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RPGRIPIL, and possibly other genes.

Introduction

The strongest GWAS signal yet detected for common obesity is
generated by SNPs located within an approximately 47-kb inter-
val in the first intron of fat mass and obesity-associated (FTO)
that account for a 2 to 3.5 pound per allele increase in body weight
in adults and children (1). Previous studies have produced con-
flicting results regarding the correlation of allelic variations at the
implicated FTO intronic region with FTO expression or expres-
sion of nearby genes. Berulava et al. (2) reported changes in FTO
expression in an intronic allele (rs9939609) dose-dependent
manner in lymphocytes. In contrast, Jowett et al. (3) found an
allele-dependent (rs8050136) change in expression of nearby
gene retinoblastoma-like 2 (RBL2) but not in FTO in lympho-
cytes. Smemo et al. (4) reported higher Iroquois homeobox 3
(IRX3) expression in cerebellar and adipose tissue homozygous
for the FTO obesity-risk allele (rs9930506) compared with tis-
sue from individuals homozygous for the protective FTO alleles.
Claussnitzer et al. (5) reported effects on allelic variant rs1421085
on Irx3 and Irx5 expression in preadipocytes, but no allelic-
specific effects in expression were seen in a hippocampal neu-
ronal cell line. The inconsistencies in correlation of allelic vari-
ation to expression of FTO and vicinal genes may be attributed
to the possibility that different haplotypes affect different genes.
This would be consistent with multiple mechanisms underlying
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Noncoding polymorphisms in the fat mass and obesity-associated (FT0) gene represent common alleles that are strongly
associated with effects on food intake and adiposity in humans. Previous studies have suggested that the obesity-risk allele
rs8050136 in the first intron of FTO alters a regulatory element recognized by the transcription factor CUX1, thereby leading

to decreased expression of FTO and retinitis pigmentosa GTPase regulator-interacting protein-1like (RPGRIPIL). Here, we
evaluated the effects of rs8050136 and another potential CUX1 element in rs1421085 on expression of nearby genes in human
induced pluripotent stem cell-derived (iPSC-derived) neurons. There were allele-dosage effects on FTO, RPGRIPIL, and
AKT-interacting protein (AKTIP) expression, but expression of other vicinal genes, including IRX3, IRX5, and RBL2, which
have been implicated in mediating functional effects, was not altered. In vivo manipulation of CUX1, Fto, and/or Rpgrip1l
expression in mice affected adiposity in a manner that was consistent with CUX1 influence on adiposity via remote effects on
Fto and Rpgrip1l expression. In support of a mechanism, mice hypomorphic for Rpgrip1l exhibited hyperphagic obesity, as the
result of diminished leptin sensitivity in Leprb-expressing neurons. Together, the results of this study indicate that the effects
of FTO-associated SNPs on energy homeostasis are due in part to the effects of these genetic variations on hypothalamic FTO,

such a highly penetrant effect on adiposity. It may also reflect lim-
ited physiological relevance and/or developmental stage of the
cells as well as genetic heterogeneity among subjects.

FTO shares protein motifs with Fe(II) and 2-oxoglutarate-
dependent demethylases of single-stranded RNA and DNA (6).
FTO RNA demethylase activity has been linked with regulating
dopamine signaling (7), ghrelin production (8), and adipogene-
sis (9). Nevertheless, nonsynonymous variants in FTO are found
equally in obese and lean individuals, suggesting that FTO protein
itself may not be the sole cause for the association of the FTO locus
with obesity in humans (10-12). Claussnitzer et al. (5) proposed a
mechanism in which obesity-risk alleles of rs1421085 in human
mesenchymal adipocyte progenitors result in decreased “beiging”
(thermogenic potential) of new adipocytes. Nevertheless, the rele-
vance of this effect in humans is unclear, as the effects of the obe-
sity-risk alleles in the first intron of FTO have been consistently
reported to convey effects on food intake and not reduced energy
expenditure (for example, refs. 13-15).

Retinitis pigmentosa GTPase regulator-interacting protein-1
like (RPGRIPIL), located <100 bp upstream and in opposite tran-
scriptional orientation to FTO (Figure 1A), is a transition zone
structural component of the primary cilium (16), an organelle
implicated in human energy homeostasis (17). We have shown
that the obesity-protective allele at FTO intronic SNP rs8050136
promotes the DNA-binding of the cut-like homeobox 1 (CUX1)
isoform P110 that acts as an activator of FTO and RPGRIPIL
expression in vitro (18, 19). In contrast, the obesity-risk allele at
rs8050136 is preferentially occupied by CUX1 isoform P200,
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which acts as a transcriptional repressor of FTO in vitro (19). We
have also reported that Fto and Rpgripll expression is downregu-
lated in the arcuate hypothalami of fasted wild-type (C57BL/6])
mice (19) and that activity of hypothalamic cathepsin L, the pro-
tease that cleaves P200 to generate P110 (20), is decreased by
fasting (19). A prediction from these findings is that the relative
increase in P200 and decrease in P110 resulting from low cathep-
sin L activity leads to reduced RPGRIPIL/FTO expression and
increased food intake. RPGRIPIL/FTO expression is decreased in
leptin-deficient (Lep®) mice and upregulated by leptin administra-
tion in these animals, indicating that RPGRIPI1L/FTO may have
anorectic effects via the canonical leptin signaling pathway (18,
19). Mice systemically deleted for one Rpgripll allele (Rpgripll”-
mice; ref. 21) and Fto-null mice (22) display normal circulating
leptin levels. Nevertheless, leptin receptor (LEPR) molecules
localize in the trans-Golgi network next to the cilium in hypotha-
lamic neurons of mice administered leptin; this “convening” of
LEPR is reduced by fasting in vivo, by Rpgripll knockdown in a
neuronal cell line, and in the arcuate hypothalamus of RpgripIl*~
mice (19, 21). Based on these findings, we hypothesized that the
FTO obesity-risk allele at rs8050136 alters CUX1 binding, leading
to decreased hypothalamic RPGRIPIL/FTO, diminished leptin
sensitivity, and increased food intake.

In the present study, we examined the effects of the obesi-
ty-risk alleles at rs8050136/rs1421085 (CUX1-binding sites) in
the first intron of FTO on CUX1 binding and RPGRIPIL and FTO
expression in human iPSC-derived neurons; the role of CUX1 in
regulating the expression of RPGRIPIL, FTO, and nearby genes
in vivo; the effects of RPGRIPIL/FTO hypomorphism on leptin
sensitivity; and the tissue-specific effects of RPGRIPIL hypomor-
phism in energy homeostasis.

