expression and lower 
methylation of CD44 comparing to HR individuals. Finally, 
although CD44 protein levels in plasma were not signifi-
cantly different between LR and HR (data not shown), a sig-
nificant association was found between protein and expres-
sion data (p < 0.05) (Fig. 4c).

Discussion

Obesity features by an excessive fat accumulation and may 
contribute to the development of the other characteristics of 
MetS including dyslipidemia, insulin resistance or hyperten-
sion [28]. Thus, weight loss might be a powerful strategy to 
prevent MetS risk factors from progressing to disease status. 
Nevertheless, because of interindividual variability in the 
response to body weight-loss interventions, recent research 
using genome-wide array technologies are trying to under-
stand the variability in individual’s responses to specific 
dietary treatments. The present research demonstrated dif-
ferential transcription and methylation profiles between sub-
jects who respond successfully or were resistant to an energy 
restriction-based weight-loss program. Moreover, the inte-
grated analysis of mRNA expression and DNA methylation 
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Down-regulated genes
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Fig. 2  Venn diagram of statistically significant genes differentially 
expressed and methylated according to the diet response. A total of 
four genes were significant in both arrays, three of them presented 

methylation and expression changes in opposite direction and only 
one of them presented changes in the same direction

Table 2  Significant differentially expressed and methylated loci 
between LR and HR

ANOVA test was applied for the differences analysis
FC fold change, FDR false discovery rate, LR low responder, HR high 
responder
a The LR was the reference group for FC calculation
b Adjusted by gender, age and baseline weight
c After Benjamini–Hochberg correction

Gene name Probe set logFCa p  valueb FDRc LR vs HR

CD44 cg08688659 0.105 0.008 0.999 LR < HR
ILMN_1803429 0.640 < 0.001 0.028 LR > HR

FBXW5 cg14357259 0.078 0.047 0.999 LR > HR
ILMN_1701375 − 0.740 < 0.001 0.029 LR < HR

ITPR1 cg18689402 0.159 0.042 0.999 LR < HR
ILMN_1789505 0.912 < 0.001 0.022 LR > HR

MTSS1 cg03102442 0.055 0.009 0.999 LR < HR
ILMN_2073289 0.702 < 0.001 0.022 LR > HR
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ANOVA test was applied for the differences analysis
FC fold change, FDR false discovery rate, LR low responder, HR high 
responder
a The LR was the reference group for FC calculation
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Introduction

Metabolic syndrome (MetS) encompasses a group of mani-
festations, such as obesity, insulin resistance and abnormal 
lipid profile, that are associated to quality of life and longev-
ity [1]. Indeed, MetS is the consequence of a combination 
of genetic, epigenetic, environmental, and lifestyle factors 
including inactivity or unbalanced diets. One of the main 
strategies for managing MetS features are dietary and life-
style programs [2]. Given that most MetS subjects are over-
weight or obese, dietary strategies are focused on weight 
reduction and include energy restriction and changes in 
macronutrient distribution, which subsequently may improve 
lipid profile and serum glucose concentrations [3]. Neverthe-
less, many factors influence the effectiveness of low-calorie 
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arrays identified CD44 gene as a novel important regulator 
of the personalized response to the diet.

From the 156 differentially expressed genes between HR 
and LR identified with the Illumina HumanHT-12 v4 array, 
most of them were down-regulated in HR. These results 
suggested that gene expression levels may be important to 
understand the response to specific diet, and is in agreement 
with a previous study performed in obese young boys, where 
expression levels of several genes at baseline helped to pre-
dict the changes in BMI after a nutritional intervention [29]. 
However, few studies have associated baseline genome-wide 
expression profile with weight-loss outcome in adult obese 
subjects. Interestingly, Mutch et al. (2007) reported that 
adipose gene expression profiling prior to the consumption 
of a low-fat diet was able to differentiate responders from 
non-responders to the treatment, while Armenise et al. [17] 
demonstrated that adipose gene expression combined with 
clinical variables allowed to distinguish weight and glycemic 
responders from non-responders to a low-calorie diet. Other 

studies have found no differences in the baseline transcrip-
tomic profiling of subcutaneous adipose tissue between LR 
and HR [30]. However, several studies using methylation 
array-based technologies have been successful in the iden-
tification of novel markers of age-related diseases or obesity 
[31, 32]. In the present study, we described 2,102 CpGs that 
were differentially methylated between LR and HR before 
the energy-restriction diet. Similarly, other authors have 
reported that methylation levels of different genomic regions 
in different cell types are associated with individual response 
to a weight-loss nutritional intervention [25, 30, 33].

DNA methylation is considered as a gene expression reg-
ulatory mechanism [34]. In this sense, methylation changes 
have been associated with mRNA expression alteration in 
age, diabetes, embryonic development, or cancer [35, 36]. 
Regarding the main objective of the current investigation, 
the identification of novel genes for distinguishing personal 
response by the integrated analysis of expression and DNA 
methylation data, the combination of both high-throughput 

Fig. 3  Positive association between CD44 expression levels by qRT-
PCR and ILMN_1803429 (CD44) expression by microarray (n = 24) 
(a), and between DNA methylation data of several CD44 CpG sites 
located in CD44 measured by MassARRAY ® EpiTYPER™ [CpG1 

(b) CpG4 (c) and CpG5 (d)] with the CpG site (cg08688659, corre-
sponding to CpG5) from the methylation array (n = 32) (b–d). Data 
were analysed by Pearson’s test, p < 0.05
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Introduction

Metabolic syndrome (MetS) encompasses a group of mani-
festations, such as obesity, insulin resistance and abnormal 
lipid profile, that are associated to quality of life and longev-
ity [1]. Indeed, MetS is the consequence of a combination 
of genetic, epigenetic, environmental, and lifestyle factors 
including inactivity or unbalanced diets. One of the main 
strategies for managing MetS features are dietary and life-
style programs [2]. Given that most MetS subjects are over-
weight or obese, dietary strategies are focused on weight 
reduction and include energy restriction and changes in 
macronutrient distribution, which subsequently may improve 
lipid profile and serum glucose concentrations [3]. Neverthe-
less, many factors influence the effectiveness of low-calorie 
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technologies pointed out four genes that presented differ-
ential expression and methylation profiles between LR and 
HR at baseline.

DNA methylation has been associated with transcrip-
tional repression, but emerging data showed that the effect 
of DNA methylation depends of the genomic location [34]. 
Our results revealed that hypomethylated CpG regions cor-
responding to CD44, ITPR1 and MTSS1 exhibited up-regu-
lation of gene expression, and in contrast, hypomethylated 
CpGs of FBXW5 exhibited down-regulation of gene expres-
sion in LR comparing HR. The mRNA expression analysed 
by qRT-PCR showed higher mRNA levels in LR in com-
parison to HR concerning CD44 (p < 0.05), ITPR1 (p < 0.01) 
and MTSS1 (p < 0.05) genes. However, it was not possible to 
quantify the methylation levels of ITPR1 and MTSS1 genes 
by PCR or sequencing-based methods. Of these four genes, 
a literature survey indicated that only CD44 and ITPR1 were 
implicated in obesity or weight loss. For example, a previ-
ous study of our group identified an association between 
methylation of CD44 promoter and changes in waist cir-
cumference, BMI and fat mass after a weight-loss treat-
ment [25]. The MassARRAY ® EpiTYPER™ technique 
was used to study neighbouring CpGs to the CpG selected 
by microarray in CD44 (cg08688659), covering more than 

300 bp. Interestingly, CpG5 (equivalent to cg08688659) and 
CpG4 presented lower methylation levels in LR than in HR. 
Finally, gene expression is often directly associated with 
protein levels [37] and our results demonstrated a positive 
association between CD44 mRNA expression in WBC and 
protein levels of CD44 shed from cell surfaces in plasma 
samples. The role of LR in this trend seems stronger than 
HR. Although CD44 gene encodes an immune-cell surface 
receptor [38], few studies have evidenced that serum CD44 
is associated with a protein release from human cells [38, 
39]. Nevertheless, the population size could have been a lim-
itation to find significant changes in protein levels between 
groups.

The expression of CD44 has been related to adipose tis-
sue macrophage accumulation and liver steatosis in morbid 
obesity, with a dramatic expression decrease as a result of 
massive weight loss [40]. In addition, CD44 is implicated 
in the development of adipose tissue inflammation and insu-
lin resistance [39], having been suggested as a biomarker 
for insulin resistance and a possible therapeutic target for 
T2D [38]. In contrast to our research, these studies were 
performed in adipose tissue biopsies. The choice of using 
WBC instead of other metabolic relevant tissues was based 
because blood is relatively easily to obtain in humans and is a 

Fig. 4  Differences of CD44 mRNA expression levels between LR 
and HR subjects (a). Differences of DNA methylation levels of three 
CpG sites located in CD44 between LR and HR (b). The CD44 
mRNA expression was found to be correlated with protein expression 

(c). Results are expressed as means ± SD (LR, n = 31; HR, n = 16). 
Unpaired t Student’s test was used to compare LR with HR. *p < 0.05. 
Linear relationship between protein and mRNA expression was tested 
using Pearson’s correlation coefficient (R), p < 0.05, one-tailed test
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strategies for managing MetS features are dietary and life-
style programs [2]. Given that most MetS subjects are over-
weight or obese, dietary strategies are focused on weight 
reduction and include energy restriction and changes in 
macronutrient distribution, which subsequently may improve 
lipid profile and serum glucose concentrations [3]. Neverthe-
less, many factors influence the effectiveness of low-calorie 
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The	 expression	 of	 CD44	 has	 been	 related	 to	
adipose	 tissue	 macrophage	 accumulation	 and	
liver	steatosis	in	morbid	obesity,	with	a	dramatic	
expression	 decrease	 as	 a	 result	 of	 massive	
weight	loss.		

In	 addition,	 CD44	 is	 implicated	 in	 the	
development	of	adipose	tissue	inflammation	and	
insulin	 resistance,	 having	 been	 suggested	 as	 a	
biomarker	 for	 insulin	 resistance	 and	 a	 possible	
therapeutic	target	for	T2D.		
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Abstract
Purpose The interindividual variable response to weight-loss treatments requires the search for new predictive biomarkers 
for improving the success of weight-loss programs. The aim of this study is to identify novel genes that distinguish individual 
responses to a weight-loss dietary treatment by using the integrative analysis of mRNA expression and DNA methylation 
arrays.
Methods Subjects from Metabolic Syndrome Reduction in Navarra (RESMENA) project were classified as low (LR) or high 
(HR) responders depending on their weight loss. Transcriptomic (n = 24) and epigenomic (n = 47) patterns were determined 
by array-based genome-wide technologies in human white blood cells at the baseline of the treatment period. CD44 expres-
sion was validated by qRT-PCR and methylation degree of CpGs of the gene was validated by MassARRAY ® EpiTYPER™ 
in a subsample of 47 subjects. CD44 protein levels were measured by ELISA in human plasma.
Results Different expression and DNA methylation profiles were identified in LR in comparison to HR. The integrative 
analysis of both array data identified four genes: CD44, ITPR1, MTSS1 and FBXW5 that were differently methylated and 
expressed between groups. CD44 showed higher expression and lower DNA methylation levels in LR than in HR. Although 
differences in CD44 protein levels between LR and HR were not statistically significant, a positive association was observed 
between CD44 mRNA expression and protein levels.
Conclusions In summary, the combination of a genome-wide methylation and expression array dataset can be a useful 
strategy to identify novel genes that might be considered as predictors of the dietary response. CD44 gene transcription and 
methylation may be a possible candidate biomarker for weight-loss prediction.

Keywords mRNA · Methylation · Weight loss · Obesity · Metabolic syndrome

Introduction

Metabolic syndrome (MetS) encompasses a group of mani-
festations, such as obesity, insulin resistance and abnormal 
lipid profile, that are associated to quality of life and longev-
ity [1]. Indeed, MetS is the consequence of a combination 
of genetic, epigenetic, environmental, and lifestyle factors 
including inactivity or unbalanced diets. One of the main 
strategies for managing MetS features are dietary and life-
style programs [2]. Given that most MetS subjects are over-
weight or obese, dietary strategies are focused on weight 
reduction and include energy restriction and changes in 
macronutrient distribution, which subsequently may improve 
lipid profile and serum glucose concentrations [3]. Neverthe-
less, many factors influence the effectiveness of low-calorie 
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Why	WBC	for	DNA	methylation	

Recent	studies	have	demonstrated	that	
DNA	methylation	changes	in	blood	
reflect	DNA	methylation	changes	in	
pancreatic	islets,	and	that	DNA	

methylation	levels	in	leukocytes	mirror	
sub-	cutaneous	adipose	tissue	

methylation	pattern,	which	support	the	
use	of	circulating	cells	to	study	

epigenetic	alterations	in	primary	tissue		



Conclusions	

CD44	 is	 an	 important	 gene	 involved	 in	 the	
amplification	of	the	 inflammatory	process	 in	
obese	subjects,	and	the	higher	expression	of	
the	 gene	 before	 an	 energy-restricted	 diet	
may	 impair	 the	 effectiveness	 of	 weight-loss	
dietary	interventions.		

