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OBESITY

Early-set POMC methylation variability is accompanied
by increased risk for obesity and is addressable by MC4R
agonist treatment
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Increasing evidence points toward epigenetic variants as a risk factor for developing obesity. We analyzed DNA
methylation of the POMC (pro-opiomelanocortin) gene, which is pivotal for satiety regulation. We identified sex-
specific and nongenetically determined POMC hypermethylation associated with a 1.4-fold (confidence interval,
1.03 to 2.04) increased individual risk of developing obesity. To investigate the early embryonic establishment of
POMC methylation states, we established a human embryonic stem cell (RESC) model. Here, hESCs (WA01) were
transferred into a naive state, which was associated with a reduction of DNA methylation. Naive hESCs were
differentiated via a formative state into POMC-expressing hypothalamic neurons, which was accompanied by
re-establishment of DNA methylation patterning. We observed that reduced POMC gene expression was asso-
ciated with increased POMC methylation in POMC-expressing neurons. On the basis of these findings, we treated
POMC-hypermethylated obese individuals (n = 5) with an MC4R agonist and observed a body weight reduction
of 4.66 + 2.16% (means + SD) over a mean treatment duration of 38.4 + 26.0 weeks. In summary, we identified an
epigenetic obesity risk variant at the POMC gene fulfilling the criteria for a metastable epiallele established in
early embryonic development that may be addressable by MC4R agonist treatment to reduce body weight.

INTRODUCTION melanocortin pathway (4). Additional genetic variants that

The increasing prevalence of obesity with associated comorbidities
of cardiovascular disease and diabetes mellitus type 2 poses a severe
burden for health care systems globally. The World Health Organi-
zation (WHO) has made reducing the prevalence of obesity one of
its major goals (1, 2). It is therefore important to identify the risk
factors and mechanisms underlying body weight regulation that
predispose an individual to develop obesity, with the goal of estab-
lishing urgently needed new therapies and prevention strategies.

predict an individual's predisposition to gain weight and develop
obesity have been combined into a polygenic risk score (5), yet,
so far, identified genetic risk variants explain less than 25% of inter-
individual body weight variability. The failure to identify genetic
variants that explain the high BMI concordance observed in MZ
twins has been termed missing heritability (6), and it has been hy-
pothesized that epigenetic variants might additionally contribute to
an individual's risk of developing obesity. This is supported by

studies in plants and mammals in which variability of epigenetic
modifications such as DNA methylation affects phenotypic
variation.

Epigenetically driven phenotypic variation has been described in
eusocial insect morphs (polyphenisms) including honey bees, ants,

The reported concordance of body mass index (BMI) in mono-
zygotic (MZ) twins is between 40 and 70%, suggesting that genetic
background might play a major role in body weight regulation (3).
However, patients with monogenic obesity are rare, with the major-
ity of identified mutations in genes related to the leptin-
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and inbred animal models (7). The variable response of genetically
identical mouse strains exposed to a high-fat diet is an additional
example of the nongenetic regulation of phenotypic changes (8).
Further evidence comes from animal models including agouti
viable yellow (A") and axin fused (Axin™) mice, in which DNA
methylation changes at regions known as metastable epialleles are
associated with phenotypic variation (9, 10). Metastable epialleles
are regions where DNA methylation is established stochastically
during embryonic development, and this methylation is invariable
across cell types and is stable over time (11). Putative metastable ep-
ialleles have recently been identified in humans, and we provided
evidence that a variable methylated region (VMR) of the POMC
(pro-opiomelanocortin) gene might be a metastable epiallele that
is influenced by certain nutritional factors around the time of con-
ception (12).

POMC is embedded in the leptin-melanocortin signaling
cascade where the hormone leptin, secreted by adipocytes, activates
POMC-expressing neurons within the hypothalamic arcuate
nucleus. This, in turn, leads to the generation and secretion of
POMC-derived peptides such as a- and p-MSH (melanocyte-stim-
ulating hormone). Both peptides can activate the MC4R (melano-
cortin 4 receptor) within the paraventricular nucleus, thereby
regulating satiety and alterating energy expenditure. Genetic
defects within this cascade lead to severe hyperphagia and early-
onset obesity.

Recently, the MC4R agonist setmelanotide has been approved by
the U.S. Food and Drug Administration (FDA) as a pharmacolog-
ical treatment option for patients with mutations in the genes
POMC, PCSK1 (proprotein convertase subtilisin/ kexin type 1), or
LEPR (leptin receptor) (13). We recently investigated links between
epigenetic variation and risk for obesity development and demon-
strated increased DNA methylation at the POMC VMR in obese ad-
olescents and adults (12, 14).

On the basis of these earlier findings, in this study, we investigat-
ed the extent to which POMC VMR methylation affects individual
risk of obesity, the potential for a MC4R agonist as a pharmacolog-
ical treatment option for carriers of an epigenetic POMC variant,
the potential influence of environmental or nutritional factors on
the establishment of variable methylation states in differentiating
hypothalamic neurons in the early embryo, and the links between
POMC methylation variability and differences in POMC expression.

RESULTS

POMC methylation is established in the early embryo and is
associated with obesity in females

In previous studies, we analyzed POMC methylation in peripheral
blood cells and MSH-positive hypothalamic postmortem human
neurons and identified increased POMC methylation in a CpG
island at the intersection between POMC intron 2 and coding
exon 3 (hg38 chr2:25,161,767-25,161,685) in obese compared
with non-obese individuals (Fig. 1A and fig. S1A) (12, 14). A
large number of identified DNA methylation differences are
driven by genetic variants, especially in cis, which would not
qualify as primary epigenetic variants (15). Therefore, to evaluate
genetic influences on POMC DNA methylation, we performed
genome-wide association studies (GWAS) using single-nucleotide
polymorphism (SNP) genotypes from blood samples of 1128 indi-
viduals originating from the longitudinal Heinz-Nixdorf-Recall
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(HNR) study (table S1) (16), for which IlluminaHumanMethyla-
tion450K BeadChip methylation data were available. Because
none of the nine CpGs within the POMC VMR region is represent-
ed by the IlluminaHumanMethylation450K BeadChip, we first an-
alyzed six CpGs covered by the array flanking the POMC region (fig.
S1) and observed that for five of them, methylation was associated
with SNPs in the EFR3B-POMC locus (fig. S2). For the nine CpGs
within the POMC VMR, DNA methylation was determined by py-
rosequencing blood DNA samples from the HNR study for which
SNP genotypes were available (n = 1083) (16). We observed that
methylation at intronic POMC CpG positions —2 and —1 was influ-
enced by SNPs in the EFR3B-POMC region (rs13428823,
rs17046887, and rs934778; Fig. 1B and fig. SI, B and C). In all
other POMC CpG positions (CpG positions +1 to +7), DNA meth-
ylation was not associated with any genetic variation in cis or trans
(Fig. 1B and fig. SIC). Subsequent DNA methylation analysis
focused on these seven exonic CpGs where methylation was not ge-
netically determined.