Results

Alleles of rs1421085 in FTO alter CUX1 binding. Cohorts of individ-
uals of African descent have been examined by others in an effort
to reduce the size of the FTO interval implicated in adiposity (23-
25). In these studies, rs8050136 (minor allele frequency = 0.34),
and the landmark SNP rs9939609 first reported by McCarthy
(1), were associated weakly or not at all with BMI in subjects of
African descent. However, haplotypes with SNPs rs3751812 (~2 kb
3'and 5 of rs8050136 and rs9939609, respectively), rs9941349
(~9 kb 3’ of rs8050136), and rs1421085 (~15 kb 5’ of rs8050136;
minor allele frequency = 0.38 in Europeans and 0.09 in African
Americans, respectively) were associated with BMI in African
Americans (Figure 1A). Like rs8050136, rs1421085 is embedded
within a binding site for the transcription factor CUX1 (23). Based
on our previous work, the rs8050136 A (obesity-risk) allele pref-
erentially binds the P200 CUX1 isoform, whereas the rs8050136
C (protective) allele preferentially binds the P110 isoform (19). By
gel-shift assay, P200 bound the rs1421085 site weakly, presum-
ably due to lack of conservation of the CR1 domain core binding
sequence (ATA) that dictates specificity of P200 (Figure 1B and
Supplemental Figure 1A; supplemental material available online
with this article; doi:10.1172/]JCI85526DS1). P200 preferentially
bound the C (obesity-susceptibility) allele at rs1421085, because
C is the preferred nucleotide at the CR1-binding motif (ref. 26
and Supplemental Figure 1A). P110 had higher affinity for the
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rs1421085 site than P200, because the core recognition ATC
sequence for the HD domain, which dictates specificity of P110
(19), is conserved (Supplemental Figure 1A). P110 preferen-
tially bound the protective (T) allele at rs1421085, presumably
because it conforms to the binding motif for CR2 and CR3 (ref.
26, Figure 1B, and Supplemental Figure 1A). We further assessed
the effects of these allelic variants on the putative RPGRIPIL
and FTO minimal promoters (Figure 1C). Promoter probing
by luciferase assay revealed that P200 decreases the activity
of the FTO putative minimal promoter (19) in the presence of
the rs1421085 C (obesity-risk) allele, whereas P110 increases
the transcriptional activity of the RPGRIPIL and FTO minimal
promoters in the presence of the genomic site that includes the
rs1421085 T (protective) allele compared with the C (obesity-
susceptibility) allele. The diminished binding of the P200 tran-
scriptional repressor and the increased affinity of the P110 tran-
scriptional activator for the rs1421085 obesity-risk and -protec-
tive alleles, respectively, are consistent with RPGRIPIL/FTO
underexpression driving the association of the FTO intronic
locus with increased body weight.

rs1421085/rs8050136 correlate with RPGRIPIL/FTO/AKTIP
expression. To further test our hypothesis regarding the impact on
RPGRIPIL/FTO expression per obesity-risk allele at rs1421085/
rs8050136, we cultured primary fibroblasts from individuals hete-
rozygous or homozygous for the obesity-risk or -protective alleles at
rs1421085/rs8050136 (rs1421085 is in complete linkage disequilib-
rium with rs8050136 in these subjects). Given the proposed role of
RPGRIPIL in CNS-mediated body weight regulation (21), we cre-
ated iPSCs from these fibroblasts and confirmed their pluripotency
(Supplemental Figure 1, B and C). We differentiated the iPSCs into
neurons that we subsequently sorted for the neuronal marker CD56
(Supplemental Figure 1D) to generate cultures enriched for neuronal
cells (Supplemental Figure 1E). In these neurons, FTO, RPGRIPIL,
and AKT-interacting protein (AKTIP) expression was decreased per
obesity-risk allele by approximately 30%, 25%, and 15%, respec-
tively (Figure 1D). In contrast, expression of other nearby genes,
IRX3, RBL2, IRX5, and chromodomain helicase DNA-binding pro-
tein 9 (CHDY), did not correlate with genotype (Supplemental Fig-
ure 1F). These findings are in agreement with the proposed effects
of the obesity-risk alleles at rs1421085/rs8050136 on the regulation
of RPGRIPIL/FTO by CUX1 isoforms, P200/P110.

CUX1 P200 regulates FTO expression and body composition.
We further explored the predicted role of CUX1 isoform P200
as a transcriptional repressor of FTO in vivo. Five-week-old male
mice congenitally overexpressing human P200 knocked into the
hypoxanthine-guanine phosphoribosyltransferase (Hprt) locus
(27) (Hprt-P200 mice; Supplemental Figure 2A) were approxi-
mately 10% heavier and had an approximately 100% increase in
fat mass (70% increase in percentage body fat; Figure 2A and Sup-
plemental Figure 2B). Energy expenditure in Hprt-P200 mice was
decreased by approximately 15% and calorie intake was increased
by approximately 20% compared with that in +/+ mice (Figure
2A). This was accompanied by a 25% decrease in hypothalamic
Fto expression, whereas expression of Rpgripll and vicinal genes
was not statistically different from that of +/+ controls (Figure
2B and Supplemental Figure 2C). This finding is consistent with
our earlier in vitro studies implicating P200 as a transcriptional
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Figure 1. Functional consequences of rs1421085/rs8050136 on expression. (A) RPGRIP1L/FTO/AKTIP genomic location and implicated SNPs. (B) Nonra-
dioactive gel-shift assay with double-stranded (DS) oligonucleotides carrying the obesity-risk C or -protective T allele at rs1421085 mixed with N2a cellular
extracts overexpressing P200 or P110. P200 has higher affinity for the rs1421085 C allele, whereas P110 has higher affinity for the rs1421085 T allele. Each
error bar represents 3 biological replicates. The experiment was repeated twice. (C) A luciferase assay was used to measure promoter activity. P200 overex-
pression (CMV-P200) repressed FTO minimal promoter (FTOp) activity in the presence of the putative enhancer sequence carrying the C obesity-risk allele
[rs14(C)FTOp], whereas P200 overexpression failed to repress the FTO promoter in the presence of the putative enhancer carrying the T protective allele
[rs14(T)FTO]. FTO promoter activity was enhanced upon P710 overexpression (CMV-P110) in the presence of the enhancer carrying the rs1421085 C allele
and even more so in the presence of the enhancer carrying the rs1421085 T allele, to which P110 binds with higher affinity than the C allele in vitro. P710
overexpression also increased activity of the RPGRIPIL minimal promoter (RPGRIPILp) in the presence of the putative enhancer containing the rs1421085
T allele [rs14(T)RPGRIPILp] more so than in the presence of the putative enhancer carrying the rs1421085 C allele [rs14(C)RPGRIPILp]. P200 overexpression
failed to repress RPGRIPIL promoter activity in the presence of the enhancer carrying the C or T allele. Error bars represent 4 biological replicates. (D) Allele
dose-dependent expression of FTO, RPGRIPIL, and AKTIP in neurons heterozygous (n = 4) or homozygous for the obesity-risk (C/A) (n = 4) or -protective
(T/C) (n = 6) alleles at rs1421085 and rs8050136. In box-and-whisker plots, horizontal bars indicate the medians, boxes indicate 25th to 75th percentiles,
and whiskers indicate 10th and 90th percentiles. Error bars represent SEM. Statistical significance was determined by 2-tailed paired Student’s t test or
ANOVA. P o values lower than 0.05 were considered significant.
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Figure 2. Systemic overexpression of CUX7 P200 and P110. (A) Increased fat mass, increased observed food intake, and lower observed energy expen-
diture of P200-overexpressing (Hprt-P200) (n = 7) mice compared with that in control (n = 8) mice. The predicted energy expenditure of Hprt-P200 mice,
relating to fat and lean mass, was similar to that of control mice. Error bars represent SEM. Predicted values were calculated by baseline regression

(see Statistics in Methods). (B) Decreased hypothalamic Fto expression in Hprt-P200 (n = 5) and control (n = 5) mice. (C) Increased fat mass, lean mass,
and observed food intake in P110-overexpressing (Hprt-P110) (n = 9) mice compared with control (n = 10) mice. The increase in observed energy intake

and energy expenditure of Hprt-P110 mice was identical to the predicted energy intake relating to the increase in fat and lean mass of Hprt-P200 mice,
suggesting that Hprt-P110 mice are not hyperphagic or hypermetabolic. (D) Increased hypothalamic Rpgrip1l and Fto expression in Hprt-P110 (n = 5) mice
compared with that in control (n = 5) mice. Error bars represent SEM. Statistical significance was determined by a 2-tailed paired Student’s t test, P < 0.05.

See also Supplemental Figure 2.

repressor of FTO but not of RPGRIPIL (19) and suggests that P200
decreases energy expenditure and increases food intake by down-
regulating hypothalamic expression of Fto.

