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Hypothalamic proopiomelanocortin (POMC) neurons play a key role in regulating energy balance and
neuroendocrine function. Much attention has been focused on the regulation of POMC gene expression with
less emphasis on regulated peptide processing. This is particularly important given the complexity of
posttranslational POMC processing which is essential for the generation of biologically active MSH peptides.
Mutations that impair POMC sorting and processing are associated with obesity in humans and in animals.
Specifically, mutations in the POMC processing enzymes prohormone convertase 1/3 (PC1/3) and in
carboxypeptidase E (CPE) and in the α-MSH degrading enzyme, PRCP, are associated with changes in energy
balance. There is increasing evidence that POMC processing is regulated with respect to energy balance.
Studies have implicated both the leptin and insulin signaling pathways in the regulation of POMC at various
steps in the processing pathway. This article will review the role of hypothalamic POMC in regulating energy
balance with a focus on POMC processing.
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1. Introduction

Proopiomelanocortin (POMC) is a 31-kDa prohormone precursor
protein that is synthesized in the pituitary, in the arcuate nucleus of
the hypothalamus, in the medulla and in several peripheral tissues.
POMC is then processed in a tissue specific manner to yield
biologically active peptides (Fig. 1). In the brain POMC neurons play
a critical role in regulating energy balance via interactions of the
POMC-derived MSH peptides with brain melanocortin receptors. For
review see Lee and Wardlaw (2007). The POMC-derived endogenous
opioid peptide, ß-endorphin (ß-EP), can also affect energy balance
(Bodnar, 2004). The MC4 receptor and to a lesser extent the MC3
receptor are responsible for mediating the central effects of the MSH
peptides on energy balance. The activity of the brain melanocortin
receptors can be further modulated by the MSH antagonist, agouti-
related protein (AgRP).α-MSH inhibits feeding and stimulates energy
expenditure while AgRP is orexigenic and decreases energy expen-
diture. α-MSH and AgRP are synthesized in distinct neuronal
populations in the arcuate nucleus of the hypothalamus that project
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Fig. 1. POMC processing. Schematic diagram of the POMC precursor molecule and the major peptide products that are derived from this precursor by endoproteolytic cleavage. JP =
Joining peptide; LPH = Lipotropin; EP = Endorphin; CLIP = Corticotropin-like-intermediate lobe peptide; da-α-MSH = desacetyl α-MSH; PC1/3 and PC2 = Prohormone
convertases 1/3 and 2; CPE = Carboxypeptidase E; N-AT = N-acetyltransferase; PAM = Peptidyl α-amidating monooxygenase; PRCP = Prolylcarboxypeptidase.
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to other hypothalamic regions, including the paraventricular nucleus
and lateral hypothalamus, and to the brainstem, areas that are
particularly important in regulating energy balance (Cowley et al.,
1999; Elmquist et al., 1999). Some POMC is also synthesized in the
nucleus of the solitary tract in the medulla. POMC and AgRP neurons
can act as sensors of peripheral energy stores and respond to a variety
of nutrient, neuronal and hormonal signals, including leptin and
insulin. In rodents, genetic or pharmacological inactivation of POMC
or the MC4 receptor results in hyperphagia and obesity as does
overexpression of AgRP (Challis et al., 2004; Graham et al., 1997;
Huszar et al., 1997; Ollmann et al., 1997; Yaswen et al., 1999).
Targeted deletion of the MC3 receptor also causes an obesity
phenotype (Butler et al., 2000; Chen et al., 2000). This system is
highly relevant to human energy balance as defects in POMC synthesis
and processing and haploinsufficiency of the MC4 receptor have all
been reported in human obesity syndromes (Coll et al., 2004). This
article will review the role of POMC in regulating energy balance with
a focus on the role of POMC processing.