DNA	methylation	has	been	suggested	as	a	
powerful	tool	for	diagnosis	and	prognosis.		
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Abstract: The adenylate cyclase 3 (ADCY3) gene is involved in the regulation of several metabolic
processes including the development and function of adipose tissue. The effects of the ADCY3
rs10182181 genetic variant on changes in body composition depending on the macronutrient
distribution intake after 16 weeks of the dietary intervention were tested. The ADCY3 genetic
variant was genotyped in 147 overweight or obese subjects, who were randomly assigned to one
of the two diets varying in macronutrient content: a moderately-high-protein diet and a low-fat
diet. Anthropometric and body composition measurements (DEXA scan) were recorded. Significant
interactions between the ADCY3 genotype and dietary intervention on changes in weight, waist
circumference, and body composition were found after adjustment for covariates. Thus, in the
moderately-high-protein diet group, the G allele was associated with a lower decrease of fat mass,
trunk and android fat, and a greater decrease in lean mass. Conversely, in the low-fat diet group
carrying the G allele was associated with a greater decrease in trunk, android, gynoid, and visceral
fat. Subjects carrying the G allele of the rs10182181 polymorphism may benefit more in terms of
weight loss and improvement of body composition measurements when undertaking a hypocaloric
low-fat diet as compared to a moderately-high-protein diet.

Keywords: ADCY3; gene–diet interaction; energy restricted diet; body fatness; body composition

1. Introduction

Obesity is a multifactorial disease in which various pathophysiological processes are involved,
including the hormonal regulation of hunger and satiety, the activity of the central reward system,
whole-body energy expenditure and the storage capacity for fat in the adipose tissue, and interactions
with environmental factors [1]. In each of these metabolic functions a set of genes is implicated,
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Figure 1. Effect of the ADCY3 rs10182181 genetic variant on changes in body fatness and composition 
in response to moderately-high-protein/low-fat diet after 16 weeks of diet intervention (co-dominant 
model). 

  

Figure 1. Effect of the ADCY3 rs10182181 genetic variant on changes in body fatness and
composition in response to moderately-high-protein/low-fat diet after 16 weeks of diet intervention
(co-dominant model).

ADCY3	 encodes	 an	adenylate	 cyclase	with	 a	wide	 tissue	 distribution	 showing	 high	
levels	 in	subcutaneous	and	visceral	adipose	tissue,	 intermediate	levels	 in	brain,	and	
rather	 low	 levels	 in	 pancreas	 and	 skeletal	 muscle	 in	 Genotype-Tissue	 Expression	
(GTEx)	project	data.	ADCY3	catalyzes	the	synthesis	of	cyclic	AMP	(cAMP)	from	ATP.	
cAMP	is	an	essential	second	messenger	in	intracellular	signaling	downstream	of	key	
metabolic	 mediators	 such	 as	 glucagon-like	 peptide	 1,	 ghrelin	 and	 α-melanocyte-
stimulating	 hormone,	 and	 cAMP	 signaling	 has	 been	 linked	 to	 control	 of	 adipose	
tissue	development	and	function,	as	well	as	insulin	secretion	in	beta	cells	
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We have identified a variant in ADCY3 (encoding adenylate 
cyclase 3) associated with markedly increased risk of obesity 
and type 2 diabetes in the Greenlandic population. The variant 
disrupts a splice acceptor site, and carriers have decreased 
ADCY3 RNA expression. Additionally, we observe an enrich-
ment of rare ADCY3 loss-of-function variants among indi-
viduals with type 2 diabetes in trans-ancestry cohorts. These 
findings provide new information on disease etiology relevant 
for future treatment strategies.

Identification of homozygous loss-of-function mutations in 
humans may readily provide information about the biological 
impact of specific genes and point to novel drug targets. We previ-
ously identified a loss-of-function variant in TBC1D4 segregating 
at high frequency in the Greenlandic population and displaying a 
large impact on risk of type 2 diabetes1, confirming the advantage 
of studying the Greenlandic population due to its extreme demo-
graphic history2. Motivated by this, we screened for new loss-of-
function variants in exome sequencing data from the 27 individuals 
in nine trios which were used to identify the causal TBC1D4 loss-
of-function variant1. We identified 46 such variants (Supplementary 
Table  1) and intersected the location of these variants with loci 
known to associate with obesity or body mass index (BMI) 
(Supplementary Fig. 1). One of the variants, which was present in 
one copy in one of the parents in one trio, was situated in a locus 
where a common noncoding variant has been shown to be associated 
with BMI in adults and children in genome-wide association studies  
(GWAS)3,4. The variant (hg19: chromosome 2: 25050478[C> T],  
c.2433–1G> A) is predicted to abolish a splice acceptor site in exon 
14 (NM_004036.4) of ADCY3 (Fig. 1a). For this reason, we inves-
tigated the specific variant further by genotyping this site in two 
Greenlandic cohorts. This analysis showed that the variant has an 
overall minor allele frequency (MAF) of 2.3% in the Greenlandic 
study population (N =  4,038, Nheterozygous =  172, Nhomozygous =  7) and 
a frequency of 3.1% in the Inuit-ancestry part of the population. 
Notably, the seven homozygous carriers had BMI that was 7.3 kg/m2 
higher (P =  0.00094) than the BMI of the remaining study popula-
tion (Table 1). We also observed that three of the seven homozygous 

carriers had type 2 diabetes (P =  7.8 ×  10−5; Table 1), while one had 
impaired fasting glucose and one had impaired glucose tolerance. 
Notably, the association with type 2 diabetes remained significant 
after adjustment for BMI (P =  6.5 ×  10−4), suggesting that it is not 
simply mediated by increased BMI. The effects on BMI and type 2 
diabetes were also observed, although with smaller sizes, when data 
were analyzed according to an additive genetic model (Table  1). 
However, when we compared the recessive and additive models 
with the full genotype model, we rejected the additive model (BMI, 
P =  0.002; type 2 diabetes, P =  0.004) but not the recessive model 
(BMI, P =  0.17; type 2 diabetes, P =  0.095). This suggests that the 
recessive model is appropriate for explaining the effect of the 
ADCY3 c.2433–1G> A variant.

To further characterize homozygous carriers of ADCY3 c.2433–
1G> A in the Greenlandic cohorts, we analyzed a number of addi-
tional traits related to BMI and type 2 diabetes. The homozygous 
carriers had a body fat percentage that was 8.1 percentage points 
higher (P =  0.0024) and a waist circumference that was 17 cm larger 
(P =  0.0017). In addition, the homozygous carriers had nominally 
higher levels of fasting and 2-h plasma glucose in an oral glu-
cose tolerance test (P =  0.022 and P =  0.035, respectively; Table 1). 
Finally, we also observed nominally significant effects of the variant 
on dyslipidemia and insulin resistance (Supplementary Table 2).

The c.2433–1G> A ADCY3 variant was not observed in sequenc-
ing data of up to 138,000 individuals from non-Greenlandic popula-
tions collected by the Genome Aggregation Database Consortium5 
(gnomAD). To generalize our findings to other populations, we 
therefore investigated the effect of loss-of-function variants in 
ADCY3 more generally by analyzing 18,176 samples with exome 
sequence data generated by the GoT2D, T2DGenes, SIGMA and 
LuCAMP consortia6–8, which are available at the Accelerating 
Medicines Partnership Type 2 Diabetes Knowledge Portal (AMP-
T2D). No homozygous carriers of ADCY3 loss-of-function variants 
were observed in this dataset, but the analysis included seven pre-
dicted ADCY3 loss-of-function variants (Fig.  1a) observed in the 
heterozygous form in eight individuals and we observed an enrich-
ment of carriers among type 2 diabetes cases as compared with 
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non-diabetic controls (7/8,845 in cases, 1/9,323 in controls, odds 
ratio (OR) =  8.6, P =  0.044; Supplementary Tables  3–5). To fur-
ther substantiate these findings, exome sequence data from 9,928 
Finnish individuals from the METSIM cohort9 were screened for 
loss-of-function variants in ADCY3; however, none were identi-
fied (M. Laakso (Institute of Clinical Medicine, Internal Medicine, 
University of Eastern Finland and Kuopio University Hospital), per-
sonal communication). Furthermore, we did not find any loss-of-
function ADCY3 variants in whole-genome sequence data for 3,124 
individuals from two isolated Greek populations that were part of 
the HELIC study10. Finally, in up to 138,000 individuals in the gno-
mAD data, 48 predicted loss-of-function variants were found. All 
variants had MAFs below 0.007%, and only a single homozygous 
carrier was found for the African-specific c.1072–1G> A loss-of-
function variant in ADCY3. Because we cannot obtain phenotypic 
data for the gnomAD samples, we are unable to evaluate the impact 
of these variants on obesity and type 2 diabetes.

To investigate the functional impact of the ADCY3 c.2433–1G> 
A variant, we performed deep RNA sequencing in leukocytes from 
17 Greenlandic individuals (7 GG carriers, 6 GA carriers and 4 AA 

carriers). The RNA sequencing data confirmed that ADCY3 was 
expressed in homozygous carriers of the wild-type allele (GG car-
riers) and that exon 14 (NM_004036.4) of ADCY3 was expressed 
and spliced in its canonical form (Supplementary Fig. 2a). Inclusion 
of exon 14 in the mature mRNA was further confirmed by RNA 
sequence data from the adipose tissue of a healthy European-
ancestry female donor11. Notably, we found that the overall RNA 
expression level of ADCY3 was severely decreased in homozy-
gous carriers of the variant (AA), while heterozygous carriers 
(GA) showed an intermediate expression level (Fig. 1b). The RNA 
sequencing data further confirmed that the predicted disruption of 
the exon 14 splice acceptor site by the c.2433–1G> A variant has an 
impact on molecular phenotype. Specifically, the data predict that 
two novel ADCY3 isoforms are expressed in variant carriers: one 
transcript where exon 14 is skipped and an alternative splice accep-
tor site at exon 15 is used and one transcript in which the intron 
between exon 13 and exon 14 is retained (Supplementary Fig. 2b). 
We quantified these alternative splicing events by comparing expres-
sion of the three predicted ADCY3 isoforms using isoform fraction 
(IF) (Fig.  1c) and the percentage spliced in (PSI) at the relevant 
splice sites (Supplementary Fig.  2b). Both analyses demonstrated 
that homozygous AA carriers had a severely affected splicing pat-
tern and mainly used intron retention (median  IF =  0.38,  median 
PSI =  75%) or exon skipping (IF =  0.53, PSI =  24%), while wild-
type GG carriers had the canonical splicing pattern (IF =  0.88, 
PSI =  87%). In all analyses, heterozygous carriers showed an inter-
mediate level of alternative splicing (Fig.  1c and Supplementary 
Fig. 2b,c). Notably, we predict the isoform with intron retention to 
be sensitive to nonsense-mediated decay owing to the introduction 
of a premature stop codon12 (Fig. 1a). This predicted degradation 
naturally would lead to further reduction of ADCY3 protein levels.

ADCY3 encodes an adenylate cyclase with a wide tissue distribu-
tion showing high levels in subcutaneous and visceral adipose tissue, 
intermediate levels in brain, and rather low levels in pancreas and 
skeletal muscle in Genotype-Tissue Expression (GTEx) project data. 
ADCY3 catalyzes the synthesis of cyclic AMP (cAMP) from ATP. 
cAMP is an essential second messenger in intracellular signaling 
downstream of key metabolic mediators such as glucagon-like pep-
tide 1, ghrelin and α -melanocyte-stimulating hormone13, and cAMP 
signaling has been linked to control of adipose tissue development 
and function, as well as insulin secretion in beta cells14. In addition, 
mouse models have indicated that ADCY3 has an important role 
in the regulation of adiposity and glucose homeostasis. Hence, in 
mice, Adcy3 haploinsufficiency causes impaired insulin sensitivity 
and dyslipidaemia15, Adcy3 gain of function protects against diet-
induced obesity16 and Adcy3-knockout mice show increased fat 
mass, hyperphagia, depression-like phenotypes and leptin resis-
tance17,18. Possibly, leptin resistance occurs through disrupted cAMP 
signaling in primary cilia in hypothalamus, affecting the down-
stream signaling and morphology of neurons17. Interestingly, previ-
ously described syndromic forms of obesity, including Bardet–Biedl 
and Alström syndromes, have been found to be caused by altered 
function of primary cilia and are, in addition to obesity, character-
ized by diabetes19. Furthermore, common variation in ADCY5, a 
gene in the same family as ADCY3, is known to be associated with 
fasting plasma glucose levels and risk of type 2 diabetes20.

