1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
FEBS Lett. Author manuscript; available in PMC 2023 March 01.

Published in final edited form as:
FEBS Lett. 2017 September ; 591(17): 2593-2606. doi:10.1002/1873-3468.12776.

-, HHS Public Access
«

Molecular and functional genetics of the proopiomelanocortin
gene, food intake regulation and obesity

Marcelo Rubinstein1:2:3, Malcolm J. Low34
Linstituto de Investigaciones en Ingenieria Genética y Biologia Molecular, Consejo Nacional de
Investigaciones Cientificas y Técnicas, Buenos Aires, Argentina

2Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, Argentina

3Department of Molecular and Integrative Physiology, University of Michigan Medical School, Ann
Arbor, MI, USA

4Department of Internal Medicine, Division of Metabolism, Endocrinology and Diabetes,
University of Michigan Medical School, Ann Arbor, MIl, USA

Abstract

A specter is haunting the world, the specter of obesity. During the last decade, this pandemia

has skyrocketed threatening children, adolescents and lower income families worldwide. Although
driven by an increase in the consumption of ultraprocessed edibles of poor nutritional value, the
obesogenic changes in contemporary human lifestyle affect people differently, revealing that some
individuals are more prone to develop increased adiposity. During the last years, we performed

a variety of genetic, evolutionary, biochemical and behavioral experiments that allowed us to
understand how a group of neurons present in the arcuate nucleus of the hypothalamus regulate
the expression of the proopiomelanocortin (Pomc) gene and induce satiety. We disentangled

the neuronal transcriptional code of Pomc by identifying the cis-acting regulatory elements and
primary transcription factors controlling hypothalamic Pomc expression and determined their
functional importance in the regulation of food intake and adiposity. Altogether, our studies
reviewed here shed light on the power and limitations of the mammalian central satiety pathways
and may contribute to the development of individual and collective strategies to reduce the
debilitating effects of the self-induced obesity pandemia.
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Introduction to the central regulation of food intake

Body weight and energy balance are controlled in vertebrate animals by brain circuits
that promote foraging, food intake or satiety after integrating multiple metabolic and
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environmental signals with current and future metabolic demands. Peripheral organs, such
as the adipose tissue, pancreas, liver and gastrointestinal tract, release hormones in response
to nutrient flux. This circulating information about the energy status of the organism is

then sensed and interpreted by specialized arrays of neurons located in the arcuate nucleus
of the ventromedial hypothalamus and in the dorsal medulla. Molecular cloning of the
leptin gene [1], mutations of which are responsible for an autosomal recessive form of early-
onset extreme obesity, propelled the discovery of hypothalamic circuits and genes directly
involved in the central regulation of food intake [2]. Leptin is a circulating hormone mainly
secreted by adipocytes and its plasma levels correlate with the amount of triglycerides
present in the adipose tissue. Thus, circulating leptin provides a direct readout of the
available energy stored as fat in the organism.

Two distinct populations of neurons present in the arcuate nucleus of the hypothalamus
express leptin receptors and also respond to other humoral metabolic signals such as ghrelin,
glucose and insulin. In simple terms, neurons expressing the agouti-related protein (AGRP)
promote food intake and those expressing the proopiomelanocortin (POMC) gene induce
satiety to limit food intake. Thus, these two interrelated and functionally opposite sets of
arcuate neurons are considered the yin and yang of food intake regulation [3]. POMC
neurons release melanocortin peptides that induce anorexia upon stimulation of Gs-coupled
melanocortin 4 receptors (MC4R), whereas, AGRP released from AGRP neurons promotes
feeding by acting as a competitive MC4R antagonist. Stereotaxic application of MC4R
antagonists into the cerebral ventricles [4] as well as optogenetic activation of AGRP
neurons [5] promote food intake even in well fed mice, whereas pharmacological stimulation
of MC4R in the hypothalamus [4] and optogenetic activation of POMC neurons promote
satiety [5]. This general view of POMC and AGRP neurons playing contrasting anorexigenic
and orexigenic responses has been challenged recently by novel provocative results based on
photometric detection of hypothalamic neuronal activity in freely behaving mice [6]. Just the
presentation of food to fasted mice, or even food cues without any consumption, produced
an immediate activation of POMC neurons and a concomitant inactivation of AGRP neurons
[6]. These opposing activity patterns were maintained during food consumption and then
switched back when feeding was interrupted by abrupt removal of the food [6], suggesting
that the endogenous release of AGRP and melanocortins anticipate consummatory and
satiety behavior, respectively.