2. POMC mutations and obesity

Mice with Pomc gene deletion or with POMC neuron ablation are
obese. Two POMC-null mutant mouse models have been created and
both have an obese phenotype despite profound adrenal insufficiency
(Challis et al., 2004; Yaswen et al., 1999). In the first model, the entire
third exon of Pomc was deleted, thus removing the coding region for
the relevant POMC-derived peptides but the first 18 amino acids of
POMC still remained (Yaswen et al., 1999). In the second model the
entire POMC sequence was deleted (Challis et al., 2004). In both
models, homozygous Pomc null mice have abnormal adrenal
development, altered pigmentation and develop hyperphagia and
obesity. Serum levels of corticosterone were undetectable in the
mutant mice. Yaswen et al. noted increased weight gain in Pomc−/−
mice in the second postnatal month and by the third postnatal month,
weights were about twice those of the wild-type mice. Body length
also increased significantly, as is the case for Mc4 receptor knockout
mice. Serum leptin levels were markedly increased in homozygous
Pomc mutant mice. Leptin levels were also increased in heterozygous
mutant mice although body weight was normal. Treatment of Pomc
null mice with a synthetic α-MSH agonist caused a decrease in food
intake and substantial weight loss. After two weeks of treatment, the
mutant mice lost 46% of their excess body weight and when the
α-MSH agonist injections were stopped, the mice returned to their
pretreatment weight. Challis et al. noted an increase in body weight in
the Pomc−/− mice after 8 weeks of age. Both fat and lean body mass
were increased relative to wild-type mice and basal metabolic rate
was decreased by 23%. Although Pomc+/− mice were not obese on a
standard chow diet, they did become obese on a 45% high fat diet.
Thus haploinsufficiency of this gene can cause obesity but only when
exposed to a high fat diet, in contrast to haploinsufficiency of the MC4
receptor. The obesity of Pomc−/− mice and its associated metabolic
complications were markedly exacerbated by either replacement
with glucocorticoids or by selective transgenic restoration of pituitary
Pomc (Coll et al., 2005; Smart et al., 2006). In another model, POMC
neurons were progressively ablated by deleting the mitochondrial
transcription factor A (Tfam) gene using a Cre-lox approach. These
mice developed an obesity syndrome similar to that described for
Pomc null mice (Xu et al., 2005a).

In contrast, genetic models of POMC overexpression have been
shown to protect from obesity. Transgenic neuronal overexpression of
Pomchas been shown to attenuate obesity in ob/obmice (Mizuno et al.,
2003). Central Pomc gene delivery via recombinant adeno-associated
virus has also been shown to reduce food intake and adiposity in obese
Zucker rats (Li et al., 2003). Overexpression of an N-terminal POMC
transgene, that includes both α-MSH and γ3-MSH, reduced weight
gain and adiposity in male mice (C57BL/6 background) on a normal
diet and attenuated obesity in male and female db3J/db3J mice
(Savontaus et al., 2004). This transgene also protected male and
female mice from weight gain and increased adiposity when exposed
to a high fat diet (Lee et al., 2007).

