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The first intron of FTO contains common single nucleotide
polymorphisms associated with body weight and adiposity in
humans. In an effort to identify the molecular basis for this
association, we discovered that FTO and RPGRIPIL (a ciliary
gene located in close proximity to the transcriptional start site
of FTO) are regulated by isoforms P200 and P110 of the tran-
scription factor, CUX1. This regulation occurs via a single
AATAAATA regulatory site (conserved in the mouse) within
the FTO intronic region associated with adiposity in humans.
Single nucleotide polymorphism rs8050136 (located in this
regulatory site) affects binding affinities of P200 and P110.
Promoter-probe analysis revealed that binding of P200 to this
site represses FTO, whereas binding of P110 increases tran-
scriptional activity from the FTO as well as RPGRIP1L mini-
mal promoters. Reduced expression of Fto or Rpgrip1l affects
leptin receptor isoform b trafficking and leptin signaling in
N41 mouse hypothalamic or N2a neuroblastoma cells in vitro.
Leptin receptor clusters in the vicinity of the cilium of arcuate
hypothalamic neurons in C57BL/6] mice treated with leptin,
but not in fasted mice, suggesting a potentially important role
of the cilium in leptin signaling that is, in part, regulated by
FTO and RPGRIPIL. Decreased Fto/Rpgrip1l expression in the
arcuate hypothalamus coincides with decreased nuclear enzy-
matic activity of a protease (cathepsin L) that has been shown
to cleave full-length CUX1 (P200) to P110. P200 disrupts
(whereas P110 promotes) leptin receptor isoform b clustering
in the vicinity of the cilium in vitro. Clustering of the receptor
coincides with increased leptin signaling as reflected in protein
levels of phosphorylated Stat3 (p-Stat3). Association of the
FTO locus with adiposity in humans may reflect functional
consequences of A/C alleles at rs8050136. The obesity-risk (A)
allele shows reduced affinity for the FTO and RPGRIPIL tran-
scriptional activator P110, leading to the following: 1) de-
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creased FTO and RPGRIP1L mRNA levels; 2) reduced LEPR
trafficking to the cilium; and, as a consequence, 3) a dimin-
ished cellular response to leptin.

Multiple genome-wide association studies have identified
common single nucleotide polymorphisms (SNPs)? within an
~47-kb interval in the first intron of FTO (“Fat Mass and
Obesity-associated gene”; 16q12.2) by virtue of association
with adiposity as reflected in body mass index (Fig. 1) (1-4).
FTO is a nuclear protein homologous to the AlkB family of
deoxygenases that appears to function as a DNA or RNA
demethylase (5-7). Retinitis pigmentosa GTPase regulator-
interacting protein-1 like (RPGRIP1L), also known as “FTM,”
may also account for some or all of the association, as it lies in
close proximity 5’ of and in the opposite orientation as FTO.
RPGRIP1L is a component of the basal body of the cilium (8,
9) and might participate in what is now appreciated as an im-
portant pathway in human energy homeostasis by virtue of
the obesity phenotype in the Bardet-Biedl and Alstréom syn-
dromes (10).

Cilia are conserved from early eukaryotes, such as Chlamy-
domonas, to humans. Unlike motile cilia, such as those pres-
ent on the epithelial lung lining responsible for moving mu-
cus, primary cilia are nonmotile microtubular structures
found as a single unit on most epithelial and stromal cells
throughout the body of mammals (11). Primary cilia, typically
~5 um in length, consist of nine doublet microtubules that
rise from the centriole after migration and attach to the cell
membrane (12). Primary cilia are ubiquitous in the brain (in-
cluding the hippocampus and olfactory bulb), as well as the
hypothalamus (13). In contrast to the emerging role of ciliary
function in brain development, as reflected by studies in
transgenic mice lacking cilia (14, 15) as well as human “cil-
iopathies” such as Joubert syndrome characterized by malfor-
mations of the cerebellum (16), the roles of cilia in the adult
neuron are poorly understood. The somatostatin receptor
SSTR3, present in cilia of most adult mammalian neurons,
may modulate cAMP signaling within cilia and mediate as-
pects of object recognition memory (17). The melanin-con-

3 The abbreviations used are: SNP, single nucleotide polymorphism; ARH,
arcuate hypothalamic; PVN, paraventricular; DMH, dorsomedial; VMH,
ventromedial; Lepr-b, leptin receptor isoform b; HD, homeodomain.
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FIGURE 1. Genomic organization of the human FTO/RPGRIP1L interval
on chromosome 16. Red block denotes region of linkage disequilibrium
(LD) that includes SNPs associated with increased body mass index (1, 2).
Figure not drawn to scale.

centrating hormone receptor 1 (MCHR1), which recognizes
as a ligand the orexigenic melanin-concentrating hormone
(MCH), localizes to neuronal primary cilia and fails to do so
in mice lacking BBS2 or BBS4 implicated in the genetically
heterogeneous disorder Bardet-Biedl that includes an obese
phenotype (18). Adult mice lacking cilia in pro-opiomelano-
cortin-expressing neurons responsible for leptin-mediated
anorexigenic signals in the hypothalamus display increased
food intake leading to obesity (19). Thus, RPGRIPIL, which is
expressed in the hypothalamus (20), could also account for
some or all of the strong association signal for obesity coming
from Chr16 (52.3—-52.4 Mb), the interval in which FTO and
RPGRIPIL are located.

Our previous studies suggest that FTO and/or RPGRIP1L
act in an anorexigenic pathway in the hypothalamus, as ex-
pression of these genes decreases upon fasting or cooling of
mice (20). In this study, we confirm that F7O and RPGRIP1L
mRNA levels decline specifically in the ventromedial and ar-
cuate hypothalamic nuclei of fasted mice and that expression
levels of these transcripts are restored by systemic leptin ad-
ministration. In vitro and in vivo experiments suggest that
FTO and RPGRIP1L are involved in leptin receptor trafficking
as well as leptin signaling, processes that may account for
their apparent influences on adiposity.

Earlier, we found that the transcription factor cut-like ho-
meobox 1 (CUX1), also known as “CUTL1,” binds DNA at
SNP rs8050136 within the region of linkage disequilibrium in
the first intron of FTO associated with adiposity phenotypes,
and it regulates the expression of both FTO and RPGRIPIL in
vitro (Fig. 1) (20). Originally characterized as the CCAAT-
displacement transcriptional repressor, CUX1 is also pro-
cessed to isoforms that act as transcriptional activators. Both
of these regulatory functions have been implicated in cell cy-
cle progression and cell motility (21). We examined the role
of CUXI as a transcriptional regulator of FTO/RPGRIPIL by
performing electrophoretic mobility shift assays (EMSA) and
promoter-analysis experiments. Based upon these studies, we
propose that isoforms of CUX1 (P200 and P110) display al-
lelic preferential binding at rs8050136 and act as a transcrip-
tional repressor of FTO (P200) or transcriptional activator of
FTO and RPGRIP1L (P110). In addition, in vivo and in vitro
data presented here suggest that LEPR trafficking to the cil-
ium is important for leptin signaling and that F7O and/or
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RPGRIP1L modulate LEPR trafficking and thereby leptin sig-
naling. Based upon these data, we propose a molecular mech-
anism of FTO and RPGRIP1L regulation by CUX1 that medi-
ates control of food intake in both rodents and humans and
partly or entirely accounts for the genetic association signal in
intron 1 of FTO with adiposity.