Further analysis of the HNR cohort revealed a sex-specific
POMC methylation pattern with increased mean methylation in
females compared with males {Tukey post hoc test, mean difference
[95% confidence interval (CI)] = 5.357 (4.16-6.56), P < 0.0001} and
increased mean methylation in severely obese (BMI > 35 kg/m?)
compared with overweight and moderately obese (BMI between
25 and 35 kg/m?) participants [Tukey post hoc test, mean difference
(95% CI) = 2.073 (0.32-3.28), P = 0.016] (Fig. 2A). Moreover, we
identified significantly increased POMC DNA methylation in
obese (BMI > 35 kg/mz) compared with normal-weight female par-
ticipants [Tukey post hoc test, mean difference (95% CI) = 2.934
(0.33-5.54), P = 0.023] (Fig. 2A). In detail, the increase of POMC
methylation was present at all VMR CpG positions except for
CpG positions +3 and +5 (Fig. 2B). For POMC CpG positions +1
to +7, the distribution of POMC methylation variability was shifted
toward higher methylation in obese female (BMI > 35 kg/m”) indi-
viduals (Fig. 2C). Elevated POMC methylation was associated in
female individuals with an increased risk of obesity with an odds
ratio of 1.44 (95% Cl 1.03-2.04) (Fig. 2D).

POMC is a putative metastable epiallele with methylation estab-
lished in the early embryo (12). Analysis of twin cohort methylation
data can therefore provide insights into the timing of DNA methyl-
ation establishment (17). MZ twins originate from identical cells in
the early embryo and are therefore exposed to the same epigenetic
regulatory network before embryo cleavage, leading to locus-specif-
ic epigenetic supersimilarity (ESS) (17). In contrast, for dizygotic
(DZ) twins, early DNA methylation establishment occurs separately
at the cellular level despite twins sharing the same womb.

We analyzed POMC methylation at CpG positions +1 to +7 in
MZ (n =32) and DZ (n = 38) twins. We identified high methylation
concordance in MZ twins (r=0.78, P < 0.0001) (Fig. 2E), in contrast
to DZ twins, where no correlation (r = 0.31, P = 0.0582) was ob-
served (Fig. 2F). Notably, we observed an intratwin correlation of
DNA methylation of each twin pair in both MZ (r = 0.71, P <
0.0001) and DZ (r = 0.34, P = 0.0389) twins for POMC CpG posi-
tions —2 and — 1, which are both influenced by genetic variants
(figs. S3, A and B, and S4, A and B). As a control experiment, we
analyzed the metastable epiallele PAX8 (paired box protein 8), for
which we observed similar results, with a high intratwin correlation
in MZ compared with DZ twins (fig. $3, C and D). These data
support the hypothesis that POMC VMR exhibits ESS, with locus-
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Fig. 1. POMC VMR methylation is not genetically determined. (A) Schematic illustration of the human POMC region and POMC VMR (hg38 chr2:25,161,767—
25,161,685) including localization of primate specific Alu elements (Alu D-F). (B) Manhattan plots of genotype analysis using SNP genotypes and CpG methylation
data for POMC CpG positions —2 to +7. Horizontal lines represent the GWAS significance threshold [P value of 5 x 1078 equivalent to 7.3 on the —log;o(P) scale].
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Fig. 2. Sex-specific POMC hypermethylation in individuals with obesity. (A) DNA methylation analysis of a POMC metastable epiallele region in the HNR cohort (n =
1383) reveals sex-specific methylation differences. Two-way ANOVA with BMI groups and sex as factors revealed a significant difference in DNA methylation between the
BMI groups (F=3.851, P=0.0215) and between sex (F =80.923, P = <0.0001). Subsequent one-way ANOVA for each sex group revealed significant BMI group differences in
females (F = 3.891, P = 0.0209), but not in men (F = 0.166, P = 0.847). Mean methylation at CpG positions +1 to +7 in female individuals with obesity (BMI > 35 kg/m? n =
202) was significantly increased compared with normal-weight women (BMI below 25 kg/m?, n = 209) [Tukey post hoc test, mean difference (95% Cl) = 2.934 (0.33-5.54), P
=0.023]. (B) Separated for each CpG position, in female individuals with a BMI above 35 kg/m2 (n = 202), methylation was significantly increased compared with females
with a BMI below 35 kg/m? (n = 497) at all analyzed CpGs, with the exception of POMC CpG positions +3 and + 5. Statistical analysis was performed using Student's t test
with Holms adjustment for multiple testing. Boxplots display median [interquartile range (IQR)]. (C) Distribution of POMC methylation at CpG positions +1 to +7 was
shifted in obese compared with normal-weight female study participants, leading to a bimodal dispersion. Dotted lines show the median methylation for each group. (D)
POMC methylation categorized into binomial factors by sex-specific median methylation (median = 29.7%). Significantly elevated odds ratios (ORs: high versus low
methylation) suggest an association between high POMC methylation and obesity risk for female individuals with OR = 1.46 (risk for BMI > 30 kg/m?) and OR = 1.44
(risk for BMI > 35 kg/mz). (E) Pearson correlation of POMC VMR methylation (CpG positions +1 to +7) in MZ twins (n = 32) and (F) DZ twins (n = 38). Normality was tested
with a Shapiro-Wilk test (MZ twin pairs: W = 0.97, P = 0.62; DZ twin pairs: W = 0.98, P = 0.67). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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specific establishment of DNA methylation occurring before
embryo cleavage during twinning (17). ESS regions also show evi-
dence of systematic interindividual variation, providing further ev-
idence of early embryo establishment (17) and aligning with our
observed POMC methylation results in the HNR cohort. In addi-
tion, ESS loci (and metastable epialleles more generally) may be in-
fluenced by the periconceptional environment, leading to a shift in
the methylation distribution during early embryonic development
(17-19). This observation, in combination with our finding that el-
evated POMC VMR methylation is associated with an increased risk
of developing obesity in females, suggests that increased POMC
methylation might interfere with the function of the leptin-melano-
cortin signaling pathway and that POMC methylation may be influ-
enced by the periconceptional environment.