The Hprt-P200 mouse is a good genetic model for studying the
role of FTO on energy homeostasis, as the small change in hypo-
thalamic Fto expression recapitulates the effect of the obesity-risk
alleles on FTO expression in human neurons. Nevertheless, over-
expressing P200 in vivo was not expected to fully recapitulate the
molecular consequences of segregating for the obesity-risk alleles at
rs8050136/rs1421085, because hypothalamic CUXI1 isoform P110

jci.org  Volume126  Number5  May 2016

protein levels were also increased in Hprt-P200 mice (Supplemental
Figure 2A), presumably as a result of processing of P200 substrate
by cathepsin L (18, 19). In contrast, fasting decreases cathepsin L
activity (19), leading to decreased Fto and Rpgripll expression due to
increased P200 (repressor of FTO) and decreased P110 protein lev-
els (activator of RPGRIPIL/FTO). Similarly, individuals segregating
for obesity-risk alleles at rs8050136/rs1421085 are predicted to
have higher P200 DNA-binding affinity and lower P110 DNA-bind-
ing affinity, resulting in decreased RPGRIPIL/FTO expression, as
observed in iPSC-derived human neurons in vitro (Figure 1D).
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CUX1 PIIO regulates RPGRIPIL/FTO expression and body
growth. Systemic overexpression of P110 in mice (Hprt-P110 mice;
ref. 28 and Supplemental Figure 2A) resulted in approximately
30% and approximately 13% increases in hypothalamic Fto and
Rpgripll expression, respectively, but did not affect the expres-
sion of other vicinal genes (Figure 2D and Supplemental Figure
2D). Surprisingly, the changes in hypothalamic Fto and Rpgripll
expression were accompanied by approximately 10% and 30%
proportional increases in fat-free mass and fat mass, respectively
(Figure 2C). The percentage of body fat was, however, indistin-
guishable between Hprt-P110 and control mice (Supplemental Fig-
ure 2B), suggesting that the increase in Rpgripll/Fto expression in
HPRT-P110 mice results in increased somatic growth (lean and fat)
rather than elevated adiposity per se. In agreement with this formu-
lation, the increase in lean mass accounted for the approximately
20% and 40% increases in food intake and energy expenditure,
respectively (Figure 2C). In the aggregate, these data support a role

for P110 as an activator of RPGRIPIL/FTO expression and suggest
that chronic, increased RPGRIPIL/FTO hypothalamic expression
correlates with increased food intake and growth of lean and fat
mass but not increased fractional fat mass (adiposity) per se.

Fto hypomorphism affects body composition. The reduction of
hypothalamic FTO in fasted mice (18, 19), and the in vivo findings
presented above indicating that P200 overproduction decreased
hypothalamic Fto expression and was associated with decreased
energy expenditure and increased food intake, prompted us to test
the hypothesis that Fto hypomorphism per se increases adiposity.
We measured the body composition of mice systemically deleted
for exon 3 of one Fto wild-type allele (Fto*") (29), as loss of both Fto
copies results in severe loss of lean mass in mice and humans (29-
31). Fto*/- male mice fed standard chow until the age of 14 weeks
were approximately 16% heavier than control (+/+) mice (Figure
3A; P<0.05). Strikingly, Ffo”~mice had 71% more total fat than +/+
mice (P<0.05) and 47% more fractional fat mass than +/+ controls,
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Figure 4. Phenotypic analysis of Rpgrip1l hypomorphic mice in Pomc/Lepr-b neurons. (A) Increased body weight, total fat mass, fat mass adjusted for
body weight, and food intake (observed but not predicted) of Rpgrip1l hypomorphic mice in Nestin-expressing neurons [Rpgrip1/me®Nesto] (n = 7) compared
with those in control mice (n = 5) fed a LFD ad libitum. No changes were recorded in energy expenditure. (B) Increased fat mass in 5-week-old Rpgrip1l
hypomorphic mice in Pomc-expressing neurons [Rpgrip1/™*®m9] (n = 8) compared with Rpgrip1/"/" control mice (n = 10). 16-week-old Rpgrip1/"*®om) mice
had increased fat and lean mass. Rpgrip1/"**°m mice (n = 7) consumed more calories as early as 5 weeks of age compared with Rpgrip1/"/# controls (n = 9).
(C) Time course showing increased body weight, total fat mass, lean mass, and fat mass adjusted for body weight in Rpgrip1/™etee5 (1 = 8) mice compared
with control Rpgrip1i"/f mice (n = 8). (D) Time course of cumulative food intake in Rpgrip1/™?terY and Rpgrip1/"/f mice administered leptin (n = 8, respec-
tively) or saline (n = 8, respectively). Rpgrip1/"Pter-o mice displayed diminished leptin sensitivity compared with Rpgrip1/"/f' mice. Body composition and
energy expenditure of 6-week-old male mice was comparable that prior to leptin or saline treatment. Error bars represent SEM. Statistical significance was
determined by a 2-tailed paired Student’s t test, *P < 0.05. See also Supplemental Figure 4.
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Figure 5. Phenotypic analysis of mice hypomorphic for Rpgrip1l and/or Ac3. (A) Time course of body weight, total fat mass, lean mass, and fat

mass adjusted for body weight in systemic Rpgrip1l heterozygous (Rpgrip1/*/-) (n = 9), Ac3 heterozygous (Ac3*") (n =

heterozygous (Rpgrip1*/- Ac3*7) (n =

9), Rpgrip1l Ac3 compound

8), and wild-type (+/+) (n = 9) mice. Ac3*/- mice weighed more than Rpgrip1/*/~ Ac3*~ mice. (B) Comparable body

composition of 5-week-old Ac3*/~ (n = 8), Rpgrip1l*- Ac3*/~ (n = 8), and +/+ (n = 8) mice prior to administration of leptin or saline. (C) Cumulative food
intake of 5-week-old Ac3*/~, Rpgrip1l*/- Ac3*/-, and +/+ mice treated leptin (n = 8, respectively) or saline (n = 8, respectively). (D) Ac3*/~ mice (n = 8)
displayed lower energy expenditure than +/+ and Rpgrip1/*/- Ac3*- mice (n = 8). Error bars represent SEM. Statistical significance was determined by a

2-tailed paired Student’s t test, *P < 0.05. See also Supplemental Figure 5.

respectively (P < 0.05). Effects on lean mass accounted for some of
the differences in fractional fat mass: lean mass was increased by
9% in the Fto”~mice (P < 0.05). In the aggregate, these data suggest
that Fto hypomorphism increases adiposity in animals.
Rpgripll/Fto compound heterozygosity has additive effects on
adiposity. We have previously shown that Rpgripll hypomorphism
increases food intake and adiposity (21). Based on our finding that
the obesity-risk alleles at rs8050136 and rs1421085 correlate with
decreased RPGRIPIL/FTO expression in human neuronal cells,
we examined the effects on adiposity of RPGRIPIL/FTO com-
pound hypomorphism in vivo. Fourteen-week-old compound het-
erozygous Rpgripll/Fto male mice (Rpgripll”~ Fto*") and Rpgripll
heterozygous mice (Rpgripll”-) fed standard chow had 130% and

17% increases, respectively, in total fat mass compared with thatin
+/+ mice (Figure 3A; P < 0.05). Fractional fat mass was increased
(125%) as well (P < 0.05). Given the 50% increase in fractional fat
mass of 14-week-old Fto”~ mice (Figure 3A), this finding suggests
additive effects of Rpgripll and Fto on adiposity.