EXPERIMENTAL PROCEDURES

Mouse Strains—Lep°” (B6.V-Lepob/]) and wild-type (+/+;
C57BL/6]) male mice were ordered from The Jackson
Laboratory.

Diet and Dietary Treatment—Mice were fed breeder chow
(9% kcal from fat; Picolab 5058; Purina Mills) and sacrificed at
4. -5 weeks of age. Fasted mice were food-deprived for 42 h,
starting at 6 p.m. At 12-h intervals until sacrifice, they re-
ceived intraperitoneal injections of a saline solution of leptin
(purchased from A. F. Parlow, NIDDK, National Institutes of
Health), at 1 ug/g of total body weight, or they were co-in-
jected with leptin and with cathepsin L inhibitor I in corn oil
(Calbiochem) at 15 pug/g of total body weight. Control mice
were injected with saline and/or corn oil. For the thermal
challenge experiments, mice were placed singly without bed-
ding in a 4 °C cold room for 4 h. Room temperature was con-
stant at 23 °C on a 12-h light/12-h dark cycle (lights were
turned off at 7 p.m.), and mice had ad libitum access to food
and water. All protocols were approved by the Columbia Uni-
versity Institutional Animal Care and Use Committee and
were conducted in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Tissue Culture—Murine neuroblastoma N2a (ATCC ccl-
131) and embryonic mouse hypothalamic N41 (mHypoE-N41;
Cedarlane Laboratories Ltd., Burlington, NC) cells were
grown in Dulbecco’s modified Eagle’s medium (Invitrogen),
10% (v/v) fetal bovine serum (Invitrogen) in a humidified at-
mosphere at 37 °C and 5% CO,. 2 days after transfection with
p200- or p110-overexpressing vectors, N41 or N2a embryo
hypothalamic cells were treated with 5 wg/ml blasticidin (In-
vitrogen) prior to total RNA extraction. For the phosphory-
lated Stat3 assay or immunofluorescence studies, subconflu-
ent N41 or N2a cells were made quiescent 36 h after
transfection, by incubation in DMEM with 0.5% BSA over-
night. Cells were then treated with leptin for 6 h prior to pro-
tein extraction.

Primary Neuronal Culture—The hypothalami of ~40, 3—4
week-old C57BL/6] male and female mice were dissected as
described elsewhere (22). The arcuate nucleus was mi-
cropunched and added directly to the papain solution pro-
vided by the papain dissociation system (Worthington). Cells
were dissociated according to the manufacturer’s instructions,
plated in DMEM/F-12 + GlutaMAX™-1 (supplemented with
20% fetal bovine serum; Invitrogen) on poly-p-lysine/laminin
2-well culture slides (BD Biosciences) for 7 days. Cells were
treated with leptin (1 ug/ml) every 24 h for 2 days and/or ca-
thepsin L inhibitor I (10 um).

Immunohistochemistry and Cellular Immunofluorescence—
Four-week-old C57BL/6] male mice were perfused with 4%
paraformaldehyde. Tissues were excised, dehydrated in 30%
sucrose, frozen, and placed on slides as 10-um medial coronal
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hypothalamic sections. Cultured cell slides were fixed with
ice-cold methanol/acetone (1:1). Primary antibodies against
LEPR (2 pg/ml for immunohistochemistry, 0.5 ug/ml for im-
munofluorescence; Mouse; catalog no. AF497, R & D Systems,
Minneapolis, MN), adenylyl cyclase III (AclIL; 1:500; mouse;
catalog no. sc-588, Santa Cruz Biotechnology, Santa Cruz,
CA), pericentrin (1:500; rabbit; catalog no. ab4448, Abcam,
Cambridge, MA), and GFP (1:500; mouse; catalog no.
11814460001, Roche Applied Science) were used in conjunc-
tion with Alexa Fluor® 488, 555, and 647 secondary antibod-
ies (Invitrogen). ProLong® Gold antifade reagent with either
DAPI (Invitrogen) or DRAQ5 (Axxora, San Diego) was used
for mounting and nuclear staining.

Isolation of Total RNA and Nuclear Protein Extracts—All
mice were sacrificed between 2 and 4 p.m. Within 2 min of
decapitation, brains were submerged in O.C.T. compound
(Sakura Finetek, Torrance, CA) and frozen in an isopentane/
dry ice bath. Blocks were brought to —6 °C and sectioned into
0.3-mm-thick slices in a Microm HM 525 cryotome (Thermo
Fisher Scientific, Waltham, MA). ARH, VMH, PVN, and
DMH were isolated by multiple micro-punches (23) using the
coordinates —0.7 to —2.4 (24). Total RNA was extracted and
DNase-treated using the RNAqueous® micro kit according to
the manufacturer’s instructions. Nuclear protein extracts
were isolated in the presence of Halt protease and phospha-
tase inhibitor mixture (Pierce) using the NE-PER® nuclear
and cytoplasmic extraction reagents (Pierce) according to the
manufacturer’s instructions. Total protein levels were mea-
sured using the Bradford assay (Pierce).

N41 or N2a cells were plated to 90% confluency and trans-
fected with 20 ng of plasmid DNA (96-well tissue culture dish;
BD Biosciences) or 2 ug of plasmid DNA (T25 tissue culture
dish; BD Biosciences) using Lipofectamine 2000™" (Invitro-
gen), and cells were subsequently grown for 48 h. All cultured
cells were washed with PBS, scraped off the surface of the Pe-
tri dish, and collected by centrifugation for 5 min at ~500 X
g Total RNA extraction, DNase treatment, isolation of nu-
clear protein extracts, and total protein level measurement
were performed as above.

¢DNA Synthesis—cDNA synthesis from 1.0 ug of total RNA
was performed at 50 °C for 50 min utilizing the transcriptor
first strand cDNA synthesis kit (Roche Applied Science) with
oligo(dT),, primers.

Quantitative PCR—Quantitative PCR was performed as de-
scribed elsewhere (20). The geometric mean of Gapdh and Actb
expression levels was used as loading controls. CuxI-specific
primers are described elsewhere (supplemental Table 1).

Antibodies—Anti-CDP (p200 and p110) (1:500; mouse; cat-
alog no. sc-6327X; Santa Cruz Biotechnology) was used for
Western blotting and supershifting. Phospho-Stat3 (Tyr-705)
antibody was purchased from Cell Signaling Technology (1:
1000; catalog no. 9131, Danvers, MA) and utilized for West-
ern blotting. 3-Tubulin (1:2000; catalog no. 05-661; Millipore,
Bedford, MA) and nucleolin (0.5 ug/ml; catalog no. ab50279;
Abcam) were used as internal controls.