POMC expression and DNA methylation in hESCs during
differentiation of hypothalamic neurons

On the basis of evidence that POMC DNA methylation variability
affects body weight regulation, we wanted to gain further insights
into the establishment of POMC DNA methylation during early
embryonic development and investigate the functional consequenc-
es of POMC methylation variability. Human embryonic stem cells
(hESCs) provide an opportunity to develop experimentally tractable
in vitro models to examine DNA methylation patterns during early
human development. To exploit these opportunities for studies of
DNA methylation in the POMC region, we adopted previously pub-
lished protocols for a stepwise differentiation of hRESCs into POMC-
expressing hypothalamic neurons (Fig. 3A) (20). Consistent with
previous reports (21), culture of H1 hESCs (WAO01) under these
conditions resulted in differentiation of neuronal progenitors ex-
pressing high amounts of NKX2-1 (NK2 homeobox 1), a marker
of both ventral telencephalic and hypothalamic neuronal progeni-
tors, within 8 to 12 days of culture.

Upon further differentiation, cells adopted a neuronal morphol-
ogy, and by day 26, cell cultures contained a high proportion of
POMC-expressing neurons. Immunofluorescence analyses also
showed active cellular POMC processing to derive a-MSH (Fig. 3,
B and C, and fig. S5), and accumulation of desacetyl a-MSH was
detected by liquid chromatography tandem mass spectrometry in
media of POMC" neuronal cultures (Fig. 3D) (22).

Cell cultures harvested at different developmental stages for
DNA methylation analysis showed high amounts of DNA methyl-
ation at the POMC locus in H1 hESCs at the start of our experiments
(Fig. 3F). Differentiation of such primed H1 cells into hypothalamic
NKX2-1" progenitors and POMC" neurons was then associated
with only moderate gradual increases of DNA methylation at
CpG positions +1 to +7. Thus, high DNA methylation in H1
hESCs limited their utility for studies of developmental changes
in DNA methylation.

Although hESCs are originally derived from the inner cell mass
(ICM) of the preimplantation epiblast, conventional hESCs includ-
ing the H1 line are developmentally more advanced than their
murine counterparts. They rather resemble the developmental
state of mouse post-implantation epiblast and are therefore gener-
ally regarded as primed pluripotent (23, 24). To achieve a develop-
mental state more closely resembling the preimplantation epiblast
with its associated DNA hypomethylation, we next used a previous-
ly described resetting method to derive vital naive cells (25). Along
with the observation of characteristic changes of cell morphology in
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reset cultures (Fig. 3A and fig. S6), immunofluorescence analysis of
naive cell cultures confirmed high expression of naive epiblast-spe-
cific transcription factors (fig. S6) (25). When analyzing the tran-
scriptome of primed H1 hESCs and derived naive cells by single-
cell RNA sequencing (RNA-seq) (fig. S7), we observed the expres-
sion of canonical pluripotency markers in both primed and naive
cells, whereas large clusters of cells expressing ICM markers were
only found in naive cell cultures (26).

Because naive cells have pluripotent potential but a very low pro-
pensity to respond directly to inductive cues for somatic cell differ-
entiation, we used a 14-day capacitation protocol (27) to transform
naive cells back into a formative state with pluripotent competence
for somatic lineage induction (fig. S7). We next compared the effi-
ciency of hypothalamic neuron differentiation for cell cultures start-
ing with either primed H1 hESCs or capacitated cells. We found no
gross differences, either in timing of cell differentiation or in the
phenotype or transcriptome of the POMC neurons generated.
This finding was further corroborated by benchmarking these neu-
ronal cultures using single-cell RNA-seq (Fig. 3, G to I, and fig. S8).

DNA methylation at different cell states

The identification of an appropriate culture to differentiate POMC"
neurons from naive cells allowed us to perform a comparative anal-
ysis of developmental dynamics of DNA methylation at the POMC
locus. In contrast to the high DNA methylation detected in primed
H1 cells, naive cells displayed a strong decrease in DNA methyla-
tion. Even after capacitation, DNA methylation at a formative
state remained much lower compared with primed HI cells
(Fig. 3F). When capacitated cells were used for hypothalamic
neuron differentiation, a marked increase in POMC DNA methyl-
ation was observed at the NKX2-1" neuronal progenitor stage, with
further increases seen in POMC-expressing neurons (Fig. 3F).
Notably, our data on DNA methylation across the POMC VMR
in this in vitro system compare qualitatively and quantitatively
with the POMC DNA methylation detected during early human
embryogenesis (Fig. 3, ] and K) (28, 29).

We also evaluated whether POMC methylation variability in
POMC-positive hypothalamic cells would be accompanied by
altered POMC gene expression. We identified a negative correlation
between POMC DNA methylation and POMC gene expression in
this hypothalamic neuronal cell population (r = —0.39, P = 0.013)
(Fig. 3E), indicating that increased POMC methylation at CpG po-
sitions +1 to +7 is associated with reduced POMC gene expression
and supporting the functional relevance of POMC methylation
variability.

However, it has been described in the A"™ mouse model that nu-
tritional factors such as carbon-1 (C1) metabolites could alter DNA
methylation variability of metastable epialleles during pregnancy
(30). Therefore, we evaluated whether this scenario could be imitat-
ed for POMC methylation in this in vitro model.