The increasing knowledge gained during the last 25 years concerning the genetics and
physiology involved in food intake regulation has been ironically mirrored by a dramatic
increase in the prevalence of adult and childhood overweight and obesity. This worldwide
burden prompted the World Health Organization and Public Health systems of many
countries to declare obesity as a pandemia [7]. Pandemic obesity has been driven primarily
by pervasive changes in the global food system that instigate people from all countries,

ages and socioeconomic status to consume high calorie, ultraprocessed, affordable and
ubiquitously marketed edibles with poor nutritional value. However, the obesogenic changes
in contemporary human lifestyle do not affect all individuals equally, revealing that some
individuals have an inherently greater predisposition to develop overweight and increased
adiposity. The genetic contribution to body weight determined in family studies, adopted
children and twins reared apart [8,9] has consistently been reported at 40-70% [10], placing
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weight as a highly heritable trait only slightly below that of height [11,12]. As expected,
homozygous null mutations in the human leptin [13] and leptin receptor [14] genes lead

to early-onset extreme obesity syndromes remarkably similar to the phenotypes found in
mice with mutations in the orthologous genes. The rare existing cases of leptin deficiency
have responded therapeutically to recombinant leptin replacement treatment [15]. However,
leptin treatment is largely ineffective at promoting weight loss in patients with common
obesity, probably because they already have high serum leptin levels and develop an as
yet incompletely defined resistance to further leptin action. More recent studies suggest
that leptin sensitizing agents may be potentially employed in leptin pharmacotherapy [16].
Similarly, rare, null allele mutations in the human POMC gene lead to severe hyperphagia,
early-onset obesity and adrenal insufficiency [17], whereas mutations in MC4R gene are
the most common monogenic disorders causing obesity [18]. A recently developed MC4R
agonist named setmelanotide has induced significant weight loss in two POMC-deficient
patients [19]. Although this drug has potential in broader populations of obese patients,
caution is warranted as it may act at other melanocortin receptors involved in autonomic
functions and skin pigmentation.

In summary, human monogenic obesity syndromes are rare and most familial cases of
obesity appear to be driven by several coexisting low-frequency polymorphic alleles, each of
them contributing a small percentage to the overall phenotype. A large number of genome-
wide association studies has been performed worldwide during the last several years and
identified nearly 100 different loci associated with high body mass index, type Il diabetes,
increased adiposity or high leptin levels [20-22]. However, the individual contribution of
most of these variants is practically irrelevant except for a few like the one reported in

the FTO locus [23,24]. Another exceptional single locus is POMC. Despite the fact that
humans deficient in POMC are rare, the POMC locus has been strongly associated to
obesity. A number of genome-wide studies have found highly significant linkage scores
between obesity-related traits and a genomic segment in chromosome 2 near POMC [25—
27]. Because polymorphisms in POMC coding sequences do not appear to account for these
associations [28], it is likely that mutations in noncoding regulatory elements may alter
POMC transcript levels and modify the relative amount of central melanocortins.

Regulation of POMC gene expression

POMC is expressed at high levels in endocrine cells of the pituitary gland and neurons
present in the arcuate nucleus of the hypothalamus. POMC encodes a prohormone that

after cell-specific post-translational processing generates several biologically active peptides
that orchestrate the mammalian stress response [29]. In the anterior pituitary, corticotrophs
release adenocorticotropic hormone (ACTH), whereas in hypothalamic neurons the POMC
prohormone is further processed to generate the melanocortins a-, B- and -y- melanocyte
stimulating hormones (MSH) and the analgesic endogenous opioid p-endorphin [29,30]

(Fig. 1).

The transcriptional regulation of POMC also follows distinct cell-specific cis/frans codes.
By combining /n vitro transfection assays in immortalized pituitary cell lines [31] and
reporter gene expression in transgenic mice, it was possible to initiate and advance studies
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on regulation of POMC expression in pituitary cell types [32,33]. These early studies
demonstrated that pituitary-specific expression of rat or mouse Pomc is controlled by
several c/s-acting elements localized within 500 bp proximal to the transcriptional start site
[32,33]. A number of transcription factors (TFs) including Nurr77, NeuroD1, Ascll, Pitx1,
SP1 and Tpit have been shown to participate in the control of pituitary Pomc expression
and/or the determination of corticotropic and melanotropic cell lineages [33-38]. In addition
to the proximal promoter, a conserved pituitary-specific Pomc enhancer was identified 7
kb upstream of the mouse Pomc gene transcriptional start site [39]. This distal pituitary
enhancer recruits the same subset of TFs as the proximal promoter, except Pitx1, and is
highly dependent on Tpit for activity [39]. When tested in transgenic mice, the =7 kb
enhancer was shown to be more active in corticotrophs than in melanotrophs, contrary to
what has been observed for the proximal Pomc promoter [39] (Fig. 1A). More recently,

the TF Pax7 has been identified as an essential pioneer factor to establish the melanotroph
lineage [40]. Early expression of Pax7 remodels the chromatin along specific enhancers
allowing access of factors like Tpit to otherwise hidden DNA binding sites. This Pax7-
induced epigenetic remodeling drives expression of melanotroph-specific genes, including
those encoding the prohormone convertase PC2 and the dopamine D2 receptor [40]. For a
recent comprehensive review about the transcriptional regulation of Pomc in pituitary cells
and related human diseases, see Ref. [41].