Plasmid Construction—The full-length human CUX1
(P200) cDNA overexpression construct was purchased from
Open Biosystems (MHS1010-97228334; Huntsville, AL). The
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P110 cDNA was obtained by digesting the above construct
with HindIII/Notl. The fragment was N-filled and cloned into
pCMV-Sport6 (Open Biosystems) that had previously been
digested with Sall/Notl, N-filled as above, and treated with
calf intestinal alkaline phosphatase (New England Biosystems,
Ipswich, MA). The full-length mouse Cux1 (p200) cDNA was
cloned by OriGene in pCMV6 (Rockville, MD). Mouse p110
was excised with Scal/Notl, N-filled, and cloned in pENTR™
4 (Invitrogen) at the N-filled EcoRI site. p110 was subse-
quently cloned downstream of the CMV promoter in the
pLenti 6.3/V5-DEST Gateway® vector (Invitrogen) utilizing
the Gateway® LR Clonase™ II enzyme mix (Invitrogen). The
mouse leptin receptor isoform b (Lepr-b) enhanced GFP
translational fusion was amplified by PCR using as template a
plasmid kindly provided by C. Bjorbaek (Harvard Medical
School, Boston). The consensus ribosomal binding sequence
(CACC) was introduced via PCR (for primer sequence see
supplemental Table 1) upstream of the Lepr-b cDNA to im-
prove expression efficiency and facilitate directional subclon-
ing into pENTR™/D-TOPO (Invitrogen) as a blunt-ended
DNA fragment. The directionally cloned blunt-PCR product
was then used as template for entry downstream of the CMV
promoter into pLenti6.3/V5-DEST (Invitrogen). The FTO and
RPGRIP1L minimal promoters (Fig. 1) were amplified utiliz-
ing genomic DNA from skin-derived human primary fibro-
blasts homozygous for the A or C allele of rs8050136, using
primers described elsewhere (supplemental Table 1). The re-
sulting fragments were cloned into pGL3 (Promega Corp.,
Madison, WI), at the respective restriction sites. The site con-
taining rs8050136 was obtained by PCR from human DNA
homozygous for A or C (supplemental Table 1) and cloned
upstream of or the absence of the FTO or RPGRIPIL minimal
promoters. pRL (Promega Corp., Madison, W1I) was also used
as a transfection efficiency control.

Dual-Luciferase Assays—Assays were performed with the
Dual-Luciferase reporter system (Promega Corp., Madison,
WI). All reagents were prepared as described by the manufac-
turer. N2a cells were transfected in a 96-well Petri dish with
20 ng of each plasmid (2 ng of Enh(C):FTOIp, Enh(C):FTO2p,
and Enh(C):RPGRIPILp were used) at 50% confluency using
the Lipofectamine 2000™ reagent 48 h before lysis in passive
lysis buffer supplied by the manufacturer. Measurement of
luciferase activity was conducted in a BD Monolight 3096
microplate luminometer (BD Biosciences). 100 ul of the fire-
fly luciferase reagent (LARII) was added to the test sample,
followed by addition of 100 ul of the Renilla luciferase reagent
and firefly quenching (Stop & Glo). A 10-s equilibration time
was allowed, and measurement of luminescence with a 10-s
integration time was performed. The data are represented as
the ratio of firefly to Renilla luciferase activity (Fluc/Rluc).

EMSA—N2a cells at 75% confluency in a T25 flask were
transfected with 2 ug of overexpression construct using Lipo-
fectamine 2000™ reagent. Cells were collected, and nuclear
protein extracts were isolated and quantified as described ear-
lier. Oligonucleotides with the human CUX1-binding se-
quence containing the A, C, or mutated alleles as well as the
mouse Cuxl-binding sequence containing the native mouse
(A) or human (C) alleles were synthesized by Invitrogen

JOURNAL OF BIOLOGICAL CHEMISTRY 2157


http://www.jbc.org/cgi/content/full/M110.188482/DC1
http://www.jbc.org/cgi/content/full/M110.188482/DC1
http://www.jbc.org/cgi/content/full/M110.188482/DC1
http://www.jbc.org/cgi/content/full/M110.188482/DC1

CUX1 Regulates FTO/RPGRIP1L

(supplemental Table 1). Double-stranded oligonucleotides
were obtained by priming at 95 °C for 5 min in TE buffer con-
taining 50 nm NaCl and cooled gradually for 2 h. Each lane of
a4-20% TBE gel (Invitrogen) was loaded with 20 ng of dou-
ble-stranded oligonucleotide and/or 300 ng of total protein.
Supershifting was achieved by loading 3 ug of antibody.
DNA-protein binding and DNA staining with SYBR Green
were performed using the nonradioactive EMSA kit (Invitro-
gen) according to the manufacturer’s instructions. Visualiza-
tion of the DNA was performed in a Kodak Gel Logic 212 Im-
aging System using a SYBR Green filter. Band intensities were
measured using Image] 1.36B (National Institutes of Health).

Cathepsin L Activity Assay—Cathepsin L activity was mea-
sured in 50 ug of total nuclear extracts of the arcuate nucleus
using the cathepsin L activity assay kit (Abcam) according to
the manufacturer’s instructions. Fluorescence intensity was
measured in a white flat-bottom Costar 96-well plate (catalog
no. 3693; Corning, Lowell, MA) using an Analyst™ AD 96-
384 plate reader (LJL Biosystems/Molecular Devices; Sunny-
vale, CA) with a 360-nm excitation filter and 520-nm emis-
sion filter. Interval between flashes and delay after flash were
set at 1000 and 10 ms, respectively. Lamp was set at flash.
Background readings were subtracted from sample values.

Fto and Rpgrip1l Knockdown—siRNA transfection has been
described elsewhere (20). siRNA was co-transfected with 0.5
pg/ml of the Lepr-b-overexpressing vector. For Fto or
Rpgrip1l, a combination of three siRNA or scrambled species
was used (supplemental Table 1).

Statistical Analysis—Data are expressed as means * S.D.
Statistical analysis was performed using Student’s ¢ test
(StatView 5.0, SAS Institute Inc.). Levels of statistical sig-
nificance were set at two-tailed p, <0.05. In all figures,
error bars are S.D.

RESULTS

Expression Analysis of Fto and Rpgrip1l in Mouse Hypotha-
lamic Nuclei—W e have previously reported that in whole
hypothalami of mice exposed to 4 °C or fasted, there is a de-
crease of Fto and Rpgrip1l expression in Lep®® versus +/+
mice (20). In this study, we used RT-PCR to examine Fto and
Rpgrip1l transcript levels in isolated hypothalamic PVN,
DMH, VMH, and ARH nuclei of lean and Lep®® mice. Fto ex-
pression was ~7-fold higher than Rpgrip1l expression in all
nuclei (p < 0.001) (Fig. 2A). In the ARH, Fto and Rpgrip1l
expression levels were, respectively, ~30% (p < 0.001) and
~25% (p < 0.001) higher than in any other nuclei tested (p <
0.001). In Lep®® mice versus +/+ controls, Fto and Rpgrip1l
expression was reduced in the VMH (~55 and ~25%, respec-
tively; p < 0.001) and ARH (~30 and ~55%, respectively; p <
0.001) (Fig. 2B). In contrast, Fto and Rpgrip1! transcript levels
in the PVN and DMH were indistinguishable between +/+
lean and Lep®” mice (p > 0.1), suggesting that Fto and
Rpgrip1l may play specific roles regarding energy homeostasis
in neurons of the VMH and ARH.