C1 metabolite availability and POMC DNA methylation
variability

Previously, we reported correlations between C1 metabolite con-
centrations at conception in pregnant mothers from the Gambia
and POMC methylation in their offspring (12). C1 metabolism is
a pivotal source for the provision of methyl groups for DNA meth-
ylation (Fig. 4A) (31, 32). Our experimental setup for the differen-
tiation of naive cells into POMC" neurons therefore provided us
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Fig. 3. In vivo and in vitro POMC
methylation establishment during
embryonic development and cell diff-
erentiation. (A) Overview of the experi-
mental workflow for the hESC-based in
vitro model. Primed H1 hESCs were either
directly differentiated or transferred into
a naive state. After formative transition,
hESCs were differentiated into POMC-ex-
pressing neuronal cells. (B and C) Immu-
nofluorescent overlay imaging of
differentiated POMC-expressing cells
after costaining with 4’,6-diamidino-2-
phenylindole (DAPI) (fig. S5) and anti-
bodies against neuronal markers TUJ1,
NKX2.1, and a-MSH. (D) Deacetylated a-
MSH was measured by tandem mass
spectrometry in cell culture supernatant
of NKX2.1- and POMC-expressing differ-
entiated neurons. Fresh cell culture
media were used as a negative control (n
= 3 from three independent experi-
ments). (E) POMC RNA abundance ana-
lyzed by reverse transcription polymerase
chain reaction normalized to glyceralde-
hyde-3-phosphate dehydrogenase
(GAPDH) and TATA-binding protein (TBP).
POMC abundance correlated negatively
with POMC methylation at POMC CpG
positions +1 to +7 in the same cell batch
(n = 40 from three independent experi-
ments, Pearson correlation coefficient r =
—0.39, P = 0.013). Normality was tested
with a Shapiro-Wilk test (W =0.97, P =
0.14). (F) POMC DNA methylation at CpG
positions +1 to +7 in hESC H1 cells that
were differentiated into NKX2.1* pro-
genitors and then into POMC-expressing
neurons. This differentiation was per-
formed either starting in the primed (n =
2 from one independent differentiation)
or naive state (n = 15 from three inde-
pendent differentiations). (G to ) Single-
cell transcriptome analysis of POMC-ex-
pressing neuronal cultures at day 26 of
differentiation. (G) UMAP (Uniform Mani-
fold Approximation and Projection) plot
of 5734 cells colored by cell origin
showing intermixing of cells from
different origins (primed and formative).
(H and 1) Feature plots of gene expression
for the pan-neuronal marker MAP2 and
for POMC. (J) Bioinformatic analysis of a
whole-genome methylation dataset
generated from human embryos (28, 29).
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Fig. 4. Relationship between POMC methylation variability and C1 metabolite concentrations. (A) Schematic of the experimental setup in which C1 metabolite
concentrations were modified during the formative transition state (dashed box). hESCs were differentiated into POMC-expressing neurons. (B) POMC methylation (CpG
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testing (*P < 0.05, **P < 0.01, ***P < 0.001).

with an opportunity to experimentally address the potential role of
environmental and nutritional factors on POMC methylation estab-
lishment in the early embryo.

We cultured naive cells during their transition into a formative
state in E8 medium supplemented with C1 metabolites (SFX-E8/
supplemented) and, for comparison, in E8 medium depleted of
major Cl metabolites betaine, choline, folate, and methionine
(SFX-E8/depleted). Four additional experimental groups were es-
tablished, with naive cells cultured during the capacitation period
in SFX-E8/depleted medium, to which the specific C1 metabolites
methionine, folate, betaine, or choline were individually added
(Fig. 4A and fig. S9). Cells cultured under these six conditions
were harvested at different developmental stages. Analyses at the
formative state showed only a marginal effect of any experimental
condition on DNA methylation at the POMC locus and in one of
two preselected hyper- and hypomethylated control loci
(cg06005309 and cgl19076425) (Fig. 4B and fig. S10) (33).
However, analyses of neuronal cultures after 26 days of differentia-
tion showed significantly increased POMC DNA methylation in all
cultures conducted with SFX-E8/depleted medium, irrespective of
the addition of individual C1 metabolites [nested t test with

Lechner et al., Sci. Transl. Med. 15, eadg1659 (2023) 19 July 2023

different time points as columns (1) and C1 metabolite groups as
subcolumns (2), P (1) < 0.0001, P (2) < 0.0001] (Fig. 4C). No
such changes in DNA methylation were detected in the hyper- or
hypomethylated control regions (fig. S10). Microarray analyses of
bulk RNA samples extracted during the capacitation period demon-
strated only marginal differences in gene expression profiles
between depleted and supplemented media conditions (figs. S11
to S14 and table S2). We observed that samples cultured in supple-
mented and depleted media with added methionine formed a RNA
expression cluster. The samples cultured under depleted conditions
with added choline, betaine, and folate shaped a second cluster. We
note that the list of differentially expressed genes modified by cell
culture conditions (data file S1) contained several key enzymes of
C1 metabolism (Fig. 5B, figs. S12 to 14, and table S3). This included
the regulation of central C1 enzymes such as MAT2A (methionine
adenosyltransferase 2A) and AHCY (adenoslyhomocysteinase),
which are pivotal for the synthesis of S-adenosylmethionine
(SAM) from methionine, intracellular S-adenosyl-L-homocysteine
(SAH) regulation, and transmethylation reaction (Fig. 5, B and
C), respectively. These gene expression changes are consistent
with observations that methionine and SAM are tightly regulated
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Fig. 5. RNA expression changes MAT2A
of C1 metabolite enzymes

during the formative state. (A)

C1 metabolism pathway is shown.
Marked in blue are those metabo-

lites that were added separately

during the repriming phase.

