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SUMMARY

TMEM18 is the strongest candidate for childhood obesity identified from GWASs, yet as for most GWAS-derived
obesity-susceptibility genes, the functional mechanism remains elusive. We here investigate the relevance of
TMEM18 for adipose tissue development and obesity. We demonstrate that adipocyte TMEM18 expression is
downregulated in children with obesity. Functionally, downregulation of TMEM18 impairs adipocyte formation
in zebrafish and in human preadipocytes, indicating that TMEM18 is important for adipocyte differentiation in vivo
and in vitro. On the molecular level, TMEM18 activates PPARG, particularly upregulating PPARG1 promoter activity, and this activation is repressed by inflammatory stimuli. The relationship between TMEM18 and PPARG1 is
also evident in adipocytes of children and is clinically associated with obesity and adipocyte hypertrophy, inflammation, and insulin resistance. Our findings indicate a role of TMEM18 as an upstream regulator of PPARG
signaling driving healthy adipogenesis, which is dysregulated with adipose tissue dysfunction and obesity.

INTRODUCTION
Obesity manifests early in life (Geserick et al., 2018) and is characterized by excessive accumulation of adipose tissue (AT)
because of increased adipocyte size and/or number, with new
adipocytes arising from proliferation and differentiation of adipose progenitor cells (Landgraf et al., 2015). Genome-wide association studies (GWASs) suggested transmembrane protein
18 (TMEM18) as a strong candidate for development and progression of obesity (Fall and Ingelsson, 2014).
As for most identified obesity-susceptibility genes, action
related to central nervous system for TMEM18 was initially postulated based on prior observations that TMEM18 was involved in
neural stem cell migration (Jurvansuu et al., 2008). However, it remains inconclusive as to whether and in what direction central
TMEM18 expression is related to food intake or body weight in rodents (Gutierrez-Aguilar et al., 2012; Larder et al., 2017).
A potential functional relevance of TMEM18 in AT has so far been
widely neglected, despite indications that Tmem18 expression is
decreased in AT of mice (Yoganathan et al., 2012) and adult patients
with obesity (Rohde et al., 2014). Based on these observations, we

hypothesized that TMEM18 may have a direct role in AT accumulation and that alterations in TMEM18 expression may affect adipocyte formation and expression of adipogenic marker genes. Of
particular interest is PPARG, a transcription factor, which is the
master regulator of adipogenesis, driving expression of critical
genes necessary for adipocyte differentiation and function, such
as LPL, FABP4, and LIPE (Rosen et al., 1999; Siersbaek et al., 2010).
Therefore, the aim of the present study was to decipher the
functional relevance of TMEM18 for AT accumulation in development and in the context of obesity. Particularly, we investigated
the importance of TMEM18 for adipocyte formation from adipose progenitor cells and analyzed the regulatory mechanisms
underlying TMEM18 function.
RESULTS
Adipocyte TMEM18 Expression Is Decreased with
Obesity and AT Dysfunction in Children
We first investigated whether obesity-risk variants are linked to
TMEM18 expression in AT of children (Table S1). We selected
three independent variants, rs7561317, rs17729501, and
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rs10168696, located in different regions within or close to the
TMEM18 locus, which had been associated with obesity in large
cross-sectional GWASs (Thorleifsson et al., 2009; Wiemerslage
et al., 2016; Willer et al., 2009). We detected an association of
rs7561317 and rs17729501, but not rs10168696, with adipocyte
TMEM18 expression in lean children (Table S2; Figure 1A). We
further evaluated the association of the variant rs7561317 with
eating behavior. For this, we used the population-based Leipzig
Research Center for Civilization Diseases (LIFE) Child and LIFE
Adult studies, which are human epidemiological datasets with
both genotyping and different measures of eating behavior available. We confirmed an average higher body mass index (BMI) of
0.57 kg/m2 in risk versus non-risk allele-carrying adults (t1140 =
2.01, 95% confidence interval [CI] of the difference [0.035, 1.1],
p = 0.037) and a higher BMI standard deviation score (SDS) of
0.15 in risk-carrying children (t924 = 1.97, 95% CI of the difference [0.3, 0.0006], p = 0.047). Yet we did not find effects on traits
related to eating behavior: In children, restraint, eating, weight,
and shape concern were not different between genotype groups
(all Z < 1.22, p > 0.22). Similarly, food avoidance emotional disorder (FAED), selective eating, and functional dysphagy were
comparable (all Z < 0.46, p > 0.65). In adults, hunger, disinhibition
or cognitive restraint measures as analyzed by multivariate comparison corrected for age and sex (N = 1,144, multivariate
ANOVA, Pillai’s trace test statistics, F3,1138 = 1.3, p = 0.28),
and Yale Food Addiction Scale symptom score distributions
did not differ among genotypes (Mann-Whitney U test: Z =
0.009, p = 0.99). Hence, TMEM18 is expressed in AT, and
expression may be altered according to risk genotype, whereas
we did not find the risk genotype to be related to central traits
regulating appetite.
Independent of genotype, TMEM18 expression was lower in
adipocytes compared with stroma-vascular fraction (SVF) cells
(Figure 1A). Adipocyte TMEM18 mRNA levels did not correlate
with age (R = 0.229, p = 0.168), puberty (R = 0.150, p =
0.406), or gender (7,970 ± 679 in females versus 8,877 ± 750 in
males, p = 0.380) in lean children, indicating that there is no association with physical development that might bias analyses.
However, TMEM18 expression was reduced in adipocytes of
children with obesity compared with lean children (Figure 1B)
to a similar extent as shown for AT of adults (Bernhard et al.,
2013). In addition to the association with BMI SDS (Figure 1C),
TMEM18 expression decreased with emerging signs of
obesity-related AT dysfunction and with clinical obesity
sequelae, such as insulin resistance (Figures 1D–1G).
TMEM18 Is Conserved in Zebrafish and Is Coexpressed
with pparg in AT
Based on our previous observation of TMEM18 deficiency impairing adipocyte differentiation in vitro (Bernhard et al., 2013),
we hypothesized that TMEM18 has a role in adipogenesis, which
we studied in zebrafish in vivo. TMEM18 is conserved in zebrafish (Figure S1A) and ubiquitously expressed throughout
different tissues, including visceral adipose and brain tissues
(Figure S1B), resembling expression in humans (Bernhard
et al., 2013) and mice (Figure S2A). During development,
tmem18 expression increased from 4 h to 9 days post-fertilization (dpf) (Figure S1C). Investigating spatial expression,
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tmem18 mRNA was initially localized to pharyngeal arches,
head, and swimbladder, whereas at 9 dpf, tmem18 expression
was restricted to the abdominal swimbladder region, in which
pparg is expressed and the first AT develops (Figure S1D).