In the ARH, food restriction and cold exposure increase
expression of the orexigens NPY/AGRP and suppress the an-
orexigen pro-opiomelanocortin (25). Fto and Rpgrip1l expres-
sion were measured in hypothalamic nuclei of +/+ fasted
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mice and mice exposed to 4 °C for 4 h (summarized in Table
in Fig. 2B). Fto and Rpgrip1l expression levels were decreased
in the VMH (~25 and ~30% respectively; p < 0.001) and
ARH (~25 and ~40%, respectively; p < 0.001) of fasted +/+
mice compared with fed +/+ mice, and expression was re-
stored in fasted mice by peripheral administration of leptin.
Moreover, Fto and Rpgrip1l expression levels in the VMH and
ARH of Lep®” mice were restored by peripheral administra-
tion of leptin. These results suggest that FTO and RPGRIP1L
may act as tonic anorexigens, declining in response to fasting
in neurons of the VMH and ARH that mediate leptin signals
from the peripheral circulation. In mice exposed to 4 °C, Fto
expression decreased in the PVN (~60%; p < 0.001), DMH
(~60%; p < 0.001), VMH (~60%; p < 0.001), and ARH
(~75%; p < 0.001) nuclei, whereas decreased Rpgrip1! expres-
sion was restricted to the VMH (~20%; p < 0.001) and ARH
(~40%; p < 0.001) in these animals. The effect of ambient
cooling on Fto expression in the PVN may implicate PVN
neurons that receive inputs from the ARH and regulate the
pituitary-thyroid axis in response to thermal challenge (26).

CUX1 Influences FTO and RPGRIPIL Expression—We have
previously identified and confirmed by chromatin immuno-
precipitation (ChIP) (20) a CUX1-binding site that includes
rs8050136, an SNP associated with adiposity within the first
intron of FTO (2).

As noted, CUX1 is a transcription factor implicated pri-
marily in the control of cell-autonomous functions, such as
cell cycle progression and mobility (21). CUX1 interacts with
DNA via three cut-like domains (CR1-3) and a homeodo-
main (HD) (Fig. 3A). The full-length CUX1 (P200; 1505
amino acids) is proteolytically processed by a nuclear isoform
of cathepsin L, generating a C-terminal peptide of 110 kDa
that lacks CR1 (27, 28). Based on CR1, CR2, CR3, and HD
consensus recognition sequences derived from previous DNA
binding studies (27, 29), the rs8050136 A (obesity risk) and C
(protective) alleles were predicted to favor binding of P200
CR1 (Fig. 3B) and P110 HD (Fig. 3C) domains, respectively.
Electrophoretic mobility shift assays confirmed higher bind-
ing affinity of the P200 protein for the A (over C) allele,
whereas P110 bound with greater affinity to the C allele (Fig.
3D). Alteration of the AT A-repeat recognition sequence in
vitro to GGG (Fig. 3, A and B; sequence in green) abolished
binding of both P200 and P110 (Fig. 3D), pointing to the criti-
cal role of these repeats in P200 and P110 DNA binding. To
assess whether P110 competed with P200 for binding to the A
and/or C allele, we tested allelic binding by combining nuclear
extracts from N2a cells overexpressing P200 with nuclear ex-
tracts from N2a cells overexpressing P110. The mixture ex-
hibited much lower binding affinity for both alleles (Fig. 3D),
suggesting that higher molecular weight P200/P110 multim-
ers may have formed which we were unable to resolve by
electrophoresis.

In an effort to establish the presence of a regulatory mecha-
nism similar to human that controls Fto/Rpgrip1l expression
in the mouse, we identified a Cux1-binding site in mouse Fto
intron 1 in a remarkably similar location to that present in
human (Fig. 4A4). The mouse carries the A allele at the posi-
tion equivalent to rs8050136 in humans and is predicted to

VOLUME 286+-NUMBER 3-JANUARY 21, 2011


http://www.jbc.org/cgi/content/full/M110.188482/DC1
http://www.jbc.org/cgi/content/full/M110.188482/DC1

CUXT1 Regulates FTO/RPGRIP1L

A 0.09
w1
% 0.08 A [::] PVN
TCD 0.07 D DMH
'g 0.06 %} [::] VMH
= 0.05 T
g ARH
U 5041
(]
=
B 003
[J]
o 0.021
*
0.01 A *
6 - =l
Fto  Rpgrip1l  Cuxl
B 0.1
0
°>J 0.09
<Q
0.08 -
c
-g 0.07
Y 0.06 A
(o
x
(]
[
=
=
£
g
RS
[y
Transcript PVN DMH VMH ARH

0.016

0.014 A

0.012 A

0.01 A

0.008 -

0.006 -

0.004 A

0.002 A

= =

Rpgrip1l relative expression levels

(auifes) +/+
(aurles) +/+

(sules) paisey +/+
(auijes) qoda7

(unda)) godo7

S85 585
232 232

fasting] +4° |fasting |+4° | fasting | +4° | fasting |+4°
Fto - lw] - vl v ]v] v ]w
Rpgrip1l - - = = v v v v

FIGURE 2. Fto/Rpgrip 11 hypothalamic expression. A, Fto, Rpgrip1/, and CuxT transcript levels, assessed by RT PCR, in the PVN, DMH, VMH, and arcuate hy-
pothalamic nuclei of lean (+/+) C57BL/6J mice. *, ARH versus PVN, DMH, or VMH. B, assessment of Fto and Rpgrip1/ mRNA levels in the PVN, DMH, VMH, and
ARH of +/+ C57BL/6J mice compared with fasted +/+ mice, Lep°®, as well as mice exposed to 4 °C. Mice were either administered leptin (fasted +/+) or
saline (+/+, fasted +/+, 4 °C +/+, Lep°®) intraperitoneally. Error bars represent one S.D. Asterisk indicates statistical significance (p < 0.05). Each column

represents the mean of measurements from eight mice.

bind p200 (Fig. 4B). As in humans, we confirmed by EMSA
that mouse p200 protein preferentially bound A, whereas
mouse p110 preferentially bound the double-stranded oligo-
nucleotide with the mouse sequence in which the human C
allele had been introduced (Fig. 4C). These data suggest that,
in the mouse, Cux1 may regulate Fto/Rpgrip1l expression as
its homolog does in humans.