POMCmutations have also been reported in obese humans. In 1998,
Krude et al. reported two patients from Germany with genetic POMC
deficiency characterized by adrenal insufficiency, red hair pigmentation
and early-onset obesity (Krude et al., 1998). The first patient was found
to be a compound heterozygote for two mutations in exon 3 that
resulted in ACTH and α-MSH deficiency. She had a normal birth weight
and was diagnosed with adrenal insufficiency at 3 weeks of age when
she developed cholestasis. Increased appetite and obesity was first
noted at 4 months of age. The second patient was homozygous for a
mutation in exon 2 which abolishes POMC translation. His birth weight
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was normal and obesity was first noted at 5 months of age. Adrenal
insufficiency was diagnosed at 12 months of age when he developed
hypoglycemia and hyponatremia. Subsequent development in both
children was normal except for the abnormal eating behavior and
obesity. Both childrenhadpale skin and redhair color. Theheterozygous
parents in both families had normal adrenal function and did not have
obesity or red hair. Remarkably, the childrenwere obesedespite adrenal
insufficiency which in other circumstances would be expected to cause
anorexia and weight loss. The contrast between these patients with
generalized POMC deficiency and patients with pituitary disease who
have POMC deficiency limited to the pituitary, underscores the critical
role that hypothalamic POMC plays in regulating energy balance. Three
other patients with a similar POMC deficiency syndrome were
subsequently described by the same group (Krude et al., 2003). A
novel homozygous frameshift mutation in POMC, leading to the loss of
all POMC-derived peptides, has also been found in a child of Turkish
origin with adrenal insufficiency and severe obesity (Farooqi et al.,
2006). In this family, of the 12 relatives that were heterozygous for the
POMCmutation, 11 were obese. In contrast, of the 7 relatives that were
wild-type only one was obese. Thus, in humans, as in mice, the loss of
one copy of the POMC gene may predispose to obesity. Several other
groups have reported additional POMC mutations associated with
obesity (Clement et al., 2008; Creemers et al., 2008;Dubern et al., 2008).
Two groups have reported POMC variants that implicate ß-MSH in the
control of human body weight regulation (Biebermann et al., 2006; Lee
et al., 2006). ß-MSH is a normal POMC processing product in the human
but not in the rodent. In one study, 538 patientswith severe, early-onset
obesity were screened for POMC mutations and 5 unrelated probands,
whowere heterozygous for a raremissense variant in the region coding
for ß-MSH,were identified (Lee et al., 2006). In the other study, a similar
mutation was found during a screen of 15 severely obese children.
Compared towild-type ß-MSH, the ability of the variant peptide to bind
to and activate the MC4 receptor was impaired. A missense mutation
that disrupts the dibasic amino acid cleavage site between ß-MSH and
ß-EP has also been reported to occur more frequently in obese children
(Challis et al., 2002). Heterozygousß-MSHmutations are also associated
with obesity (Biebermann et al., 2006; Challis et al., 2002; Lee et al.,
2006).

Evidence that variant alleles of POMCmaymodulateweight level in
humans is provided by a study in a population of Mexican Americans
showing a linkage of serum leptin levels and fat mass to an interval on
chromosome2which includes the POMC locus (Comuzzie et al., 1997).
Subsequent studies in a French and in an African-American population
have reported similar associations (Hager et al., 1998; Rotimi et al.,
1999).

3. POMC regulation and energy balance

POMC is regulated in the arcuate nucleus by a number of hormones,
nutrients, neuropeptides and neurotransmitters, many of which are
known to affect energy balance. These include leptin, insulin, and
dietary nutrients. POMC expression in arcuate neurons is suppressed
during fasting and stimulated when energy stores are increased. Levels
of peripheral energy stores are sensed by leptin receptors on POMC
neurons. There is extensive evidence documenting the activation of
POMC neurons by leptin as shown by the induction of Fos, SOCS-3,
STAT3 phosphorylation, and the increase in POMC heteronuclear RNA
andmRNA levels (Elias et al., 1999; Korner et al., 1999; Munzberg et al.,
2003; Schwartz et al., 1997). Electrophysiology studies have shown that
leptin stimulates POMCneuronfiring (Cowley et al., 2001) and regulates
activity of potassium channels in POMC neurons thus modulating
neuronal excitability (Jobst et al., 2004). In addition, micewith selective
deletion of leptin receptors on POMCneurons are obese (Balthasar et al.,
2004). Leptin can also affect the development of POMC neuronal
projections and can modulate the number of excitatory and inhibitory
synapses on POMC neurons (Bouret et al., 2004; Pinto et al., 2004).
Stimulatory effects of insulin on POMC gene expression have also been
demonstrated (Benoit et al., 2002). Insulin binds to its receptors on
POMC neurons and stimulates phosphatidylinositol-3 kinase (PI3K).
This leads to phosphorylation of AKT and subsequent phosphorylation
and exclusion of FoxO1 from the nucleus of POMC neurons (Fukuda
et al., 2008). Although leptin and insulin can act by distinct signaling
pathways, there is evidence for shared intracellular signaling pathways
with respect to PI3K stimulation in POMC neurons (Xu et al., 2005b).
Electrophysiological studies also demonstrate opposing actions of leptin
and insulin in distinct populations of arcuate POMC neurons (Williams
et al., 2010). Mice lacking both insulin and leptin receptors on POMC
neurons have significant systemic insulin resistance that is distinct from
the phenotype seen with deletion of either receptor alone (Hill et al.,
2010). POMC neurons can also respond to dietary nutrients; they are
glucose responsive (Ibrahim et al., 2003) and can respond to leucine via
stimulation of themTOR pathway (Blouet et al., 2009; Cota et al., 2006).
As described above, much attention has been focused on POMC
neuronal activation and on the regulation of POMC gene expression.
However as outlined in the following sections, the posttranslational
processing of POMC is critical for the generation of biologically active
peptides and there is evidence that thismaybe regulatedwith respect to
energy balance.