Tmem18 Knockdown Inhibits pparg Expression and
Adipocyte Development in Zebrafish
To address whether tmem18 is a regulator of adipocyte development in zebrafish, we used a morpholino-mediated knockdown
approach (Figures 2A and 2B). Tmem18 knockdown led to a
reduction in adipocyte number (Figures 2C and 2D) and to a
reduced percentage of zebrafish larvae containing adipocytes
(Figure 2D), which was not caused by systemic effects on development per se (Figure 2E) or by detrimental effects on liver and
intestinal development (Figure 2F). Reduction of adipocyte number was unlikely to be secondary to reduced food intake,
because we did not observe alterations in eating behavior (Figure 2G). However, we did observe decreased pparg expression
in tmem18 morphants, and inhibition of adipocyte formation and
pparg expression were restored by coinjection of tmem18 mRNA
(Figure 2H), whereas there was no effect on other early regulators
of adipocyte differentiation (Figure 2I). Analyses of late adipocyte
markers revealed that only lpl-b expression showed a trend toward downregulation after tmem18 knockdown at 5 and 9 dpf
as time points relevant for adipocyte formation, which was not
statistically significant (Figure 2J).
TMEM18 Upregulates Transcription from the PPARG1
Promoter
Concomitant expression and colocalization results suggest that
TMEM18 might be involved in PPARG activation. Supporting this
hypothesis are observations that TMEM18 protein is present in
both cytoplasm and nucleus and acts as a transcription factor
(Jurvansuu and Goldman, 2011), whereas a recent study reported that TMEM18 does not localize to the nucleus to act as
a transcription factor (Larder et al., 2017). We detected endogenous TMEM18 protein in both cytoplasm and nucleus of human
adipose progenitor cells before and after adipocyte differentiation (Figures S2B and S2C).
We went on testing whether TMEM18 is involved in PPARG
activation. TMEM18 overexpression in undifferentiated 3T3-L1
cells caused a doubling of PPARG1, but not PPARG2, promoter
activity (Figure 3A). By generating deletion constructs of the
PPARG1 promoter (Figure 3B), we demonstrated that the distal
region (1,765 to 1,464) is essential for TMEM18-mediated
PPARG1 activation (Figure 3C). We confirmed the presence of
TMEM18 in a complex with the 30 region of the distal PPARG1
promoter using chromatin immunoprecipitation in undifferentiated Simpson-Golabi-Behmel syndrome (SGBS) cells overexpressing TMEM18 (Figure 3D).
To verify the relevance of the interaction between TMEM18
and PPARG, we analyzed the effect of TMEM18 knockdown
on lipid accumulation and PPARG1/2 expression during differentiation of murine 3T3-L1 and human SGBS cells in vitro. TMEM18
knockdown led to a reduction of adipocyte differentiation (Figure 3E; Figure S2D), which was accompanied by reduced
PPARG1 expression before adipogenic induction and subsequently during later stages of adipocyte differentiation (Figure 3F;
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Figure 1. Expression of TMEM18 in AT of Children and Association with TMEM18 Risk Variants and Obesity
(A) Adipocyte TMEM18 expression was increased in lean children homozygous for the TMEM18 rs7561317 risk allele. A recessive model for inheritance of the risk
allele was assumed, and homozygous and heterozygous non-risk allele carriers were combined. Data are presented as mean ± SEM. Significant p values (p <
0.05) are given.
(B–G) TMEM18 expression was lower in adipocytes compared with stroma-vascular fraction (SVF) cells (paired t test, significant p values are given). Adipocyte
expression, but not SVF TMEM18 expression, was reduced in children with obesity and associated with BMI SDS (C), adipocyte diameter (D), HOMA-IR (E), and
adiponectin (F) and leptin (G) serum levels.
For analyses, children who were overweight (BMI SDS > 1.28) and children with obesity (BMI SDS > 1.88) were combined in one group designated as obese. Lean
children are represented as open circles; children with obesity are represented as closed circles. See also Tables S1 and S2.

Figure S2E). In contrast, PPARG2 expression and expression of
the early adipogenic marker genes (and PPARG activators)
CEBPB, CEBPD, CEBPA, and SREBF1 were not affected by
TMEM18 knockdown in human SGBS cells except at late stages
of adipocyte differentiation. Furthermore, PPARG target genes,
i.e., LPL, FABP4, PLIN, ADIPOQ, LIPE, and SLC2A4, showed

downregulation at late stages of adipocyte differentiation after
TMEM18 inhibition, which was mirroring the effect of PPARG
downregulation (Figure 3F). On the protein level, TMEM18
knockdown resulted in PPARG1 downregulation. PPARG2 protein expression was restricted to day 8 of adipocyte differentiation and was reduced by TMEM18 inhibition (Figure 3G). Finally,
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our findings of a positive correlation between TMEM18 and
PPARG1 expression, but not PPARG2 expression, in adipocytes
from children indicate that the interplay between TMEM18 and
PPARG1 is of physiological relevance in human AT (Figure 3H).
PPARG1 Expression Correlates with TMEM18
Expression and Clinical Phenotypes in Humans
Beyond the association with TMEM18 expression, adipocyte
PPARG1 expression correlated with the extent of obesity (Figure S3A) and early markers of metabolic impairment (Figure S3B–S3D), phenocopying the association of TMEM18 with
these parameters and suggesting that TMEM18-mediated specific regulation of PPARG1 might be effective in AT of children
in vivo.
Looking at the association of TMEM18 expression differentially for PPARG1 and PPARG2 in AT samples from 529 adults,
we observed a similar association of TMEM18 expression primarily with PPARG1 (subcutaneous: R = 0.579, p < 0.001;
visceral: R = 0.614, p < 0.001), and with PPARG2 (subcutaneous:
R = 0.417, p < 0.001; visceral: R = 0.524, p < 0.001).
TMEM18 Is a Mediator of Inflammation-Induced
PPARG1 Repression in Adipocytes
The downregulation of PPARG expression and activity related to
obesity-associated adipocyte hypertrophy is supposed to be
driven by an inflammatory milieu (Guilherme et al., 2008). Therefore, we evaluated the association of adipocyte TMEM18,
PPARG1, and PPARG2 expression with AT inflammation in subcutaneous AT of children. Adipocyte TMEM18 expression
decreased with increasing macrophage number, along with
increasing CD68 mRNA expression, and was lower in AT with
macrophages forming crown-like structures (CLSs) (Figure S4A).