Diminished leptin sensitivity in Rpgripll”~ Fto”~ mice. The
increased food intake of Rpgripll”~ mice is accompanied by dimin-
ished responses of arcuate neurons to i.p. administration of lep-
tin (21). We examined leptin sensitivity in Rpgripll”~ Fto”~ and
Fto*~ mice at 5 weeks of age, when no differences in body mass or
composition were present (Figure 3D). As expected, the 24-hour
cumulative food intake of +/+ mice administered i.p. leptin was
decreased by 35% (0.7 g; 2.6 Kcal) (Figure 3B; **P = 0.03). Simi-
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Obesity risk allele Fasting Figure 6. Molecular basis of obesity susceptibility at the FTO
(r580501t3¥6frs1421085) locus. rs8050136 and rs1421085 risk alleles increase the binding
| CatL activity affinity of P200 and decrease that of P110 CUX1 proteins, thus mim-
P200/P110 icking the fasting state in which lower hypothalamic cathepsin L
DNA binding P200/P110 (CatL) activity results in increased P.ZUD and decreased P110 protein
affinity protein levels because of reduced proteolytic cleavage of the long P200
levels isoform into the shorter isoform P110 (19). Increased hypothalamic
P200 (FTO repressor) and decreased P110 (activator of RPGRIPIL
|CUX1 P110 CUX1 P2001 and FTO0) results in coordinate suppression of RPGRIPIL/FTO,
resulting in increased food intake.
| RPGRIP1L FTO| | Adiposity
| Food intake

Perturbed leptin receptor = | Leptin sensitivity
trafficking

larly, Fto*” mice treated with leptin consumed approximately 50%
(1.25 g; 4.7 Kcal) fewer calories when fed regular chow (low-fat
diet [LFD]) over the subsequent 24 hours compared with Fro*~
mice treated with saline (Figure 3B; *P = 0.01). Thus, Fto hypo-
morphism, unlike Rpgripll hypomorphism, does not affect acute
food intake responses to leptin. In contrast, the 24-hour cumula-
tive caloric intake of Rpgrip1l”- Fto”~ mice administered leptin i.p.
was indistinguishable from that of Rpgripll*- Fto*/~ mice treated
with saline (Figure 3B). These data suggest that lack of one func-
tional Rpgripll allele in Rpgrip1l*/- Fto*/~ mice is sufficient to dimin-
ish acute food intake suppression by leptin.

Rpgripll’- Fto”~ and Fto*~ mice and food intake and energy
expenditure. Hyperphagia accounted for the increased adipos-
ity of 5-week-old male Rpgripll*/- Fto*~ mice: specifically, these
mice had a 46% greater 24-hour cumulative caloric intake (1 g;
3.75 Kcal) (Figure 3B; ®¥P = 0.03). Fto*/" mice ate 20% more
calories in 24 hours (0.4 g; 1.5 Kcal) than +/+ mice at 5 weeks
of age (Figure 3B; >P = 0.045). Given the 17% increase in food
intake of 5-week-old Rpgripll/- mice (21), the 46% increase in
caloric intake of Rpgripll*~ Fto*/- mice appears to reflect syn-
ergistic contributions of Rpgripll and Fto. In addition, energy
expenditure in 5-week-old male Fto*/- mice was 17% lower than
that in +/+ mice (Figure 3C). These data are in agreement with
the decreased energy expenditure and increased food intake
observed in Hprt-P200 mice that display reduced hypothalamic
Fto expression (Figure 2, A and B). The energy expenditures of
5-week-old Rpgripll”- Fto”- and +/+ mice were indistinguishable
(Figure 3C), suggesting that the synergistic effect of Rpgripll and
Fto on adiposity is conveyed via increased energy intake and not
decreased energy expenditure.

Hypothalamic gene expression of Rpgripll”~ Fto*~ and Fto""
mice. We confirmed by RT-PCR that, in Rpgripll”~ Fto”~ mice,
the expression of hypothalamic Rpgripll and Fto — but not the
other vicinal genes — was decreased by 30% and 70%, respec-
tively (Supplemental Figure 3A). In addition, we found that the
hyperphagia of Rpgripll”~ Fto”~ mice was accompanied by a 40%
increase in neuropeptide Y (Npy) and a 40% decrease in pro-
opiomelanocortin (Pomc) expression in the hypothalamus, in
agreement with diminished leptin sensitivity in these animals
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(Supplemental Figure 3B). Npy expression was increased by 30%
in Ft0”~ mice compared with that in +/+ mice (Supplemental Fig-
ure 3D). Interestingly, the anticipated 50% decrease in hypotha-
lamic Fto expression in Fto*~ mice was accompanied by a 40%
increase in hypothalamic Rpgripll expression (Supplemental Fig-
ure 3C). As loss of both copies of Fto resulted in a dramatic reduc-
tion of lean mass, whereas loss of one Fto allele increases lean
mass, it is conceivable that what drives the increase of lean mass
in Fto”~ mice is the upregulation of Rpgripll. This may also be the
case in Hprt-P110 mice, which display upregulation of hypotha-
lamic Rpgripll and increased lean mass (Figure 2, C and D). There-
fore, while Rpgripll hypomorphism increases adiposity, Rpgripll
overexpression may promote growth of lean mass.

Tissue-specific Rpgripll hypomorphism. Apparently, the role of
Rpgripll in energy homeostasis is distinct from that of Fto, in that
Rpgripll controls food intake by modulating LEPR physiology,
whereas Fto affects energy expenditure and food intake in a leptin-
independent manner. We assessed whether induced hypomor-
phism of Rpgripllin the developed adult brain is sufficient to drive
increased energy intake and adiposity. Three i.p. injections of
tamoxifen over a 5-day period in 12-week-old male mice homozy-
gous for the Rpgripll floxed allele (Rpgrip1l”f) and segregating for
an inducible Nestin-CreER™ allele [Rpgrip1/vp®Nestiv)] resulted in
a 70% decrease of Rpgripll expression in nestin-positive hypo-
thalamic neurons (Supplemental Figure 4A). By 21 weeks of age,
Rpgripllwe®esin: mice showed a 10% increase in body weight and
a 60% increase in fat mass associated with a 20% 24-hour cumu-
lative increase in food intake (0.6 g; 2.25 Kcal) (Figure 4A). Thus,
Rpgripll hypomorphism in the adult CNS is sufficient to increase
food intake and adiposity in mice. We also congenitally decreased
Rpgripll expression in Pomc-expressing neurons [Rpgripl/hvetome)]
by 85% (Supplemental Figure 4B). 16-week-old Rpgrip1[veome)
mice fed standard chow had 100% more fat than Rpgripl/"# mice
(Figure 4B). As early as 5 weeks of age, Rpgripl[vp®em9 mice were
hyperphagic and had 50% more fat mass, with no apparent effect
on energy expenditure (Figure 4B). Congenital Rpgripll hypomor-
phism (75% reduction in Rpgripll expression; Supplemental Figure
4B) in LEPR isoform b-expressing (Lepr-b-expressing) neurons of
chow-fed 14-week-old mice [Rpgrip1letes] regulted in a 50%
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increase in fat mass (Figure 4C). Four-week-old Rpgrip1/veteprb
and Rpgripl/"# control mice weighed the same, but energy intake
of the Rpgrip1l™vter-b mice was significantly higher (Supplemental
Figure 4D). Consistent with these observations, 24-hour cumula-
tive food intake was unaffected in 6-week-old RpgripIlt@er:b
mice administered i.p. leptin (Figure 4D). Conversely, 24-hour
cumulative food intake was decreased by 30% (0.7 g; 2.6 Kcal;
«dp = 0.035) in 6-week-old RpgripIl"# mice (indistinguishable
in body composition and energy expenditure from 6-week-old
Rpgriplltveterb mice; Figure 4D). These findings demonstrate that
Rpgripll hypomorphism in Lepr-b neurons alone is sufficient to
increase adiposity and diminish functional leptin sensitivity.

