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Abstract

While coding variants often have pleiotropic effects across multiple tissues, non-coding variants
are thought to mediate their phenotypic effects by specific tissue and temporal regulation of gene
expression. Here, we dissected the genetic and functional architecture of a genomic region within
the FTO gene that is strongly associated with obesity risk. We show that multiple variants on

a common haplotype modify the regulatory properties of several enhancers targeting /RX3and
/RX5 from megabase distances. We demonstrate that these enhancers impact gene expression in
multiple tissues, including adipose and brain, and impart regulatory effects during a restricted
temporal window. Our data indicate that the genetic architecture of disease-associated loci
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may involve extensive pleiotropy, allelic heterogeneity, shared allelic effects across tissues, and
temporally-restricted effects.

One Sentence Summary:

Enhancer interactions regulate the activity of obesity-associated genes /RX3and /RX5in both
adipose and brain tissue.

Although genome-wide association studies (GWAS) have contributed extensively to
complex disease mapping, our understanding of the genetic architecture and molecular
mechanisms underlying most disease associations remains incomplete (1, 2). Recent studies
suggest pervasive pleiotropy of regulatory variants modulating gene expression across
multiple tissues, impacting seemingly disparate disease phenotypes (3, 4). We set out

to dissect the genetic architecture and phenotypic implications of a well-studied locus
associated with human obesity. GWAS have identified common variants in the £70 gene as
the strongest genetic association with obesity in humans (5). Much effort has been directed
towards identifying the causal variant, gene, and tissues underlying this association. The
associated region is within a large topologically associated domain (TAD) of approximately
2 Mb encompassing F70, RPGRIPIL, and the /RXB cluster (including /RX3, IRX5, and
IRX6) (6). As a consequence of this arrangement, the obesity-associated variants could
impact the regulation of any or all of these genes. In fact, most of these genes have been
independently implicated in body weight management phenotypes, leading to additional
controversy within the field as to which of these genes mediate the genetic association

with obesity (7-10). In addition, while compelling evidence implicates central nervous
system phenotype such as food preference and feeding behavior underlying the association
with body mass index (BMI) (5, 11), alternative models involving altered thermogenesis,
autonomous to adipose tissue, have also been put forth as putative mechanisms (7, 8). To
address these discrepancies, we applied an integrated approach to mechanistically dissect the
genetic and functional architecture of the obesity GWAS signal emanating from the F70
locus.

To ascertain the pattern of long-range genomic interactions in the locus, we generated a
comprehensive chromatin interaction map in cell types relevant to obesity. We performed in
situ promoter capture Hi-C (PCHi-C) in human SGBS preadipocytes and in hypothalamic
arcuate-like neurons derived from human induced pluripotent stem cells (hiPSCs). PCHi-

C contact maps from both cell types, and additional 4C-seq data, revealed long-range
interactions between the obesity-associated locus and promoters of /RX3and /RX5, but not
those of /RX6 or FTO/RPGRIPIL (Fig. 1A and fig. SLA). Similar results were obtained
from an enhancer capture Hi-C dataset in primary human pre-adipocytes (fig. S1B) (12).
Because this locus is highly conserved between humans and mice (fig. S2A), we engineered
a mouse model (mmF7oA20) harboring a 20,204 bp deletion spanning the orthologous
obesity-associated interval in Ffo (fig. S2B). Using fluorescence in situ hybridization (FISH)
as an orthogonal assay to PCHi-C, we interrogated the 3D organization of this region

in vivo, in mouse brains from mmF£~7aA20 heterozygous animals. Designing fosmid-based
probes for regions encompassing the Fto/Rpgrip1l, Irx3, Irx5, Irx6 promoters, and the Fto
obesity-associated locus, as well as the region directly adjacent to the 20 kb deletion (Fig.
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1B), we determined the pattern of interactions between the obesity-associated region and
genes in the Fto-Irxb locus. Consistent with our PCHi-C and 4C-seq results, FISH data
from WT alleles in cerebellum revealed significantly increased colocalization (<200 nm)