Marked in red are enzymes for

which gene expression changed
significantly (ANOVA of C1 me-

tabolite enzymes of interest with
subsequent P value adjustment

for false discovery rate = 0.05) de-
pendent on C1 metabolite condi-

tions. (B) Heatmap visualizes RNA
expression data of key C1 metab-

olism enzymes during the forma-

tive transition phase under

different culturing conditions

(SFX-E8 suppl. versus SFX-E8 de-

pleted with added betaine, folate,
methionine, or choline). (C to E) B
RNA expression (log, mean signal)
changes of MAT2A (C), DNMT3B
(D), and TET1 (E) during the for-
mative transition phase (n = 3 per
condition from three independent
experiments) under different con-
ditions of C1 metabolite concen-
trations. A detailed filtered list of
further expression data for genes
of interest is provided in the data
repository described in the data
availability section. MTR, methio-
nine synthase; MAT2A, methionine
adenosyltransferase 2 A; AHCY,
adenoslyhomocysteinase; BHMT,
betaine-homocysteine methyl-
transferase; DNMT3B, DNA (cyto-
sine-5-)-methyltransferase 3 beta;
TET1, Tet methylcytosine dioxy- D

genase 1; LCMT2, leucine carboxyl

methyltransferase 2; CTH, cysta-

thionine y-lyase. *P < 0.05, **P < N
0.01, ***P < 0.001, and ****P
< 0.0001.
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in most cell types because SAM affects gene expression and serves as
an allosteric regulator of several enzymes required for both methi-
onine and SAM synthesis (34, 35). In addition, and consistent with
this clustering, RNA expression of enzymes involved in DNA meth-
ylation and demethylation processes [DNMT3B (DNA methyl-
transferase 3 Beta) and TETI (ten-eleven translocation
methylcytosine dioxygenase 1)] was differentially regulated in
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opposing directions (Fig. 5, D and E). Our in vitro hESC analysis
thus provides evidence of an interrelation between increased
POMC DNA methylation and gene function within a complex reg-
ulated network in which C1 metabolism appears to play a role.
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Use of the MC4R agonist setmelanotide as a treatment for
patients with obesity and POMC hypermethylation

Severe obesity caused by biallelic POMC gene mutations is an
example of complete a-/B-MSH deficiency, and several patients
with this condition have recently been treated with the MC4R
agonist setmelanotide in clinical trials approved by the FDA and
European Medicines Agency. This intervention reduced the initially
persisting hyperphagia and led to a substantial decrease in body
weight in POMC-deficient patients (13, 36, 37). We hypothesized
that increased POMC methylation might similarly lead to impaired
melanocortin pathway function and decreased MSH and that obese
invidividuals with POMC hypermethylation might therefore benefit
from MC4R agonist treatment.

POMC hypermethylation was defined as a methylation score
above the 97th percentile based on an analysis of normal-weight in-
dividuals. Using this definition, five POMC-hypermethylated pa-
tients with obesity and severe hyperphagia (one male with
Klinefelter syndrome, four females; mean age: 18 + 5.2 years;
mean body weight at baseline: 137.24 + 34.8 kg; mean BMI at base-
line: 43.59 + 8.56 kg/ m?) (Fig. 6A and table S4A) were enrolled in a
phase 2 investigator-initiated study with the MC4R agonist setme-
lanotide after giving written informed consent (EudraCT no. 2014-
002392-28; study protocol provided in data file S2). A monogenic
cause for obesity was excluded by genetic testing in these individuals
before treatment started. Study participants injected setmelanotide
subcutaneously once per day with a mean maximum therapeutic
dosage of 2.5 mg (1.0 to 3.0 mg). In summary, after a dose titration
phase, patients received the MCA4R agonist at the therapeutic dosage
[mean of 2.5 mg (1.0 to 3.0 mg)] for 3 months. If a minimal thresh-
old of 5 kg weight loss was achieved, then the patient continued on
treatment in an extension phase. This extension treatment phase in-
cluded a 4-week off-drug period followed by a treatment restart at
the therapeutic dosage. Safety parameters were evaluated every 3
months, including cardiovascular, psychological, and dermatologi-
cal assessments. Patients 1 and 2 discontinued treatment despite
weight loss after 64 and 44 weeks, respectively, because they could
not make regular site visits because of a new job (patient 1) or com-
pliance could not be further ensured (patient 2).

For all patients, setmelanotide treatment led to a decrease in
hunger scores (fig. S15), which was accompanied by a mean reduc-
tion of body weight of 7.1 + 2.32 kg (—5.12 £ 1.11% of prestudy body
weight) within the first 3 months (Fig. 6B and fig. S15). One patient
lost only 3.2 kg after 13 weeks and therefore did not continue dosing
within the extension phase. This patient regained weight after treat-
ment interruption (fig. S15). After a maximum observation period
of 38.4 + 26.0 weeks, the enrolled patients’ mean weight loss was 6.5
+ 3.04 kg (—4.66 £ 2.16% of prestudy body weight; —1.8 + 1.04 kg/
m” BMI) compared with baseline body weight. Hunger scores
(based on an 11-point Likert scale between 0 to 10 points; 0 = no
hunger, 10 = severe hunger) decreased from mean 6.1 + 1.29 points
to 4.8 + 2.36 points (Fig. 6B and fig. S15). In general, the treatment
was well tolerated. No serious adverse event occurred. The most
common adverse event was increased pigmentation of skin and
nevi (table S4B). This observation relates to cross-activation of
MCIR (melanocortin 1 receptor) by the study drug, which is ex-
pressed in the skin (38). No pathologic changes of blood pressure,
heart rate, or safety laboratory values occurred (tables S5 to S7).

Lechner et al., Sci. Transl. Med. 15, eadg1659 (2023) 19 July 2023

DISCUSSION

Obesity and its related comorbidities are associated with major
health care problems worldwide. There is a fundamental need to
gain new knowledge about individual risk factors and key pathways
to improve prevention and to drive therapeutic strategies to reduce
obesity prevalence. To this effect, genetic variants captured by poly-
genic risk scores (5) and epigenetic effects including DNA methyl-
ation changes have been studied extensively by different groups
(39). However, tissue specificity, genetic heterogeneity, the potential
contribution of environmental/ nutritional factors, and the diffi-
culty of distinguishing causes from consequences have led to diffi-
culties in the interpretation of study results. In this respect, analysis
of metastable epialleles has the potential to explain how methylation
states established in the early embryo that are longitudinally stable
and nontissue-specific affect phenotype variation, as observed for
body weight in the A mouse model (11, 40-42).

In this study, we characterized a VMR in the POMC gene by an-
alyzing genotype and methylaton data from twin and large cohort
studies. This strengthened existing evidence that the VMR is estab-
lished during embryonic development and is not genetically deter-
mined. This finding is further supported by recently published
methylation data from MZ and DZ twin cohorts where monochor-
ionic monoamnionic MZ twins had more highly correlated meth-
ylation than dichorionic or monochorionic diamnionic MZ twins
(43). This indicates the pivotal role of the close amnionic environ-
ment and this early embryonic period for the setting of individual
methylation signatures.