In humans, common variants in the ADCY3 locus have been 
associated with higher BMI3,4 and total as well as truncal fat mass21. 
Thus, the phenotype observed in Greenlandic individuals homo-
zygous for the loss-of-function variant, characterized by truncal 
adiposity, insulin resistance, dyslipidemia and type 2 diabetes, is 
in accordance with and elaborates on the phenotype observed for 
GWAS-identified variants. Our findings for carriers of loss-of-func-
tion variants implicate ADCY3 as the causal transcript in the reported 
GWAS-identified locus, and coherent evidence from genetic 
and biological studies suggest that pharmacological modulation  
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Fig. 1 | ADCY3 isoforms, observed loss-of-function variants and 
functional consequences based on RNA sequencing of leukocytes from 
17 Greenlandic individuals. a, Schematic illustration of ADCY3 displaying 
the three relevant transcript isoforms with their predicted functional 
consequences annotated to the left (coding or nonsense-mediated decay 
(NMD) sensitive). The exons that correspond to the guanylate cyclase 
protein domain are shown as gray-filled boxes, while the rest of the exons 
are shown as black-filled boxes. The red box encompasses the exons 
affected by the Greenlandic ADCY3 c.2433–1G> A variant. The locations 
of the identified loss-of-function variants in ADCY3 in the Greenlandic 
and trans-ancestry cohorts are shown with red and black arrows, 
respectively. Variants were annotated to canonical transcript ADCY3-201 
(NM_004036) except for c.1072–1G> A, which is annotated to alternative 
transcript ADCY3-202 (NM_001320613). b, ADCY3 transcripts  
per million (TPM) normalized gene expression, stratified according to 
ADCY3 c.2433–1G> A variant genotype (WT, wild type; HE, heterozygous; 
HO, homozygous). c, ADCY3 transcript isoform fractions for the three 
quantified isoforms—the canonical isoform, the novel exon-skipping 
isoform and the novel intron-retention isoform—stratified according to 
ADCY3 c.2433–1G> A variant genotype. The number of individuals in each 
group in b and c is as follows: WT, 7 GG carriers; HE, 6 GA carriers; HO,  
4 AA carriers. The lower and upper hinges of the boxes in b and c 
correspond to the first and third quartiles of data, respectively, while the 
middle line is the median. The whiskers extend to the largest and smallest 
data points no further than 1.5 times the interquartile range.
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Notably,	we	found	that	the	overall	RNA	expression	level	of	ADCY3	was	severely	
decreased	 in	 homozygous	 carriers	 of	 the	 variant	 (AA),	 while	 heterozygous	
carriers	(GA)	showed	an	intermediate	expression	level	(Fig.	1b).	

We	quantified	 these	alternative	 splicing	events	by	 comparing	expression	
of	the	three	predicted	ADCY3	isoforms	 	Both	analyses	demonstrated	that	
homozygous	 AA	 carriers	 had	 a	 severely	 affected	 splicing	 pattern	 and	
mainly	used	intron	retention	or	exon	skipping	(Fig.	1c)	

We	predicted	 the	 isoform	with	 intron	 retention	 to	 be	 sensitive	 to	 nonsense-
mediated	decay	owing	 to	 the	 introduction	of	a	premature	stop	codon12	 (Fig.	
1a).	 This	 predicted	 degradation	 naturally	 would	 lead	 to	 further	 reduction	 of	
ADCY3	protein	levels.	
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of this target may possibly be a valid future therapy for obesity and 
type 2 diabetes.

In conclusion, we identified an ADCY3 loss-of-function variant 
in a Greenlandic Inuit population that increases adiposity and risk 
of type 2 diabetes in homozygous carriers and, to a lesser extent, 
in heterozygous carriers. Concomitantly, we detected decreased 
ADCY3 RNA expression levels in homozygous carriers and, again 
to a lesser extent, in heterozygous carriers. Furthermore, we show 
that the variant disrupts a splice acceptor site, triggering exon 
skipping or intron retention, where the latter is predicted to con-
fer nonsense-mediated decay. The association with type 2 diabetes 
was substantiated in heterozygous carriers of rare ADCY3 variants 
across ancestry groups, underlining the possible role of ADCY3 
as a future target for the prevention and treatment of obesity and  
type 2 diabetes.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41588-017-0022-7.
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Table 1 | Association of ADCY3 c.2433–1G> A with obesity and type 2 diabetes–related traits in Greenlandic cohorts

Recessive model Additive model

Trait N βSD SESD β P βSD SESD β P

Type 2 diabetes (cases/
controls)

301/ 2,585 0.50 7.8!×!10−5 0.081 0.0014

BMI (kg/m2) 4,001 1.2 0.36 7.3 0.00094 0.18 0.075 1.00 0.017
Fat percentage 2,701 1.1 0.35 8.1 0.0024 0.18 0.078 1.56 0.024
Fasting plasma glucose 
(mM)

3,622 0.77 0.34 0.76 0.022 0.12 0.072 0.11 0.088

2-h plasma glucose (mM) 3,387 0.73 0.35 2.3 0.035 0.13 0.073 0.45 0.090

Results are shown for a recessive and an additive genetic model. βSD and SESD are the effect size and standard error estimated using quantile-transformed values of the trait (except for the binary trait type 
2 diabetes), and β is the effect size estimated using untransformed values. P values were obtained from the analyses of quantile-transformed traits (except for the binary trait type 2 diabetes). P values 
shown have not been corrected for multiple testing; nominally significant P values are highlighted in bold.
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By	genotyping	this	site	in	two	Greenlandic	cohorts	
showed	that	the	variant	has	an	overall	minor	allele	
frequency	(MAF)	of	2.3%	in	the	Greenlandic	study	

population	and	a	frequency	of	3.1%	in	the	Inuit-ancestry	
part	of	the	population.	Notably,	the	seven	homozygous	

carriers	had	BMI	that	was	7.3	kg/m2	higher	

The	association	with	type	2	diabetes	
remained	significant	after	adjustment	for	

BMI,	suggesting	that	it	is	not	simply	
mediated	by	increased	BMI.	

Finally,	we	also	observed	nominally	
significant	effects	of	the	variant	on	
dyslipidemia	and	insulin	resistance	

Adcy3	gain	of	function	protects	
against	diet-	induced	obesity	and	

Adcy3-knockout	mice	show	
increased	fat	mass,	hyperphagia,	
depression-like	phenotypes	and	

leptin	resistance.		

Possibly,	leptin	resistance	occurs	
through	disrupted	cAMP	signaling	in	

primary	cilia	in	hypothalamus,	
affecting	the	down-	stream	signaling	

and	morphology	of	neurons		
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New ADCY3 Variants
Dance in Obesity
Etiology
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The genetic etiology for obesity-
related traits remains elusive.
Recent studies link novel ADCY3
variants to obesity and diabetes,
and identify an important role of
ADCY3-mediated signaling at neu-
ronal primary cilia in the predispo-
sition of obesity. These findings
provide new information on obesity
etiology and suggest potential anti-
obesity therapeutic strategies.

Obesity is a fast-growing epidemic world-
wide and represents amajor risk factor for
multiple diseases, including type 2 diabe-
tes (T2D), cardiovascular disease, and
cancer [1]. Current treatment strategies
for obesity are limited, therefore identifi-
cation of new targets for the development
of anti-obesity drugs is urgent. Principally,
obesity is a consequence of energy imbal-
ance due to deregulated interactions
between genetic and epigenetic factors.
Genome-wide association studies have
characterized hundreds of genetic loci
associated with obesity and T2D, such
as FTO, MC4R, and TCF7L2 [2]. How-
ever, single nucleotide polymorphisms
(SNPs) within these loci only account for
a small proportion of obese individuals,
and most of these SNPs have no clear
functional significance. In this regard, it is
highly anticipated that additional genetic
associations may cause or predispose to
obesity.

ADCY3, an adenylate cyclase, catalyzes
the synthesis of cAMP from ATP, thus it
plays an essential role in energy metabo-
lism [3]. Population-based genetic

association studies have illustrated that
ADCY3 SNPs are associated with obesity
in European and Chinese populations. In
addition, increased DNA methylation at
CpG islands within the ADCY3 gene could
affect the pathophysiology of obesity.
Experimental analyses using mouse mod-
els further identified ADCY3 as a causal
driver of obesity and diabetes [4,5]. Based
on these,ADCY3hasbeenhighlightedasa
new target for obesity treatment [3]. There-
fore, new progresses in genetic associa-
tion and mechanistic insights of ADCY3
may be remarkably beneficial for our
understanding of obesity etiology, as well
as for the development of anti-obesity
drugs.

Recently, six novel ADCY3 mutations
associated with obesity were character-
ized by whole-exome sequencing. Saeed
et al. found three homozygous mutations
in severely obese children from consan-
guineous Pakistani families (Figure 1) [6].
These mutations include c.3315del (a
frameshift mutation), c.2578-1 G > A (a
splice-site mutation), and c.191 A > T (a
nonsynonymous missense mutation). In
another investigation, they identified a
compound heterozygous ADCY3 muta-
tion in a severely obese European-Ameri-
can child, which was comprised of
c.1268del (a frameshift mutation) and
c.3354_3356del (an amino acid deletion
mutation) [6]. Notably, these mutation
carriers generally had hyperphagia, anos-
mia, excessive adiposity accompanied by
hyperlipidemia, and insulin resistance,
which are consistent with the findings in
Adcy3!/! mice [4,5] and suggest func-
tional significance of these mutations. In
another study, Grarup et al. identified an
ADCY3 mutation c.2433-1 G > A (a
splice-site mutation) in the Greenlandic
population [7]. This mutation had a minor
allele frequency of 2.3% in the Greenlan-
dic cohort, but was not present in over
138 000 individuals from non-Greenlan-
dic populations. Similarly, the mutations

in Pakistani individuals were not recapitu-
lated in the Greenlandic population.
These observations suggest that these
ADCY3 mutations might have ethnic
specificity. Nonetheless, these mutations
all exhibited highly evolutionary conserva-
tion, suggesting potential functional
importance of these sites. Indeed, Green-
landic individuals with homozygous
c.2433-1 G > A mutation had a higher
body mass index and were susceptible
for T2D.

Both studies employed distinct strategies
to clarify the functional consequences of
ADCY3 mutations. Saeed et al. first per-
formed homology modeling, followed by
molecular dynamics simulations, to
assess the structural impacts of these
mutations on ATP binding, given that
ADCY3 synthesizes cAMP from ATP [6].
These analyses revealed that c.3315del
and c.2578-1 G > A could destabilize the
ADCY3 catalytic domains, resulting in a
loss of ATP binding and protein function.
Overexpression of the wild type and
mutant ADCY3 proteins showed that
c.3315del, c.2578-1 G > A, and
c.3354_3356del significantly inhibited
chemical-induced cAMP production,
supporting their role in ADCY3 catalytic
activity. Although c.191 A > T failed to
change ADCY3 catalytic activity, it might
impair ADCY3 function through disruption
of the interactions with G-protein-coupled
receptor (GPCR). Grarup et al. deter-
mined the functional impact of c.2433-1
G > Amutation by deep RNA sequencing
in Greenlandic individuals with different
mutation genotypes [7]. ADCY3 mRNAs
were gradually decreased in heterozy-
gous and homozygous carriers com-
pared with wild type carriers. This
mutation appears to disrupt a splice
acceptor site, and trigger exon skipping
or intron retention, leading to the produc-
tion of two additional ADCY3 isoforms.
Thus, this mutation might impair the func-
tion of ADCY3 through shifting
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Figure 1. Novel ADCY3Mutations and Their Functional Consequences. (A) ADCY3, located on the inner side of the plasmamembrane, catalyzes the synthesis
of cAMP from ATP, and thus is involved in the pathophysiology of various human disease, especially obesity. The genomic locations and functional impacts of ADCY3
mutants are indicated. Briefly, c.3315del, c.2578–1 G > A, and c. 3354_3356del may impair the catalytic activity of ADCY3, while c.2433–1 G > A could decrease the
mRNA levels of ADCY3. It has been speculated that c.191 A > T (amissensemutation) affects the interaction with G-protein-coupled receptors (GPCRs). The functional
impact of c.1268del remains unclear. (B) Evolutionary conservation of the mutated ADCY3 regions at the protein level among diverse species. Nucleotides in intronic
regions or 50 exon are shown as black boxes. Mut, Mutation.
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Figure 1. Novel ADCY3Mutations and Their Functional Consequences. (A) ADCY3, located on the inner side of the plasmamembrane, catalyzes the synthesis
of cAMP from ATP, and thus is involved in the pathophysiology of various human disease, especially obesity. The genomic locations and functional impacts of ADCY3
mutants are indicated. Briefly, c.3315del, c.2578–1 G > A, and c. 3354_3356del may impair the catalytic activity of ADCY3, while c.2433–1 G > A could decrease the
mRNA levels of ADCY3. It has been speculated that c.191 A > T (amissensemutation) affects the interaction with G-protein-coupled receptors (GPCRs). The functional
impact of c.1268del remains unclear. (B) Evolutionary conservation of the mutated ADCY3 regions at the protein level among diverse species. Nucleotides in intronic
regions or 50 exon are shown as black boxes. Mut, Mutation.
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competition between different mRNA iso-
forms. However, it is unknown whether
this mutation modulates the structural
conformation of the ADCY3 protein, simi-
lar to the mutations reported by Saeed
et al. It also remains unclear whether
these mutations could affect ADCY3
expression. Specifically, whether
c.2578-1 G > A, a splice-site mutation
similar to c.2433-1 G > A, could regulate
mRNA splicing and generate novel
ADCY3 isoforms. Together, these studies
provide new genetic associations and
functional implications in the etiology of
obesity and T2D.