The CUX1 P200 isoform has been reported to function ex-
clusively as a transcriptional repressor, whereas P110 has
been found predominantly to activate transcription of genes
associated with cell cycle progression (30). Based on the dis-
tances between rs8050136 and the first exon of RPGRIP1L
(~78-kb 5') and FTO exon 2 (~28-kb 3’; Fig. 1), we hypothe-
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sized that CUX1 may bind to a single enhancer that regulates
the expression of both FTO and RPGRIPIL. We cloned a 3-kb
fragment, present in the first intron of FTO (Fig. 1), contain-
ing the CUX1-binding site upstream of a putative minimal
promoter for FTO (3-kb fragment 5’ of exon 1), an alternative
putative minimal promoter for FTO (3-kb fragment 5 of exon
2), and a putative minimal promoter for RPGRIPIL (3-kb
fragment 3’ of exon 1), and assayed promoter activity of those
sequences in N2a cells. Overexpression of P200 or P110 had
no effect on FTO or RPGRIP1L minimal promoter activity in
the absence of the putative enhancer (3-kb fragment includ-
ing rs8050136); the same was true in the presence of the puta-
tive enhancer and absence of either FTO or RPGRIP1L mini-
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mains (R7 and R2) that do not interact with DNA. Cathepsin L cleaves P200 (at a site between CR1 and CR2) to P110 (21). Modeling of P200 (B) and P110 (C) binding
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binding experiments (27, 29). CR2 and CR3 domains recognize a degenerate sequence suggesting flexibility in DNA interaction, whereas CR1 or HD determines
binding specificity. DNA consensus binding site for each DNA-binding domain (except HD domain) consists of an obligatory ATA sequence (in green and circled).
Thus, the rs8050136 site has either three ATA sequences, including the A obesity-risk allele (two in the top and one in the reverse strand), that align with the pre-
dicted DNA binding consensus for P200, including CR1, CR2, and CR3, or two ATA and one ATC core sequence, including the rs8050136 C protective allele that
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mal promoters (Fig. 5A4). P200 repressed the activity of FTO
minimal promoters (by ~60%, p < 0.001) in the presence of the
putative enhancer sequence (carrying the A obesity-risk allele of
rs8050136). Overexpression of P200 failed to repress the FTO
minimal promoter in the presence of the putative enhancer car-
rying the C (protective) allele (Fig. 5A4), presumably because of

AV N
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weaker P200 binding to the enhancer with the C allele (Fig. 3D).
Moreover, FTO minimal promoter activity was enhanced upon
P110 overexpression in the presence of the putative enhancer
carrying the A allele of rs8050136, and even more so in the pres-
ence of the putative enhancer carrying the C allele of rs8050136,
to which P110 binds with higher affinity than the A allele in vitro
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FIGURE 5. A, luciferase assay used to measure putative minimal FTO (FTO1p and FTO2p) and RPGRIP1L (RPGRIP1Lp) promoter activity upon human
P200 ((pCMV) P200) or P110 ((pCMV) P110) overexpression or transfection with empty pCMV and in the presence or absence of the putative en-
hancer carrying the CUX1-binding A (Enh(A)) or C (Enh(C)) alleles. To control for background, extracts from cells transfected with empty pGL3 or
pGL3 carrying the putative enhancer (Enh(A)+Enh(C)) in the absence of FTO1p, FTO2p, and RPGRIP1Lp were also assayed for luciferase activity.
Transfection with 20 ng of Enh(C):FTO1p, Enh(C):FTO2p, or Enh(C):RPGRIP1Lp pGL3-based plasmids resulted in off-scale fluorescence intensity; only 2
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(Fig. 3D). These data suggest the following: 1) The 3-kb fragment
that includes rs8050136 acts as an enhancer of FTO expression.
2) P200 acts as a repressor of FTO expression at the A (obesity
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risk) allele of rs8050136. 3) P110 acts as an enhancer of FTO ex-
pression at the A (obesity risk) and more so at the C (protective)
allele of rs8050136.
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Overexpression of P110 also increased activity of the
RPGRIP1L minimal promoter in the presence of the enhancer
containing the C allele of rs8050136, more so than in the pres-
ence of the enhancer carrying the A allele of rs8050136. Over-
expression of P200 failed to repress RPGRIPIL minimal pro-
moter activity in the presence of the putative enhancer
carrying either the A or C allele. These data suggest the fol-
lowing: 1) P200 does not repress RPGRIP1L expression; and 2)
P110, which preferentially binds the C allele of rs8050136,
enhances RPGRIP1L minimal promoter activity in the pres-
ence of C (protective allele) more so than in the presence of
the A (obesity risk) allele. In short, P200 appears to act exclu-
sively as a repressor of FTO, whereas P110 functions as an
activator of FTO and RPGRIPIL. In agreement with these in-
ferences, in vitro transfection of the N41 (or N2a; data not
shown) hypothalamic cell line with a vector containing the
p200 cDNA led to an ~4-fold increase in p200 expression and
an ~50% decrease (p < 0.001) in Fto mRNA levels, whereas
RpgriplL expression levels remained unchanged (Fig. 5B). An
~2-fold increase in p110 expression, achieved by transfection
of N41 (or N2a; data not shown) cells with CMVp-p110, led to
an ~25% increase (p < 0.02) in Fto and Rpgrip1L expression
(Fig. 5B).

Cathepsin L Controls FTO and RPGRIP1L Expression—Ca-
thepsin L is a ubiquitous cysteine protease located in verte-
brate lysosomes (31). In vitro studies suggest that translational
initiation at an alternative internal site leads to the production
of a shorter cathepsin L protein species devoid of an endo-
plasmic reticulum signal peptide that localizes to the nucleus
and cleaves CUX1 (P200) to P110 (28). In addition, increased
P110 protein in tumor cell lines correlates with increased nu-
clear cathepsin L (32). The identification of P200 as a tran-
scriptional repressor of FTO and of P110 as an activator of
FTO and RPGRIP1L suggested that proteolytic cleavage of
CUX1 might modulate FTO and RPGRIPIL expression in re-
sponse to metabolic circumstance. In mouse ARH primary
neurons, we found that Ffo and Rpgrip1L expression declined
by ~60 and ~40%, respectively (p < 0.001), after treatment
with a cathepsin L inhibitor (10 um) in vitro (Fig. 5C). Fto and
RpgriplL mRNA levels increased by ~30 and ~40%, respec-
tively (p < 0.02), after leptin (1 ug/ml) was added to the me-
dium for 24 h but not in cells treated with leptin plus the ca-
thepsin L inhibitor (Fig. 5C). p110 protein levels increased in
leptin-treated neurons (Fig. 5C), suggesting that p110 may be
responsible for increased Fto and Rpgrip1l expression in re-
sponse to leptin. Moreover, we found that cathepsin L enzy-
matic activity declined by ~60% in nuclear extracts of the
ARH obtained from fed Lep®® or +/+ mice that were fasted
or exposed to 4 °C (Fig. 6A). Leptin administration to fasted
mice partly restored cathepsin L activity. The decrease of
p110 protein in pooled ARH nuclear extracts of Lep°®, fasted
and cooled +/+ mice, compared with +/+ controls (Fig. 6A4)
was proportional to the decline in cathepsin L activity mea-
sured for each treatment, suggesting that cathepsin L modu-
lates p110 levels in neuronal nuclei of the mouse hypothala-
mus. On the other hand, p200 levels appeared unchanged in
Lep°®®, fasted or cooled mice. These results suggest that leptin
regulates cathepsin L activity that, in turn, controls FTO and
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RPGRIPIL expression by modulating CUX1 protein process-
ing to P110. Considered in the context of the promoter assays,
we conclude that declining cathepsin L activity levels (as dur-
ing fasting) result in decreased P110 protein levels leading to
decreased FTO expression. The decreased P110 protein levels
would also lead to decreased RPGRIP1L expression. The net
result would be decreased FTO and RPGRIP1L expression
seen in the ARH of Lep®®, fasted or cooled +/+ mice.