In particular, we found the reduction of TMEM18 expression in
AT with CLSs similar to that for PPARG1, whereas the association with SVF CD68 expression or macrophage number was
not as clear for PPARG1 (Figure S4B) or PPARG2 (Figure S4C).
Based on the concordant regulation of TMEM18 and PPARG1
in association with surrogate markers of AT inflammation, we
investigated whether TMEM18 expression was regulated by
pro-inflammatory stimuli in vitro. Treatment of human SGBS cells
at day 10 of differentiation with macrophage-conditioned medium led to a reduction in TMEM18, PPARG1, and PPARG2

expression (Figure 4A). IL-4 (interleukin-4)-mediated induction
of M2 polarization of macrophages in AT explants from mice
did not affect Tmem18 or Pparg expression, whereas induction
of the M1 macrophage phenotype by tumor necrosis factor
alpha (TNF-a) decreased Tmem18 and Pparg1 expression, but
not Pparg2 expression (Figure 4B). We next tested whether
this effect might be partially caused by a direct effect of TNF-a
on adipocytes. Treatment of human adipocytes with the TNF-superfamily cytokines TRAIL (TNF-related apoptosis-inducing
ligand), TL1A (TNF-like ligand 1A), and TNF-a caused a reduction
in TMEM18, PPARG1, and PPARG2 expression (Figures 4C and
4D). Importantly, TNF-a-mediated reduction in PPARG1 expression levels in differentiated SGBS cells could be partially rescued
by TMEM18 overexpression, which was not the case for
PPARG2 (Figure 4E).
DISCUSSION
TMEM18 is the strongest candidate for childhood obesity identified from GWASs, but as for most GWAS-derived obesity-susceptibility genes, the functional mechanism remains elusive. In
rodents, a putative link between hypothalamic TMEM18 expression with food intake or body weight has been claimed (Gutierrez-Aguilar et al., 2012; Yoganathan et al., 2012), yet the
direction of effects remains controversial (Larder et al., 2017).
Our results do not support the hypothesis that TMEM18 strongly
affects eating behavior. We did not see an association of
TMEM18 obesity risk variants with the behavioral traits of hunger, disinhibition, or food addiction in children or adults. Coherently, in zebrafish, tmem18 deficiency did not affect food intake.
Even though we cannot entirely exclude an effect of TMEM18 on
dietary intake in humans based on our data, previous results
from a Greek childhood cohort indicate that the TMEM18 obesity
risk genotype is not associated with energy intake (Rask-Andersen et al., 2012). Hence, overall there is no conclusive evidence
that TMEM18 might be a central regulator of food intake and
obesity.
Earlier studies have addressed whether obesity risk variants in
TMEM18 are linked to its expression in whole AT samples, but
they did not find an association (Bernhard et al., 2013; Lu
et al., 2016; Rohde et al., 2014). Here, we provide evidence
that obesity-associated TMEM18 variants correlate with

Figure 2. Tmem18 Is Essential for Adipocyte Formation in Zebrafish Larvae
(A) Expression of tmem18 was targeted by injection of splice donor site morpholino (MO).
(B) Injection of tmem18 MO resulted in a reduction of tmem18 expression to about 30% in 2-day-old zebrafish and was maintained until 9 dpf.
(C) At 9 dpf, larvae were stained with Nile red. Representative images are shown (scale bar, 1 mm). White arrows point to visceral adipocytes. Adipocytes of larvae
stained with Nile red at 9 dpf were counted, and eye diameter was determined (combined results of 3 independent experiments).
(D) Tmem18 knockdown led to a reduction in the number of visceral adipocytes and the percentage of zebrafish larvae containing adipocytes (stacked bar plot,
chi-square test).
(E) There was no difference in eye diameter between tmem18-morphant and control zebrafish at 9 dpf.
(F) Tmem18 knockdown did not affect expression of marker genes for liver (fabp10a) and intestinal development (ifabp).
(G) Tmem18-morphant zebrafish larvae did not show alterations in eating behavior at 9 dpf (combined results of 3 independent experiments).
(H) Tmem18 knockdown was associated with reduced pparg expression at 9 dpf, and the effect on adipocyte formation and pparg expression were rescued by
coinjection of tmem18 mRNA.
(I) Expression of early adipogenic regulators was determined during zebrafish development. Only pparg expression was reduced in 9 dpf zebrafish larvae after
tmem18 MO injection.
(J) Tmem18 knockdown did not result in alterations of late adipocyte marker gene expression at 5 and 9 dpf.
Data are mean ± SEM. Significant p values (p < 0.05) are given. hpf/dpf, hours/days post-fertilization. See also Figure S1.
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adipocyte TMEM18 expression in lean children, indicating that
these variants might affect mechanisms acting within AT.
Beyond genetic association, lower TMEM18 expression in adipocytes was observed in children with obesity and associated
with AT dysfunction and clinical obesity sequelae. A similar regulatory pattern has been described for other well-characterized
regulators of adipocyte development, e.g., PPARG (Guilherme
et al., 2008), nourishing the hypothesis that TMEM18 might
play a role in adipogenesis.
To prove this in vivo, we employed the zebrafish, which has
emerged as a suitable model for the analyses of processes
related to AT accumulation (Schlegel and Gut, 2015). In line
with the association of TMEM18 with AT function and dysfunction in humans, our zebrafish studies demonstrated that
tmem18 is not only colocalized with pparg at sites where AT
emerges but also important for adipocyte formation and pparg
expression in vivo. In contrast to what may have been expected
from human and mouse studies showing that the FABP4 is a
PPARG target gene, we did not detect downregulation of the zebrafish ortholog fabp11a. This might be because for expression
analyses, we used whole zebrafish larvae, and in contrast to
mammalian FABP4, the zebrafish ortholog is not expressed in
AT only but shows prominent expression in other tissues, e.g.,
eye, heart, and muscle. Hence, TMEM18 affects adipogenesis
potentially by direct or indirect functional interaction with
PPARG.