Of note, Saeed et al. successfully identi-
fied five ADCY3 mutations in monogenic
severe obesity, in which the central leptin-
melanocortin pathway plays a pivotal role.
MC4R, a key component of the melano-
cortin system, represents the most com-
mon monogenic cause of severe obesity
[8]. Recently, Siljee et al. found that the
MC4R-ADCY3 pathway in neuronal pri-
mary cilia is involved in monogenic severe
obesity [9]. Interestingly, MC4R and
ADCY3 were specifically co-localized in
the primary cilia of a subset of paraven-
tricular nucleus neurons. Obesity-associ-
ated MC4R mutations dramatically
decreased ciliary localization. Importantly,
specific inhibition of ADCY3 in the primary
cilia resulted in increased food intake and
significant weight gain. Given the

essential role of ADCY3 signaling in pri-
mary cilia, it is interesting to determine the
consequences of ADCY3 mutations in
subcellular localization, as well as the
interactions between ADCY3 and its part-
ners, including MC4R.

Together, these three studies highlight a
causal role of ADCY3 and provide new
genetic associations and mechanistic
insights in the etiology of obesity and
T2D. The challenge now is to integrate
this information with the other compo-
nents of the puzzle. The link between
these ADCY3 mutations and obesity
would be strengthened with additional
populations and clinical features. The bio-
logical significance of these mutations
must be carefully evaluated in animal
models and other suitable systems. Addi-
tionally, ADCY3 plays diverse roles in var-
ious tissues including adipose, liver,
muscle, and pancreas [3,10], which adds
another layer of complexity to dissecting
the biological impacts of ADCY3 and its
mutations. In conclusion, these recent
studies reinforce a rationale for pursuing
ADCY3 as an attractive therapeutic target
for obesity and obesity-associated
disorders.
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Weight	Loss	Protocol	

Moderately-high-protein	diet:	
40%	of	total	energy	from	
carbohydrates,	30%	from	
protein,	and	30%	from	fat.		

Low-fat	diet:	60%	of	total	energy	
from	carbohydrates,	18%	from	
protein,	and	22%	from	fat	

Prescribed	diets	provided	a	
30%	restriction	of	the	total	

energy	expenditure	estimated	
for	each	subject.	No	initial	

prescribed	diets	had	less	than	
1200	kcal/day.		

16	weeks	the	intervention	trial	

Body	composition	and	distribution	
(fat	 mass,	 lean	 mass,	 trunk	 fat,	
android	 fat,	 gynoid	 fat,	 and	
visceral	 fat)	was	analyzed	by	dual	
energy	 x-ray	 absorptiometry	
(DEXA)	scan		
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Conclusion	

The	 current	 study	 reported	 for	
the	 first	 time	 a	 significant	 gene–
diet	 interaction	 between	 ADCY3	
rs10182181	 genetic	 variant	 and	
d i e t a r y 	 m a c r o n u t r i e n t	
composition	 of	 low	 calorie	 diets	
on	 changes	 in	 anthropometric	
a n d 	 b o d y 	 c o m p o s i t i o n	
measurements.		

Among	 individuals	 with	 the	
rs10182181	 minor	 G-al le le	
consuming	 the	 low-fat	 diet	
showed	greater	effect	on	changes	
in	 trunk	 fat,	 android	 fat	 and	
gynoid	 fat,	 compared	 with	 the	
moderately-high-protein	 diet	
over	 the	 16-week	 d ietary	
intervention.		
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Obesity is a world-wide issue and a major risk factor for
cardiovascular disease, dyslipidemia, hypertension, insu-
lin resistance and type 2 diabetes as well as cancer1–3. A

recent report from the NCD-RisC network has shown the
increasing prevalence of obesity and estimated that with current
post-2000 trends, the global obesity frequency would surpass 18%
in men and 21% in women by 20254.

Multiple studies have shown that weight loss through energy
restricted dietary interventions improves metabolic
dysfunction5,6. Nevertheless, a large inter-individual variability is
observed regarding the capacity to lose weight and to maintain
the lost weight7,8. Genome-wide association studies (GWAS)
from the GIANT consortium have identified about 100 loci
associated with body mass index (BMI) variability in the general
population9. Those candidate obesity loci were investigated in
two lifestyle interventions: the Diabetes Prevention Program
(DPP)10,11 and Look AHEAD12,13. In these candidate analyses,
only one marker (MTIF3 -rs1885988) was associated with degree
of weight loss and none to weight regain tendancy14. To date, no
genome-wide approach for weight loss success has been
undertaken15.

Here we present results from a genome-wide association
(GWA) study for weight loss using two large low-caloric diet
interventions: the Canadian Optifast900® meal replacement pro-
gram16 and the DiOGenes clinical trial17,18. Our analyses
implement a gene-based GWAS to maximize statistical
power19,20. One cohort is used for discovery and the second, for
replication. Next, we perform Bayesian risk variant inference
based on joint modeling of the GWA signals and large-scale
epigenome annotation data to restrict the association signals to
the most likely associated SNPs. Finally, we perform functional
RNAi knockdown in Drosophila melanogaster to study the
potential in vivo metabolic impact of the regional candidate
genes.

Our study provides evidence for a weight loss locus on chro-
mosome 8p11 and knock out experiments in Drosophila mela-
nogaster suggest the NKX6.3 gene in the region as a potential
functional candidate.

Results
Cohort descriptions. The Optifast900 cohort included both obese
and severely obese subjects (mean BMI= 43.2 kg/m2 ± 0.3 stan-
dard error of the mean) and the DiOGenes cohort included
overweight and obese participants (mean BMI= 34.5 kg/m2 ±
0.2). Clinical characteristics of the participants are available in
Table 1. Upon a 5-week low calorie diet (LCD), participants lost
on average 9.3% (11.3 kg) and 7.5% (7.5 kg) of initial body weight,
respectively for the Optifast900 and DiOGenes participants. At
baseline, Optifast900 participants were considered more insulin-

resistant than DiOGenes subjects (HOMA-IR= 4.16 ± 0.14 vs.
3.15 ± 0.10), as expected given the more severe obesity.

Gene-based association studies. We searched for SNPs asso-
ciated with degree of weight loss using the largest cohort (Opti-
fast900, n= 1166) as a discovery dataset. The smaller cohort
(DiOGenes, n= 789) was then used for replication. To unravel
associations using single-SNP approaches at genome-wide scale,
very large cohorts are needed, but such sample size cannot be
obtained in randomized clinical trials. To better extract associa-
tion signals, we used a gene-based approach that enables to
integrate individual SNP association signals into a locus-wise
signal (see Methods). Upon gene-based analyses of the Opti-
fast900 cohort, we identified 12 genes, corresponding to 6 distinct
loci with nearby SNPs significantly associated with weight loss
(genome-wide FDR < 0.05 see Table 2). A Manhattan plot of the
gene-based GWA results is available in Fig. 1.

Next, replication of those loci was attempted using the
DiOGenes cohort. Two out of the six loci were successfully
replicated in the DiOGenes cohort (two-stage FDR < 0.05,
Table 2): the RBSG4 locus on chromosome 1q24 and the
MIR486/NKX6.3 locus on chromosome 8p11. Meta-analysis using
random-effect modeling of the two cohorts also showed
significant association for these loci (both at genome-wide levels
and with a two-stage approach) with effect sizes that were
consistent between the two cohorts. Regional plots for those two
loci are shown in Fig. 2. The MIR486 gene has two isoforms with
similar coordinates, thus essentially the same SNPs were included
in the gene-based analyses leading to very similar p-values for
MIR486-1 and MIR486-2 (as seen in Table 2).

Bayesian framework for risk variant inference. We took
advantage of the development of a recent Bayesian framework,
RiVIERA-beta21 to infer posterior probabilities of disease asso-
ciation (PPA) that were then used to rank the associated SNPs.
Upon Bayesian modeling of SNPs with nominal p-values less
than 1e-3 for the two replicated loci (RBSG4 and MIR486/
NKX6.3 ), we were able to restrict the list of candidate SNPs to
four markers, with a possible regulatory impact. Figure 3 sum-
marizes the results of the Bayesian modeling and presents the
overlap between variants and epigenomic annotations. Table 3
provides the effect size (from single-SNP GWAs) for each iden-
tified marker. For the RBSG4 locus (Fig. 3a), we identified three
markers (rs873822, rs870879, rs1027493) significantly enriched in
epigenome annotations. Those markers were in strong LD with
each other (r2 > 90%) and thus any of those would tag the others.
Those three markers are common variants (with Minor Allele
Frequency (MAF)= 27%). For the MIR486/NKX6.3 locus, the
rs6981587 SNP (MAF= 34%) emerged as the most likely risk

Table 1 Descriptive statistics for the two studies used in the analysis

OPTIFAST900 (n= 1166) DIOGENES (n= 789) p-value

Number of males (%) 237 (26.58%) 310 (33.95%) –
Age at baseline (years) 46.50 ± 0.32 41.37 ± 0.23 p < 0.001
BMI at baseline (kg/m2) 43.17 ± 0.23 34.53 ± 0.19 p < 0.001
Weight at baseline (kg) 121.66 ± 0.76 99.74 ± 0.67 p < 0.001
Weight after 5-week LCD (kg) 110.31 ± 0.68 92.20 ± 0.61 p < 0.001
Change in weight during LCD (kg) −11.35 ± 0.11 −7.55 ± 0.11 p < 0.001
Change in weight during LCD (%) −9.28 ± 0.06 −7.51 ± 0.09 p < 0.001
Fasting glucose levels (mmol/L) at baseline 5.71 ± 0.05 5.12 ± 0.03 p < 0.001
HOMA-IR at baseline 4.16 ± 0.14 3.15 ± 0.10 p < 0.001

The p-value was obtained from a two-sided t-test and assesses differences between the two cohorts
LCD: low caloric diet, HOMA-IR: homeostasis model assessment of insulin resistance
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variant. In this locus, five other SNPs had slightly lower p-values,
yet none showed such enrichment in epigenome annotation
marks (Fig. 3b). For the four SNPs in the two genomic loci,
consistent effect sizes were observed between the two cohorts, as
well as similar allele frequencies (Table 3). These analyses are
useful to identify the most likely regulatory variants. However,
they do not enable to infer which gene(s) may be impacted.
Indeed, within the MIR486/NKX6.3 locus (Fig. 3b), there are two
other genes (ANK1 and AGPAT6) that are in the vicinity of the
top regulatory variant and that would also deserve functional
follow-up.