of the /rx3and /rx5 promoters with the Fzo obesity-associated interval in WT alleles,
compared with deletion alleles and cortex cells that do not express /rx3and /rx5. We
obtained similar colocalization data in lung cells, supporting our previous observations that
the obesity-associated interval harbors lung enhancers (7). Conversely, the 20 kb deletion
had no impact on the distance between the Ffo/Rpgrill or Irx6 promoters and the Fto
obesity-associated interval (Fig. 1C and D, fig. S2C). These observations support a model of
chromatin compaction at this locus with the obesity-associated region physically interacting
with both /RX3and /RX5in humans and mice.

We next explored the biological relevance of these observations in vivo. We genetically
engineered germline null (=/-) and heterozygous (+/-) alleles for /rx3, Irx5, and /rx6in
mice (fig. S3). At 20 weeks, /rx3-/- animals displayed a 15-20% blunting in weight gain
compared to the WT control littermates, as well as a reduction of total fat mass (10-15%),
activation of molecular markers of browning in white adipose tissue (WAT), and improved
glucose tolerance, mimicking phenotypes we have previously shown (fig. S4) (7). While
the most striking feature of /rx5-/- mice is early postnatal lethality, /rx5heterozygous
mice (/rx5+/-) were viable and thrived. Similar to /rx3-/-, /Irx5+/—mice exhibited an anti-
obesity phenotype with 15-20% weight reduction, loss of body fat mass (5%), activation
of browning in WAT, and improved glucose tolerance (fig. S5). /rx6 knockout (/rx6-/-)
mice showed none of these metabolic phenotypes (fig. S6). Altogether, our in vivo mouse
models support our chromatin conformation data implicating /7x3and /rx5, but not /rxé, as
potentially mediating the genetic association with obesity.

The phenotypic impact of /RX3and /RX5 on adipocyte biology has been described (7,

8). Specifically, a SNP (rs1421085) modulates /RX3and /RX5 expression in preadipocytes
and regulates an adipose thermogenesis program (8). These data, however, do not provide
an immediate explanation for the well-described association of variants within F70 with
eating behavior and, more specifically, eating preferences, such as increased caloric intake
(5, 11, 13). Toward that end, we have previously shown that the hypothalamic expression
of a dominant-negative IRX3 isoform in mice phenocopies the organismal level metabolic
phenotypes seen in germline /rx3null mice (7). To interrogate the impact of /rx3in
molecular and physiological brain phenotypes associated with obesity, we performed
transcriptomic analysis (RNA-seq) on hypothalami from /rx3-/- mice and WT littermates.
Gene ontology (GO) enrichment analysis showed that, of the 359 up-regulated genes, at least
103 are involved in neurodevelopment and cellular processes, such as cell communication
and synaptic signaling, consistent with the well-known roles of /7x3in brain development
(fig. STA) (14-16). Using the ToppGene Suite database, we investigated GO categories for
disease links and found that the top ranked diseases associated with these differentially
expressed genes are obesity, diabetes, and impaired glucose tolerance (Fig. 2A, fig. STA
and B and Table S1), supporting the notion that /7x3expression in brain may coordinate

a genetic program involved in metabolism. To examine whether /rx3 plays a role in food
intake or macronutrient preference, we subjected a cohort of adult /rx3-/- and WT control
littermates to a series of two-bottle choice experiments in which all mice were offered the
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choice between water and a range of nutritive and non-nutritive tastants (17). We found

that obesity-resistant /rx3-/— mice display a reduced preference for sucrose, but not lipid or
protein, compared to WT animals (Fig. 2B and fig. S7C). Altered sweet preference has not
been shown as a phenotype in humans harboring risk alleles in the £#70 obesity-associated
region. To test this, we obtained GWAS summary statistics from 118,950 genotyped
individuals responding to a sweet preference questionnaire from 23andMe (Table S2). A
GWAS of these data indicated that SNPs within the £70 obesity-associated region represent
the second strongest association with sweet preference in humans, with the C allele of
rs1421085 associated with sweet food preference over salty (3.6X10723, OR=1.1) (Fig. 2C).
Taken together, our in vivo mouse data establish a central nervous system role of /7x3in