4. POMC processing

The POMC precursor protein is synthesized in the endoplasmic
reticulumandmoves to theGolgi complexwhere it is sorted for delivery
to secretory granules. The POMC precursor contains an N-terminal
sequence that acts as a sorting signal to secretory granules in the
regulated secretory pathway. Membrane carboxypeptidase E (CPE) has
been shown to bind this N-terminal POMC sequence and to serve as a
sorting receptor (Cool et al., 1997). During this trafficking process POMC
is proteolytically cleaved into a number of biologically active peptides
(Fig. 1). The differential expression of prohormone convertases (PCs) in
various tissues leads to tissue specific posttranslational processing of
POMC (Castro and Morrison, 1997; Smith and Funder, 1988).
Functionally active peptides are produced by endoproteolytic cleavage
at adjacent pairs of basic amino acids by the prohormone convertases,
PC1/3 andPC2 (Benjannet et al., 1991). In the anterior pituitary, POMC is
processed predominantly to ACTH, ß-lipotropin (LPH) and a 16 kDa
N-terminal fragment. ACTH is critical for the maintenance of adreno-
cortical function. In the hypothalamus and in the intermediate lobe of
the pituitary (which is prominent in the rodent), POMC is more
extensively processed: ACTH is further processed to produce α-MSH
and corticotropin-like-intermediate lobe peptide (CLIP); ß-LPH is
processed to γ-LPH and ß-EP; N-terminal POMC is processed to
γ3-MSH (Emeson and Eipper, 1986; Pritchard and White, 2007). In
the human, γ-LPH can be further processed to ß-MSH (Biebermann
et al., 2006). A scheme of POMC processing in the hypothalamus is
depicted in Fig. 1. POMC is initially cleaved by PC1/3 to yield pro-ACTH
and ß-LPH. Pro-ACTH is then cleaved by PC1/3 to ACTH and N-terminal
POMC. Further processing by PC2 yields ACTH1–17 and CLIP as well as
γ-LPH and ß-EP1–31. Another processing enzyme, carboxypeptidase E
(CPE), removes the C-terminal basic amino acid residues fromACTH1–17

to form ACTH1–13 which is then amidated by the enzyme peptidyl
α-amidating monooxygenase (PAM) to generate desacetyl α-MSH.
Desacetyl α-MSH can then be acetylated by an N-acetyltransferase to
form α-MSH. Desacetyl α-MSH is, however, the predominant form of
α-MSH in rodent hypothalamic extracts, in contrast to the intermediate
lobe of the pituitary where N-acetyl α-MSH is the predominant form
(Wilkinson, 2006). Recently a new processing enzyme, prolylcarbox-
ypeptidase (PRCP) has been identified that is responsible for inactiva-
tion of α-MSH by removal of the C-terminal valine (Wallingford et al.,
2009). Processing of ß-LPH by PC2 yields γ-LPH and ß-EP1–31, one of the
endogenous opioid peptides. ß-EP can also be acetylated resulting in
loss of opioid activity. As with α-MSH, acetylation of ß-EP occurs to a