Functional assessment in Drosophila melanogaster. To investi-
gate a potential in vivo metabolic function for the genes around
the risk variants, we used the fruit fly Drosophila melanogaster.
Because RBSG4 and MIR486 are not conserved in the fly, we
focused our analysis on Ank/ANK1, HGTX/NKX6-3 and
CG3209/AGPAT6 and each gene was targeted using whole body
RNAi knockdown (Actin-Gal4). There were no major

developmental effects for Actin-Gal4 >UAS-Ank and Actin-
Gal4 >UAS-CG3209 RNAi flies and we did not observe sig-
nificant changes in TAG levels compared to their wild-type
controls (Supplementary Fig. 2a). We also performed over-
expression (OE) of ANK1 using a whole-body driver (Actin-
Gal4). There was no impact on triglyceride levels in the
Actin-Gal4 >UAS-ANK1 OE animals compared to controls
(Supplementary Fig. 2b). The majority of Actin-Gal4 >UAS-
HGTX RNAi flies were developmentally lethal (>95% pupal
lethality), however some animals did survive. From the viable
HGTX knockdown flies (Actin-Gal4 >UAS-HGTX RNAi), we
observed a significant reduction in triglyceride (TAG) level
compared to controls (Fig. 4a). This finding was confirmed using
a second RNAi hairpin (Supplementary Fig. 3a). Complete leth-
ality of F1 progenies was observed in HGTX RNAi or HGTX
overexpression flies using additional ubiquitous drivers Tub-Gal4
and DA-Gal4. To bypass developmental effects of HGTX
knockdown, we next performed an adult-specific inducible
knockdown using the TubGal80ts system. Actin-Gal4; Gal80ts >
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Fig. 1 Manhattan plot: Gene-based association results for the discovery cohort (Optifast900), Highlighted genes (in red) correspond to loci with genome-
wide significant association signals (FDR < 5%). Source data are provided as a Source Data file

Table 2 Top hits from the gene-based GWA

Gene Chr Start Stop OPTIFAST900 (n= 1166) DIOGENES (n= 789) Meta-analysis

MIR486-2 8 41497961 41538025 1.7e-05 (0.043) 0.000618 (0.004) 1e-06 (1.2e-05)
MIR486 8 41497958 41538026 2.2e-05 (0.043) 0.000661 (0.004) 2e-06 (1.2e-05)
NKX6-3 8 41483828 41524878 2.4e-05 (0.043) 0.00185 (0.0074) 2.6e-05 (0.0001)
RBSG4 1 167124598 167185042 2e-05 (0.043) 0.011 (0.033) 3.8e-05 (0.00011)
DBNDD1 16 90051272 90106539 7e-06 (0.035) 0.0305 (0.073) 0.0116 (0.02)
PTPRT 20 40681391 41838557 6e-06 (0.035) 0.1728 (0.28) 0.0062 (0.012)
GAS8 16 90066036 90131379 7e-06 (0.035) 0.1958 (0.28) 0.06909 (0.1)
CCBE1 18 57078170 57384644 8e-06 (0.035) 0.2008 (0.28) 0.000346 (0.00083)
C16orf3 16 90075315 90116309 2.1e-05 (0.043) 0.2118 (0.28) 0.1049 (0.14)
URAHP 16 90086168 90134191 1.1e-05 (0.04) 0.2747 (0.33) 0.1339 (0.16)
OR5K2 3 98196524 98237475 7e-06 (0.035) 0.5784 (0.63) 0.1578 (0.17)
OR5K1 3 98168420 98209372 1.3e-05 (0.04) 0.8541 (0.85) 0.3117 (0.31)

This table present gene-based association p-values for the two cohorts and their meta-analysis. False-discovery rate (FDR) adjusted p-value is indicated within parenthesis. For the discovery cohort
(Optifast900), the FDR is a genome-wide FDR. For the replication cohort (DIOGENES) and the meta-analysis results, the FDR is adjusted for a two-stage analysis. FDRs less than 5% are shown in bold.
Source data are provided as a Source Data file
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Fig. 1 Manhattan plot: Gene-based association results for the discovery cohort (Optifast900), Highlighted genes (in red) correspond to loci with genome-
wide significant association signals (FDR < 5%). Source data are provided as a Source Data file

Table 2 Top hits from the gene-based GWA

Gene Chr Start Stop OPTIFAST900 (n= 1166) DIOGENES (n= 789) Meta-analysis

MIR486-2 8 41497961 41538025 1.7e-05 (0.043) 0.000618 (0.004) 1e-06 (1.2e-05)
MIR486 8 41497958 41538026 2.2e-05 (0.043) 0.000661 (0.004) 2e-06 (1.2e-05)
NKX6-3 8 41483828 41524878 2.4e-05 (0.043) 0.00185 (0.0074) 2.6e-05 (0.0001)
RBSG4 1 167124598 167185042 2e-05 (0.043) 0.011 (0.033) 3.8e-05 (0.00011)
DBNDD1 16 90051272 90106539 7e-06 (0.035) 0.0305 (0.073) 0.0116 (0.02)
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C16orf3 16 90075315 90116309 2.1e-05 (0.043) 0.2118 (0.28) 0.1049 (0.14)
URAHP 16 90086168 90134191 1.1e-05 (0.04) 0.2747 (0.33) 0.1339 (0.16)
OR5K2 3 98196524 98237475 7e-06 (0.035) 0.5784 (0.63) 0.1578 (0.17)
OR5K1 3 98168420 98209372 1.3e-05 (0.04) 0.8541 (0.85) 0.3117 (0.31)

This table present gene-based association p-values for the two cohorts and their meta-analysis. False-discovery rate (FDR) adjusted p-value is indicated within parenthesis. For the discovery cohort
(Optifast900), the FDR is a genome-wide FDR. For the replication cohort (DIOGENES) and the meta-analysis results, the FDR is adjusted for a two-stage analysis. FDRs less than 5% are shown in bold.
Source data are provided as a Source Data file
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variant. In this locus, five other SNPs had slightly lower p-values,
yet none showed such enrichment in epigenome annotation
marks (Fig. 3b). For the four SNPs in the two genomic loci,
consistent effect sizes were observed between the two cohorts, as
well as similar allele frequencies (Table 3). These analyses are
useful to identify the most likely regulatory variants. However,
they do not enable to infer which gene(s) may be impacted.
Indeed, within the MIR486/NKX6.3 locus (Fig. 3b), there are two
other genes (ANK1 and AGPAT6) that are in the vicinity of the
top regulatory variant and that would also deserve functional
follow-up.

Functional assessment in Drosophila melanogaster. To investi-
gate a potential in vivo metabolic function for the genes around
the risk variants, we used the fruit fly Drosophila melanogaster.
Because RBSG4 and MIR486 are not conserved in the fly, we
focused our analysis on Ank/ANK1, HGTX/NKX6-3 and
CG3209/AGPAT6 and each gene was targeted using whole body
RNAi knockdown (Actin-Gal4). There were no major

developmental effects for Actin-Gal4 >UAS-Ank and Actin-
Gal4 >UAS-CG3209 RNAi flies and we did not observe sig-
nificant changes in TAG levels compared to their wild-type
controls (Supplementary Fig. 2a). We also performed over-
expression (OE) of ANK1 using a whole-body driver (Actin-
Gal4). There was no impact on triglyceride levels in the
Actin-Gal4 >UAS-ANK1 OE animals compared to controls
(Supplementary Fig. 2b). The majority of Actin-Gal4 >UAS-
HGTX RNAi flies were developmentally lethal (>95% pupal
lethality), however some animals did survive. From the viable
HGTX knockdown flies (Actin-Gal4 >UAS-HGTX RNAi), we
observed a significant reduction in triglyceride (TAG) level
compared to controls (Fig. 4a). This finding was confirmed using
a second RNAi hairpin (Supplementary Fig. 3a). Complete leth-
ality of F1 progenies was observed in HGTX RNAi or HGTX
overexpression flies using additional ubiquitous drivers Tub-Gal4
and DA-Gal4. To bypass developmental effects of HGTX
knockdown, we next performed an adult-specific inducible
knockdown using the TubGal80ts system. Actin-Gal4; Gal80ts >
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Fig. 1 Manhattan plot: Gene-based association results for the discovery cohort (Optifast900), Highlighted genes (in red) correspond to loci with genome-
wide significant association signals (FDR < 5%). Source data are provided as a Source Data file

Table 2 Top hits from the gene-based GWA

Gene Chr Start Stop OPTIFAST900 (n= 1166) DIOGENES (n= 789) Meta-analysis

MIR486-2 8 41497961 41538025 1.7e-05 (0.043) 0.000618 (0.004) 1e-06 (1.2e-05)
MIR486 8 41497958 41538026 2.2e-05 (0.043) 0.000661 (0.004) 2e-06 (1.2e-05)
NKX6-3 8 41483828 41524878 2.4e-05 (0.043) 0.00185 (0.0074) 2.6e-05 (0.0001)
RBSG4 1 167124598 167185042 2e-05 (0.043) 0.011 (0.033) 3.8e-05 (0.00011)
DBNDD1 16 90051272 90106539 7e-06 (0.035) 0.0305 (0.073) 0.0116 (0.02)
PTPRT 20 40681391 41838557 6e-06 (0.035) 0.1728 (0.28) 0.0062 (0.012)
GAS8 16 90066036 90131379 7e-06 (0.035) 0.1958 (0.28) 0.06909 (0.1)
CCBE1 18 57078170 57384644 8e-06 (0.035) 0.2008 (0.28) 0.000346 (0.00083)
C16orf3 16 90075315 90116309 2.1e-05 (0.043) 0.2118 (0.28) 0.1049 (0.14)
URAHP 16 90086168 90134191 1.1e-05 (0.04) 0.2747 (0.33) 0.1339 (0.16)
OR5K2 3 98196524 98237475 7e-06 (0.035) 0.5784 (0.63) 0.1578 (0.17)
OR5K1 3 98168420 98209372 1.3e-05 (0.04) 0.8541 (0.85) 0.3117 (0.31)

This table present gene-based association p-values for the two cohorts and their meta-analysis. False-discovery rate (FDR) adjusted p-value is indicated within parenthesis. For the discovery cohort
(Optifast900), the FDR is a genome-wide FDR. For the replication cohort (DIOGENES) and the meta-analysis results, the FDR is adjusted for a two-stage analysis. FDRs less than 5% are shown in bold.
Source data are provided as a Source Data file
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To	 better	 extract	 association	
signals,	 they	 used	 a	 gene-based	
approach	 that	 enables	 to	
i n t eg r a t e	 i nd i v i dua l	 SNP	
association	 signals	 into	 a	 locus-
wise	signal	



UAS-HGTX RNAi animals were raised at 18 °C during develop-
mental stage, which suppresses RNAi and then hatched flies were
shifted to 29 °C for 6 days at which time RNAi is activated.
Induced knock-down animals displayed a similar level of TAG
reduction as constitutive HGTX knockdown animals compared to
the parental controls (Fig. 4b). To confirm inducible RNAi
knockdown efficiency, we used qPCR and observed approximate
60% reduction in HGTX mRNA levels (Fig. 4c). Further meta-
bolic characterization of these inducible knockdown animals
showed no significant difference in levels of glycogen (Supple-
mentary Fig. 3b) or trehalose (Supplementary Fig. 3c), and body
weight (Supplementary Fig. 3d), food intake (Supplementary
Fig. 3e), and starvation response (Supplementary Fig. 3f) were
also similar to the controls. Of note, HGTX inducible knockdown
did not affect fly insulin-like peptide Ilp2 or Ilp5 expression but
resulted in a decrease in Ilp3 expression. However, we did not
observe any difference in dilp3 expression at the protein level
(Supplementary Fig. 4).

To further confirm the role of HGTX in regulation of TAG, we
used inducible over-expression of HGTX in adults with mRNA
expression ~9 times higher in Actin-Gal4; Gal80ts >UAS-HGTX
OE animals (Fig. 4d) compared to the parental controls. HGTX

over-expression led to a mild reduction in TAG (Fig. 4e). No
significant impact was observed for Ilp2, 3 and 5 mRNA
expression or dilp3 protein levels (Supplementary Fig. 5).

To find the specific tissue in which HGTX acts, we carried out
tissue specific HGTX RNAi targeting expression in the fat body
(Ppl-Gal4), muscle (Mef2-Gal4), brain (nSyb-Gal4) or oenocytes
(Oeno-Gal4). We found that only oenocyte-specific knock down
of HGTX resulted in a significant reduction in TAG compared to
parental controls (Fig. 4f). Conversely, oenocyte-specific over-
expression of HGTX resulted in a significant increase in TAG
(Fig. 4g). Together, our data supports a role for HGTX/NKX6.3
acting in the fly oenocyte to regulate triglyceride content in vivo.

Discussion
Here we describe a genome-wide association for weight loss. We
used two independent weight loss cohorts: a Canadian Opti-
fast900 cohort (n= 1166) for discovery and the pan-European
DiOGenes cohort (n= 789) for replication.

Recent analysis14 of the Look AHEAD and DPP cohorts only
focused on 91 established obesity loci9,22 and found association of
only one of the loci with weight loss and regain after three years,
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Fig. 2 LocusZoom plots for the RBSG4 (LINC01363) and the MIR486/NKX6.3 loci. Left (right) panel corresponds to RBSG4 (MIR486/NKX6.3/ANK1).
Panels from top to bottom correspond to results from the meta-analysis, the Optifast900 cohort and the DiOGenes cohort. Source data are provided as a
Source Data file
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variant. In this locus, five other SNPs had slightly lower p-values,
yet none showed such enrichment in epigenome annotation
marks (Fig. 3b). For the four SNPs in the two genomic loci,
consistent effect sizes were observed between the two cohorts, as
well as similar allele frequencies (Table 3). These analyses are
useful to identify the most likely regulatory variants. However,
they do not enable to infer which gene(s) may be impacted.
Indeed, within the MIR486/NKX6.3 locus (Fig. 3b), there are two
other genes (ANK1 and AGPAT6) that are in the vicinity of the
top regulatory variant and that would also deserve functional
follow-up.