In humans, PPARG exists in two protein isoforms, PPARG1
and PPARG2, which are generated by alternate transcription
start sites and alternative splicing (Fajas et al., 1997). Our results
indicate that TMEM18 specifically activates transcription from
the PPARG1 promoter and that this is not mediated by an indirect effect on early adipogenic marker genes known to be
involved in the molecular induction of PPARG1. Considering
that PPARG1, but not PPARG2, is expressed during early stages
of adipose progenitor cell differentiation (Cristancho and Lazar,
2011), one might speculate that TMEM18 is particularly important for the early phase of adipogenic conversion.
Reassuringly, we detected a positive correlation between
TMEM18 and PPARG1 expression in human AT, indicating that
TMEM18-mediated regulation of PPARG1 is effective in vivo.

Importantly, TMEM18 and PPARG1 expression were similarly
downregulated in children with obesity. A decrease in PPARG
activity in the obese state has been associated with pathogenesis of the metabolic syndrome (Ruan et al., 2002; Zhang et al.,
1996). It has been suggested that adipocyte hypertrophy induces an inflammatory milieu, which leads to PPARG downregulation and hence inhibition of PPARG target genes involved in
glucose and lipid metabolism (Guilherme et al., 2008). Supporting this notion, we show that inflammatory stimuli cause a reduction of PPARG paralleled by a reduction of TMEM18 expression
in AT explants in mice and humans.
The PPARG target gene adiponectin has been implicated to
be a mediator of insulin sensitivity. Adiponectin mRNA and
serum levels are decreased in obesity and insulin resistance
(Körner et al., 2005; Landgraf et al., 2015). In line with this, we
detected a correlation of both lower TMEM18 and PPARG1
expression with increased adipocyte size, lower adiponectin
levels, and higher homeostasis model assessment of insulin
resistance (HOMA-IR) values. We provide evidence that
TMEM18 downregulation might be one mechanism involved
in downregulation of adipocyte PPARG1 expression in the state
of AT inflammation. These data support our hypothesis that
TMEM18 is a regulator of PPARG-driven adipogenesis and a
mediator of obesity-related inflammation causing AT dysfunction, altered adipokine secretion, and obesity progression
in vivo.
A limitation of our study is that we did not identify the exact
molecular mechanism of TMEM18-mediated PPARG1 activation. Whether TMEM18 is directly or indirectly involved in the
activation of PPARG1 expression remains elusive and needs to
be elaborated in detail in future studies. Nevertheless, we provide comprehensive and coherent evidence for TMEM18 promoting adipogenesis in vitro, in vivo, and ex vivo in humans
and the association of TMEM18 expression with PPARG1
activation.
In conclusion, we show here that the obesity gene TMEM18 is
essential for adipocyte formation and is involved in regulation of
PPARG1 expression. The coherent downregulation of TMEM18
and PPARG1 in response to inflammatory stimuli indicates that
TMEM18 is a mediator of inflammation-induced dysregulation

Figure 3. TMEM18 Activates Transcription from the PPARG1 Promoter
(A) Overexpression of TMEM18 in undifferentiated 3T3-L1 cells led to enhanced PPARG1 promoter activity in luciferase reporter assays (n = 4). TMEM18
overexpression in 3T3-L1 preadipocytes was confirmed by immunoblotting (inset).
(B) Schematic overview on restriction sites for generation of PPARG1 promoter deletion constructs. Locations of amplicons F1, F2, and F3 for chromatin
immunoprecipitation (ChIP) are indicated.
(C) Deletion constructs were tested for luciferase activity in the presence or absence of TMEM18 in undifferentiated 3T3-L1 cells. The distal region of the PPARG1
promoter is essential for transcriptional activation by TMEM18 (n = 4–9 biological replicates each measured in duplicates).
(D) TMEM18 coprecipitated with PPARG1 promoter F2 chromatin, but not F1 or F3 chromatin, as shown by ChIP analyses in undifferentiated SGBS preadipocytes overexpressing TMEM18. Precipitation of RNA polymerase II served as positive control. Representative images are shown.
(E) SGBS adipocyte differentiation was reduced after knockdown of PPARG and TMEM18 as indicated by Oil red O staining at day 8.
(F) TMEM18 knockdown reduced PPARG1 expression during early and late adipocyte differentiation of SGBS cells and PPARG2 expression during late
adipocyte differentiation. Expression of early adipogenic markers CEBPB, CEBPD, CEBPA, and SREBF1 was not affected by TMEM18 knockdown except at late
stages of adipocyte differentiation. The PPARG target genes LPL, FABP4, PLIN, ADIPOQ, LIPE, and SLC2A4 showed downregulation at late stages of adipocyte
differentiation after TMEM18 inhibition, which was mirroring the effect of PPARG downregulation (n = 7).
(G) TMEM18 knockdown led to a reduction of TMEM18 and PPARG protein levels from day 4 of adipogenesis of SGBS cells.
(H) PPARG1 expression, but not PPARG2 expression, was positively correlated with TMEM18 expression in adipocytes from lean children (open circles) and
children with obesity (closed circles).
Data in barplots are mean ± SEM. Significant p values are indicated (p < 0.05). See also Figures S2 and S3.
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Figure 4. TMEM18 and PPARG1 Are Regulated by Inflammatory Stimuli in Adipocytes
of Humans and Mice
(A) Treatment of human SGBS cells at day 10 of
differentiation with conditioned medium from
phorbol 12-myristate 13-acetate (PMA)-activated
THP-1 macrophages resulted in a reduction in
TMEM18, PPARG1, and PPARG2 expression (n =
3).
(B) Although induction of M1 polarization of macrophages in AT explants from mice with IL-4 did
not affect Tmem18 or Pparg expression, induction
of M2 polarization with TNF-a resulted in
decreased Tmem18 and Pparg1 expression, but
not Pparg2 expression (n = 3).
(C) Treatment of differentiated human chubs-s7
adipocytes with TRAIL and TL1A led to a dosedependent reduction in TMEM18, PPARG1, and
PPARG2 expression, with PPARG1 mirroring
changes in TMEM18 more accurately.
(D) Treatment of differentiated SGBS cells with
TNF-a led to a reduction in TMEM18, PPARG1,
and PPARG2 expression (n = 3).
(E) TNF-a-mediated reduction in PPARG1
expression in SGBS cells at day 8 of differentiation
was rescued by TMEM18 overexpression, which
was not the case for PPARG2. Results are given as
fold change compared with untreated control cells
(dotted line).
Data are given as mean ± SEM. Significant p
values are indicated. See also Figure S4.