Fig. 2. Parallel regulation of POMC gene transcription and peptide processing. Diagram
showing the interaction of the leptin and insulin signaling pathways in both the
transcriptional regulation of Pomc and in the regulation of POMC procesing and the
enzymes responsible for POMC procesing. Leptin (via STAT3) stimulates Pomc gene
transcription but also stimulates the genes Psck1 and Psck2 for the procesing enzymes,
PC1/3 and PC2. The transcription factor, Nhlh2, also stimulates Psck1 and Psck2. FoxO1,
part of the insulin signaling pathway, inhibits Pomc gene transcription and also inhibits
the processing enzyme, CPE which is responsible for the generation of α-MSH from
ACTH1–17 and for the C-terminal cleavage of ß-EP1–31 to ß-EP1–27/1–26. CPE also serves as
a sorting receptor that sorts POMC to the regulated secretory pathway. PRCP is an
enzyme responsible for the degradation of α-MSH. EP = Endorphin; PC1/3 and PC2 =
Prohormone convertases 1/3 and 2; CPE = Carboxypeptidase E; PRCP = Prolylcarbox-
ypeptidase; Nhlh2 = nescient helix-loop-helix2.
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large extent in the intermediate lobe of the pituitary but not in the
hypothalamus. Although there is little acetylation of ß-EP in the
hypothalamus, ß-EP1–31 can be cleaved by PC2 and CPE to ß-EP1–27
and 1–26 which have markedly reduced opioid activity (Nicolas and Li,
1985).

POMC is processed to a number of peptides that can affect feeding
behavior and energy balance. Intracerebroventricular (icv) injection of
α-MSH and other syntheticMSH agonists have been shown to suppress
food intake in the rodent and in the monkey (Koegler et al., 2001;
McMinn et al., 2000). Furthermore, injection of synthetic α-MSH
antagonists, increases food intake, indicating a role for endogenous
α-MSH in appetite control. In addition to suppressing food intake,
α-MSH can affect energy expenditure, oxygen consumption and fuel
oxidation, all of which contribute to overall changes in energy balance.
Thus α-MSH has a clear role in regulating energy balance but there is
also evidence that other POMC-derivedMSHpeptides, includingß-MSH
and perhaps γ-MSH, may play a role in this process. In addition, the
POMC-derived opioid peptide, ß-EP, can affect energy balance.
Regulation of POMC processing is particularly important because a
number of peptides are produced with very different (and even
opposing) biological activities. For example, α-MSH can attenuate the
effects of ß-EPongonadotropin andprolactin release (Shalts et al., 1992;
Wardlaw and Ferin, 1990;Wardlaw et al., 1986) and can also attenuate
ß-EP and morphine-induced analgesia (Contreras and Takemori, 1984;
Sandman and Kastin, 1981). With respect to feeding, α-MSH is
inhibitory while ß-EP and other opioids have well documented
stimulatory effects (Bodnar, 2004). The role of opioids with respect to
energy balance is, however, complex as demonstrated by recent studies
in ß-EP null mice (Appleyard et al., 2003; Low et al., 2003). Opioid
receptors, like melanocortin receptors, are G-protein coupled but they
are coupled to inhibitory rather than stimulatory G proteins. Several
studies have reported interactions between the melanocortin and
opioid pathways with respect to feeding and weight gain (Grossman
et al., 2003; Olszewski et al., 2001).

5. AgRP processing

AgRP also undergoes posttranslational processing but in contrast
to POMC this is not essential to generate biologically activity peptides
as the precursor itself possesses considerable biological activity. AgRP
is processed to a C-terminal biologically active fragment, AgRP83–132
(Breen et al., 2005; Li et al., 2000; Rossi et al., 1998; Xiao et al., 2010).
The majority of the AgRP immunoactivity detected in the hypothal-
amus appears to be AgRP83–132 with only a small portion of full length
AgRP. Creemers et al. have shown PC1/3 is expressed in AgRP neurons
and is responsible for the generation of AgRP83–132 (Creemers et al.,
2006). Both RNA interference and overexpression studies demon-
strate that PC1/3 is primarily responsible for cleavage of AgRP in vitro.
In addition, hypothalamic extracts from PC1/3 null mice contained
3-fold more unprocessed full-length AgRP compared to wild-type
mice, demonstrating that PC1/3 plays a role in AgRP cleavage in vivo
(Creemers et al., 2006). AgRP83–132 has been shown to be a more
potent MC-4R antagonist than full-length AgRP (Creemers et al.,
2006). Thus the C-terminal processing of full-length AgRP may serve
to increase the biological activity of AgRP. However in contrast to
POMC, unprocessed AgRP is biologically active and functions as a
potent MC4 receptor antagonist.