Functional assessment in Drosophila melanogaster. To investi-
gate a potential in vivo metabolic function for the genes around
the risk variants, we used the fruit fly Drosophila melanogaster.
Because RBSG4 and MIR486 are not conserved in the fly, we
focused our analysis on Ank/ANK1, HGTX/NKX6-3 and
CG3209/AGPAT6 and each gene was targeted using whole body
RNAi knockdown (Actin-Gal4). There were no major

developmental effects for Actin-Gal4 >UAS-Ank and Actin-
Gal4 >UAS-CG3209 RNAi flies and we did not observe sig-
nificant changes in TAG levels compared to their wild-type
controls (Supplementary Fig. 2a). We also performed over-
expression (OE) of ANK1 using a whole-body driver (Actin-
Gal4). There was no impact on triglyceride levels in the
Actin-Gal4 >UAS-ANK1 OE animals compared to controls
(Supplementary Fig. 2b). The majority of Actin-Gal4 >UAS-
HGTX RNAi flies were developmentally lethal (>95% pupal
lethality), however some animals did survive. From the viable
HGTX knockdown flies (Actin-Gal4 >UAS-HGTX RNAi), we
observed a significant reduction in triglyceride (TAG) level
compared to controls (Fig. 4a). This finding was confirmed using
a second RNAi hairpin (Supplementary Fig. 3a). Complete leth-
ality of F1 progenies was observed in HGTX RNAi or HGTX
overexpression flies using additional ubiquitous drivers Tub-Gal4
and DA-Gal4. To bypass developmental effects of HGTX
knockdown, we next performed an adult-specific inducible
knockdown using the TubGal80ts system. Actin-Gal4; Gal80ts >
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Fig. 1 Manhattan plot: Gene-based association results for the discovery cohort (Optifast900), Highlighted genes (in red) correspond to loci with genome-
wide significant association signals (FDR < 5%). Source data are provided as a Source Data file

Table 2 Top hits from the gene-based GWA

Gene Chr Start Stop OPTIFAST900 (n= 1166) DIOGENES (n= 789) Meta-analysis

MIR486-2 8 41497961 41538025 1.7e-05 (0.043) 0.000618 (0.004) 1e-06 (1.2e-05)
MIR486 8 41497958 41538026 2.2e-05 (0.043) 0.000661 (0.004) 2e-06 (1.2e-05)
NKX6-3 8 41483828 41524878 2.4e-05 (0.043) 0.00185 (0.0074) 2.6e-05 (0.0001)
RBSG4 1 167124598 167185042 2e-05 (0.043) 0.011 (0.033) 3.8e-05 (0.00011)
DBNDD1 16 90051272 90106539 7e-06 (0.035) 0.0305 (0.073) 0.0116 (0.02)
PTPRT 20 40681391 41838557 6e-06 (0.035) 0.1728 (0.28) 0.0062 (0.012)
GAS8 16 90066036 90131379 7e-06 (0.035) 0.1958 (0.28) 0.06909 (0.1)
CCBE1 18 57078170 57384644 8e-06 (0.035) 0.2008 (0.28) 0.000346 (0.00083)
C16orf3 16 90075315 90116309 2.1e-05 (0.043) 0.2118 (0.28) 0.1049 (0.14)
URAHP 16 90086168 90134191 1.1e-05 (0.04) 0.2747 (0.33) 0.1339 (0.16)
OR5K2 3 98196524 98237475 7e-06 (0.035) 0.5784 (0.63) 0.1578 (0.17)
OR5K1 3 98168420 98209372 1.3e-05 (0.04) 0.8541 (0.85) 0.3117 (0.31)

This table present gene-based association p-values for the two cohorts and their meta-analysis. False-discovery rate (FDR) adjusted p-value is indicated within parenthesis. For the discovery cohort
(Optifast900), the FDR is a genome-wide FDR. For the replication cohort (DIOGENES) and the meta-analysis results, the FDR is adjusted for a two-stage analysis. FDRs less than 5% are shown in bold.
Source data are provided as a Source Data file
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namely the MTIF3-rs1885988 SNP. Analysis of this SNP in our
two cohorts did not confirm this association (meta-analysis p-
value= 0.52). This could be due to differences between the
behavior-based and low-caloric dietary interventions as well as
the length/type of the intervention in the different studies. Ana-
lyses of the remaining 90 BMI loci in our data confirmed the lack
of association of these loci with weight loss (all loci had FDR >
10%); further highlighting the need to investigate the genetic
contribution to weight loss in well-controlled weight loss studies
(i.e. with similar intervention design).

GWAs of complex, polygenic traits (such as metabolic diseases)
require very large sample sizes to unravel common variants with
low/moderate effects. Such large sample sizes are typically
achieved with meta-analyses of numerous observational studies.
For illustration, the latest GWAs from the GIANT consortium23

used a sample size greater than 700,000 and identified 716 var-
iants representing about 5% of BMI variation. Such sample sizes
are not achievable for clinical intervention studies. However, over
the past few years, the development of new statistical methods has
enabled to increase statistical power using multi-marker analyses.
We thus used a well-established gene-based strategy20 and took
advantage of recent improvements for single-SNP analyses by
using a Bayesian linear-mixed effect model24. Gene-based
approaches enable to combine association p-values from indivi-
dual SNPs into a single locus (e.g. gene-level) p-value. This leads
to several benefits. First, statistical evidence is strengthened by
integrating association p-values from markers located within a
same region. Some of those markers may already display asso-
ciation signals close to genome-wide significance thresholds,
yielding a more extreme combined p-value. These approaches
account for LD relationships between markers by using resam-
pling approaches (e.g. Monte Carlo simulations). The second
benefit from gene-based approaches pertains to a significant
reduction of the multiple testing burden (as the number of tests is

about 20,000 regions instead of millions of SNPs). Finally, it has
been previously discussed that gene-based approaches are less
prone to spurious associations caused by population stratification
compared to single-SNP or haplotype-based analyses19,25.

By using such a combination of tools, we identified six different
loci with genome-wide FDR < 5% in the discovery phase. Two of
those loci (RBSG4 and MIR486/NKX6.3) replicated in a two-stage
analysis (two-stage FDR < 5%) using the DiOGenes study and
yielded significant and consistent results using a meta-analysis
approach. Bayesian modeling of epigenomic annotation was able
to highlight markers in these loci with a possible regulatory
impact. Minor alleles from markers nearby RBGS4 were found
associated with increased weight loss. Interestingly, the major
allele (C) for rs6981587, near MIR486/NKX6.3, was associated
with decreased weight loss. Our two cohorts were of European
ancestry and the C allele frequency (77%) was consistent with
other European populations as well as Asian populations (>70%).
However, these allele frequencies were much lower in several
African populations (with frequency ranging from 35–46%). This
observation would deserve additional follow-up in weight loss
studies with participants from different ancestries; as it may have
implication for weight loss intervention in these populations,
including in admixed populations (e.g. African Americans).

Our analyses highlighted several genes in the vicinity of these
association signals. Within the first locus, RBGS4, also known as
LINC01363, encodes a long non-coding RNA (lncRNA) and has
not been previously reported to associate with obesity and weight
loss interventions. Our current understanding of lncRNA remains
limited though this class of RNAs can play an important role in
gene regulation26. The contribution of lncRNAs as regulators of
the endocrine system is widely accepted27. Many GWAs have
reported association signals in the vicinity of lncRNA loci28 and
gene expression studies reported that those GWA signals had a
cis-eQTL effect specific to lncRNA and not to other neighboring
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variant. In this locus, five other SNPs had slightly lower p-values,
yet none showed such enrichment in epigenome annotation
marks (Fig. 3b). For the four SNPs in the two genomic loci,
consistent effect sizes were observed between the two cohorts, as
well as similar allele frequencies (Table 3). These analyses are
useful to identify the most likely regulatory variants. However,
they do not enable to infer which gene(s) may be impacted.
Indeed, within the MIR486/NKX6.3 locus (Fig. 3b), there are two
other genes (ANK1 and AGPAT6) that are in the vicinity of the
top regulatory variant and that would also deserve functional
follow-up.

Functional assessment in Drosophila melanogaster. To investi-
gate a potential in vivo metabolic function for the genes around
the risk variants, we used the fruit fly Drosophila melanogaster.
Because RBSG4 and MIR486 are not conserved in the fly, we
focused our analysis on Ank/ANK1, HGTX/NKX6-3 and
CG3209/AGPAT6 and each gene was targeted using whole body
RNAi knockdown (Actin-Gal4). There were no major

developmental effects for Actin-Gal4 >UAS-Ank and Actin-
Gal4 >UAS-CG3209 RNAi flies and we did not observe sig-
nificant changes in TAG levels compared to their wild-type
controls (Supplementary Fig. 2a). We also performed over-
expression (OE) of ANK1 using a whole-body driver (Actin-
Gal4). There was no impact on triglyceride levels in the
Actin-Gal4 >UAS-ANK1 OE animals compared to controls
(Supplementary Fig. 2b). The majority of Actin-Gal4 >UAS-
HGTX RNAi flies were developmentally lethal (>95% pupal
lethality), however some animals did survive. From the viable
HGTX knockdown flies (Actin-Gal4 >UAS-HGTX RNAi), we
observed a significant reduction in triglyceride (TAG) level
compared to controls (Fig. 4a). This finding was confirmed using
a second RNAi hairpin (Supplementary Fig. 3a). Complete leth-
ality of F1 progenies was observed in HGTX RNAi or HGTX
overexpression flies using additional ubiquitous drivers Tub-Gal4
and DA-Gal4. To bypass developmental effects of HGTX
knockdown, we next performed an adult-specific inducible
knockdown using the TubGal80ts system. Actin-Gal4; Gal80ts >
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Fig. 1 Manhattan plot: Gene-based association results for the discovery cohort (Optifast900), Highlighted genes (in red) correspond to loci with genome-
wide significant association signals (FDR < 5%). Source data are provided as a Source Data file

Table 2 Top hits from the gene-based GWA

Gene Chr Start Stop OPTIFAST900 (n= 1166) DIOGENES (n= 789) Meta-analysis

MIR486-2 8 41497961 41538025 1.7e-05 (0.043) 0.000618 (0.004) 1e-06 (1.2e-05)
MIR486 8 41497958 41538026 2.2e-05 (0.043) 0.000661 (0.004) 2e-06 (1.2e-05)
NKX6-3 8 41483828 41524878 2.4e-05 (0.043) 0.00185 (0.0074) 2.6e-05 (0.0001)
RBSG4 1 167124598 167185042 2e-05 (0.043) 0.011 (0.033) 3.8e-05 (0.00011)
DBNDD1 16 90051272 90106539 7e-06 (0.035) 0.0305 (0.073) 0.0116 (0.02)
PTPRT 20 40681391 41838557 6e-06 (0.035) 0.1728 (0.28) 0.0062 (0.012)
GAS8 16 90066036 90131379 7e-06 (0.035) 0.1958 (0.28) 0.06909 (0.1)
CCBE1 18 57078170 57384644 8e-06 (0.035) 0.2008 (0.28) 0.000346 (0.00083)
C16orf3 16 90075315 90116309 2.1e-05 (0.043) 0.2118 (0.28) 0.1049 (0.14)
URAHP 16 90086168 90134191 1.1e-05 (0.04) 0.2747 (0.33) 0.1339 (0.16)
OR5K2 3 98196524 98237475 7e-06 (0.035) 0.5784 (0.63) 0.1578 (0.17)
OR5K1 3 98168420 98209372 1.3e-05 (0.04) 0.8541 (0.85) 0.3117 (0.31)

This table present gene-based association p-values for the two cohorts and their meta-analysis. False-discovery rate (FDR) adjusted p-value is indicated within parenthesis. For the discovery cohort
(Optifast900), the FDR is a genome-wide FDR. For the replication cohort (DIOGENES) and the meta-analysis results, the FDR is adjusted for a two-stage analysis. FDRs less than 5% are shown in bold.
Source data are provided as a Source Data file
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Figure	3	summarizes	the	results	of	the	Bayesian	modeling	and	presents	the	overlap	
between	variants	and	epigenomic	annotations.		

Those	3	markers	were	in	strong	LD	with	each	other	(r2	
>	 90%)	 and	 thus	 any	 of	 those	would	 tag	 the	 others.	
Those	 three	 markers	 are	 common	 variants	 (with	
Minor	Allele	Frequency	(MAF)=27%).	

rs6981587	SNP	(MAF=34%)	emerged	
as	the	most	likely	risk	allele	



protein-coding genes29. In addition, the contribution of lncRNA
genes to local gene regulation involves complex processes that are
not necessarily linked to the lncRNA transcripts themselves but
instead includes processes associated with their production (such
as enhancer activities, transcription processes and splicing)30. It
is also worth noting that lncRNA have been reported as regulators
of adipogenesis31. Thus, the contribution of lncRNA, such
as RBGS4, in response to clinical intervention for metabolic dis-
eases may be under-appreciated.