Identification of the enhancers and TFs that control hypothalamic Pomc expression
experienced a relative delay mainly due to the lack of an authentic neuronal cell line

able to express Pomc with transcriptional fidelity and with which to perform reliable
expression studies. In addition, early transgenic mouse expression studies showed that the
proximal Pomc promoter drives cell-specific expression of reporter genes only to pituitary
POMC cells but not to the hypothalamus [32,42,43]. Therefore, our initial attempts to
search for regulatory elements controlling Pomc expression in the arcuate nucleus of the
hypothalamus in the pregenomic era were performed blindly by chromosome walking
upstream and downstream of the Pomc gene and testing the isolated flanking fragments in
transgenic mouse expression assays. Using this approach, we identified a 4 kb fragment
located between —13 and -9 kb upstream of the mouse Pomc promoter that when
included in transgenic constructs allowed authentic neural-specific and developmentally
regulated reporter expression in hypothalamic POMC neurons [44] (Fig. 1). The possibility
to specifically target POMC neurons prompted us to drive enhanced green fluorescent
protein (EGFP) expression to the arcuate nucleus and perform the first electrophysiological
recordings in readily identified bright fluorescent POMC neurons in hypothalamic slices
[45]. Double immunofluorescence performed in brain slices of Pomc-EGFP transgenic
mice confirmed coexpression of EGFP and POMC peptides in more than 99% of these
neurons [45]. Electrophysiological studies in Pomc-EGFP mouse arcuate slices led to the
discovery that leptin increases the frequency of action potentials in POMC neurons by
two concurrent mechanisms: depolarization through a leptin-activated nonspecific cation
channel and reduced inhibition by local orexigenic Agrp/GABA neurons [45]. We also
found that melanocortins play an autoinhibitory effect on this circuit. The discovery that
leptin activates arcuate POMC neurons revealed a fundamental signaling entry point from
the periphery to the brain through the blood-brain barrier. Stimulation of leptin receptors
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expressed on arcuate POMC neurons increases their activity leading to the release of
POMC-encoded peptides. Central melanocortins, in turn, stimulate melanocortin receptors
to induce satiety and increase metabolic rate [2,46]. Altogether, the increase in leptin

levels due to accumulation of triglyceride stores triggers negative feedback mechanisms
that reduce further food consumption. Pomc-EGFP transgenic mice have been extensively
used during the last 15 years and are the gold standard system for interrogation of the
physiological and pharmacological properties of various neurotransmitters and peptides,
such as 5-HT and PY'Y3-36, that modulate the activity of POMC neurons [47,48].
However, not all hypothalamic POMC neurons express leptin receptors [49]; neither are

all POMC neurons involved in the control of food intake. In fact, anatomical, histological,
pharmacological, electrophysiological and molecular studies have accumulated extensive
evidence supporting the idea that hypothalamic POMC neurons are highly heterogeneous
and that several phenotypically and functionally distinctive subpopulations seem to coexist.
From the arcuate nucleus, POMC neurons project toward a wide array of rostral nuclei
including the septum, striatum, thalamus and hypothalamus and, caudally, to the brainstem
and medulla [50]. In addition, subpopulations of POMC neurons are distributed along the
anteroposterior and medial-lateral axes of the arcuate nucleus and corelease either the

fast neurotransmitters GABA or glutamate [51], while partially overlapping populations
express the serotonin SHT2c¢ receptor [47], leptin or insulin receptors [52] and melanocortin
autoreceptors MC3R or MC4R. A recent single-cell RNA sequencing study performed

on FACS sorted green fluorescent hypothalamic neurons taken from Pomc-EGFP mice
revealed the great level of heterogeneity exhibited by this population of around 3000 neurons
expressing Pomc [53].

Regulation of hypothalamic Pomc expression

The completion of the first vertebrate genome projects in the early 2000s allowed us to
perform phylogenetic footprinting analyses along the 4 kb distal mouse Pormc module
necessary for reporter gene expression in hypothalamic POMC neurons of transgenic mice
[54]. This type of bioinformatic algorithm globally compares multiple short overlapping
local alignments to detect high identity cross species sequences. Thus, this strategy can be
used as a proxy to identify transcriptional enhancers embedded in intergenic or intronic
regions based on the concept that the rate of molecular evolution in functional sequences

is more constrained due to selective pressure and mutations accumulate much slower than
in nonfunctional residues the evolve at neutral rates. Following this strategy, we detected
two highly conserved sequences within the 4 kb distal module which are located at -

12 and -10 kb of the mouse Pomc 5’ -flanking region [54]. We named these putative
neuronal Pomc enhancers (nPE) nPE1 and nPE2. To determine whether nPE1 and nPE2 had
neuron-specific transcriptional enhancer function, we performed a comprehensive deletional
transgenic mouse analysis of the distal module cloned immediately upstream of either the
mouse Pomc promoter or a heterologous minimal promoter. In addition, we tested a human
chromosomal region orthologous to the distal 4 kb mouse Pomc module. This study led

to the following conclusions: (a) a genomic region located between —13 and -9 kb of
mouse Pomc is necessary and sufficient to direct authentic reporter gene expression to
hypothalamic POMC neurons; (b) this genomic neuron-specific enhancer region contains
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two highly conserved short sequences that we named nPE1 and nPE2 which are present in
mammalian genomes but not in those of birds, amphibians or fishes; (c) either nPE1 or nPE2
are able to drive cell-specific reporter expression to POMC arcuate neurons, whereas the
simultaneous deletion of both enhancers abolishes reporter expression in POMC neurons;
(d) a human genomic fragment carrying nPE1 and nPE2 also drives reporter gene expression
to pomc hypothalamic neurons of transgenic mice proving that mouse and human orthologs
are functionally conserved; (e) brain and pituitary Pomc expression are independently
controlled by distinct sets of enhancers [54] (Fig. 1A).