6. POMC processing and energy balance

6.1. Overview POMC processing and obesity

Abnormal POMC processing is associated with obesity in human
and in animal models. Mutations in a highly conserved N-terminal
region of POMC that impair POMC sorting to the regulated secretory
pathway have been reported in 2 subjects with severe, early-onset
obesity (Creemers et al., 2008). Heterozygous mutations that disrupt
the dibasic cleavage site between ß-MSH and ß-EP are also associated
with obesity (Challis et al., 2002). In addition, two patients with PC1/3
deficiency and obesity have been identified (Jackson et al., 2003;
Jackson et al., 1997). Obesity has also been reported in Pcsk1 mutant
mice (Lloyd et al., 2006) and in mice with deletion of the transcription
factor, Nhlh2, that regulates PC1/3 and PC2 expression (Jing et al.,
2004). CPE deficient mice are also obese (Naggert et al., 1995).
Furthermore, deletion of an enzyme, prolylcarboxypeptidase (PRCP),
that degrades α-MSH, promotes a lean phenotype (Wallingford et al.,
2009). There is also evidence to suggest that POMC processing is
regulated with respect to energy balance (Perello et al., 2007;
Pritchard et al., 2003; Sanchez et al., 2004). The ratio of the POMC
precursor to the processed peptides was increased during fasting in
the rat consistent with less POMC processing (Pritchard et al., 2003).
Parallel changes in PC1/3 and PC2 have also been reported during
fasting, some of which are reversed by leptin (Perello et al., 2007;
Sanchez et al., 2004). Short-term treatment with leptin was reported
to increase the proportion of acetylated α-MSH in the hypothalamus
of ob/ob mice but studies from different laboratories did not find
significant acetylation of α-MSH in the hypothalamus or the
regulation of α-MSH acetylation by leptin (Guo et al., 2004; Perello
et al., 2007) (Wilkinson, 2006). A more detailed discussion of PC1/3,
CPE, PRCP and POMC processing as related to changes in energy
balance and to leptin and insulin action is provided below and is
depicted schematically in Fig. 2.

6.2. PC1/3 and energy balance

PC1/3 deficiency is associated with obesity in humans and in
rodents. Two patients with PC1/3 deficiency have been described
(Jackson et al., 2003; Jackson et al., 1997). Both were compound
heterozygotes for PC1/3 loss of function mutations and had severe

image of Fig.�2


217S.L. Wardlaw / European Journal of Pharmacology 660 (2011) 213–219
early-onset obesity. The first patient also had hypogonadotropic
hypogonadism, postprandial hypoglycemia, and low cortisol and was
shown to have impaired POMC and proinsulin processing. The second
patient also had small intestinal absorption dysfunction and abnormal
gut hormone processing. It is likely that the obesity in these subjects is
related to the impairment of POMC processing however, the
processing of a number of other hormones is also abnormal and
could potentially contribute to the obesity phenotype. Similarly, mice
with a novel Pcsk1 mutation (N222D) are obese and hyperphagic
(Lloyd et al., 2006). However Pcsk1 knockout mice do not develop
obesity (Zhu et al., 2002). The null mice are runted with associated
defective pro-GHRH processing. In contrast mice with the N222D
mutation have reduced but not absent PC1/3 activity and grow
normally. Thesemice have normal pro-GHRH processing but defective
POMC and proinsulin processing, similar to the human phenotype.
Defective POMC processing leads to reduced levels of α-MSH in the
hypothalamus of the Pcsk1(N222D) mutant mice. PC2 null mice are
not obese and no humans have yet been identified with PC2
mutations. PC2 null mice do have low levels of α-MSH in the
hypothalamus but they also have reduced growth rate and hypogly-
cemia (Furuta et al., 1997).