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Center for Pediatric Research Leipzig
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DNA from children of the LIFE child study cohort
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Martin Wabitsch (University of Ulm,
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N/A
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Peter Kovacs (University of Leipzig,
Germany)
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Chubs-S7, human

Assaf Rudich (Ben-Gurion University
of the Negev, Israel)
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European Zebrafish Resource
Center (EZRC)
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Critical Commercial Assays
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Experimental Models: Cell Lines

Experimental Models: Organisms/Strains
Zebrafish AB
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(si)RNAs
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pGL3-PPARG2-p1000
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GraphPad Prism 6
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Statistica 10
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SPSS, Version 24.0
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RESOURCE AVAILABILITY
Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Antje
Körner (antje.koerner@medizin.uni-leipzig.de).
Materials Availability
This study did not generate new unique reagents.
Data and Code Availability
This study did not generate or analyze datasets or code.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Leipzig AT Childhood cohort
Subcutaneous AT samples were obtained from 67 Caucasian children (0-18 years, 31 male, 36 female) undergoing orthopedic surgery (knee, leg, hip, arm, n = 51), herniotomy or orchidopexy (inguinal area, n = 8), abdominal surgery (n = 4), thoracic surgery (n = 2),
back surgery (n = 1), or mammary reduction surgery (n = 1). Exclusion criteria were: diabetes, generalized inflammation, cardiovascular or peripheral artery disease, malignant disease, genetic syndromes. Written informed consent was obtained from all parents.
The study was approved by the local ethics committee (Reg.No: 265-08, 265-08-ff, University of Leipzig) and is registered in the National Clinical Trials database (NCT02208141). BMI data were standardized to age- and sex-specific German reference data and are
given as BMI standard deviation score (SDS). A cut-off of 1.28 and 1.88 SDS defined overweight and obesity in children (Landgraf
et al., 2012). Levels of adiponectin, leptin, glucose and insulin were measured in the fasted state by a certified laboratory. HOMA-IR
(homeostasis model assessment of insulin resistance) was calculated to evaluate insulin resistance (Matthews et al., 1985). Adipocytes and SVF cells were isolated by collagenase digestion as previously described (Landgraf et al., 2015). For analysis of cell size
distribution, adipocytes were fixed in osmium tetroxide (Science Services, Munich, Germany) and adipocyte diameter was determined using a Coulter counter (Multisizer III; Beckmann Coulter, Krefeld, Germany). DNA from EDTA blood samples was isolated
using the QIAmp DNA Blood MiniKit (QIAGEN Hilden, Germany). Genotyping of samples and imputation of SNP data were performed
as part of the LIFE Child study (Landgraf et al., 2016).
LIFE Child study cohort
We included children of the LIFE Child Study cohort with available data from the German version of the Eating Disorder ExaminationQuestionnaire for Children (ChEDE-Q ; N = 1222, 593 females, mean age 12.9y, SD = 2.2y, range = 7.1–18.8 years, mean BMI SDS =
0.29 ± 1.2) and from the Eating Disorder Examination interview for children assessing avoidant/restrictive food intake disorder (N =
773, 417 females, mean age 12.6y, SD = 2.7y, range = 7.5–18.8 years, mean BMI SDS = 0.34 ± 1.1). The ChEDE-Q questionnaire
comprises 22 items building 4 subscales, i.e., restraint, eating concern, weight concern and shape concern (Hilbert et al., 2013). Participants are asked to rate on a 7-point frequency or intensity scale of different eating-related behaviors or thoughts considering the
previous 28 days. The mean values of the four subscales were considered as outcome variables. In the ChEDE examination, the avoidant/restrictive food intake disorder (ARFID) was assessed with the ChARFID-Modul 1.0 interview. We considered ratings on food
avoidance emotional disorder (FAED), selective eating and functional dysphagy as outcome variables.
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The study was designed in accordance with the Declaration of Helsinki and under the supervision of the Ethics Committee of the
University of Leipzig (Reg. No. 264-10-19042010) and is registered in the National Clinical Trials database (NCT02550236).
LIFE Adult study cohort
The adult sample was based on the LIFE-Adult-Study (Loeffler et al., 2015) and included 1144 randomly selected, community-dwelling volunteers with data from the Three Factor Eating Questionnaire or the Yale Food Addiction Scale (YFAS) available (542 females,
mean age 63.4y, SD = 11y, range = 20–79 years, mean BMI = 27.5kg/m2). Participants consented to medical examination, anthropometric measurement, assessment of questionnaire data and genotyping. Exclusion criteria were stroke, cancer treatment in the
last 12 months, neuroradiological findings of brain pathology, intake of centrally active medication and incomplete genomic or questionnaire data. The procedures were conducted according to the Declaration of Helsinki and approved by the University of Leipzig’s
ethics committee (registration-number: 263-2009-14122009).
The Three Factor Eating Questionnaire (Stunkard and Messick, 1985) provides information about self-rated eating behavior on three
scales: disinhibition (tendency for dysregulated or emotional eating), cognitive restraint (cognitive control exerted over food intake) and
hunger (occurrence of hunger feelings in daily life). Higher BMI has been consistently associated with higher levels of disinhibition and
hunger (Bond et al., 2001; Cappelleri et al., 2009) while a more complex relationship of BMI and cognitive restraint has been proposed
(Dietrich et al., 2014). The YFAS (Gearhardt et al., 2009) is a questionnaire designed to identify addictive tendencies toward certain type
of foods and eating behavior (Garcı́a-Garcı́a et al., 2014). Here, we use the ordinal symptom score from the YFAS.
Animal models and maintenance
Animals were maintained under specific pathogen-free conditions and experiments were performed according to European guidelines and approved by the local ethics committee (Landesdirektion Sachsen, Leipzig, Germany). Zebrafish of the AB strain were
maintained at 28 C at a 14h light: 10h dark cycle. Fluorescent bead assay and nile red staining was performed in 9 day old zebrafish
larvae. Expression analyses during early zebrafish development were performed between 1.5hpf and 9dpf. Expression analyses in
zebrafish tissues were performed in adult male zebrafish at 6mpf. Mice of the C57BL/6NTac strain, the obese db/db strain as well as
transgenic colony-stimulating factor 1 receptor (Cfs1r) enhanced green fluorescent protein mice (CSF1R-eGFP+/) on a C57BL/6
background were maintained at 22 ± 2 C on a 12h light/dark cycle. For qualitative RT-PCR analyses of Tmem18 expression in
different tissues of lean control (C57BL/6NTac) and obese db/db mice, one female and one male adult mouse per strain (10 to
12 weeks of age) were used. For IL-4 or TNFalpha treatment of AT explants 30 week-old, male mice, which had been on HFD starting
from 6 weeks of age, were used.