The comparative genomic analyses at the Pomc locus used in this study also revealed

that the teleost fishes 7etraodon, Fugu and zebrafish possess two pomc genes, which we
called pomcaand pomcb, unlike the human, mouse and chicken genomes that have only
one POMC gene [55]. We found that these two fish pomc paralogs originated in the
whole-genome duplication specific to the teleost lineage over 300 million years ago (Mya).
Since pomca has been found to be expressed in the equivalent teleost arcuate nucleus of
the hypothalamus and pomcb in the preoptic area of the brain, we concluded that the pomc
paralogs underwent a process of subfunctionalization of their expression domains during
teleost evolutionary history [55]. In addition, we found evidence for subfunctionalization of
the peptide domains encoded by the two pomc paralogs, although it is unknown if these
distinct processes were concurrent [55].

evolution of neuronal Pomc enhancers

Although Pomc is expressed in the ventromedial hypothalamus of all jawed vertebrates,

we failed to find nPE1 and nPE2 paralog sequences in non-mammalian vertebrate Classes.
To investigate this discrepancy, we searched for the evolutionary history of nPE1 and

nPE2 sequences. We first found that the enhancer nPE2 is more ancient than nPE1. While
nPE2 is highly conserved across Prototheria (monotremes), Metatheria (marsupials) and
Eutheria (placental mammals), nPE1 is a placental novelty. To reconstruct the origin of
functional novelties, we developed an /n silico paleogenomics strategy based on systematic
and progressive searches for nPE1 and nPE2 paralogs in all available genome databases
that could reveal evolutionary relics. We did not find any sequence similar to nPE2 in any
of the available vertebrate genomes except the opossum, where we identified three short
sequences similar to opossum nPE2 [56]. When used as queries in further BLAST searches,
those four sequences showed to be similar to members of the marsupial MAR1 family of
CORE-SINE retroposons [56]. Mobile elements have been shown to be involved in gene
and genome evolution by providing a large reservoir of raw sequences that, upon acquiring
functional mutations, may become adaptive and fixed in their host genomes, a process called
exaptation [57,58]. Thus, our results suggest that an ancient CORE-SINE retroposon was
inserted into the POMC locus and exapted as a neuronal Pomc enhancer in the mammalian
lineage, before the marsupial/placental split that occured around 170 Mya (Fig. 1A). It is
impossible to confirm whether or not the CORE-SINE inserted upstream POMC functioned
immediately as an enhancer, as is assumed for Alu elements carrying potential binding sites
for nuclear receptors [59-61], or that the inserted mobile element accumulated mutations
until evolving into a novel neuronal POMC enhancer that became fixed during mammalian
evolution [62].
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To discover the evolutionary origin of nPE1, we again performed /n silico paleogenomics
using human nPE1 as a query and detected 15 high identity hits in the human genome,
annotated as sequences derived from the family of mammalian-apparent LTR retro-
transposons (MaLR) [63]. MaLRs originated before the radiation of eutherians, between
80 to 100 Mya [62], a period that matches well with the hypothesis that nPE1 constitutes
a placental novelty. Altogether, the distal hypothalamic enhancer module located upstream
of the Pomc gene contains two highly conserved, but evolutionarily unrelated, sequences
originated after the sequential exaptation of two different types of retroposons [64] (Fig.
1A).

Based on the independent and distinct evolutionary history of nPE1 and nPE2, we wanted to
determine whether both enhancers drove overlapping or distinct spatiotemporal expression
patterns in the ventromedial hypothalamus. To this end, we designed two structurally similar
transgenes in which nPE1 and nPE2 drove the expression of the red fluorescent proteins
tomato or EGFP, respectively (Fig. 1B). Analysis of nPE1-tomato.nPE2-EGFP compound
mice showed more than 85% of coexpression of both fluorescent markers throughout the
entire anteroposterior and medial-lateral axes of the arcuate nucleus [64] (Fig. 1B). The
onset of both transgenes was coincidental within the same array of neurons located at

the base of the developing hypothalamus of compound nPE1-tomato.nPE2-EGFP €10.5
embryos, matching the initial spatiotemporal expression of mouse Pomc [65]. These results
led us to conclude that nPE1 and nPE2 control Pomc expression in the entire population of
hypothalamic neurons that normally express this gene [64]. The independent evolutionary
origin and identical enhancer function of nPE1 and nPE2 indicate that these two regulatory
elements are functional analogs that underwent a process of convergent evolution that
started during basal mammalian evolution, more than 166 Mya [62], and finished after

the marsupial/placental split around 147 Mya [62]. To our knowledge, this is the first and
probably still the only functionally documented example of authentic convergent molecular
evolution of cell-specific enhancers [64] (Fig. 1). It has been reported that around half

of the early population of immature POMC neurons that originate in the developing
hypothalamus stop expressing Pomc at midgestation and adopt different neuropeptide
phenotypes including the expression of Agro/Npy [66] or kisspeptin [67]. The mechanisms
by which Pomc expression is silenced and whether the enhancers nPE1 and nPE2 play any
role during this phenotypic transition are still unknown.