The second locus associating with weight loss encompasses
several genes:MIR486, ANK1, AGPAT6 and NKX6.3.

The MIR486 locus includes two mir genes encoding pre-mir
isoforms of the same microRNA (miRNA). MiRNAs emerged as
regulators of important biological processes and have been
involved in many complex diseases including obesity, insulin
resistance, T2D and cancer32–38. MiR486 has been shown to
regulate SIRT1 and its expression in human adipose tissue-
derived mesenchymal stem cells is controlled by high glucose39.
Additional studies have shown that miR486 could impact NFKB
signaling by inhibition of NKFB inhibitors40 and that miR486
could inhibit FOXO1, a key mediator of insulin signaling41 and
triglyceride metabolism42.

ANK1 belongs to the ankyrin family that links membrane
proteins to the cytoskeleton and play a large role in cell motility,
proliferation and activation. Genetic variants located within
ANK1 have been found associated with glycemic traits, impaired
insulin release65and T2D onset both in European and Asian
populations43–45. ANK1 variants were also shown to have cis-
eQTL effect on the expression of small ANK1 in skeletal
muscle46,47. In our gene-based analyses, the ANK1 gene did not
emerge as a top candidate owing to the fact that the analysis was
based on the full-length gene (283 kb) whilst most of the single-
SNP signals were restricted to a 10.2 kb region. Hence the
resulting gene-based p-value was influenced by the incorporation
of non-associated SNPs masking the effect of associated SNPs.

The third gene located in the vicinity of the identified variants
is AGPAT6 (also known as GPAT4, Glycerol-3-Phosphate Acyl-
transferase 4). The encoded enzyme catalyzes the conversion of
lysophosphatidic acid to phosphatidic acid and thus is an
important contributor in TAG biosynthesis. Agpat6-deficient
mice were shown to have alteration in lipid metabolism in tissue
such as adipose and liver48. Agpat6-deficient mice were also
shown to exhibit a 25% reduction in body weight and resistance
to both diet-induced and genetically induced obesity49.

The fourth gene in this locus is NKX6.3, member of the NKX
family that contribute to numerous developmental processes. In
particular, the NKX homeobox 3 gene is involved in the devel-
opment of the central nervous system, gastro-intestinal tract and
pancreas50. Interestingly, NKX6-3 is located close to variants
which have been associated with T2D43. The recent GWA by
Mahajan and colleagues51 highlighted the rs13262861 SNP (8 kb
away from our identified variants) as being associated with T2D.
This SNP was not tested in our data as it did not achieve a good
imputation metrics (r2 < 80%). This SNP is known as an NKX6-3

cis-eQTL in human islets52. Additionally, NKX6-3 transcripts
encode transcription factors required for the development of
alpha and beta cells in the pancreas53 and have been show to
influence insulin secretion54,55. Glycemic improvements follow-
ing LCD were only measured in the DiOGenes cohort. Associa-
tion between our three top NKX6.3 variants and rs13262861 did
not reveal any significant association with insulin sensitivity
improvements (Matsuda index). Our prioritization analyses based
on epigenomic annotation highlighted rs6981587 as the top
regulatory variant. Since these annotation marks are derived from
cell lines, deciphering the exact underlying mechanism may be
premature and would require access to specific tissues for a subset
of our GWA participants (e.g. with liver and fat biopsies). Yet,
investigation of the BIOS QTL data56 found that rs6981587 was
an eQTL, in whole blood, of the NKX6.3, ANK1 and AGPAT6
genes. Interestingly, only the NKX6.3 eQTL reached genome-wide
significance (FDR 5%), with the rs6981587-T allele associating
with decreased expression levels.

To investigate a role for the genes NKX6.3, ANK1 and AGPAT6
in metabolic regulation in vivo, we used a knockdown strategy in
Drosophila melanogaster, as molecular mechanisms controlling
fat mass are largely conserved between flies and humans57. We
used triglyceride content as the main metabolic readout. Trigly-
cerides constitute the major components of lipids58, and total
triglyceride levels are used as a direct measure of fly adiposity59.
Whole-body knockdown of NKX6.3/HGTX led to significant
reduction of whole-body triglyceride content. This observation
was replicated with independent RNAi hairpins and confirmed
using adult-inducible knockdown. NKX6.3/HGTX over-
expression also led to a reduction of whole-body triglyceride
(TAG) content. While this was surprising, this observation is not
uncommon in functional screens60,61 and it suggests that a tight
NKX6.3/HGTX gene dosage is important to maintain TAG levels.

Tissue-specific inducible knockdown showed that
NKX6.3/HGTX acts in oenocytes to maintain TAG levels. RNAi
knockdown in oenocytes led to decreased TAG levels while
overexpression of NKX6.3/HGTX led to increased TAG levels.
Oenocytes are hepatocyte-like cells and are important to regulate
the fly lipid metabolism59. Specifically, these cells regulate whole-
body TAG level and have a bidirectional metabolic role. Under
starvation conditions, oenocytes accumulate lipid droplets; when
food is abundant, they regulate growth, development and feeding
behavior. This two-way coupling between body fat and oenocytes
is analogous to the liver—adipose axis in mammals. While the
exact mechanism of how NKX6.3/HGTX can control lipid
metabolism remains unclear, the effect could be oenocyte-specific,
or via inter-organ communications between the fat body, brain
and oenocytes.

Our fly results show phenotypic evidence that NKX6.3 may be
involved in lipid metabolism and may thereby contribute to
weight loss variation. On the other hand, the published mouse
data on AGPAT6 makes this gene also a plausible candidate.
Another possibility is that the associated genetic variant influ-
ences all of these genes and that they jointly contribute to the

Table 3 Prioritized SNPs from Bayesian risk variant inference

SNP Chr Position Effect allele Effect allele
frequency

Optifast900 Meta-analysis

rs873822 1 167126910 C 66% 0.13 ± 0.04 (p= 0.00053) 0.14 ± 0.03 (p= 3.43e-6)
rs870879 1 167126987 G 66% 0.13 ± 0.04 (p= 0.00068) 0.13 ± 0.03 (p= 4.27e-6)
rs1027493 1 167132882 C 67% 0.13 ± 0.04 (p= 0.00056) 0.13 ± 0.03 (p= 5.06e-6)
rs6981587 8 41516915 C 77% −0.19 ± 0.05 (p= 0.000043) −0.17 ± 0.03 (p= 1.54e-6)

This table present single-SNP association p-values for the two cohorts and their meta-analysis for the top risk variant SNPs. Beta coefficients, with their standard error and p-value are provided, as
estimated by the linear mixed effect model. Positive betas indicate that the effect allele associates with greater weight loss. Source data are provided as a Source Data file
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variant. In this locus, five other SNPs had slightly lower p-values,
yet none showed such enrichment in epigenome annotation
marks (Fig. 3b). For the four SNPs in the two genomic loci,
consistent effect sizes were observed between the two cohorts, as
well as similar allele frequencies (Table 3). These analyses are
useful to identify the most likely regulatory variants. However,
they do not enable to infer which gene(s) may be impacted.
Indeed, within the MIR486/NKX6.3 locus (Fig. 3b), there are two
other genes (ANK1 and AGPAT6) that are in the vicinity of the
top regulatory variant and that would also deserve functional
follow-up.

Functional assessment in Drosophila melanogaster. To investi-
gate a potential in vivo metabolic function for the genes around
the risk variants, we used the fruit fly Drosophila melanogaster.
Because RBSG4 and MIR486 are not conserved in the fly, we
focused our analysis on Ank/ANK1, HGTX/NKX6-3 and
CG3209/AGPAT6 and each gene was targeted using whole body
RNAi knockdown (Actin-Gal4). There were no major

developmental effects for Actin-Gal4 >UAS-Ank and Actin-
Gal4 >UAS-CG3209 RNAi flies and we did not observe sig-
nificant changes in TAG levels compared to their wild-type
controls (Supplementary Fig. 2a). We also performed over-
expression (OE) of ANK1 using a whole-body driver (Actin-
Gal4). There was no impact on triglyceride levels in the
Actin-Gal4 >UAS-ANK1 OE animals compared to controls
(Supplementary Fig. 2b). The majority of Actin-Gal4 >UAS-
HGTX RNAi flies were developmentally lethal (>95% pupal
lethality), however some animals did survive. From the viable
HGTX knockdown flies (Actin-Gal4 >UAS-HGTX RNAi), we
observed a significant reduction in triglyceride (TAG) level
compared to controls (Fig. 4a). This finding was confirmed using
a second RNAi hairpin (Supplementary Fig. 3a). Complete leth-
ality of F1 progenies was observed in HGTX RNAi or HGTX
overexpression flies using additional ubiquitous drivers Tub-Gal4
and DA-Gal4. To bypass developmental effects of HGTX
knockdown, we next performed an adult-specific inducible
knockdown using the TubGal80ts system. Actin-Gal4; Gal80ts >
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Fig. 1 Manhattan plot: Gene-based association results for the discovery cohort (Optifast900), Highlighted genes (in red) correspond to loci with genome-
wide significant association signals (FDR < 5%). Source data are provided as a Source Data file

Table 2 Top hits from the gene-based GWA

Gene Chr Start Stop OPTIFAST900 (n= 1166) DIOGENES (n= 789) Meta-analysis

MIR486-2 8 41497961 41538025 1.7e-05 (0.043) 0.000618 (0.004) 1e-06 (1.2e-05)
MIR486 8 41497958 41538026 2.2e-05 (0.043) 0.000661 (0.004) 2e-06 (1.2e-05)
NKX6-3 8 41483828 41524878 2.4e-05 (0.043) 0.00185 (0.0074) 2.6e-05 (0.0001)
RBSG4 1 167124598 167185042 2e-05 (0.043) 0.011 (0.033) 3.8e-05 (0.00011)
DBNDD1 16 90051272 90106539 7e-06 (0.035) 0.0305 (0.073) 0.0116 (0.02)
PTPRT 20 40681391 41838557 6e-06 (0.035) 0.1728 (0.28) 0.0062 (0.012)
GAS8 16 90066036 90131379 7e-06 (0.035) 0.1958 (0.28) 0.06909 (0.1)
CCBE1 18 57078170 57384644 8e-06 (0.035) 0.2008 (0.28) 0.000346 (0.00083)
C16orf3 16 90075315 90116309 2.1e-05 (0.043) 0.2118 (0.28) 0.1049 (0.14)
URAHP 16 90086168 90134191 1.1e-05 (0.04) 0.2747 (0.33) 0.1339 (0.16)
OR5K2 3 98196524 98237475 7e-06 (0.035) 0.5784 (0.63) 0.1578 (0.17)
OR5K1 3 98168420 98209372 1.3e-05 (0.04) 0.8541 (0.85) 0.3117 (0.31)

This table present gene-based association p-values for the two cohorts and their meta-analysis. False-discovery rate (FDR) adjusted p-value is indicated within parenthesis. For the discovery cohort
(Optifast900), the FDR is a genome-wide FDR. For the replication cohort (DIOGENES) and the meta-analysis results, the FDR is adjusted for a two-stage analysis. FDRs less than 5% are shown in bold.
Source data are provided as a Source Data file
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For	the	four	SNPs	in	the	two	
genomic	loci,	consistent	
effect	sizes	were	observed	
between	the	two	cohorts,	
as	well	as	similar	allele	
frequencies	(Table	3).		

These	analyses	are	useful	to	
identify	the	most	likely	
regulatory	variants.	
However,	they	do	not	
enable	to	infer	which	

gene(s)	may	be	impacted.		

Indeed,	within	the	MIR486/
NKX6.3	locus	(Fig.	3b),	there	
are	two	other	genes	(ANK1	
and	AGPAT6)	that	are	in	the	

vicinity	of	the	top	
regulatory	variant	and	that	

would	also	deserve	
functional	follow-up.	



variability of weight loss in humans. The biological importance of
the genes near the weight-loss associated variants and the
proximity or overlap with annotated regulatory marks, provides
evidence for a functional role in metabolism within this locus.
However, given the complex relationship between different
organs (brain, adipose, pancreas, liver and muscle) as well as the
interplay between metabolic pathways, further investigation
would require access to different tissues and under different
conditions (e.g. weight loss, induced obesity) to elucidate the
potential contribution of each gene.

In conclusion, we performed a weight loss GWA using data
from a large clinical practice (the Canadian Optifast900 meal
replacement program). Two loci (RBSG4 and MIR486/NKX6.3)
were successfully replicated with data from a controlled trial
(DiOGenes). Several independent studies provided evidence for a

biological link between the NKX6-3/MIR486 locus and metabolic
disorders including T2D and obesity. This lends additional con-
fidence in our results. Our work opens opportunities for addi-
tional functional and preclinical studies to fully elucidate the link
between the identified markers and the underlying metabolic and
molecular mechanisms.