The neuronal transcription factor, nescient helix-loop-helix2
(Nhlh2), regulates the transcription of PC1/3 and PC2 and has also
been implicated in obesity (Fox et al., 2007). Nhlh2 is expressed
throughout the hypothalamus and specifically in POMC neurons.
Deletion of Nhlh2 reduces the expression of PC1 and PC2mRNA in the
hypothalamus and results in adult onset obesity (Jing et al., 2004). The
null mice have normal POMC mRNA levels in the arcuate but have
reduced levels of α-MSH with relatively more ACTH and pro-ACTH.
Nhlh2 expression in the hypothalamus of wild-type mice is reduced
during fasting and increased in response to leptin and food intake.
Notably, the reduction in Nhlh2 expression during fasting coincides
with the reduction in POMC-derived peptide levels in the arcuate
nucleus (Jing et al., 2004). Fasting and leptin have also been shown to
affect PC1/3 and PC2 expression. In the rat, fasting causes a decrease in
PC1/3 and PC2 mRNA and protein expression in the PVN; leptin
administration partially reversed the decrease in PC1/3 (Sanchez
et al., 2004). In another study, POMC mRNA, POMC-derived peptide
levels and PC1/3 all decreased in the arcuate nucleus after fasting and
administration of leptin reversed these effects (Perello et al., 2007).
Leptin has also been shown to increase PC1/3 and PC2 mRNA and
protein expression in hypothalamic neuronal cells in culture (Sanchez
et al., 2004). Furthermore, leptin increased PC1/3 and PC2 promoter
activities (via STAT3) in transfected 293 T cells (Sanchez et al., 2004).
6.3. Carboxypeptidase E (CPE) and energy balance

CPE is a metallocarboxypeptidase with neuroendocrine distribu-
tion. It cleaves C-terminal amino acid residues (usually Lys, Arg) after
initial cleavage by PC1/3 and PC2. It is responsible for the C-terminal
trimming of these basic residues on many peptides including the
POMC-derived peptides. CPE also functions as a regulated secretory
pathway sorting receptor which binds secretory proteins, including
POMC, for sorting to the regulated secretory pathway. (Cool et al.,
1997). Mice with mutant Cpe, Cpefat are obese, diabetic (with
hyperproinsulinemia) and infertile. A heterozygous CPE variant with
altered enzyme activity has also been reported in the human and is
associated with early-onset type 2 diabetes (Chen et al., 2001). Cpefat

mice have low levels of α-MSH in the hypothalamus and also have
decreased C-terminal processing of ß-EP1–31 to ß-EP1–27 and ß-EP1–26
(Berman et al., 2001). There is also evidence that POMC ismissorted to
the constitutive secretory pathway in Cpefat mice (Cool et al., 1997).
Cpefat mice also have decreased levels of PC1/3 protein levels due to
accumulation of immature PC1/3 rather than reduction of PC1/3
mRNA (Berman et al., 2001).
A recent study has shown that CPEmay link FoxO1 (a transcription
factor that mediates effects of insulin) in POMC neurons with
regulation of food intake (Plum et al., 2009). Mice with FoxO1 ablation
in POMC neurons have a lean phenotype with decreased food intake
and increased CPE expression in the arcuate. Analysis of POMC
peptides in these mice revealed an anorexigenic profile with a
selective increase of α-MSH and HPLC analysis demonstrated
relatively more ß-EP1–27 and ß-EP1–26 compared to ß-EP1–31; this is
opposite to the pattern seen in CPE-deficientmice. Since ß-EP1–31 (like
other opioids) has stimulatory effects on food intake, C-terminal
cleavage to peptides with markedly reduced opioid activity, could
serve to enhance α-MSH activity. Regulated CPE-dependent cleavage
of α-MSH and ß-EP could thus contribute to the phenotype of Pomc-
FoxO1−/− mice. However CPE-dependent sorting of POMC to the
regulated secretory pathwaymay also play a role in this process. FoxO1
has been shown to directly interact with and regulate Cpe (Plum et al.,
2009). Chromatin immunoprecipitation assay of the Cpe promoter in
Neuro2A cells demonstrated occupancy of the Cpe promoter by FoxO1.
Moreover constitutively nuclear FoxO1 suppressed reporter gene
activity driven by a Cpe promoter. This study clearly links the insulin
signaling pathway to CPE dependent POMC processing. This is
analogous to the link among leptin, STAT3 and PC1/3 dependent
POMC processing. Thus in addition to regulating POMC gene
expression both leptin and insulin signaling pathways can affect
POMC peptide processing.