The presence of two apparently redundant enhancers controlling neuronal Pomc expression
suggested to us that one of them is likely to be under lower selective pressure [68,69].

To challenge this hypothesis, we calculated the rate of molecular evolution of nPE1 and
nPE2 by performing, first, a long-scale interspecies’ mammalian orthologs comparison to
assess the sequence variation during the last 100 million years, and, second, a short-scale
intraspecies’ human genetics population study. The former calculation showed that nPE1 is
evolving 2.64 times faster than nPE2 and also faster than sequences coding for bioactive
POMC peptides present in exon 3 [64]. At the human population level, we found three
polymorphic sites at nPE1 and the absence of polymorphisms in nPE2. These results
showed that the regulatory elements nPE1 and nPE2 are evolving slower than coding
sequences, although almost all exon 3 SNPs do not introduce missense mutations in the
amino acid sequences of any bioactive POMC peptides processed from the prohormone [64].
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Altogether, these interspecies’ and intraspecies’ comparisons show that the more ancient
nPE2 is under stronger selective pressure than the younger nPE1, precluding the hypothesis
that the exaptation of nPE1 relaxed the selective pressure on nPE2 [64].

The existence of two overlapping enhancers controlling gene expression in the same cell
types has been observed in several developmental genes [69,70]. This level of redundancy
may be critical to buffer environmental perturbations and control the spatiotemporal
expression pattern of developmental genes in a precise and stable manner during
embryogenesis. A recent study indicates that overlapping enhancers are a predominant
feature in Drosophila developmental genes [71]. So far, nPE1 and nPE2 appear to be

the only reported case of overlapping enhancers controlling expression of a gene that
plays important physiological roles throughout the postnatal life. Carrying two apparently
redundant enhancers may constitute an adaptation to allow for higher transcriptional

rates and/or lower fluctuations. These two possible alternatives may be illustrated by a
double-scull rowboat metaphor in which the two rowers act together to attain a faster
transcriptional speed, and also maintain a lower cruise control level with the participation
of only one rower. It is interesting to note that nPE1 and nPE2 are both present in all
placental mammalian Orders, indicating that both enhancers coexist upstream of Pomc
under purifying selection since the radiation of mammals around 90 Mya [72]. This
finding strongly suggests that both enhancers play important roles in Pomc transcription
and mammalian physiology.

To investigate the importance of having two enhancers and the individual contributions

of nPE1 and nPE2 to hypothalamic Pomc expression, we generated mutant mice lacking
nPEL, nPE2 or both enhancers simultaneously [72] (Fig. 2A). Quantitative analysis of Pomc
MRNA levels during various developmental stages and adulthood in wild-type and the
different homozygous enhancer mutants showed that: (a) only the concurrent presence of
nPE1 and nPE2 in both Pomc alleles assures normal hypothalamic Pormc mRNA levels; (b)
the simultaneous deletion of nPE1 and nPE2 induces a profound deficit in Pormc mRNA
levels that leads to hyperphagia and obesity; (c) at the early start of Pomc expression,

both enhancers act synergistically to attain typical Pomc mRNA levels in the presumptive
hypothalamus. The synergism is evident when measuring the much higher Pormc mRNA
levels present in wild-type €10.5 embryos in comparison with the sum of the levels

detected in the individual enhancer mutants; (d) during adulthood, however, the individual
participation of each enhancer seems to be additive with nPE1 and nPE2 contributing with
~ 80% and ~ 20% of the total Pormc mRNA levels, respectively; (e) nPE1 ablation revealed
its main contribution to Pormc mRNA adult levels since its absence impairs satiety and,
consequently, induces obesity (Fig. 2B); and (f) deletion of nPE2 does not seem to alter the
control of food intake in the presence of nPEL, at least in laboratory conditions. However,
ablation of nPE2 in the absence of nPEL1 triggers hyperphagia and extreme obesity [72](Fig.
2B,C).

In general, we have observed that once Pomc mRNA levels drop below ~ 35% of its normal
values mice exhibit satiety control deficits and excessive fat accumulation. Although lacking
nPE2 does not alter food intake regulation, a 20% reduction in Pormc mRNA levels may

increase the risk of an insufficient control of energy balance mechanisms [72]. Hyperphagia

FEBS Lett. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rubinstein and Low

Page 9

and excessive body weight are highly maladaptive in the wild because a greater body

mass and unnecessary foraging increases the likelihood of encounters with predators while
limiting escape efficiency. Therefore, the adaptive value of maintaining Pomc expression
above a critical threshold seems to be essential for reproductive success. This comprehensive
study highlights the importance of evaluating the participation of individual enhancers to
gene expression in their native genomic context to then study the effects of each mutant
allele in general physiology and fitness [72] (Fig. 2).