Methods
Ethics. Local Human Research Ethics Committees, from the Ottawa Hospital and
DiOGenes studies, approved the study and all procedures were conducted in
accordance with the Declaration of Helsinki. All participants gave informed written
consent prior to any testing.

Study samples. The Canadian samples consisted of patients enrolled in the
Weight Management Clinic16 who had completed 6 to 12 weeks meal-replacement
regimen consisting of a product uniquely available in Canada, Optifast900 (Nestlé
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Fig. 4 HGTX/NKX6.3 regulates triglyceride (TAG) in Drosophila. aWhole-body HGTX RNAi decreased TAG level in adult flies, n= 4–8 groups, 10 flies each.
b TAG levels in adult inducible of whole-body HGTX RNAi flies, n= 7 groups, 5 flies each. c HGTX mRNA was significantly reduced in adult inducible RNAi
flies, n= 4–5 groups, 5 flies each. d HGTX mRNA overexpression detected by qPCR, n= 4 groups, 5 flies each. e TAG levels in adult inducible whole-body
HGTX over-expression flies, n= 6 groups, 5 flies each. f TAG levels in tissue-specific HGTX RNAi flies, n= 6–7 groups, 5 flies each. g TAG levels in
oenocyte-specific HGTX over-expression flies, n= 6 groups, 5 flies each. Data are represented as means ± SEM. One-way ANOVA with Bonferroni’s
multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, NS, not significant. Source data are provided as a Source Data file
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variant. In this locus, five other SNPs had slightly lower p-values,
yet none showed such enrichment in epigenome annotation
marks (Fig. 3b). For the four SNPs in the two genomic loci,
consistent effect sizes were observed between the two cohorts, as
well as similar allele frequencies (Table 3). These analyses are
useful to identify the most likely regulatory variants. However,
they do not enable to infer which gene(s) may be impacted.
Indeed, within the MIR486/NKX6.3 locus (Fig. 3b), there are two
other genes (ANK1 and AGPAT6) that are in the vicinity of the
top regulatory variant and that would also deserve functional
follow-up.

Functional assessment in Drosophila melanogaster. To investi-
gate a potential in vivo metabolic function for the genes around
the risk variants, we used the fruit fly Drosophila melanogaster.
Because RBSG4 and MIR486 are not conserved in the fly, we
focused our analysis on Ank/ANK1, HGTX/NKX6-3 and
CG3209/AGPAT6 and each gene was targeted using whole body
RNAi knockdown (Actin-Gal4). There were no major

developmental effects for Actin-Gal4 >UAS-Ank and Actin-
Gal4 >UAS-CG3209 RNAi flies and we did not observe sig-
nificant changes in TAG levels compared to their wild-type
controls (Supplementary Fig. 2a). We also performed over-
expression (OE) of ANK1 using a whole-body driver (Actin-
Gal4). There was no impact on triglyceride levels in the
Actin-Gal4 >UAS-ANK1 OE animals compared to controls
(Supplementary Fig. 2b). The majority of Actin-Gal4 >UAS-
HGTX RNAi flies were developmentally lethal (>95% pupal
lethality), however some animals did survive. From the viable
HGTX knockdown flies (Actin-Gal4 >UAS-HGTX RNAi), we
observed a significant reduction in triglyceride (TAG) level
compared to controls (Fig. 4a). This finding was confirmed using
a second RNAi hairpin (Supplementary Fig. 3a). Complete leth-
ality of F1 progenies was observed in HGTX RNAi or HGTX
overexpression flies using additional ubiquitous drivers Tub-Gal4
and DA-Gal4. To bypass developmental effects of HGTX
knockdown, we next performed an adult-specific inducible
knockdown using the TubGal80ts system. Actin-Gal4; Gal80ts >
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Fig. 1 Manhattan plot: Gene-based association results for the discovery cohort (Optifast900), Highlighted genes (in red) correspond to loci with genome-
wide significant association signals (FDR < 5%). Source data are provided as a Source Data file

Table 2 Top hits from the gene-based GWA

Gene Chr Start Stop OPTIFAST900 (n= 1166) DIOGENES (n= 789) Meta-analysis

MIR486-2 8 41497961 41538025 1.7e-05 (0.043) 0.000618 (0.004) 1e-06 (1.2e-05)
MIR486 8 41497958 41538026 2.2e-05 (0.043) 0.000661 (0.004) 2e-06 (1.2e-05)
NKX6-3 8 41483828 41524878 2.4e-05 (0.043) 0.00185 (0.0074) 2.6e-05 (0.0001)
RBSG4 1 167124598 167185042 2e-05 (0.043) 0.011 (0.033) 3.8e-05 (0.00011)
DBNDD1 16 90051272 90106539 7e-06 (0.035) 0.0305 (0.073) 0.0116 (0.02)
PTPRT 20 40681391 41838557 6e-06 (0.035) 0.1728 (0.28) 0.0062 (0.012)
GAS8 16 90066036 90131379 7e-06 (0.035) 0.1958 (0.28) 0.06909 (0.1)
CCBE1 18 57078170 57384644 8e-06 (0.035) 0.2008 (0.28) 0.000346 (0.00083)
C16orf3 16 90075315 90116309 2.1e-05 (0.043) 0.2118 (0.28) 0.1049 (0.14)
URAHP 16 90086168 90134191 1.1e-05 (0.04) 0.2747 (0.33) 0.1339 (0.16)
OR5K2 3 98196524 98237475 7e-06 (0.035) 0.5784 (0.63) 0.1578 (0.17)
OR5K1 3 98168420 98209372 1.3e-05 (0.04) 0.8541 (0.85) 0.3117 (0.31)

This table present gene-based association p-values for the two cohorts and their meta-analysis. False-discovery rate (FDR) adjusted p-value is indicated within parenthesis. For the discovery cohort
(Optifast900), the FDR is a genome-wide FDR. For the replication cohort (DIOGENES) and the meta-analysis results, the FDR is adjusted for a two-stage analysis. FDRs less than 5% are shown in bold.
Source data are provided as a Source Data file
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From	the	viable	HGTX	knockdown	flies	
(Actin-Gal4	>	UAS-HGTX	RNAi),	they	
observed	a	significant	reduction	in	
triglyceride	(TAG)	level	compared	to	

controls	(Fig.	4a).		

Because	RBSG4	and	MIR486	are	not	
conserved	in	the	fly,	they	focused	
their	analysis	on	Ank/ANK1,	HGTX/
NKX6-3	and	CG3209/AGPAT6	and	

each	gene	was	targeted	using	whole	
body	RNAi	knockdown	(Actin-Gal4).	

To	confirm	inducible	RNAi	
knockdown	efficiency,	they	
used	qPCR	and	observed	
approximate	60%	reduction	in	
HGTX	mRNA	levels	(Fig.	4c).	

HGTX	over-expression	led	to	a	
mild	reduction	in	TAG	(Fig.	4e).		

To	find	the	specific	tissue	
in	which	HGTX	acts,	they	
carried	out	tissue	specific	
HGTX	RNAi	targeting	
expression	in	the	fat	body	
(Ppl-Gal4),	muscle	(Mef2-
Gal4),	brain	(nSyb-Gal4)	or	
oenocytes	(Oeno-Gal4).	



Conclusions	
Oenocytes	are	hepatocyte-like	cells	and	are	

important	to	regulate	the	fly	lipid	metabolism.	
Specifically,	these	cells	regulate	whole-	body	
TAG	level	and	have	a	bidirectional	metabolic	
role.	Under	starvation	conditions,	oenocytes	

accumulate	lipid	droplets;	when	food	is	
abundant,	they	regulate	growth,	development	
and	feeding	behavior.	This	two-way	coupling	
between	body	fat	and	oenocytes	is	analogous	

to	the	liver—adipose	axis	in	mammals.	

In	conclusion,	they	performed	a	weight	loss	
GWA	using	data	from	a	large	clinical	practice	
(the	Canadian	Optifast900	meal	replacement	

program).		

Two	loci	(RBSG4	and	MIR486/NKX6.3)	were	
successfully	replicated	with	data	from	a	

controlled	trial	(DiOGenes).		

Several	independent	studies	provided	
evidence	for	a	biological	link	between	the	

NKX6-3/MIR486	locus	and	metabolic	disorders	
including	T2D	and	obesity.		

variant. In this locus, five other SNPs had slightly lower p-values,
yet none showed such enrichment in epigenome annotation
marks (Fig. 3b). For the four SNPs in the two genomic loci,
consistent effect sizes were observed between the two cohorts, as
well as similar allele frequencies (Table 3). These analyses are
useful to identify the most likely regulatory variants. However,
they do not enable to infer which gene(s) may be impacted.
Indeed, within the MIR486/NKX6.3 locus (Fig. 3b), there are two
other genes (ANK1 and AGPAT6) that are in the vicinity of the
top regulatory variant and that would also deserve functional
follow-up.

Functional assessment in Drosophila melanogaster. To investi-
gate a potential in vivo metabolic function for the genes around
the risk variants, we used the fruit fly Drosophila melanogaster.
Because RBSG4 and MIR486 are not conserved in the fly, we
focused our analysis on Ank/ANK1, HGTX/NKX6-3 and
CG3209/AGPAT6 and each gene was targeted using whole body
RNAi knockdown (Actin-Gal4). There were no major

developmental effects for Actin-Gal4 >UAS-Ank and Actin-
Gal4 >UAS-CG3209 RNAi flies and we did not observe sig-
nificant changes in TAG levels compared to their wild-type
controls (Supplementary Fig. 2a). We also performed over-
expression (OE) of ANK1 using a whole-body driver (Actin-
Gal4). There was no impact on triglyceride levels in the
Actin-Gal4 >UAS-ANK1 OE animals compared to controls
(Supplementary Fig. 2b). The majority of Actin-Gal4 >UAS-
HGTX RNAi flies were developmentally lethal (>95% pupal
lethality), however some animals did survive. From the viable
HGTX knockdown flies (Actin-Gal4 >UAS-HGTX RNAi), we
observed a significant reduction in triglyceride (TAG) level
compared to controls (Fig. 4a). This finding was confirmed using
a second RNAi hairpin (Supplementary Fig. 3a). Complete leth-
ality of F1 progenies was observed in HGTX RNAi or HGTX
overexpression flies using additional ubiquitous drivers Tub-Gal4
and DA-Gal4. To bypass developmental effects of HGTX
knockdown, we next performed an adult-specific inducible
knockdown using the TubGal80ts system. Actin-Gal4; Gal80ts >
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Fig. 1 Manhattan plot: Gene-based association results for the discovery cohort (Optifast900), Highlighted genes (in red) correspond to loci with genome-
wide significant association signals (FDR < 5%). Source data are provided as a Source Data file

Table 2 Top hits from the gene-based GWA

Gene Chr Start Stop OPTIFAST900 (n= 1166) DIOGENES (n= 789) Meta-analysis

MIR486-2 8 41497961 41538025 1.7e-05 (0.043) 0.000618 (0.004) 1e-06 (1.2e-05)
MIR486 8 41497958 41538026 2.2e-05 (0.043) 0.000661 (0.004) 2e-06 (1.2e-05)
NKX6-3 8 41483828 41524878 2.4e-05 (0.043) 0.00185 (0.0074) 2.6e-05 (0.0001)
RBSG4 1 167124598 167185042 2e-05 (0.043) 0.011 (0.033) 3.8e-05 (0.00011)
DBNDD1 16 90051272 90106539 7e-06 (0.035) 0.0305 (0.073) 0.0116 (0.02)
PTPRT 20 40681391 41838557 6e-06 (0.035) 0.1728 (0.28) 0.0062 (0.012)
GAS8 16 90066036 90131379 7e-06 (0.035) 0.1958 (0.28) 0.06909 (0.1)
CCBE1 18 57078170 57384644 8e-06 (0.035) 0.2008 (0.28) 0.000346 (0.00083)
C16orf3 16 90075315 90116309 2.1e-05 (0.043) 0.2118 (0.28) 0.1049 (0.14)
URAHP 16 90086168 90134191 1.1e-05 (0.04) 0.2747 (0.33) 0.1339 (0.16)
OR5K2 3 98196524 98237475 7e-06 (0.035) 0.5784 (0.63) 0.1578 (0.17)
OR5K1 3 98168420 98209372 1.3e-05 (0.04) 0.8541 (0.85) 0.3117 (0.31)

This table present gene-based association p-values for the two cohorts and their meta-analysis. False-discovery rate (FDR) adjusted p-value is indicated within parenthesis. For the discovery cohort
(Optifast900), the FDR is a genome-wide FDR. For the replication cohort (DIOGENES) and the meta-analysis results, the FDR is adjusted for a two-stage analysis. FDRs less than 5% are shown in bold.
Source data are provided as a Source Data file
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