6.4. Prolylcarboxypeptidase (PRCP) and α-MSH degradation

A number of studies have focused on the enzymes involved with
the production of α-MSH but little is known about how α-MSH is
degraded. Recently Wallingford and colleagues have identified an
enzyme, prolylcarboxypeptidase (PRCP), that inactivates α-MSH by
removing the C-terminal valine residue (Wallingford et al., 2009). The
resulting truncated peptide,α-MSH 1–12, was shown to be ineffective
in reducing food intake when injected icv compared to α-MSH 1–13.
Prcp null mice had a lean phenotype and had elevated levels ofα-MSH
in the hypothalamus. Small molecule inhibitors of PRCP activity also
decreased food intake. PRCP is widely distributed both within the
brain and in many peripheral tissues. In the hypothalamus PRCP is
highly expressed in the lateral hypothalamus and dorsomedial
nucleus and to a lesser extent in the arcuate. Thus the release of
PRCP from other neuronal populations that send efferents to areas
where α-MSH is released from axon terminals could serve to
modulate the strength of the α-MSH signal at the MC4 receptor.
PRCP is thus a potential new drug target that could be used to enhance
α-MSH signaling in the hypothalamus. However given its widespread
distribution, there are likely many other peptides substrates that
would also be affected. At present it is unknown if human PRCP
mutations are associated with body weight or adiposity.

7. Conclusion

POMC plays a critical role in regulating energy balance but must be
properly sorted to the secretory pathway and processed to its
biologically active peptide products in order to exert its effects on
food intake, body weight and adiposity. There is considerable
evidence that abnormalities in the POMC processing pathway can
lead to obesity. Mutations that impair POMC sorting or the processing
of MSH peptides are associated with obesity as aremutations in POMC
processing enzymes themselves. Obesity is seen with PC1/3 muta-
tions, with deletion of the transcription factor, Nhlh2, that regulates
PC1/3 and with CPE deficiency. There is also evidence that POMC
processing is regulated with respect to energy balance. Changes in the
ratio of the POMC precursor to the processed peptides and in POMC
processing enzyme levels have been reported in the hypothalamus
during fasting, re-feeding and with leptin treatment. Leptin has been
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shown to increase PC1/3 and PC2 expression in hypothalamic
neuronal cells and to increase Pcsk1 and Pcsk2 promoter activities. A
recent study has shown that CPE may link the insulin signaling
pathway in POMC neurons with regulation of food intake. FoxO1, a
transcription factor that mediates effects of insulin, has been shown to
directly interact with and regulate Cpe and when deleted from POMC
neurons appears to alter CPE dependent POMC processing. Thus in
addition to regulating POMC gene expression, both leptin and insulin
signaling pathways can affect POMC processing. Until now, little has
been known about the process of MSH peptide degradation. However,
a recent discovery has shown that the enzyme, PRCP, is responsible for
α-MSH degradation and that deletion of PRCP promotes a lean
phenotype. A summary showing the parallel regulation of POMC gene
expression and peptide processing is shown in Fig. 2. There is thus
considerable evidence that abnormalities in the POMC processing
pathway can lead to obesity and that the POMC processing is
regulated with respect to energy balance at multiple steps. A more
detailed understanding of the control of this pathway will hopefully
lead to effective new therapies for human obesity.
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