The cis-trans code controlling hypothalamic Pomc expression

An emerging conclusion drawn by the discovery that nPE1 and nPE2 are two evolutionarily
convergent enhancers that regulate Pomc expression in all POMC hypothalamic neurons
[64] is that these two functional analogs are likely to share DNA motifs that recruit similar
TFs. In fact, we detected a 21-bp imperfect palindromic motif in nPE1 which is highly
similar to a sequence present in nPE2 [72]. These sequences carry two TAAT inverted
motifs, known to be recognized by homeodomain-TFs (HDTFs). Another sequence present
in nPE2 also showed two inverted homeodomain (HD) binding sites. These similar pairs

of inverted TAAT motifs concur with a canonical TCAAG/T motif probably recognized by
a HD-TF of the NKX family [72]. All these HD-binding sites showed high identity levels
between humans, mice and most other mammals. We investigated the putative functional
relevance of these shared conserved sequences in expression studies performed in transgenic
mice with transition mutations in either nPE1 or nPE2. All transgenic mouse founders
carrying mutated nPE1 or nPE2 failed to drive EGFP expression to the arcuate nucleus of
the hypothalamus in contrast to the control transgenes carrying wild-type nPE1 or nPE2 that
drove clear EGFP expression to this brain region [72]. These results suggested to us that a
common array of cis-acting motifs, probably recognized by the same TFs, are responsible
for the functional analogy between nPE enhancers and prompted us to search for TFs
involved in specification of the POMC hypothalamic neuronal lineage.

To detect HDTFs that may recognize these DNA elements, we looked for the preferred
DNA binding motifs of each mouse HD obtained in a massive /n vitro binding study [73].
Using the nPE sequences as queries, we generated an initial list of candidate HDTFs that
was later reduced by discarding those showing expression patterns incompatible with that
of Pomc based on gene expression data obtained from the Allen Brain Atlas at different
mouse ages [74]. The final TF candidates were tested in gel mobility shift assays to
determine their ability to bind /n vitro to particular motifs present in nPE1 and/or nPE2.

We selected the LIM-HD-TF Isletl (ISL1) because its expression pattern in the ventromedial
hypothalamus is similar to that of Pomc since its expression onset and throughout the adult
mouse life. After combining molecular, genetic, physiological and evolutionary approaches,
we demonstrated that ISL1 directly plays a fundamental regulatory role in hypothalamic
Pomc expression [75]. In this work we concluded that: (a) Pomcand /s/1 coexpress

during embryonic development, postnatal life and adulthood; (b) gel-shift and ChIP assays
demonstrated that ISL1 binds to precise sequences present in nPE1 and nPE2 which are
essential for their enhancer function; (c) ISL1 plays a critical role for Pomc expression
during the early stages of hypothalamic development; (d) after birth, the lack of /s/1
expression induces a remarkable deficit in hypothalamic Pomc expression levels; (e) the
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absence of Isl1 expression in POMC neurons of adult mice reduces Pomc expression and
causes an energy balance phenotype including obesity; and (f) hypothalamic Pomc depends
on ISL1 in mice and zebrafish demonstrating that this regulation is conserved throughout
vertebrate evolution [75]. Altogether, our results indicate that ISL1 acts as a terminal
differentiation gene establishing the specific identity of POMC neurons after their birth and
accumulation in the mantle zone and before the arcuate nucleus is formed. In addition, ISL1
controls hypothalamic Pomc expression in adulthood and therefore plays a fundamental role
in food intake and body weight regulation [75]. More recently, it has been found that ISL1
not only plays an essential role in the differentiation of POMC neurons but also in other
neuronal subtypes present in the arcuate nucleus such as those expressing Agrp, Ghrhand
somatostatin [76].

It is conceivable that other TFs and motifs participate in establishing the neuronal-specific
expression of Pomec so further work is necessary to reveal the identity of the full molecular
complex. Other motifs present in the hypothalamic enhancers probably bind TFs related

to the hormonal regulation of Pomc. For example, we identified a conserved element in
nPE2 that can bind TFs of the nuclear receptor family with a zinc-finger DNA binding
domain, and a ligand-binding domain that recruits several types of steroid hormones [77].
We found that the estrogen receptor alpha (ESRL1) is a candidate nuclear receptor factor

to regulate neuronal Pomc expression since it binds to this nPE2 motif /n vitroand is
expressed in POMC neurons during development and adulthood [77]. Thus, it is possible
that estrogen exerts its anorectic effect by controlling POMC expression. We have also
identified a conserved canonical STAT3 binding site in nPE1 which is likely to participate in
leptin-induced activation of Pomc expression, although the importance of this site remains to
be explored.

Hypothalamic Pomc expression in teleosts

Our phylogenetic footprinting analysis showed that nPE1 and nPE2 are highly conserved
sequences in mammals but are absent from the genomes of all other Classes of vertebrates
despite the fact that fishes, amphibians, reptiles and birds express Pomc in functionally
homologous neurons of the ventromedial hypothalamus. This apparent discrepancy raises
two intriguing questions: (a) what are the regulatory elements that control the expression
of Pomc in the hypothalamus of non-mammalian vertebrates? and (b) are nPE1 and/or
nPE2 able to function as transcriptional enhancers in Pomc neurons of non-mammalian
vertebrates? We have answered these two questions by studying teleost fishes, the