the regulation of metabolism and feeding behavior analogous to phenotypes associated with
allelic variants of obesity-associated SNPs within £70 in humans, including alterations

in consummatory behavior. Previous work has described reciprocal counterregulatory
mechanisms between peripheral energy expenditure and energy intake, with perturbations

in diet and nutritional status inducing long-term changes in hypothalamic neurocircuit
development (18). Future work should determine whether the alterations in feeding behavior
in /rx3—/-mice result from primary, autonomous dysfunction of regulatory circuits within
the central nervous system, including the hypothalamus, or are secondary to peripheral
effects, through the intersection of neuro-hormonal cues from adipose and other peripheral
tissues.

Having uncovered a central nervous system role of /rx3in metabolism and feeding
behavior, we next sought to characterize the regulatory potential of obesity-associated
SNPs within F70. To functionally classify regulatory variants in neurons and adipocytes,
thought to represent tissues that participate in the genetics of obesity in humans (19),

we used orthogonal computational and experimental approaches. For computational
regulatory variant predictions, we derived multiple variant features from sequence-based
methods which harness cross-species functional sequence conservation and sequence-based
regulatory evidence (20). Experimentally, we used a Massively Parallel Reporter Assay
(MPRA) to identify variants located in enhancers in hippocampal (HT22) and preadipocyte
(3T3-L1) mouse cell lines. We tested all 87 common (MAF>=5%) variants in strong
linkage disequilibrium (r2>0.8) with the lead obesity GWAS associated SNP rs1558902
(19). We found 21 SNPs in 3T3-L1 preadipocytes and 18 SNPs in HT22 neuronal cells
located in enhancers in at least three replicates tested in each cell line (Table S3). Of

these, 5 SNPs displayed allelic-specific enhancer activities in preadipocyte and/or neuronal
cells. Each was located in independent enhancers spread over 31 kb (Fig. 3A, fig. S8

and Tables S4 and S5). Using a luciferase reporter assay, we confirmed allele-specific
enhancer properties and directional effects of 4 variants in preadipocytes, 2 of which
changed regulatory activity in neuronal cells as well (Fig. 3B). Of note, 3 of the 4 SNPs
map within accessible chromatin regions in human adipose and brain tissues, assayed by the
Roadmap Epigenomics Consortium (Fig. 3A). In addition, we confirmed that all accessible
variants score highest across multiple, orthogonal sequence-based computational metrics,
including high functional conservation scores for the variant flanking 120bp regions, as
evaluated with PMCA (21) (Table S6), sequence-based predicted functional significance
scores < 0.01, as evaluated with DeepSEA (22) (Table S7), and all four SNPs showed
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remarkably consistent allele-specific chromatin accessibility with the Basset model when
comparing the experimentally-derived allelic activity in pre-adipocytes and hypothalamic
neurons (Table S8). All 4 SNPs are co-inherited as one common haplotype, with each

allele in the obesity-risk haplotype associated with increased enhancer activity (Fig. 3C),
suggesting that they may coordinately regulate target gene expression in the same direction
(LDhap tool: https://Idlink.nci.nih.gov). Our data suggest that multiple genetic variants in
this locus may regulate gene expression in both adipose and neuronal tissues. This supports
a model in which GWAS signals may result from a complex genetic architecture whereby
allelic heterogeneity of multiple regulatory variants in distinct regulatory elements imparts
shared effects across tissues, regulating the quantitative and spatial expression of multiple
genes (23). We next determined the impact of these enhancers on gene expression. Because
all four regulatory regions with allele-specific enhancer properties map within the 20 kb
region that we deleted in the mouse genome (fig. S2B), we used mm F£oA20 mice to evaluate
the impact, in vivo, of this deletion on the expression of neighboring genes in adipose and
brain tissues. We initially assayed the expression of genes in the Ffo-/rxb cluster during
adipocyte differentiation. We isolated primary preadipocytes from mmFtoA20 and WT mice
and observed a decreased expression of /rx3and /rx5in mmFtoA20, but not of other genes
in the locus (Fig. 4A). The impact of deleting these enhancers on the expression of /rx3and
Irx5 was restricted to preadipocytes, with no effect on expression in mature adipocytes, as
previously described (8).