We observed sex-specific POMC methylation, supporting a pre-
vious finding in mouse hypothalamic arcuate nucleus and disease-
related epigenome-wide association studies, for example, for Alz-
heimer’s disease (44—46). The molecular cause for this sexual di-
morphism remains elusive and needs to be addressed in future
studies. However, the large number of epigenome-wide association
studies in which sex-specific methylation has been observed sug-
gests that a complex underlying regulatory mechanism might be
at play. We may speculate that this could involve a combination
of certain microRNAs, sex-specific histone modification profiles,
and hormonal influences.

In our study, elevated POMC DNA methylation in females was
associated with a 1.4-fold increased risk of developing severe obesity
(BMI>35kg/ m?). This odds ratio is similar to that observed for one
of the most prominent genetic risk variants for weight gain at the fat
mass and obesity-associated transcript (FTO) gene (rs9939609).
Here, homozygous carriers of the A “risk” allele have a 1.67-fold in-
creased risk of developing obesity (47).

To further investigate mechanisms underlying the establishment
of this POMC methylation variant, we established an hESC-based in
vitro system. This allowed us to recapitulate early embryonic meth-
ylation dynamics in utero and to analyze the relationship between
POMC DNA methylation, gene expression, and the effect of envi-
ronmental/nutritional factors. Modification of C1 metabolite con-
centrations in cell culture media during the formative state was
associated with multiple gene expression changes of C1 enzymes
and altered POMC methylation in the differentiated state. On the
basis of this finding, we hypothesize that C1 metabolite modifica-
tions during the critical formative state lead to a response at the mo-
lecular level, which is consistent with known regulatory
mechanisms affecting gene expression and enzyme activity that
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patients with obesity and increased POMC epigenetic methylation [left: female participants; pink = epigenetic patient 1, blue = epigenetic patient 3, orange = epigenetic
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tightly control cellular methionine and SAM concentrations (34,
35). This observation points to a complex mechanism regulating
DNA methylation and supports a recently published study in
which methylation is maintained under the influence of chemical
and dietary factors at metastable epialleles in rodents (48). Methio-
nine seems to be a key factor in this. It has been shown that in-
creased and decreased methionine in utero may lead to
phenotype changes including myelin deficits in mice (49) and
human birth weight (50). In some cell types, DNA methyltransfer-
ase activity is a more important regulator of DNA methylation than
simply SAM/SAH balance (51). Furthermore, SAM/SAH homeo-
stasis in hESCs seems to be stabilized by compensatory up- and
down-regulation of RNA expression of intracellular enzymes. To-
gether, these data suggest that both the expression and activity of
DNA modifying enzymes such as DNA methyltransferases and
enzymes involved in DNA demethylation and the SAM/SAH
balance are strong determinants of DNA methylation regulation.
The extent to which this system could be modified by external
dietary supplementation during pregnancy remains an open ques-
tion. Folate supplementation during pregnancy is known to reduce
the risk of the development of spina bifida (52, 53). It is possible that
folate or other metabolite supplementation during this critical
period of development might have an impact on POMC methyla-
tion variation and modify disease risk through subsequent genera-
tions. Further studies using this in vitro model including chromatin
immunoprecipitation sequencing or assay for transposase-accessi-
ble chromatin with sequencing coupled to proteomic and enzyme
activity measurements are needed to fully understand the underly-
ing mechanisms involved.

This hESC system additionally allowed us to analyze the func-
tional consequence of increased POMC VMR DNA methylation.
We observed a negative correlation between POMC methylation
and decreased POMC gene expression in POMC™ hypothalamic
cells. A similar observation has been made in fat biopsies from
obese individuals, with increased POMC VMR methylation associ-
ated with obesity and POMC gene expression inversely correlated
with POMC methylation (54).

Building on these observations, we hypothesized that increased
POMC methylation leads to altered MSH concentrations and
thereby reduces MC4R stimulation within the hypothalamus. This
deficit could potentially be substituted with MC4R agonist treat-
ment. To examine this, we enrolled five patients with increased
POMC methylation scores into an investigator-initiated study of
the MC4R agonist setmelanotide. Treatment led to a mean weight
reduction of body weight and hunger scores. This study is limited by
a small sample size, and a double-blind placebo arm is missing.
However, this finding provides evidence for the functional rele-
vance of POMC methylation variation and for the need to
perform large follow-up studies to gain further knowledge of the
extent to which similar patients could benefit from this treatment.
In the future, this intervention might be an option as part of a mul-
timodal treatment strategy to stabilize long-lasting weight loss in af-
fected patients with this epigenetic risk variant.

A further limitation of this study is our focus on only one par-
ticular metastable epiallele. A broader investigation using methyl-
ome-wide analysis with an evaluation of additional epigenetic
modifications by analyzing chromatin modifications will be neces-
sary to establish whether our observations are part of a more general
mechanism. It would also be of interest to investigate whether
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similar results could be obtained in additional hESC lines. Further-
more, we focused on five C1 metabilites in our investigation of po-
tential environmental/nutrition influences on POMC methylation
patterning. It would be of interest to analyze different combinations
of altered metabolite concentrations to test the relationship between
C1 metabolism and regulation of DNA methylation. Last, hESCs
were cultured under modified conditions in the formative state.
Changes to the timing and duration of altered C1 metabolite con-
centrations could provide further insights into critical windows of
environmentally induced epigenetic variability.

In summary, we identified evidence that a POMC hypermethy-
lation variant is established early in utero and is linked to a sex-spe-
cific increased risk of developing obesity later in life. Our hESC in
vitro model offers an opportunity to gain insights into factors
driving the establishment of regulatory networks of epigenetic
marks. This includes the potential to assess the influence of C1 me-
tabolite concentrations and other environmental and nutritional
factors with the potential to affect the epigenome. DNA methylation
variants at other metastable epialleles affected by this network
might contribute cumulatively to an epigenetic risk score that pre-
dicts an individual's risk of developing common diseases such
as obesity.