RPGRIPIL and AC3 in energy homeostasis. We previously
reported that, in the hypothalamus of the Rpgripl/¥~ mouse and
in human fibroblasts with biallelic hypomorphic mutations of
RPGRIPIL (from patients with Joubert syndrome), the num-
ber of adenylyl cyclase 3-positive (AC3-positive) cilia is dimin-
ished, accompanied by impaired leptin-stimulated convening of
LEPR to the vicinity of the cilium and diminished hypothalamic
pSTAT3 generation in response to leptin (21). Congenital sys-
temic deletion of Ac3 results in obesity in mice (32). AC3 cata-
lyzes the formation of cAMP, which in turn mediates control of
aspects of energy homeostasis via the PKA/cAMP response ele-
ment-binding protein (CREB) or AMP-activated protein kinase
(AMPK) pathways, which are themselves leptin responsive (33,
34). We examined potential interactions of Rpgripll and Ac3 mol-
ecules with regard to adiposity and leptin sensitivity. We gener-
ated mice heterozygous for an Ac3-null allele (Ac3”- mice; ref.
32) and mice compound heterozygous for null alleles of Rpgripll
and Ac3 (Rpgripll”- Ac37- mice) (Supplemental Figure 5, A and
B). Fourteen-week-old Rpgripll”- Ac3”- and Rpgripll”~ mice had
30% higher fractional fat mass, whereas Ac3”~ mice had 70%
higher fractional fat mass compared with that of +/+ control mice
(Figure 5A). Similarly, after 4 weeks of ad libitum high-fat diet
feeding, Ac3”" mice remained fatter than Rpgripll”~ Ac37- and
Rpgrip1l”- mice. The fact that Rpgripll hypomorphism suppressed
the adiposity in Ac37~ mice suggests that RPGRIPIL is function-
ally downstream of AC3 and that the AC3-mediated adiposity is
not caused by RPGRIPIL hypomorphism.

As early as 5 weeks of age, Ac3"", Rpgripll”~ Ac3”", and +/+
mice had similar body composition (Figure 5B), but Ac3*~ and
Rpgripll”~ Ac3*~ mice consumed 20% more calories in 24 hours
(0.4 g; 1.5 Kcal) than +/+ mice (Figure 5C; *4P = 0.04, > P = 0.049).
Unlike Rpgripll*~ Ac37-mice, Ac3*mice also displayed decreased
energy expenditure (Figure 5D). The observed hyperphagia in
RpgripIl/- Ac3*/~ mice was accompanied by elevation of hypotha-
lamic Npy transcripts, whereas Ac3”7~ mice had elevated hypotha-
lamic Npy expression and decreased Pomc expression (Supple-
mental Figure 5, D and E). Both Rpgripll”~ Ac37- and Ac3*" mice
displayed a lack of suppression of cumulative food intake 24 hours
after leptin administration (Figure 5C). Expression of genes vicinal
to the Fto locus in the hypothalami of Rpgripll”- Ac3”- and Ac3*"
mice was unaffected, with the exception of increased hypotha-
lamic Rpgripll expression in Ac37~ hyperphagic animals (Supple-
mental Figure 5, B and C), further suggesting that the Ac3-driven
hyperphagia and diminished leptin sensitivity are not caused by
Rpgripll hypomorphism.

RESEARCH ARTICLE

Discussion

Prompted by previous studies implicating FTO intron 1 SNPs
rs8050136 (associated with increased BMI in people of mixed
European descent) and rs1421085 (associated with increased BMI
in African Americans) in modulating transcription of Rpgripll/Fto
in the CNS, we found that obesity-risk alleles of these SNPs are
associated with decreased expression of FTO and the nearby gene,
RPGRIPIL, in iPSC-derived human neurons. This finding is cor-
roborated by evidence that obesity-risk alleles of rs8050136 and
11421085 affect the binding affinity of specific isoforms (P110,
P200) of the transcription factor CUX1.

We present in vivo evidence that the action of CUX1 isoform
P200 results in repression of hypothalamic Fto and that the action
of CUX1 isoform P110 results in activation of expression of hypo-
thalamic Fto and Rpgripll (Figure 2). Expression of IRX3 and IRX5
— genes that have been implicated as the molecular mediators of
the obesity-related effects of sequence variations in intron 1 of FTO
—did not correlate with allelic variation at 1s8050136 or rs1421085
in human iPSC-derived neurons. Expression of these genes was
alsounchanged in the hypothalami of mice overexpressing P200 or
P110. AKTIP was the only other gene in the vicinity of the FTO obe-
sity locus with transcript levels in iPSC-derived neurons correlated
with dosage of susceptibility alleles at rs8050136 and rs1421085.
In mice, hypothalamic Aktip expression trended to positive correla-
tion with hypothalamic Rpgripll expression levels, consistent with
possible coregulation (Supplemental Figure 2, C and D; Supple-
mental Figure 3C; and Supplemental Figure 5C). AKTIP is located
96.6 Kb 3’ of RPGRIPIL and is transcribed in the same orientation.
RPGRIPIL, AKTIP, and FTO may form a gene cluster controlled
by transcriptional elements located within the first intron of FTO.
AKTIP has been implicated as a modulator of PKB (PKB or PKB/
AKT or AKT) in the control of cell differentiation, proliferation,
and apoptosis (35). It has been proposed that Rpgripll regulates the
mitotic cell cycle in carcinogenesis (36). Given the reported effects
of induced hypothalamic cell proliferation on feeding behavior
(37), it is conceivable that AKTIP and RPGRIP1L may use such
cell-autonomous mechanisms to regulate food intake.

Hprt-P110 mice with elevated hypothalamic Rpgripll expres-
sion have increased somatic growth (Figure 2C). Lean mass growth
that is driven by growth hormone is regulated by hypothalamic
hormones, including somatostatin (38). Somatostatin receptor 3
(SSR3) is localized to the primary cilium (39), and its function may
be affected by RPGRIPIL action. It is plausible that RPGRIP1L
action in hypothalamic cilia may also regulate body growth through
effects on SSR3. The fact that systemic P110 overexpression also
resulted in increased hypothalamic Fto expression suggests that
previous reports implicating Fto in cellular nutrient sensing, adipo-
genesis, and ciliary function may indicate a mechanism by which
FTO also affects somatic growth via the primary cilium (9, 40, 41).

Manipulations by others of Fto gene expression in mice and
rats have produced changes in body weight but not in a consis-
tent direction: hypothalamic-specific knockdown of Fto results in
increased food intake in rats (42), and energy restriction causes
downregulation of Fto in the hypothalami of mice (6, 18, 19, 43).
These findings are consistent with our formulation, which attrib-
utes the effects of both FTO and RPGRIPIL to suppression of food
intake. In contrast, systemic Fto overexpression in mice results in
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increased fat mass (44). In the same study (44), the increase in fat
mass in mice overexpressing Fto is accompanied by a significant
increase in lean mass, at least in females. This is consistent with the
increased somatic growth we observed in HPRT-P110 mice with ele-
vated hypothalamic FTO expression. It has also been reported that
Fto deletion protects from obesity, as Fto-null mice have reduced
fat mass (22). Nevertheless, these mice also display a considerable
reduction in lean mass. Moreover, late-onset systemic deletion
of Fto in the adult mouse also resulted in increased total fat mass
and decreased lean mass (45), and individuals lacking FTO display
growth retardation (30, 31). In our study, congenital systemic Fto-
null mice displayed reduced lean mass and elevated adiposity by
20 weeks of age (data not shown). By 24 weeks of age, there was a
further reduction in lean mass and a reduction in fat mass accom-
panied by an increased mortality rate (data not shown). There-
fore, FTO deletion may not be a good model with which to study
energy homeostasis in vivo. Here, we showed that decreased hypo-
thalamic Fto expression in Hprt-P200 and Fto”~ mice resulted in
increased adiposity, partly by effects on food intake, without gross
effects in lean mass. These animals are more appropriate genetic
models for effects of FTO hypomorphism in humans.