Cell lines and culture conditions
Human Simpson–Golabi–Behmel syndrome (SGBS) cells were kindly supplied by Martin Wabitsch (University of Ulm, Germany)(Wabitsch et al., 2001). Cells were cultured in basal medium consisting of DMEM/Ham F12 medium (Life Technologies) supplemented
with 10% fetal bovine serum, 33 mmol/l biotin and 17 mmol/l pantothenic acid. Human Chub-s7 cells were cultured in DMEM containing 4.5mM glucose, 10% FBS, 2mM L-glutamine, 100U/ml penicillin-streptomycin, until 24h post-confluence, with media change
every other day. Murine 3T3-L1 cells were cultured in DMEM high glucose, 10% fetal bovine serum and antibiotics. Murine THP-1
monocytes were maintained in RPMI medium containing 100mM NEAA, 200mM L-Glutamin, 1mM Sodium pyruvate and 10% fetal
calf serum. All cell lines were cultured at 37 C with 5% CO2.
Cell lines were authenticated as adipose progenitor cell lines by their characteristic response to adipogenic inducers and the
typical expression pattern of adipogenic marker genes.
METHOD DETAILS
Eating behavior and TMEM18 genotype
Genomic DNA was isolated from peripheral blood leucocytes using an automated protocol on the QIAGEN Autopure LS (QIAGEN,
Hilden, Germany). Samples were genotyped using an Affymetrix Axiom Genome-Wide CEU 1 Array Plate comprising a total of 568
519 autosomal SNPs. We investigated rs7561317 (children: GG = 66.7% (n = 815), GT = 28.7% (n = 351), TT = 4.6% (n = 56); adults:
GG = 67.2% (n = 769), GT = 29.1% (n = 333), TT = 3.7% (n = 42)). We grouped together homo- and heterozygotic non-risk allele carriers and used an independent samples t test to compare the BMI between these groups. In children, we used Mann-Whitney U-test
to compare groups considering all eating behavior-related outcomes because of the skewed distributions of the scales. To test if
results were different between females and males, we run additional tests in these groups separately. As age was similarly distributed
between the genotype groups in both subsamples (independent t tests, all t < 1.5, all p > 0.13), confounding by age can be regarded
neglibigle. In adults, we performed a multivariate analysis of variance (MANOVA) with group as predictor, disinhibition (log-transformed), hunger (log-transformed) and cognitive restraint measures from the TFEQ as dependent variables and age and sex as confounders. For the YFAS symptom score we used the Mann-Whitney U-test to compare groups because of the ordinal nature of the
scale.
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RNA isolation and RT-PCR analysis
Total RNA from SGBS and 3T3-L1 cells, zebrafish or mouse tissues was isolated using the RNeasy Mini Kit (QIAGEN,) including oncolumn DNA digestion according to the manufacturer’s instructions. An aliquot of 500ng of RNA was reverse transcribed into cDNA
using M-MLV Reverse Transcriptase (Invitrogen, Darmstadt, Germany) and random hexamer primers (Promega, Madison, WI, USA).
Total RNA isolation, cDNA synthesis and quantitative real-time PCR from 396 subcutaneous and 408 visceral AT samples (n = 275
paired samples from the same individuals) from 529 adults included in the previously described GOBB - German Obesity BioBank
(Bernhard et al., 2013; Langhardt et al., 2018) as well as adipocytes and SVF cells from 67 subcutaneous AT samples from children of
the Leipzig AT Childhood cohort were performed as previously described (Landgraf et al., 2016; Rockstroh et al., 2015).
Total RNA from chub-s7 cells was performed by Assaf Rudich’s lab using the RNeasy lipid tissue minikit (QIAGEN). 2mg of RNA
were reverse-transcribed with a high capacity cDNA reverse transcriptase kit (Life Technologies).
For zebrafish and SGBS cells, the copy number of each sample was determined from a standard curve and normalized to the mean
of the two reference genes beta-actin (actb, ACTB) and TATA-box-binding protein (tbp, TBP). For adipocytes and SVF cells from children, TMEM18 copy number of each sample was determined from a standard curve and normalized to the mean of the three reference genes ACTB, TBP and hypoxanthine phosphoribosyltransferase 1 (HPRT). Gene expression levels in subcutaneous and
visceral AT samples from adults were normalized to expression of the reference gene TBP. For chubs-s7 adipocytes, gene expression levels were measured using real-time PCR amplification with Taqman technology (Upl, Roche). Relative gene expression was
obtained after normalization to the endogenous control genes phosphoglycerate kinase 1 (PGK1) and peptidylprolyl isomerase A
(PPIA) (Neville et al., 2011), using the formula 2-DDCt. Primer and probe sequences used for quantitative real-time PCR are listed in
Table S3.
For qualitative RT-PCR analyses of Tmem18 expression in different tissues of lean control (C57BL/6NTac) and obese db/db mice,
cDNA samples of one female and one male mouse per strain were pooled. Tmem18 expression was analyzed using primers directed
against full-length Tmem18 cDNA, detection of glyceraldehyde-3-phosphate dehydrogenase (Gapdh) expression served as loading
control. Primers used for RT-PCR analyses were: 50 -ACTGGGATCCATGTCGTCCGCATACTCAGT and 50 -ACTGCTCGAGTT
ACTCTTCCTTCCTCCTCC for Tmem18, 50 -AGGCCGGTGCTGAGTATGTC and 50 -TGCCTGCTTCACCACCTTCT for Gapdh.
In situ hybridization analysis
Zebrafish embryos were obtained from matings of wild-type fish of the AB strain. Embryos were raised at 28 C and staged according
to Kimmel et al. (1995). Whole-mount in situ hybridizations were performed using digoxigenin-labeled riboprobes in antisense and
sense orientation as previously described (Hauptmann and Gerster, 1994). The full length coding region of tmem18 was amplified
with the following primers: 50 -ACTGGGATCCATGACAGCATCAAACACTAAAAA and 50 - ACTGCTCGAGCTATTGTGTTTTCT
TGTGGTTC. The cDNA fragment was cloned into pCRII-TOPO (Invitrogen). The cDNA template for the pparg in situ probe was kindly
provided by Yann Gibert (Deakin University, Melbourne, Australia). In vitro transcription was performed using the DIG RNA Labeling
Kit (SP6/T7; Roche, Mannheim, Germany).