MATERIALS AND METHODS

Study design

HNR cohort/GWAS

The sample size for the SNP genome-wide association analysis was
chosen to be as large as possible without previous power analysis.
Because the hypothesis prespecified was that POMC VMR is not in-
fluenced by genetic variants, it was important to include as low
effects as possible with the available sources. This led to analysis
with 1128 or 1083 individuals, respectively, for which Illumina
450 K Methylation Array data or POMC pyrosequencing data and
genotyping data were available. Additional analysis of the pyrose-
quenced probes in the context of individuals’" BMI was planned.
During analysis, we noticed that there was a selection bias for
which individuals from the HNR cohort genotyping were per-
formed, leaving severely obese individuals (BMI < 35) underrepre-
sented. Therefore, the study subset was expanded by 300 additional
individuals from the HNR cohort. To avoid batch effects, all later
performed pyrosequencing was controlled and adjusted with previ-
ously analyzed samples. Samples were randomized, and the pheno-
typic data were blinded from the researcher until the final dataset
was fully acquired. Statistical analysis was not blinded. Beside
quality of pyrosequencing results, no inclusion or exclusion criteria
were applied. Outliers were not excluded because of the large
cohort size.

Twin data

The research objective of analyzing DNA methylation of MZ and
DZ twins was to evaluate whether MZ twins correlate stronger at
the mean DNA methylation of the POMC VMR. The POMC
VMR was tested both in total and at the level of each individu-
al CpG.

Cell culture experiments

Cell culture experiments were exploratory and designed to establish
a model to recapitulate de- and remethylation during early in utero
development. After the initial results on DNA methylation dynam-
ics, the experiments were extended to perform detailed descriptive
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characterization using single-cell RNA sequencing, without intend-
ing to compare different conditions. For challenging formative tran-
sition with altered C1 metabolite concentration, experimental units
were predefined (see below), and every experiment was performed
three times independently. After harvesting, the samples were ran-
domized and blinded for further biomolecular analyses. Statistical
analyses were performed unblinded.

Clinical study

The clinical study had an explorative approach and aimed to inves-
tigate whether patients with obesity and highly methylated POMC
could in general profit from a therapy with MC4R agonists. Partic-
ipants were recruited within the obesity outpatient clinic of the De-
partment of Pediatric Endocrinology (Charité~Universititsmedizin
Berlin). Inclusion criteria consisted of obesity (BMI > 30 kg/m?,
BMI-SDS > +2.0) and POMC VMR DNA methylation (>51.92%
for adults older than 30 years; >35.79% for individuals younger
than 30 years). The study was not placebo-controlled. Participants
entered a 4-week off-drug phase after a treatment period of 3
months if weight loss of more than 5 kg had been achieved. There-
after, treatment could be continued at the therapeutic dosage. A de-
tailed description is enclosed in data file S2.

Human cohorts

HNR study cohort

The HNR study is a large population-based cohort study initiated in
the year 2000 that has been previously described in detail (16). In
total, the cohort consists of 4814 males and females who were ran-
domly selected in three German cities (Essen, Miilheim an der
Ruhr, and Bochum). Participants were at baseline between 45 and
75 years old. In the present assessment, 1383 samples from the HNR
study were analyzed by pyrosequencing for DNA methylation at the
POMC VMR (CpG -2 to +7) (table S1). Genome-wide genotype
data of pyrosequenced samples were available in 1083 cases, and Il-
lumina 450 K Methylation Array data and genome-wide genotype
data were available for 1128 samples and were used for the POMC
methylation whole-genome association study.

Twin cohorts

Blood samples from 32 pairs of MZ twins and 38 pairs of DZ twins
were received from HealthTwist (MZ: 22 female, 42 male, mean
BMI of 24.64 + 3.45 kg/m’ DZ: 48 female, 28 male, mean BMI of
25.1 + 4.46 kg/m?). A total of 37 MZ and 34 DZ samples were an-
alyzed for PAX8 methylation.

Clinical study

The protocol of this investigator-initiated clinical trial (EudraCT
no. 2014-002392-28) is enclosed as supplementary materials (data
file S2). The study was approved by the responsible ethical commit-
tee (Landesethikkommission Berlin). The obtained data are pre-
sented on the basis of a descriptive statistical analysis.

Cell culture

Transfer of hESCs into naive state

The use of hESC WAOLI cells (RRID: CVCL_9771) was approved by
the Robert Koch Institut (AZ 3.04.02/0134; AZ 3.04.02/0177). H1
(WAO01) hESCs were cultured on Geltrex-coated six-well plates in
E8 medium. The medium was changed daily with one double
feed per week and was chemically split every 3 to 4 days with 0.5
mM EDTA. Resetting of hESCs (WAO1) to a naive state of pluripo-
tency was performed using standardized NaiveCult from STEM-
CELL Technologies according to the manufacturer’s instructions,
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which are based on published protocols (24). In short, hESCs
were cultured under hypoxic conditions (5% O,, 5% CO,) on a
layer of inactivated mouse embryonic feeder cells (CF-1). For tran-
sient histone deacetylase inhibition, valproic acid (STEMCELL
Technologies) was used after daily medium change of N2B27
medium supplemented with leukemia inhibitory factor, MAPK
kinase inhibitor (PD0325901), glycogen synthase kinase 3 inhibitor
(CHIR99021), and protein kinase C inhibitor (G66983). After suc-
cessful transfer into naive state, homogenous dome-shaped cells
were expanded in t2ilG6 medium. Enzymatic passaging of cells
was performed with TrypLE (Gibco) and supplementation of
ROCK inihibitor (Y-27632) for 24 hours to improve cell survival
during passaging.

Formative transition of naive-like stem cells (capacitation)
Naive H1 (WAO1) cells were dissociated with TrypLE, and 1.6 X
10%cells/cm® were seeded on Geltrex-coated plates in t2ilGo
medium supplemented with 10 uM Y-27632. After 24 hours, the
medium was changed to t2ilG6 without additional Y-27632. After
48 hours, the culture medium was changed to E8 medium. For
further experiments with modification of C1-metabolite concentra-
tions, different E8 media compositions (SFX-E8) were created as de-
scribed below. Formative transition was performed on the basis of
published protocols for a total of 10 to 30 days (27).