most distant evolutionary Class of vertebrates from mammals that express Pomc in the
hypothalamus. We found that the proximal promoter sequences of zebrafish pomca (the
teleost paralog expressed in the ventromedial hypothalamus) drove reporter gene expression
only to the pituitary gland of transgenic zebrafish, similar to what we had previously

found for mammalian Pomc [78]. However, insertion of the distal mouse Pomc module
containing nPE1 and nPE2 upstream of the zebrafish promoter construct allowed reporter
gene expression in POMC neurons of the zebrafish ventromedial hypothalamus [78]. These
data indicate that although the mammalian POMC hypothalamic enhancers are mammalian
specific, they nonetheless contain a transcriptional code that has remained conserved

for more than 450 million years of vertebrate evolution. Furthermore, when nPE2 and
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nPE1 originated de novo during early mammalian evolution, the newly created cis/frans
interactions were similar to the ancestral ones. This result matched our previous finding that
hypothalamic ISL1 is essential for Pomc expression in the ventromedial hypothalamus of
mice and zebrafish [75]. Deletional analysis showed that, as in transgenic mice, the sole
presence of nPE1 or nPE2 was able to drive EGFP expression in zebrafish hypothalamic
POMC neurons, but the concurrent removal of both enhancers completely inactivated the 4
kb mouse distal Pormc module. By performing chromosome walking upstream of zebrafish
pomca, we identified a 1.2 kb fragment, nonhomologous to the mammalian Pomc enhancers,
similarly capable of targeting EGFP expression to pomca hypothalamic neurons [78]. Within
this fragment, we found two short motifs containing TAAT sequences that showed 85%
identity with a 50 bp critical fragment of nPE2. Strikingly, transgenic zebrafish embryos
bearing substitution mutations in the TAAT motifs failed to express EGFP in the brain,
indicating that they play a critical role in pormca neuronal expression controlled by the intact
1.2 kb region [78]. The TAAT motifs present in zfnPE are within an annotated hAT Charlie
DNA transposon, a family of DNA transposons that is highly abundant in the zebrafish
genome. Because the pomca loci of medaka, stickleback, 7etraodonand Fugu are devoid

of sequences derived from a hAT Charlie transposon we hypothesized that insertion of

this mobile DNA element upstream of zebrafish pomca was a relatively recent event. The
completion of additional genome projects will allow to determine whether exaptation of
zfnPE from a hAT Charlie DNA transposon occurred only in zebrafish, in Cypriniformes or
in the lineage leading to Ostariophysi. Altogether, this type of comparative genomics sheds
light on the molecular evolution of gene expression regulation by showing how enhancers
undergo extensive turnover while maintaining the ancestral transcriptional features.

Physiological importance of hypothalamic POMC function in the control of

food intake and obesity

Although pituitary POMC is a pan-vertebrate feature, hypothalamic Pomc expression

is an evolutionary novelty originated in the lineage leading to jawed vertebrates. The
functional independence of two different territories and cell types expressing the same Pomc
gene is supported by the modular architecture of the transcriptional c/s-acting domains.
While pituitary expression uses the proximal Pomc promoter and a —7 kb enhancer, the
hypothalamic neurons rely on the distal enhancer module carrying nPE1 and nPE2 [39,54].
To further investigate the functional relevance of this distal module, we generated a strain of
mutant mice lacking the ability to express Pomc selectively in the arcuate nucleus [79]. The
targeted insertion of a heterologous cassette into the neural enhancer domain of the Pomc
locus prevented hypothalamic Pomc expression but had no effect on expression levels in
pituitary cells [79]. In mice lacking arcuate Pomc knockout (ArcPomcKO), hypothalamic
POMC neurons develop normally and project to the typical target areas, indicating

that POMC-derived peptides are not critical for normal development and maintenance

of the neuronal circuitry per se. ArcPomcKO mice were hyperphagic and developed
early-onset extreme obesity when consuming a standard low-fat chow, in contrast to high-
fat or high-sucrose diet-induced obesity models that produce changes in dopaminergic
reward centers [79]. ArcPomcKO mutants also exhibited hyperinsulinemia, hyperleptinemia,
hepatic steatosis and decreased locomotor activity. In contrast, heterozygous arcPomc*!~
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mice expressing only 50% of hypothalamic Pormc mRNA levels showed normal body weight
and daily food intake, and also all other measured parameters, including leptin and insulin
levels, were normal [79].

The genetic cassette inserted in the Pomc locus that led to the generation of arcPomcKO
mice was flanked by two loxP sites. The use of this type of genetic switch allows

the reactivation of hypothalamic Pomc expression using a temporally controlled cre
recombinase and allowed us to answer a fundamental question: is established obesity
reversible? This question is particularly timely given the alarming prevalence of obesity