We next assayed the impact of the 20 kb deletion on gene expression in mouse
hypothalamus during embryonic development (E17) as well as in adult mice (10 weeks).
At E17, the 20 kb deletion leads to downregulation of /7x3and /rx5, with no impact on

the expression of Ftoand /rx6 (Fig. 4B). Similar to adipose, this effect was restricted

to embryonic development, with no alterations in /rx3and /rx5 expression in adult
hypothalami. To further explore the temporally-restricted expression of /rx3and /rx5in the
developing hypothalamus, we assessed single-cell gene expression across windows of mouse
hypothalamic development in mice (24), and determined that the expression of /rx3and
Irx5is highest at mid-gestation and decreases steadily afterwards, being barely detectable
in adult neurons (fig. S9). The expression of RpgripIL was also decreased in hypothalami
of mmFroA20 mice (Fig. 4B), raising the possibility that regulation of Rpgrip1/in the brain
may also contribute to obesity risk, as previously suggested (10).

Our data suggest that variants in multiple enhancers within the £70 obesity-associated
region regulate the expression of multiple genes in at least two major obesity-relevant
tissues, adipose and brain, in mice. Next, we tested the impact of the obesity-associated
region on gene expression in human hypothalamic neuronal precursors. We first assayed
the dynamic expression of /RX3and /RX5 during differentiation of human iPSCs into
hypothalamic neurons and observed that /RX3and /RX5 expression is highly correlated
and peaks at an early stage of hypothalamic neuronal differentiation, decreasing at later
developmental stages, paralleling the observations in mice (fig. S10A and B). These data
further support the possibility that some of the allelic effects of obesity-associated SNPs
on gene expression may involve developmental phenotypes restricted to specific temporal
windows and not detected in differentiated, adult tissues. A recent report uncovered evidence
that the £7O locus variants have effects on BMI in early childhood (25), further raising the
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prospect that the association with BMI may involve a combination of developmental and
growth phenotypes.

To test the effect of modulating these enhancers in a model of human hypothalamic
neurons, we subsequently generated in human iPSCs a genomic deletion of a 36,100

bp segment which encompasses the ~70 obesity-associated locus and corresponds to the
deletion engineered in mmF~7oA20 mice. We differentiated WT and 36,100 bp deletion
(hsFTOA36) iPSCs into hypothalamic arcuate-like neurons (fig. S10C and D) (26-28). We
performed single cell RNA sequencing (SCRNA-seq) in 91,825 cells at the neuron progenitor
stage to assess transcriptome differences between WT and hs~70OA36 cells. Single-cell
transcriptomic profiling identified distinct cell populations within the hypothalamic neuron
precursor stage, grouped into distinct subtypes. We defined different developmental stages
and cell types based on the expression of known neuronal markers (29, 30). Cell subtypes
were designated as (1) hypothalamic neurons at late development time point (Late Dev), (2)
hypothalamic neurons at an early developmental time point (Early Dev), (3) hypothalamic
progenitor cells (HPC), and (4) radial glia, with all four subtypes together constituting

the neurogenic lineage (Fig. 4C and Table S9). We found /RX3and /RX5 expressed

in all hypothalamic cell subtypes. To assay for alterations in gene expression in cellular
sub-groups, we clustered cells based on the expression of 8 major neural and hypothalamic
markers, including ARNTZ, NES, NEUROD1, NHLHZ, NKX2-1, NPY, OTF, and POMC
(fig. S11). We found that only in cells expressing POMC, which is critical in regulating
normal feeding behavior and energy homeostasis, the deletion of the 36 kb resulted in
reduced expression of /RX3and /RX5 compared to WT cells, supporting our findings

in mouse hypothalami (Fig. 4D). No other gene in the locus was differentially expressed
between the two groups in any other cell type cluster. While we performed our analysis

in hypothalamic cells, there currently is no clear delineation of the precise brain cell
populations in which the expression of /RX3and /RX5 s regulated by enhancers and allelic
variants within these enhancers in the obesity-associated region. Future work tackling this
outstanding question will be critical to demarcate the molecular, cellular, and organismal
phenotypes involved in obesity susceptibility in this locus.