Modification of C1 metabolite concentrations during the
formative transition phase

Concentrations of C1 metabolites in cell culture media were mod-
ified during the formative transition phase after hESC H1 cells
reached a naive state. C1 metabolite concentrations of established
stem cell media formulations (such as E8) are highly elevated and
oversaturated. Therefore, we used a C1 metabolite-depleted Dul-
becco’'s modified Eagle's medium (DMEM) formulation to obtain
E8 cell culture media with reduced C1 metabolite concentrations.
Because the conventional E8 medium is based on DMEM-F12,
and hESCs are not viable in a DMEM-only E8 medium, we used
a mixture (1:1) of conventional Ham's F12 medium and DMEM de-
pleted of C1 metabolites (SFX-E8 depleted). The C1-depleted E8
medium had reduced concentrations of folate (1.4 uM), methionine
(20 uM), and choline chloride (50 tM) compared with the conven-
tionally used E8 medium compositions. C1-depleted E8 (SFX-E8
depleted) was used as the basal medium during cell culturing in
the formative phase. To analyze the impact of C1 metabolites,
each C1 metabolite (folate, choline, methionine, and betaine) was
added separately to SFX-E8-—depleted media. As an adjusted
control group, we created a basal medium with fully supplemented
C1 metabolites as in conventional E8 cell culture media (based on
depleted formulation; SFX-E8 supplemented). The change in mor-
phology, viability, and cell growth during the protocol was con-
trolled by performing formative transition in conventional E8
medium in parallel. Therefore, the following media compositions
were used: Cl-depleted E8 medium with added 1000 uM methio-
nine (SFX-E8 depleted + methionine), C1-depleted E8 medium
with added 6 uM folate (SFX-E8 depleted + folate), C1-depleted
E8 medium with added 450 pM betaine (SFX-E8 depleted +
betaine), C1-depleted E8 medium with added 640 pM choline chlo-
ride (SFX-E8 depleted + choline), and fully supplemented E8 media
(SFX-E8 depleted + supplemented).

Differentiation into POMC-expressing neurons

Differentiation of hESCs to hypothalamic-like neurons was con-
ducted according to published protocols (20, 21). hESC H1 cells
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were seeded on Geltrex-coated culture ware in E8 media and cul-
tured until confluence. Subsequently, neuroectodermal induction
was initiated by media changed to knock out serum replacement
medium (Gibco) with supplementation of 10 uM SB 431542 (Sell-
eckchem) and 2.5 uM LDN 193189 (Selleckchem), whereas ventral-
ization was induced by simultaneous supplementation of SHH
(sonic hedgehog) (100 ng/ml; R&D Systems) and 2 pM purmorph-
amine (Stemolecule) for 8 days. Further differentiation into
NKX2.1-expressing progenitor cells was reached by Notch inhibi-
tion (DAPT, Tocris) starting on day 9. For further differentiation,
1 x 10°/cm? cells were replated on day 13 on poly-L-ornithine/lam-
inine—coated plates in N2B27 medium with DAPT and later brain-
derived neurotrophic factor (R&D Systems) addition. POMC-ex-
pressing neurons were harvested or fixed for staining on day 26.
Analysis of human in vivo DNA methylation from

embryonic tissue

Methylation data from Guo et al. (28) were downloaded from Gene
Expression Omnibus (GEO) (accession number GSE49828), in-
cluding reduced representation bisulfite sequencing data for ICM
and post-implantation embryos. In addition, whole genome-wide
bisulfite sequencing data were available for ICM and liver. Post-bi-
sulfite adapter tagging data from Zhu et al. (29) were accessed and
downloaded from GEO (accession number GSE81233) for samples
derived from ICM at 7 and 9 weeks. Furthermore, the data were
available derived from heart tissue at 11 weeks. The data were fil-
tered by Git Bash for Chr2: 25383722-25391559 (hg19) and subse-
quently analyzed and visualized in R. The minimum CpG coverage
was set to five, and samples were assigned to three different devel-
opmental stages: ICM, post-implantation, and differentiated
samples (embryonic heart and liver).

Statistical analysis

In cell culture experiments, cells from one culture dish were defined
as experimental units; for example, differentiated neurons from one
six-well plate were dissociated, resuspended, and harvested as two
cell pellets for DNA and RNA analysis of one experimental unit.
Each formative and differentiation experiment was repeated at
least three times, conducting the complete protocol starting from
the naive state. Sub-step repetition, for example, repeated differen-
tiation from the same stock of formative cells, was not regarded as
an independent experiment. Statistical tests were performed with
biological units (indicated as n for each test and graph). Unless oth-
erwise indicated, the data are presented as means + SD in all graphs.
For all tests performed, normality was confirmed with Shapiro-Wilk
test (P > 0.05 was assumed normally distributed) and visual evalu-
ation of Q-Q plots. If data were not normally distributed, then a
Krukal-Wallis test instead of analysis of variance (ANOVA) was
performed. For all other parametric tests (Pearson’s correlation
and Student's ¢ test), samples fulfilled assumptions, and no non-
parametric tests were used. On the basis of the central limits
theorem (for all n > 100 per group), it was assumed that samples
are well approximated with normal distribution even if the data
values are not normally distributed. Assumption of homoscedastic-
ity was checked by plotting normal Q-Q plots and diagnostic plots
showing the distribution of residuals, where mean of residuals was
supposed to be 0 without outliers and evenly distributed for differ-
ent groups. To analyze the expression of C1 metabolism-related
genes, the RNA array data were filtered for a list of genes of interest
containing all genes. For visualizing the data in a heatmap, an
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empirical normalization transformation was performed, bringing
the data to the 0 to 1 scale by subtracting the minimum and dividing
by the maximum of all observations. Considering that all raw values
of these genes were visible to the scientist, statistical testing shown in
Fig. 5 was adjusted not only for multiple testing within each shown
one-way ANOVA but also for all genes of this list with a false dis-
covery rate of 0.05. In detail, all genes passed the Shapiro-Wilk nor-
mality test for each C1 metabolite group. However, for AHCY and
SHMTT1, at least one group failed normal distribution. In this case,
Kruskal-Wallis with subsequent uncorrected Dunn's test was per-
formed. Otherwise, we performed a one-way ANOVA for each
gene with “control (adjusted)” as a reference group with Fisher's un-
corrected least significant difference test as post hoc test and created
astack of all 55 P values, which was then analyzed with the two-stage
linear step-up procedure of Benjamini, Krieger, and Yekutieli. This
led to 19 discoveries, which are listed in the data repository de-
scribed in the data and materials availability section.
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