Cathepsin L, Cux1, Fto, and Rpgrip1l Control Lepr-b Traf-
ficking to the Cilium—Restoration of Fto and Rpgrip1l expres-
sion levels in fasted mice by leptin administration suggested
that Fto and/or Rpgrip1l may participate in the leptin signal-
ing pathway. Bardet-Biedl syndrome, which includes obesity
as a prominent phenotype, results from mutations in genes
that are structural components of the primary cilium (10).
BBSI and BBS2 have been implicated in LEPR trafficking (33).
The fact that RPGRIPIL is a ciliary protein suggested a possi-
ble role of RPGRIP1L in LEPR trafficking. In support of this
inference, in vitro treatment of leptin-supplemented ARH
primary neurons with a cathepsin L inhibitor resulted in de-
creased p110 protein levels, as well as decreased phosphory-
lated Stat3 (p-Stat3) protein levels (Fig. 6B), suggesting that
cathepsin L. may modulate LEPR signaling activity through
P110 and RPGRIP1L. Moreover, we tested the specificity of a
LEPR antibody in the mouse neuronal hypothalamic N41 cell
line overexpressing the mouse b isoform of Lepr (Lepr-b)
translationally fused to enhanced GFP (Fig. 7A). We then as-
sessed the cellular location of Lepr in the ARH of fasted mice
and of mice administered peripherally with leptin or leptin
plus cathepsin L inhibitor. Lepr did not display a discrete lo-
calization pattern in the ARH of fasted mice (Fig. 7C),
whereas Lepr localized exclusively in the vicinity of the cilium
in ARH neurons from fasted mice administered leptin (Fig.
7B). The majority of the ARH neurons in fasted mice admin-
istered leptin plus cathepsin L inhibitor appeared to have
truncated or no cilia, and Lepr was only partially “polarized”
toward those cilia (Fig. 7D). Similarly, quiescent N41 (or N2a;
data not shown) cells transfected with a Lepr-b overexpres-
sion vector displayed distribution of Lepr-b toward the cilium
in the presence of leptin (Fig. 84) but not in the absence of
leptin or in the presence of leptin plus the cathepsin L inhibi-
tor (Fig. 8, Band G).

We examined whether RPGRIP1L and/or FTO are involved
in trafficking of LEPR to the cilium by knocking down
Rpgripl1l or Fto expression in quiescent N41 mouse hypotha-
lamic cells overexpressing Lepr-b. Cells treated with either the
Rpgrip1l- or Fto-specific siRNA failed to localize Lepr-b to-
ward the base of the cilium upon leptin stimulation (200
ng/ml for 6 h) (Fig. 8, C and D). ~70% of N41 cells treated
with the Rpgrip1/ siRNA did not have detectable ciliary basal
bodies. Similarly, ~70% of N41 cells (overexpressing Lepr-b)
transfected with the p200 overexpression vector did not have
detectable ciliary basal bodies and failed to cluster Lepr-b
(Fig. 8E) in response to leptin stimulation. In contrast, trans-
fection of the N41 mouse hypothalamic line overexpressing
Lepr-b with the p110 overexpression vector did not affect
Lepr-b trafficking to the vicinity of the cilium (Fig. 8F). These
results were reproduced in N2a cells (data not shown). Fi-
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nally, knockdown of Fto or Rpgrip1l, or overexpression of
200, in quiescent N41 (or N2a; data not shown) cells overex-
pressing Lepr-b resulted in diminished responses to leptin, as
measured by p-Stat3 protein levels in the presence of leptin
(Fig. 8, H and I). In contrast, p110 overexpression in N41 cells
overexpressing Lepr-b led to enhanced leptin signaling (Fig.
8I). These data implicate P200 and P110 in control of LEPRB
trafficking and leptin signaling by regulation of FTO and
RPGRIPIL expression.

DISCUSSION

Evidence presented here suggests that SNP rs8050136 in
intron 1 of FTO, which lies within a binding site for the tran-
scription factor CUX1, plays a role in the control of FTO and
RPGRIPIL expression and implies that functional conse-
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quences of the allelic variation at rs8050136 could be, in part
or exclusively, responsible for the association of this region of
linkage disequilibrium with adiposity in humans. We propose
that preferential affinity of P110 for the C (protective) rather
than the A (obesity-risk allele) allele at rs8050136 may result
in altered leptin sensitivity that could result in increased food
intake in individuals carrying the rs8050136 A allele. Support-
ing this inference, a number of association studies have sug-
gested that the primary cause of the association of adiposity
with FTO SNPs (1) is due to increased energy intake (34 —39).
In a recent study, mice lacking Ffo systemically were lean due
to increased energy expenditure (40), suggesting that FTO
hypermorphic alleles are the cause of increased adiposity in
humans. But, the mice lacking Fto also had higher postnatal
mortality rates, decreased physical activity, and hyperphagia,
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FIGURE 7. A, N41 cells transfected with the Lepr-b::eGFP overexpression vector and treated with leptin. B, immunohistochemistry showing the arcuate hypo-
thalamic region adjacent to the third ventricle from mice administered leptin peripherally. C, fasted mice; D, mice administered leptin and cathepsin L in-
hibitor | peripherally. Cilia are stained with an Adenylyl cyclase Ill (Aclll)-specific antibody.

implying that reduced adipose tissue mass may be due to
developmental abnormalities related to Fto. Mice homozy-
gous for a dominant-negative Ffo mutation that does not
cause increased perinatal mortality or stunting display re-
duced fat mass as well as increased energy expenditure un-
accompanied by changes in physical activity or food intake
(41). In humans, FTO expression was positively correlated
in fibroblasts (72) and uncorrelated in fat (73, 74) with the
FTO susceptibility allele. Meyre et al. (42) identified several
FTO heterozygous apparent loss-of-function mutations at
equal frequency both in lean and obese humans, suggesting
that the FTO protein itself may not account for the associ-
ation of the SNPs in intron 1 with adiposity. Tung et al.
(43) recently reported that a 2.5-fold increase or 40% de-
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crease of Fto expression, via AAV-mediated transfer of an
Fto overexpression cassette or an Fto-specific ShRNA, in
the ARH of rats, led to a 14% decrease and 16% increase in
energy intake, respectively. Fto overexpression was accom-
panied by a 4-fold increase in levels of Szat3 mRNA in the
ARH, implying that Fto overexpression is compatible with
neuronal leptin hypersensitivity and a decrease in energy
intake, a finding contradicting the implication of previous
FTO inactivation studies that Fto overexpression leads to
obesity. In our study, leptin reversed the decreases in Fto
and Rpgrip1l expression that occur with fasting; and reduc-
ing Fto or Rpgripll mRNA levels with siRNA led to dimin-
ished leptin signaling in N41 cells. These results are con-
sistent with the formulation that decreased FTO and
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RPGRIPIL expression in the ARH may lead to decreased
leptin sensitivity, and thus increased food intake.