Similar to severe hypomorphic mutations of RPGRIPIL (46),
loss of Fto in zebrafish leads to short, absent, or disorganized pri-
mary cilia and congenital abnormalities, including situs inversus,
renal cystogenesis, neural crest cell defects, and microcephaly
(41). Therefore, it is plausible that RPGRIPIL and FTO are coregu-
lated as part of the same gene cluster and have synergistic effects
on energy intake via ciliary morphology/function.

There are no known instances of obese patients with Joubert
syndrome who lack functional RPGRIP1L. As with FTO-deficient
individuals, these patients display skeletal and CNS developmen-
tal defects that may mask a role of RPGRIPIL in energy homeo-
stasis. A recent report described an obese patient with Joubert
syndrome with mutations at ARLI3B and similar brain abnormal-
ities as those of individuals with RPGRIPIL-inactivating muta-
tions but with no apparent skeletal anomalies (47), suggesting
that CNS abnormalities caused by RPGRIPIL haploinsufficiency
may cause obesity in humans.

Rpgripllhypomorphism in Pomc-expressing neurons increases
adiposity, and Rpgripll hypomorphism specifically in Lepr-b-
expressing neurons recapitulates the phenotype of the systemic
Rpgripll-hypomorphic mouse, i.e., hyperphagia and increased
adiposity, in association with diminished hypothalamic leptin
sensitivity (21). Transient reduction of Rpgripll expression in the
adult CNS was sufficient to increase caloric intake and adiposity,
suggesting that putative developmental defects induced by con-
genital Rpgripll hypomorphism are not necessary for the Rpgripll
effects on these phenotypes.

Previously, we found decreased numbers of Ac3-positive pri-
mary cilia in the arcuate hypothalami of systemic Rpgripll hypo-
morphic mice and in human fibroblasts homozygous for inactivat-
ing RPGRIPIL mutations (21). However, the increased food intake
and diminished leptin sensitivity in Rpgripll hypomorphic mice
does not appear to be mediated by Ac3, because suppression of the
adiposity of Ac3*~ mice by Rpgripll hypomorphism in Rpgripll”-
Ac37 mice suggests that RPGRIPIL is functionally downstream
of Ac3. Moreover, the fact that hypothalamic Ac3 expression was
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unaffected in mice in which Rpgripll, Fto, P200, or P110 expression
was manipulated (Supplemental Figure 5A) suggests that Ac3 is not
amediator of any of the adiposity-related effects of these genes.

Claussnitzer et al. (5) showed that preadipocytes homozy-
gous for the obesity-risk allele at rs1421085 present in the first
intron of FTO exhibited increased IRX3 and IRX5 expression, as
a result of derepression of an enhancer site regulating these two
genes. In the same study, allele-dependent enhancer activity was
not observed in a hippocampal neuronal cell line (HT22) homozy-
gous for the rs1421085 obesity-risk allele. In contrast, Smemo et
al. (4) reported that homozygosity of the risk allele at rs9930506,
in linkage disequilibrium with 11 BMI-associated FTO SNPs,
including rs1421085 and rs8050136, was associated with elevated
IRX3 expression in cerebellar tissue from European adults. In the
same study, among SNPs that had brain- or adipose-specific IRX3
expression quantitative trait loci (eQTLs) in the GIANT Consor-
tium data, the brain-specific IRX3 eQTLs showed the strongest
association with BMI. These data suggest that IRX3 may affect
adiposity via the CNS. In contrast, here we report that IRX3/
IRX5 expression is not associated with rs1421085 or rs8050136 in
iPSC-derived human neurons, suggesting that IRX3/IRX5 func-
tion may not be affected by these two SNPs in the CNS.

In conclusion, the data presented here and elsewhere (18,
19, 21) point to risk alleles at SNP rs8050136 and/or rs1421085
that cause decreased RPGRIPIL, FTO, and AKTIP expression by
enhancing the binding affinity of P200 (FTO repressor) and dimin-
ishing the binding affinity of P110 (transcriptional activator of FTO
and RPGRIPIL). The functional consequences of these risk alle-
les with regard to CUX1 isoform binding mimic the fasting state
in which hypothalamic cathepsin L activity is diminished, result-
ing in decreased cleavage of P200 to P110, thereby causing rela-
tively increased P200 and decreased P110 protein levels (Figure
6). RPGRIPIL/FTO hypomorphism has additive effects on energy
intake, resulting in increased adiposity. RPGRIPIL hypomorphism
increases food intake via diminished leptin sensitivity. The mech-
anism(s) underlying the contribution of FTO hypomorphism to
increased energy intake in Rpgripll”- Fto*~ mice remains unclear;
however, this process may be mediated by demethylase activity
controlling translation (48). Last, our data suggest consequences for
energy intake in hypothalamic RPGRIPIL/FTO hypomorphism. In
view of previous reports in the literature, it is quite likely that multi-
ple mechanisms are at play, in agreement with the statistical signal
strength for this interval across ethnic groups. Therefore, the effects
of FTO intronic SNPs (not necessarily affecting CUX1 binding) on
energy homeostasis may likely extend to other genes (e.g., IRX3,
IRX5) and other tissues, with aggregate mediation of the strong
obesity association signal at the FTO locus in humans.

Methods

Mouse models. Mice carrying the Flp recombinase allele under the
B-actin promoter [C57BL/6Ntac-TG(CAG-Flpe); purchased from
Taconic] were bred with mice heterozygous for the Rpgripll floxed
LacZ allele (21) to excise the LacZ cassette. Compound heterozygous
Lepr-bCre/+GtROsA26sorm2sho/+ mjce have been described elsewhere (21).
The Pomc promoter driving expression of Cre recombinase was a gift
from Joel Elmquist (University of Texas Southwestern Medical Center,
Dallas, Texas, USA). Pome-GFP [Tg(Pomcl-hrGFP)1Lowl] mice were
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a gift from Bradford Lowell (Beth Israel Deaconess Medical Center,
Boston, Massachusetts, USA). The P200- and P110-overexpressing
mice, provided by Alain Nepveu (McGill University, Québec, Ontario,
Canada), were backcrossed to the C57BL/6] background for 11 gen-
erations. Mice segregating for the FTO-floxed allele were provided by
Pumin Zhang (Baylor College of Medicine). Mice segregating for the
AC3-null allele were provided by Daniel Storm (University of Washing-
ton). Finally, we acquired mice hemizygous for an inducible Nestin Cre
allele [C57BL/6-Tg(Nes-cre/ERT2)Keisc/] stock number 016261] from
The Jackson Laboratory. All mutations were maintained on a C57BL/6]
background. Room temperature was constant at 23°C, a 12-hour-
light/12-hour-dark cycle (lights off at 7 pm) was used, and mice had ad
libitum access to food and water. Animals were maintained according
to Columbia University animal welfare guidelines.