Morpholino injection of zebrafish embryos
Injections into zebrafish embryos were performed as described (Landgraf et al., 2010). Briefly, morpholino antisense oligonucleotides
(Gene Tools, Philomath, OR, USA) were diluted to a concentration of 0.5mM in water with 0.1% phenol red (Sigma), and 2nl (8ng per
embryo) were injected into the yolk of 1- to 2-cell embryos. Morpholinos (MO’s) were directed against splice donor or acceptor sites
of the pre-mRNA. The tmem18 MO sequence is as follows: 50 - CGAGAATCTAATGTTACTCACAGAC (exon1-intron1). A non-targeting
standard control MO (50 -CCTCTTACCTCAGTTACAATTTATA; Gene Tools) was used as a control for unspecific effects.
For mRNA rescue experiments, tmem18 mRNA was synthesized using the mMESSAGE mMACHINE kit (Life Technologies, Darmstadt, Germany). Zebrafish embryos injected with 8ng tmem18 MO were subsequently injected with 150pg of tmem18 mRNA.
Injected zebrafish embryos were kept in Danieau’s embryo medium in an incubator at 30 C. At 5dpf zebrafish larvae were placed in
a recirculation system and fed twice daily with dry food (Sera micron) and egg yolk powder (Sigma).
Nile red staining of zebrafish larvae
In order to visualize visceral adipocytes as individual cells and to quantify their number zebrafish larvae were stained with the lipophylic dye nile red and imaged using fluorescence microscopy according to Flynn et al. (2009) with slight modifications. Briefly, zebrafish larvae at 9dpf were fixed overnight in 4% paraformaldehyde. After washing in PBS, larvae were incubated in Nile red solution
(0.5mg/ml in PBS) for 2h at 30 C in the dark, washed in PBS, mounted in 1% methylcellulose and imaged using an AxioZoom.V16
microscope (Zeiss, Jena, Germany). Adipocytes in the visceral region were counted and eye diameter of each zebrafish larva was
measured using ImageJ software (National Institutes of Health, Maryland, USA).
Eating behavior of zebrafish larvae
For analysis of eating behavior, a fluorescent bead assay was employed (Farber et al., 2001). Larvae at 9dpf were placed in tank water
containing fluorescent latex microspheres (0.0025% Fluoresbrite plain YG 2.0 mm; Polysciences Inc., Eppelheim, Germany) for 1h,
washed, and imaged using an Axio Zoom.V16 microscope (Zeiss, Jena, Germany).
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In vitro adipocyte differentiation
SGBS cell differentiation was induced under serum-free conditions by treating confluent cells with medium comprising 20nM insulin,
100nM hydrocortisone, 0.2nM tri-iodothyronine and 0.13nM apo-transferrin. For the first 4 days of differentiation, the medium was
additionally supplemented with 25nM dexamethasone, 500mM isobutyl-1-methylxanthine and 2mM rosiglitazone.
3T3-L1 cells were differentiated as previously described (Zebisch et al., 2012). Briefly, cells were grown in DMEM high glucose,
10% fetal bovine serum and antibiotics. For differentiation, confluent cells were induced for 2 days by adding 1mg/ml insulin,
500mM isobutyl-1-methylxanthine, 0.25mM dexamethasone and 2mM rosiglitazone before being maintained for another two days
in culture medium supplemented with 1mg/ml insulin and for an additional 6 days in culture medium.
Protein extraction and immunoblotting
Preparation of nuclear and cytoplasmic extracts from different time points of SGBS adipocyte differentiation was performed as previously described (Musharraf et al., 2014). For whole cell extracts, cells were lysed in RIPA lysis buffer (50mM Tris pH7.5, 150mM
NaCl, 1% Triton X-100, 0.1% SDS). Equivalent amount of protein was resolved by SDS-polyacrylamide gel electrophoresis and detected by immunoblotting using anti-TMEM18 (ab100954; abcam, Cambridge, UK), anti-PPARg (C26H12; Cell Signaling, Frankfurt,
Germany), or anti-FLAG M2 (F1804; Sigma, Taufkirchen, Germany) antibodies. Equal loading was confirmed by detection of b-Actin
(A5316; Sigma), c-JUN (60A8; Cell Signaling), or G6PD (Cell Signaling).
Immunocytochemistry
SGBS cells were grown on coverslips until reaching confluency and differentiated as described above. Before adipogenic induction
(d0) and after adipocyte differentiation (d8), cells were fixed in 4% PFA. Permeabilisation of cells was performed using 0.25% Triton
X-100 or 40mg/ml Digitonin and TMEM18 was detected using anti-TMEM18 (ab100954; abcam) in combination with a Dylight488conjugated donkey anti-rabbit antibody (Jackson ImmunoResearch, Cambridgeshire, UK). A rabbit anti-GFP antibody (2555, Cell
Signaling) was used as a control antibody to exclude unspecific signals. After mounting with IS Mounting Medium DAPI (Dianova,
Hamburg, Germany), cells were visualized using a fluorescence microscope (Zeiss).
siRNA-mediated knockdown
SiRNA transfections were performed using the Neon Transfection System 100 mL Kit (Invitrogen). Electroporation was optimized to
pulse voltage 1300V, pulse width 20ms, pulse number 2 and a cell density of 6 3 106 cells/ml (Bernhard et al., 2013). Gene-specific
ON-TARGETplus SMARTpool small interfering (si)RNAs and ON-TARGETplus control reagents (Dharmacon, Lafayette, LA, USA)
were used at a final concentration of 500nM. After electroporation, 100,000 cells/well for SGBS or 150,000 cells/well for 3T3-L1 cells
were seeded in 12-well format and differentiated into mature adipocytes as described above. Efficient knockdown was confirmed
using quantitative real-time PCR. For Oil Red-O staining, adipocytes at day 8 post-induction were fixed in Roti-Histofix 4% (Carl
Roth GmbH, Karlsruhe, Germany), washed with PBS and stained with Oil Red-O solution (0.3% in 60% isopropanol) for 15 min.
Luciferase reporter assay
Luciferase reporter assays were based on a previous study by Fajas et al. (1997). Luciferase reporter constructs containing human
PPARG1 (pGL3-PPARG1-p3000) or PPARG2 (pGL3-PPARG2-p1000) promoter fragments were kindly provided by Johan Auwerx
(Ecole Polytechnique Fédérale, Lausanne, Switzerland). Deletion constructs of the PPARG1 promoter were generated by digestion
of the full-length luciferase reporter construct with indicated restriction enzymes followed by blunting and re-ligation. Successful
deletion was confirmed by sequencing.