in young and adult people, most of which fail to achieve a normal weight after dieting,
probably due to compensatory reductions in metabolic rate [80-82]. Diet-induced obesity
in rodents also showed to permanently tune-up the body weight set point once animals
return to normal food consumption [83-85]. Using a tamoxifen activable cre transgene, we
rescued hypothalamic Pomc expression in mice carrying different levels of overweight and
found a remarkable improvement in food intake, body weight and fat deposits, including
cases of extreme obesity. However, we found that the ability of mice to regain a normal
body weight progressively decreased as the overweight at the time of genetic rescue was
higher. To evaluate whether obesity itself was directly involved in the resistance to regain
normal body weight after restoration of Pomc expression in older mice, we food restricted
arcPomcKO mice from weaning until age P60. After hypothalamic Pomc expression rescue,
the mice were given free access to chow. Interestingly, we found that food-restricted
nor-moweight arcPomcKO mice completely maintained their normal body weight once
Pomc expression was rescued even when eating ad /ibitum [79]. In contrast, non-tamoxifen
rescued arcPomcKO mice acquired hyperphagic state that promoted an accelerated weight
gain similar to that of naive arcPomcKO mice. These results indicated that the historical
body weight at the time of arcuate Pomec rescue, and not the age of the mice, determines the
body weight set point and, therefore, the food intake level necessary to achieve those values
[79]. This finding is in agreement with clinical [80,82] and rodent data [83-85] obtained
during high-fat diet-induced obesity in which chronic overweight has led to secondary
metabolic adaptations that act to maintain obesity despite caloric intake reductions. Because
in these experiments, we controlled for genetic and environmental factors including standard
chow of low hedonic value, our results indicate that the onset of obesity may cause a
permanent change in the body weight set point by promoting a maladaptive allostatic state
that will defend a greater than necessary body weight.

What condition prevents obese arcPomcKO mice to recover a normal body weight even
when eating normal chow? Is it possible to reprogram their body weight set point? To
address these questions, we exposed obese adult arcPormcKO mice weighing almost 60 g
to a calorie restricted diet for 8-12 weeks, a period sufficient for all the mice to reach
normal body weight (~ 28 g). At that point, we activated the Cre-inducible genetic switch
that rescues hypothalamic Pomc expression and found that the mice had reprogrammed their
body weight set point to normal values and were able to sustain a normal body weight for
a prolonged time eating regular chow ad /ibitum [86]. The readjustment of body weight
set point was prevented by long-lasting PASylated leptin given days before and during
the hypothalamic rescue by tamoxifen treatment, indicating that leptin resistance is a key
factor preventing normalization of the body weight set point [86]. These results led us to
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the conclusion that restoration of hypothalamic leptin sensitivity is a necessary condition,
together with normal Pomc expression, for obese mice to achieve and sustain normal
metabolic homeostasis, whereas deficits in either parameter set a maladaptive allostatic
balance that defends increased adiposity and body weight [86].

Different to autonomic and endocrine homeostatic mechanisms that work to maintain a
physiological variable close to a fixed set point, body weight and energy storage follow an
allostatic regulation that includes voluntary actions like foraging and food intake which may
be activated in anticipation of future caloric needs. The allostatic control of body growth
starts during early fetal development and continues postnatally until sexual maturation

is achieved, and only beyond this point body weight is maintained as a relatively fixed
parameter [87]. Exceptional periods occur during particular physiological conditions such
as pregnancy, lactation, or hibernation in which allostatic mechanisms regain the scene to
induce short-term adaptive hyperphagia that promotes fat accumulation and body weight
gain. However, these parameters revert to normal once environmental conditions become
less demanding. Unlike allostatic hyperphagia triggered by pregnancy or hibernation to
induce ‘viability through change’ [88], when chronic overfeeding followed by obesity is
detached from physiological or environmental needs, it generates a state that is maladaptive
to the health of an organism.

In conclusion, during the last 25 years, we have generated extensive genetic, evolutionary
and functional evidence that has contributed to a better understanding of the role of
hypothalamic Pomc in the control of food intake and body weight.
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Fig. 1.

(A?) Schematic of Pomc gene expression and peptide profiles in the rodent brain and
pituitary. Pituitary expression (Pit, green color) is driven by the proximal promoter (mainly
to intermediate lobe melanotrophs) and the =7 kb enhancer (mainly to anterior lobe
corticotrophs). Pomc expression in the arcuate nucleus of the hypothalamus (Arc, blue
color) is controlled by the distal neuronal enhancers nPE1 and nPE2 that were exapted from
a Mammalian-apparent LTR and a CORE-SINE retroposon, respectively, at different time
points along the lineage leading to mammals. Pomc exons are in black boxes. Coding
sequences for the POMC prohormone and the peptides obtained after endoproteolytic
cleavage are indicated in colored boxes. The asterisk next to B-MSH denotes that this
peptide is not released in mice. (B) Schematic of the transgenes nPE1Pomc-tomato and
nPE2Pomc-EGFP described in Ref. [64]. Expression of tomato (left), EGFP (center), and
a merged photograph (right) in a coronal hemisection of the arcuate nucleus of an adult
compound transgenic mouse showing extensive colocalization of both reporter fluorescent
proteins.
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Fig. 2.

(A?) Schematic of the mouse Pomcand nPE mutant Pomc alleles as shown in Ref. [72]. (B)
Body weight of wild-type, and homozygous mutants for nPE1, nPE2 and for both enhancers
along the first 16 weeks. nPE1 mutants are mildly overweight and nPE1/nPE2 mutants are
obese [72]. (C) Comparison of a wild-type and a homozygous adult mutant sibling male
lacking both nPE1 and nPE2 [72].
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