Diet and dietary treatment. Male Hprt-P200 mice (n=7), Hprt-P110
mice (n = 9), and control (+/+) littermates (n = 8 and n = 10, respec-
tively) were fed a LFD (9% Kcal from fat; Picolab 5058; Purina Mills)
until 5 weeks of age. Rpgripll”~ (n = 8), Rpgripll”~ Fto”~ (n = 8), Fto*" (n
=9), and +/+ control mice (n = 12) were fed LFD until 14 weeks of age.
An additional 6 Fto”~, 4 Rpgripll”~ Fto”, and 6 +/+ male mice were fed
LFD chow ad libitum until 14 weeks of age. Eight male Rpgrip1/re(ome
mice and ten Rpgripll*/ littermates were fed LFD for 16 weeks. Eight
Rpgrip1lw@er mice and eight RpgripIl”/ littermates were fed LFD
until 14 weeks of age. Rpgripll”~- (n = 9), Rpgrip1l/- Ac3*~ (n = 8), Ac3""
(n=9), and +/+ control mice (n=9) were fed LFD until 14 weeks of age
and switched to high-fat diet (catalog D12492i, Research Diets; 60%
of keals from fat) for 4 weeks. An additional 5 Ac37", 5 Rpgripll*/- Ac3*,
and 6 +/+ male mice were fed LFD ad libitum until 14 weeks of age.
Finally, 9 RpgripI}"! mice and 11 Rpgripl/*’' mice hemizygous for the
Nestin-CreER™ allele were administered tamoxifen (225 pg per g of
body mass) i.p. 3 times over a 5-day period at the age of 12 weeks.

Body mass, composition measurements, and calorimetry. Food intake
and energy expenditure were assessed using the TSE LabMaster sys-
tem. Body composition was measured with a Minispec TD-NMR Ana-
lyzer (Bruker Optics), which was calibrated using mouse carcasses. A
detailed description can be found elsewhere (21).

Promoter probing. The putative enhancer, including rs1421085, was
PCR amplified using primers (5-GGGGCCCGGGTTAGATACAGT-
GGTCTGAGGTCACCTTTG-3' [Smal] and 5-CATACCCGGGCCC-
CAAAATGACTCTGTGCTCATAAGC-3' [Smal]) and cloned into the
KpnI N-filled and Nhel N-filled sites in pGL3-based construct carrying
the minimal promoters FTOIp and RPGRIPILp, respectively (19). The
putative enhancer was also cloned in the N-filled KpnI site of pGL3. The
luciferase assay was conducted as described elsewhere (19).

Western blotting. P200 and P110 protein levels were assessed
in hypothalamic nuclear extracts using anti-CDP (1:250; catalog
sc-6327X; Santa Cruz Biotechnologies) via Western blotting, as
described elsewhere (19).

FACS. Micropunched whole hypothalami from 4-week-old mice
were minced with razor blades and pooled in Hibernate A (catalog
HA-Lf; BrainBits). Cells were centrifuged for 1 minute at 400 g, resus-
pended in papain solution (catalog LK003150, Worthington), and
incubated for 10 minutes at 37°C. Cells were then placed in Hibernate
A and further dissociated by trituration. Nondissociated cells were
removed by running them through a 40-mm filter. Hypothalamic
cell suspensions were sorted for NeuN (catalog FCMAB317PE; EMD
MILLIPORE), tdTomato, or GFP. iPSC-derived neuronal cultures
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were dissociated with trypsin (TrypLE, catalog 12605036; Thermo
Fisher Scientific) and sorted for CD56, a nerve cell adhesion molecule
(catalog 560360; BD), and controlled for CD133, a stem cell/progen-
itor surface marker (catalog 130-080-801; Miltenyi Biotec). The anti-
Nestin antibody was purchased from Sigma-Aldrich (catalog N5413-
100 pg; Sigma-Aldrich).

EMSA. EMSA of P200 and P110 at rs1421085 was performed as
described elsewhere (19) using the following double-stranded olig-
onucleotides:  5-CCTAAGGCATGATATTGATTAAGTGT-3' and
5'-CCTAAGGCATGACATTGATTAAGTGT-3".

Leptin sensitivity assay. A leptin sensitivity test was performed on
Rpgripll*- Fto*/- (n = 8) and +/+ control mice (n = 8), Fto”~ (n = 8) and
+/+ control mice (n = 8), Rpgripll™ter (n = 8) and Rpgripl)"7 litter-
mates (n = 8), Rpgripll*/- Ac3”~ (n = 8) and +/+ mice (n = 8), and Ac3*/"
(n = 8) and +/+ mice (n = 8). All mice were 5- to 6-week-old males
fed LFD ad libitum. Mice were weighed, and their body composition
was determined before they were individually caged in a LabMaster-
CaloSys-Calorimetry System (TSE Systems) and allowed to acclimate
in the chambers for the first 24 hours. Four mice of each group were
administered saline and four were administered leptin (4 pg/g) at
the start of the dark cycle. Food intake and energy expenditure were
determined every 26 minutes by the calorimeter. The experiment
was repeated with an additional 4 mice in each group, and data were
pooled for n = 8 for each group.

Reprogramming and iPSC culture. Fourteen iPSC lines (4 C/C-A/A,
4 C/T-C/A, 6 T/T-C/C at rs1421085-rs8050136) were established
from primary fibroblasts using retroviral reprogramming (49), Sen-
dai virus reprogramming (50), or mRNA reprogramming. For mRNA
reprogramming, the Stemgent mRNA Reprogramming Kit (catalog
00-0071) plus miRNA mixture was used. 15,000 to 30,000 fibro-
blasts were plated on gelatin-coated tissue culture 12-well dishes. 24
to 48 hours after seeding fibroblasts, miRNA cocktail was added to the
fibroblasts at day O of reprogramming. The mRNA cocktail consisting
of Oct4, Sox2, KlIf4, C-Myc, Lin28, and nGFP was added at days 1to 3.
On day 4, both miRNA and mRNA cocktails were added. On days 5 to
11, the reprogramming fibroblasts were treated with the mRNA cock-
tail only. iPSC colonies in the fibroblast culture were handpicked and
transferred to a 24-well dish coated with mouse embryonic fibroblasts
(MEFs); colonies were transferred to individual wells. Once colonies
reached confluence, they were serially expanded. Sendai virus repro-
gramming was performed using the CytoTune- iPS Sendai Repro-
gramming Kit (Invitrogen) as previously described (49). Human iPSCs
were plated onto MEFs (CF-1 MEF IRR; Globalstem) and cultured in
human ES media (KO-DMEM, 10% KO-SR, 1% NEAA, 1% Glutamax,
0.1% b-ME, 1% P/S, and 10 ng/ml bFGF). Media were supplemented
with Y-27632 upon passaging.

Teratoma analysis. About 250,000 undifferentiated iPSCs were
dissociated using trypsin (TrypLE, catalog 12605036; Thermo Fisher
Scientific) and were spun down at 0.8 RCF for 4 minutes and then
resuspended in 50 pl human ES media with Y-27632. Cells were mixed
1:1 (vol/vol) in Matrigel (catalog 356231; Corning) and were injected
subcutaneously into the dorsal flanks of NSG immunocompromised
mice. Cells were allowed to grow for approximately 12 weeks; mice
were monitored twice weekly for the appearance of growths and signs
of distress. Mice were sacrificed, and teratomas were removed, fixed
overnight in 4% PFA, paraffin embedded, sectioned, and stained with
hematoxylin and eosin.
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Neuronal differentiation. Neuronal reprogramming was per-
formed in technical duplicates or triplicates for each established
iPSC line using a modified dual SMAD protocol (51). Undifferen-
tiated iPSCs grown on MEFs were dissociated and replated onto
fresh MEFs at a density of 200,000 cells per well of a 6-well plate in
human ES media with Y-27632 day 0. On day 1, media were changed
to EB media (HES media without bFGF) supplemented with 10 uM
SB431542 and 250 nM LDN193189 (LSB; catalog 5004; Axon). Cells
were treated with EB media plus LSB on days 2 and 3; 70% media
changes were performed each day. On day 4, 75% EB media plus
25% N2 (DMEM/F12 with 1x N2 supplement, 1% ml GlutaMAX, 1%
ml penicillin/streptomycin, 0.2 mM ascorbic acid, and 1.6% glucose)
with LSB was used. On day 5, 50% EB media with 50% N2 with LSB
was used. On day 6, 25% EB media plus 75% N2 with LSB was used.
N2 supplemented with EB media was used on days 7 to 10. On day
10, cells were dissociated and plated onto poly-L-ornithine- and
laminin-coated plates in N2 plus LSB media with Y-27632. 200,000
cells per well for a 6-well plate or 80,000 cells per well for a 12-well
plate were seeded. On day 11, the media were changed to N2 plus
B27 without retinoic acid and 20 ng/ul recombinant BDNF (catalog
248-BD; R&D Systems). Neuron progenitors were allowed to mature
until day 33 or day 34, at which point they were dissociated using
Accutase (catalog A1110501; Thermo Fisher Scientific) and FACS
sorted for the neural marker NCAM (CD56; catalog 318309; Biole-
gend). CD56-positive iPSC-derived neurons were pelleted and RNA
was isolated using the Norgen Biotek Total RNA Purification Micro
Kit (catalog 35300) with DNAse treatment.