Similar to mice, humans homozygous for an inactivating
mutation of FTO display growth retardation and severe mal-
formations, including microcephaly, lissencephaly, hydro-
cephalus, cardiac, and facial malformations (44). Interestingly,
targeted disruption of Cux! in the mouse also causes general-
ized somatic growth retardation, consistent with our data in-
dicating that CUX1 modulates FTO expression (45—47).
Moreover, skin fibroblasts from patients without functional
FTO displayed decreased proliferative ability (44). We have
also observed that Ffo knockdown or p200 overexpression
resulted in decreased proliferation of N41 or N2a cells (data
not shown). Based on these reports, it is conceivable that
CUX1 P200 may also modulate somatic growth through FTO
during development. If FTO/CUX1 play a role in adipocyte
development/proliferation, extreme hypomorphs or overex-
pressors could obscure somatic consequences of primary hy-
pothalamic effects on energy intake.

The in vivo and in vitro demonstrations of leptin receptor
localization in the vicinity of the cilium of leptin-stimulated
ARH neurons, as well as changes in leptin receptor localiza-
tion upon fasting with respect to the cilium in vivo, suggest
that the cilium may participate in leptin signaling. In support
of this inference, mice deleted for adenylyl cyclase III, local-
ized inside hypothalamic primary cilia (13), exhibit obesity
that is apparently caused by hyperphagia due to reduced re-
sponsiveness to leptin manifested as a lack of weight loss in
response to exogenously administrated leptin (48). Moreover,
mice lacking ciliary structural genes mutated in individuals
with Bardet-Biedl syndrome (9) have diminished leptin-in-
duced Stat3 phosphorylation in the hypothalamus (33).

Knocking down BBS1 or BBS2 in human retinal pigment
epithelial cells disrupts Lepr-b trafficking to the post-Golgi
network, resulting in partitioning of Lepr-b molecules in large
vesicle-like compartments (33). In retinal cells, RPGRIP1L
acts as a scaffolding component of a multiprotein complex
that includes the retinitis pigmentosa GTPase regulator, im-
plicated in retinitis pigmentosa, and CEP290 (centrosomal
protein 290 kDa) (49, 50). Indirect evidence that RPGRIP1L
may be part of a protein complex that includes Lepr-b in-
cludes the observations that CEP290 is part of a ciliary basal
body-associated protein complex that includes BBS1 (51) and
that Lepr-b binds BBS1 in vitro (33). In our study,
siRNA-mediated reduction of Rpgrip1/ mRNA levels in N41
hypothalamic cells reduced p-Stat3 levels and abolished leptin
receptor segregation to the base of the cilium. It has been pro-
posed that leptin receptor clustering facilitates leptin signal-
ing (52, 53). GTP-bound Arl6, a small GTPase encoded by
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Bardet-Biedl-associated BBS3 gene, recruits the Bardet-Biedl
syndrome complex (“BBsome”) to the cell membrane result-
ing in clustering of the transmembrane protein SSTR3 before
its targeting to the cilium (54). Thus, it is conceivable that
LEPR may be clustered and targeted in a similar fashion by
elements of the ciliary complex.

Hypofunctional mutations of RPGRIPIL cause the Joubert
and Meckel syndromes, characterized by abnormalities that
include cerebellar ataxia and cystic renal dysplasia (55) but
not obesity. An emerging role of CUX1 in cell-cell interac-
tions has been inferred from altered ciliary morphology and
polycystic kidney disease in mice overexpressing the CUX1
homeobox domain, or cpk mice segregating for a CuxI muta-
tion resulting in ectopic CuxI expression in renal tissue, sup-
porting the notion that CUX1 may participate in ciliary as-
sembly/function by regulating RPGRIPIL (56, 57). Polycystic
kidney disease is also common in patients with Bardet-Biedl
syndrome (58).

The presence of a region in mouse Fto intron 1 that inter-
acts with both p200 and p110 supports the finding that Fto
and Rpgrip1l expression in the mouse is controlled by Cux1
isoforms in a similar fashion to human, p200 (acting as a re-
pressor of Fto) and p110 (acting as an activator of Fto and
Rpgrip1l). Preliminary data suggest that SNP rs36839403, lo-
cated 7 bp upstream of the Cux1-binding site in the mouse,
affects binding affinity of the CCAAT enhancer-binding pro-
tein (transcriptional regulator displaced by Cux1) (59), which
acts as a transcriptional activator of Fto and Rpgrip1l in vitro
(data not shown). Moreover, a comparable CCAAT enhancer-
binding protein-binding site is conserved in humans. These
findings imply the possibility that rs36839403 affects Fto/
Rpgrip1l expression and predisposes to increased adiposity in
mice, as rs8050136 does in humans.

The fact that the proposed FTO/RPGRIPIL regulatory site
at rs8050136 is distant from their respective transcriptional
start sites suggests that the rs8050136 site operates as an en-
hancer. Using a GAL4 reporter system, it has been reported
that CUX1 is transcriptionally active at a large distance from a
transcriptional start site (60).

A vector expressing CUX1 cut-like repeat (CR) 1 and CR2
(present in P200) alone has been shown to bind preferentially
two CRAT motifs in either orientation and at variable dis-
tance, whereas a vector expressing CUX1 without CR1 (i.e.
P110) binds stably to the ATCRAT (R = A or G) sequence
(61). According to our current model of the rs8050136 site,
ATA repeats are crucial for binding of CR1-3 (two repeats in
top DNA strand and one in antisense DNA strand), and the
CUX1 HD prefers ATC. In support of this model, substitution
of either the ATA repeats or ATC abolishes binding of P200