Taken together, our data highlight the complexities that arise during the functional dissection
of disease-associated loci in humans. Recent work has suggested extensive pleiotropy of
loci, SNPs, and gene sets underlying associations with polygenic traits in humans (4). Also,
GTEX has shown that the regulatory effects of eQTLs tend to be highly shared across

tissues (31). Furthermore, the impact of regulatory variants on molecular phenotypes is often
dependent on developmental context, with changes in gene expression restricted to specific
temporal windows (32). Our findings support all these observations, demonstrating how

the collective effects of regulatory variants are integrated across tissues and developmental
stages and result in a convergence of phenotypes reminiscent of homeostatic mechanisms
governing complex physiological traits in vivo, such as body weight regulation.

There are important limitations to our study. The choice of immortalized cell lines for

the reporter assays may mask allelic effects of SNPs that would be seen in primary cells.
Also, the manipulation of candidate genes in mice may result in organismal phenotypes

that are quantitatively and qualitatively different than the small effect phenotypes elicited by
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allelic variants of SNPs associated with the human trait. Finally, the congruent macronutrient
preference phenotypes we describe between /rx3—/-mice and humans represent but a subset
of the feeding behavior phenotypes associated with this locus in humans. This may reflect
species differences in the function of these genes, but also that there are other functions
associated with /RX3, IRX5, or other genes in the locus (RPGRIPIL or FTO) that contribute
to the BMI association in humans.

Our work suggests that the genetic architecture of a disease-associated locus may include
allelic heterogeneity, with multiple variants modifying the regulatory properties of distinct
enhancers with broad tissue-specificity and regulating multiple genes in limited temporal
windows. These insights provide a mechanistic framework to explain the genetic and
functional architecture of GWAS loci, predicting that it will often encompass multiple
phenotypic mechanisms that ultimately converge to modulate disease susceptibility.
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Fig. 1. Regulatory architecture of obesity-associated noncoding elementswithin FTO.
(A) PCHi-C interactions emanating from the F70, IRX3, IRX5, and /RX6 promoters in

human SBGS cells (preadipocytes) and iPSC-derived hypothalamic arcuate-like neurons.
The yellow strip highlights the obesity-associated interval. PCHi-C interactions are
presented as gray colored arcs. Red arcs highlight interactions of /RX3and /RX5 promoters
with obesity-associated region. (B) 1.1 Mb region analyzed by FISH in mouse cerebellum
encompassing Fto, Irx3, Irx5, and /rx6 genes. Fragment deleted in the mmF~7oA20 mouse
is indicated in blue. Fosmids used for analysis in D are indicated in orange and light

pink. (C) 3D-FISH with Fio, Irx3, Irx5, and /rx6 probes (red) and directly distal /70
obesity-associated interval (green), counterstained with DAPI (blue). Bars, 5 um. (D) Box
plots represent the distribution of interprobe distances (d in nm) between different probe
combinations in /rx3-expressing (cerebellum: cer) and non-expressing (cortex: con) brain
tissue of mmF£oA20 heterozygous mice. Lines represent median. Statistical significance
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of differences between data sets was examined using Mann Whitney U tests. n= 50 — 60
WT and mmFtaA20 alleles each per slide. Abbreviation: FtoLD (F70 obesity-associated
interval); FtoPr (Ffo promoter).
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Fig. 2. Irx3 actsin the brain to regulate metabolism and changesin macronutrient selection.
(A) Expression analysis of differentially expressed genes between hypothalami of /rx3-/