Immunocytochemistry. To detect expression of canonical
pluripotency markers, iPSC lines of at least passage 10 were fixed
in 4% PFA for 10 minutes, washed with PBS twice, blocked for 1
hour at room temperature using 10% donkey serum in 0.1% PBST,
washed with PBS 3 times, incubated in primary antibody overnight
at 4°C, washed with PBS 3 times, and incubated with secondary anti-
body at room temperature for 2 hours. Primary antibodies used to
detect pluripotency are as follows: Oct4 (1:500; catalog 09-0023;
Stemgent), Tral-60 (1:500; catalog MAB4360; Millipore), Tral-81
(1:500; catalog MAB4381; Millipore), and Nanog (1:300; catalog
D73G4; Cell Signaling Technologies). All Alexa Fluor secondary
antibodies were diluted 1:1,000. Hoechst 33342 (catalog B2261;
Sigma-Aldrich) was used to mark nuclei. iPSC-derived neurons were
stained with the following neural makers: MAP2 (catalog ab5392;
Abcam), TUJ1 (catalog T2200; Sigma-Aldrich), NF (catalog 70748;
Millipore), and Nestin (catalog MAB353; Millipore). The staining
procedure was the same as for iPSCs.

Quantitative PCR. For expression analysis, Hprt-P200, Hprt-P110,
Rpgripll”~ Fto”~, Fto*, Rpgripll*"~, Rpgripll”~ Ac37~, Ac3"", and +/+ con-
trol mice (each group n = 5) were sacrificed. Whole brains were placed
on a dissection block, and hypothalami were dissected from the rostral
border of the optic chiasm to the rostral border of the mammillary body.
Fto, Rpgripll, Npy, Pomc, Pmch, AgRP, Cdh9, Rbi2, Aktip, Irx3, Irx5, and
Adcy3 mRNA levels were measured by quantitative PCR as described
elsewhere (18). Transcript levels of FTO (5-GAGCTTGAAGA-
CACTTGGCTCCC-3, 5-GCAGCCATGCTTGTGCAGTGTGA-3'),
RPGRIPIL (5'-CCATGGATCAAGCAATTCGACTTTATCGAG-3/,
5-GGGACTGCAGGTGGTTGCAAC-3'), AKTIP (5'-GCAG-
CACAGTCAACAAATGGCACG-3, 5-GCCATCTTGGTAAAGTC-
CATGCCG-3), IRX3 (5-CCCTGTCCAACGTGCTCTCGTC-3,
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5'-GCTGTCCTTCAGCTCATACTGCG-3), RBL2 (5-GGGACAGC-
TACCGCAGCATG-3, 5-GGGTAGATTTGCCATGTCTTCCCAC-3),
IRX5 (5-CAACTCGCACCTCCAGTACGG-3, 5-GTCCCTTGT-
GGCGTTCTTCCG-3), and CHD9 (5-GGCTCAGACTCAGTTG-
CAAAGTCAGG-3, 5-GGCTCAGACTCAGTTGCAAAGTCAGG-3')
in human iPSC-derived neurons were also assessed by quantitative
PCR. mRNA levels were normalized as described elsewhere (18).

Genotyping. The P200 and P110 human transgenes were detected
using the following primers: 5~-GAAGGAGGCGCTGAAACGAGCG-3),
5'-CTCAATGAACAGTTCTCTGCGGATCC-3'. The Rpgripll floxed
(Rpgrip1l”) and deleted alleles were detected using the following primers:
5-GTCTTGGACAGATCTTGGTCCAGTCTC-3', 5-GTGGGTTGTA-
CAGTTTCTGCTTCATCC-3' (Rpgripll"), 5-GCCTTCCATATAACT-
GGCCAGTTGTTTC-3',  5-GGATGTGGCAGAAGGATTGTTTCT-
GAGA-3' (excised).

The following primers were used to assess the presence of the
Fto-null and wild-type alleles: 5-TTACTTCATGCCAGGGGTTCT-
GATTCG-3', 5-CGACAATCGAGATGGTGATGTCAGG-3', 5-CAG-
CACAGTGGTCTGAGGACAAGCA-3'. Mice carrying the Lepr-b Cre
recombinase knockin or wild-type alleles were genotyped using the
following primers: 5-TCGTGTTGAAATTTCTTCTTTCCAGA-3,
5-TCCAAGAAGCCTCAAGGTTCCA-3' (wild type), 5-ACGCA-
CACCGGCCTTATTCC-3', 5-TCCAAGAAGCCTCAAGGTTCCA-3’
(knockin). The Pomc-Cre recombinase transgene was detected using
the following primers: 5-TTACATTGGTCCAGCCACC, 5-ACCAGC-
CAGCTATCAACTCG-3'. Finally, primers 5-~ATCCGGCTACCTGCC-
CATTCGACC-3'and 5-TTGAGCCTGGCGAACAGTTCGGCTGG-3'
were used to detect the AC3 knockout allele, whereas primers
5-CCAGCAGCCAACATGCCGAGGAA-3' and 5-ACGATGGGGCT-
GAGGCTGAGGGGC-3' were used to detect the AC3 wild-type allele.

Statistics. Statistical significance was determined by a 2-tailed
paired Student’s ¢ test. P values lower than 0.05 were considered
significant. ANOVA analysis was carried out using JMP. We created
a baseline regression equation for control mice at 5 weeks of age fed
LFD ad libitum, relating food intake (FI; g/24 h) or energy expendi-
ture (EE; kcal/24 h) to fat mass (FM) and lean mass (LM) (g) (FI =
-0.52xFM +0.44 xLM-3.8,R>=0.77,P< 0.01; EE=1.18 x FM + 0.49
x LM - 1.4, R? = 0.82, P < 0.01). This equation was used to generate
predicted values for Hprt-P200 and Hprt-P110 mice. We also used
the following baseline regression equations to relate food intake and
energy expenditure of Rpgripl™e®Mestin mice (FI=0.1x FM + 0.1 x LM
-0.1,R2=0.9,P<0.0; EE=- 0.2x FM + 0.56 x LM - 0.4, R? = 0.87,
P <0.01) and Rpgrip1lve®om9 mice (FI=0.76 x FM-0.07 x LM -1, R?=
0.96,P<0.01;EE=0.58 x FM-0.16 x LM + 011.8, R?= 0.87, P < 0.01)
to fat mass and lean mass.

Study approval. Human subject research (written informed con-
sent provided) was reviewed and approved by the Columbia Stem Cell
Committee and the Columbia IRB. All animal studies were approved
by the Columbia IACUC.
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