FIGURE 8. Immunofluorescence of N41 cells co-transfected with the Lepr-b::eGFP overexpression vector. A, treated with 200 ng(/ml) of leptin for 6 h
after becoming quiescent; B, no leptin treatment after becoming quiescent; C, co-transfected with Fto siRNA, grown for 48 h, and treated with leptin for 6 h
after becoming quiescent; D, co-transfected with Rpgrip 1/, grown for 48 h, and treated with leptin for 6 h after becoming quiescent; E, co-transfected with
p200 overexpressing vector, grown for 48 h, and treated with leptin for 6 h after becoming quiescent; F, co-transfected with p170-overexpressing vector,
grown for 48 h, and treated with leptin for 6 h after becoming quiescent; and G, treated with 200 ng(/ml) of leptin and cathepsin L inhibitor | (CatL inhib.)
(10 um) for 6 h after becoming quiescent. In vitro assessment of leptin receptor activity was by measurement of p-Stat3 levels in N41 cells co-transfected
with the Lepr-b::eGFP overexpression vector. H, Fto-specific or Rpgrip1l-specific siRNA, grown for 48 h, and treated with leptin prior to becoming quiescent;
1, p200 or p110 overexpressing (over.) vector, grown for 48 h, and treated with leptin prior to becoming quiescent. Quiescent N41 cells treated with Fto-spe-
cific scrambled siRNA displayed near identical p-Stat3 levels to N41 cells treated with Rpgrip 1I-specific siRNA. p-Stat3 and B-tubulin-specific bands were
variably exposed to film to achieve optimal quantitation range. Therefore, no comparisons should be made between different protein species.
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FIGURE 9. Schematic representing the proposed model of FTO/RPGRIP1L rs8050136 allele-specific transcriptional regulation in response to feeding
or fasting. Increased circulating leptin upon feeding leads to increased nuclear cathepsin L (CATL) activity in arcuate neurons expressing LEPR, increased
P110 levels upon P200 cleavage by CATL, and in turn increased FTO/RPGRIP1L expression. By an unknown mechanism, FTO/RPGRIP1L facilitates LEPR clus-
tering close to the base of the cilium at a site that may be the post-Golgi network (33, 70, 71) and/or the ciliary basal body (33). LEPR trafficking to the basal
body may be facilitated by RPGRIP1L that localizes to the basal body protein complex (BBsome) and by FTO that may control expression of gene(s) impli-
cated in LEPR trafficking. LEPR may multicluster at the membrane in the region of the cilium, thus enhancing leptin signaling. In some photoreceptor con-
necting cilia, RPGRIP1L localizes to the basal body as well as inside the cilium (9). Although we did not see LEPR inside the cilium, it is possible that the ex-
perimental conditions employed in this study limited our ability to visualize a small number of LEPR molecules transported into the cilium by RPGRIP1L.
Fasting (low-leptin ambient condition) leads to decreased nuclear cathepsin L enzymatic activity in LEPR-positive arcuate neurons, decreased P110 levels,
and decreased FTO/RPGRIP1L expression, resulting in dispersal of LEPR throughout the cell. Individuals with rs8050136 A (obesity risk), as opposed to indi-

|p-STAT3

cilium

FED STATE

A (obesity/risk) allele

. ?Ieptin ?Ieptin

viduals with rs8050136 C (protective) allele, display lower p110 binding, and thus lower FTO/RPGRIP1L expression levels causing decreased clustering of
LEPR in close proximity to the cilium, resulting in less efficient leptin signaling. Abbreviations: PGN, post-Golgi network; BB, basal body.

or P110 at rs8050136 in our gel-shift assay. As predicted, P200
(including CR1) prefers ATA (obesity-risk allele), whereas
P110 (excluding CR1) prefers AT C (protective allele) of
rs8050136.

More p200 than p110 protein was consistently seen in ARH
nuclear extracts, cultured ARH primary neurons, or cell lines
deployed in this study. Considering that CR1-CR2, as well as
an N-terminal autoinhibitory domain present in P200 but
absent in P110, reduces CUX1 DNA binding affinity and tran-
scriptional activity (62), it is conceivable that the presence of
P110 at relatively lower levels can successfully compete
against P200 protein bound to DNA at a lower affinity and
more so in individuals with the protective (C) allele of
rs8050136, given that P110 has higher affinity than P200 for
the protective allele.

We have also shown that in the fed state, increased hypo-
thalamic cathepsin L activity (which is responsive to ambient
leptin) coincides with increased Fto/Rpgrip1l expression and
increased p110 protein levels. During fasting, a decline in cir-
culating leptin reduced cathepsin L enzymatic activity, de-
creased p110 levels, and decreased Fto/Rpgrip1l expression.
RPGRIP1L may control food intake by participating in an an-
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choring complex that facilitates leptin receptor clustering,
thus modulating leptin sensitivity at the cellular level. How
FTO might participate in LEPRB clustering is unknown; its
demethylase activity may be required to control expression of
downstream genes required for clustering LEPRB in the vicin-
ity of the cilium.

Presumably, reduced ambient leptin accounts for decreased
Fto and Rpgrip1l expression in the ARH of Lep®” mice. Even
though we did not further investigate the cooling-induced
decrease in Fto and Rpgrip1l expression in the hypothalamus,
it is conceivable that, at least in the ARH, Fto and Rpgrip1l
expression is regulated similarly to the fasted state, as circu-
lating leptin levels also decrease in rats exposed to cold
(~30%) (63).

In the model proposed here (Fig. 9), reduced circulating
leptin (as a result of weight loss or acute calorie restriction)
results in decreased cathepsin L activity in the ARH cell nu-
cleus. This leads to reduced enzymatic processing of CUX1
P200, resulting in decreased CUX1 P110 protein levels, which
in turn results in decreased RPGRIP1L and FTO expression.
Low RPGRIPIL and FTO expression levels would reduce lep-
tin signaling (as seen in N41 cells treated with Fto or Rpgrip1l

VOLUME 286+NUMBER 3+-JANUARY 21, 2011



siRNA that led to decreased p-Stat3 levels) increasing the
drive to eat (64). CUX1 P110, which we show here, enhances
leptin signaling in the mouse and has reduced affinity for the
putative enhancer of RPGRIPIL or FTO in individuals segre-
gating for the rs8050136 obesity-risk (A) allele, leading to rel-
ative down-regulation of FTO and RPGRIPIL. Because P110
has higher affinity for the protective (C) allele, individuals
with the C allele would have higher FTO and RPGRIPIL ex-
pression levels and thus be relatively more leptin-sensitive
than individuals with the obesity risk (A) allele. We are pro-
posing that FTO, RPGRIP1L, and CUX1 facilitate the leptin
response in arcuate neurons; P200 acts as a break of leptin
congregation in the vicinity of the neuronal cilium in the ab-
sence of leptin, and P110 is made (via cathepsin L) by the cell
as an initial response to STAT3 activation by leptin, leading to
increased LEPR recruited at the cilium, resulting in increased
leptin sensitivity, which, in turn, leads to a further increase in
p-STAT3. The predicted positive feedback loop in STAT3
activation by leptin may constitute a mechanism through
which catabolic signals remain activated in the basal state
(65).

In many cells, ciliary formation is coordinated with the cell
cycle so that cilia start to form during G;, are most abundant
through G,, and disassemble during mitosis or before S-phase
(66). The cilium itself is involved in transmitting mitotic sig-
nals, thereby, promoting cell cycle progression (67, 68). Thus,
it is not surprising that CUX1, involved in cell proliferation,
can modify ciliary assembly. However, it is not clear how dy-
namic ciliary assembly might occur in nonproliferating cells
such as mature neurons. Our study suggests a dynamic role of
the primary cilium in LEPR-expressing neurons of the ARH
that may be manifested by assembly/disassembly of the cilium
in response to extracellular stimuli. In Caenorhabditis elegans,
specialized neuronal cilia in the olfactory epithelium require
sensory signaling to maintain their architecture (69), suggest-
ing that extracellular stimuli, such as leptin, may regulate the
assembly of neuronal cilia of the ARH.

In conclusion, our data suggest that FTO and RPGRIPIL
participate in the control of food intake by modulating leptin
sensitivity in the ARH, and that, in humans, either or both
may account for the association of alleles of rs8050136 with
relative adiposity.
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