Transfection of 3T3-L1 cells for luciferase reporter assays was performed using Fugene HD transfection reagent (Promega). 3T3L1 cells (1 3 105) were seeded into 6-well dishes and transfected on the following day with 1 mg pGL3-basic or pGL3-PPARG reporter
construct and 1 mg pCMV-TMEM18 expression plasmid (Myc-DDK-tagged; OriGene, Rockville, MD, USA) or empty vector. To
normalize for transfection efficiency, 0.5 mg pRL-CMV control plasmid was added to each sample. At 48h post-transfection, cells
were harvested, and luciferase activities were determined using the dual-luciferase reporter assay (Promega).
Chromatin immunoprecipitation (ChIP)
1x106 SGBS preadipocytes were electroporated with 5mg of pCMV-TMEM18 expression vector and cultured in growth medium for
48h. Harvesting of cells, cross-linking of DNA-protein complexes, shearing of chromatin (target fragment size 500bp), immunoprecipitation, cross-linking reversal and DNA isolation were performed using the Imprint Chromatin Immunoprecipitation kit (Sigma).
2x105 cells were used per sample. TMEM18 protein was precipitated using mouse anti-FLAG M2 antibody (F1804; Sigma). Mouse
control IgG and anti-RNA POL II antibody (provided in the kit) were used as negative and positive control, respectively. The purified
DNA was amplified using primers specific for the GAPDH promoter (Imprint, Sigma) or the following primers specific for different regions of the PPARG1 promoter: F1 forward 5’-GGAACCCTGACACATTGCTG and reverse 50 -GTTGTTTCTACTTTTATGGGCTA, F2
forward 50 -GTCCAGAATAGGTAAATCTATAG and reverse 50 -GTGCCATCATCACCAAATCTA, F3 forward 50 -GACACAGCAAC
ACCCTGTC and reverse 50 -AGGCAGCGATGCCTGAGG.
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Treatment of cells with macrophage conditioned media
Murine THP-1 monocytes were treated with 100ng/ml PMA (Sigma) under serum-free conditions in RPMI basal medium containing
0.5% bovine serum albumin or left untreated (control) for 24h. Subsequently, cells were washed with PBS three times and fresh basal
medium containing 0.5% bovine serum albumin was added. Macrophage-conditioned medium was collected after 48h of incubation
and added to SGBS cells, which had been undergoing adipocyte differentiation for 10 days. Incubation of SGBS cells with macrophage-conditioned medium was performed for 24h before harvesting cells for RNA isolation and RT-PCR analyses.
IL-4 and TNFalpha treatment of AT explants
Organotypic AT culture and IL-4 or TNFalpha treatment was performed as previously described (Braune et al., 2017). Briefly, heterozygote transgenic colony-stimulating factor 1 receptor (Cfs1r) enhanced green fluorescent protein mice (CSF1R-eGFP+/) on a
C57BL/6 background were fed a high-fat diet (60% kcal fat; Ssniff-Spezialdiäten GmbH; Soest, Germany) starting at 6 weeks of
age. After 24 weeks of HFD, male mice were killed and the rostral part of the epididymal fat pad was exposed and further processed
sterilely. The fat pad was dissected into 1mm x 1mm explants using a sterile razor blade. Explants were cultured for 48h in RPMI
medium (Sigma-Aldrich, Deisenhofen, Germany) supplemented with 1% insulin-transferrin-selenium mixture and antibiotics
(100U/ml penicillin and streptomycin; all reagents from Sigma-Aldrich) and further stimulated by either 50ng/ml of murine TNFalpha
or IL-4 (PeproTech, Hamburg, Germany and Sigma-Aldrich). All experiments were approved by the local authorities.
TRAIL and TL1A treatment of chub-s7 adipocytes
Chub-s7 cells were cultured until 24h post-confluence and differentiation was induced by adding 1mM dexamethasone, 0.5mM
IBMX, 10mg/ml of insulin and 10mM of rosiglitazone to the medium for 14-21 days, until the appearance of adipocyte morphology.
For quantitative real-time PCR experiments, differentiated chub-s7 adipocytes were treated for 24h in serum-free media, with the
addition of 0, 5 or 25ng/ml TRAIL or TL1A (hrTRAIL and hrTL1A by R&D, respectively).
TNFalpha treatment of differentiated SGBS cells
SGBS preadipocytes were cultured and induced to adipocyte differentiation using the protocol as previously described. At day 8 post
adipogenic induction SGBS cells were stimulated with 10ng/ml of recombinant human TNFalpha (R&D Systems; Minneapolis (MN);
USA) in differentiation medium for 6h and 24h before harvesting cells for RNA isolation and RT-PCR analyses.
For TMEM18 overexpression rescue experiments SGBS preadipocytes were transfected using Fugene HD transfection reagent
(Promega). Briefly, SGBS cells (7.5 3 104) were seeded into 12-well dishes and transfected on the following day with 1 mg pCMVTMEM18 expression plasmid or empty vector. 48h post-transfection, adipocyte differentiation was induced. Cells were treated
with TNFalpha at day 8 of differentiation as described above and mRNA expression was compared to untreated cells.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses of cell culture and zebrafish experiments were performed using GraphPad Prism 6 (GraphPad Software, San
Diego, CA, USA). Statistical analyses of human AT samples were performed using Statistica 10 (StatSoft, Tulsa, OK). Statistical analyses on human eating behavior were performed in SPSS (IBM Corp. Released 2012. IBM SPSS Statistics for Windows, Version
24.0).
Data that did not adhere to Gaussian distribution were log-transformed before analyses. Parametric tests (Pearson correlation
analysis, Student’s t test, one-way ANOVA) were applied for quantitative traits and c2 test for categorical variables. In the group stratification for obesity, patients with overweight and patients with obesity were combined. For statistical analyses of TMEM18 expression according to obesity risk genotype minor allele carriers were combined into one group and compared to homozygous major
allele carriers using Student’s t test. Statistical tests are indicated in the results section or the figure legends.
To confirm results each in vitro (cell culture, mouse tissue treatment) and in vivo experiment (zebrafish expression and injection)
was independently repeated at least 3 times. In addition, wherever suitable, i.e., quantitative gene expression analyses of cell culture
and zebrafish experiments, luciferase reporter assays, measurement was performed in technical replicates.
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