—and WT mice using Gene Ontology (GO) annotations. Sankey flow diagram showing

all genes upregulated in the hypothalami from /7x3-/- animals with high enrichment for
Cellular Metabolic Processes and the top ranked diseases related to them. Gene symbols

are shown. (B) Two-bottle choice experiment comparing /rx3-/- and WT mice. Data are
expressed as mean + SEM. *P < 0.05 compared to WT group. Error bars represent standard
deviations. (C) A regional association plot of the £7O locus. LocusZoom was used to plot
the negative logyg p-value of every SNP within +/- 700 kb of rs1421085, the lead SNP in the
locus.
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Fig. 3. Functional variants within the FTO association locus modulate enhancer activity in brain
and adipose.

(A) Functional variants that showed allele-specific activity using MPRA (black boxes) and
PMCA (red boxes). Colored bars indicate the chromatin state annotations from Roadmap
Epigenomics Project. Tissues: adipose-derived mesenchymal stem cell cultured imputed
(E025) and adipose nuclei imputed (E063); brain hippocampus middle (E071) and fetal
brain male (E081). (B) Comparison of allele-specific activity of four variants in the F70
obesity-associated interval using luciferase reporter assay. The plots show the mean + SEM
from five triplicate experiments. *P< 0.05, **P< 0.01, and ***P < 0.001. (C) Segregation
of alleles by risk or non-risk haplotype and effect on enhancer activity.

Science. Author manuscript; available in PMC 2022 June 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sobreira et al.

Page 17

A C
Mouse Preadipocytes Mouse Adipocytes
e (3 weeks old) (10 weeks old)
-8 25
8 5
Q 2
6 *%
G‘:) 15 pr— o 1
S, L
®os
[0] N
© 0 0 a
Rpgrip1L  Fto I3 Ix5 Ix6 RpgripiL  Fto I3 Ix5 Ix6 <§(
B WT(n=5) [ mmFTOA20 (n=5) =
Mouse Hypothalamus Mouse Hypothalamus
s (E17) (10 weeks old) d
.g . " ™ 15 o
3 = 204
0 ' 10 0 10 20
2
9 UMAP1
% 05 08 Astrocytes ® HPC
2 e Late Dev o Radial glia
0 0
RpgripiL Fto  Ix3  Ix5  Ix6 RogripiL  Fto  Ix3  IX5  Ix6 [ ] EarIy Dev e Unknown
B WT(n=5) [] mmFTOA20 (n=5)
D

POMC cutoff 95 DE analysis

FTO

RPGRIP1L

-log10(PValue)
. LS

2
logFC

Fig. 4. Evaluation of enhancer activity in the FTO obesity-associated locusin neuronal and
adipose tissues.

Relative expression of RpgripIL, Fto, Irx3, Ixr5, and /rx6 genes in (A) mouse preadipocyte
cells, adipose tissue, and (B) hypothalamus. (C) UMAP plot showing the different cell
populations identified using single cell sequencing. (D) Volcano plot of the differential gene
expression (DE) analysis between WT and hs~7TOA36 hypothalamic precursor cells with
POMC cutoff 95 (counts) and KNN K=11. Gray dots represent genes not significantly
changed. Blue and orange dots are genes significantly down and up-regulated, respectively.
The log fold change (logFC) is shown on the x axis and the negative log10 of the adjusted
Pvalue is shown on the y axis (logFC cutoff > 0.6 or < -0.6, and adjusted Pvalue <

0.05 as significantly differentially expressed). /RX3and /RX5 are significantly differentially
expressed across two conditions with KNN K ranging from 10 to 13 (/RX3), from 11 to 13
(/RX35), and cutoff value above 80 or 85 (counts). The abbreviations are: HPC (hypothalamic
progenitor cells); Early Dev (hypothalamic neurons at early development time point); Late
Dev (hypothalamic neurons at late development time point). For gPCR analysis data are
expressed as mean £ SEM. *P< 0.05 and **P < 0.01 compared to WT.
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