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Abstract

Proopiomelanocortin (POMC) is the polypeptide precursor of ACTH. First discovered in anterior pitu-
itary corticotroph cells, it has more recently been revealed to have many other physiological aspects.
The fine molecular mechanisms of ACTH biosynthesis show that ACTH is but one piece of a puzzle
which contains many other peptides. Present in various tissues, among which are pituitary, hypo-
thalamus, central nervous system and skin, POMC undergoes extensive post-translational processing.
This processing is tissue-specific and generates, depending on the case, various sets of peptides
involved in completely diverse biological functions. POMC expressed in corticotroph cells of the pitu-
itary is necessary for adrenal function. Recent developments have shown that POMC-expressing neur-
ons in the brain play a major role in the control of pain and energy homeostasis. Local production of
POMC-derived peptides in skin may influence melanogenesis. A still unknown function in the
placenta is likely.
POMC has become a paradigmatic polypeptide precursor model illustrating the variable roles of a
single gene and its various products in different localities.
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Discovering proopiomelanocortin
(POMC)

The era of precursors of polypeptide hormones really
started in the late 1960s with the discovery and
characterisation of two prototypes: proinsulin, the
precursor to insulin, by Steiner in Chicago (1), and
the lipotrophins (b- and gLPH), the precursors to
b-melanocyte-stimulating hormone (bMSH) by Li
and Chrétien in San Francisco (2). Clues that a
precursor to adrenocorticotrophin (ACTH) might
also exist came from the work of Yalow & Berson
(3) who found a high molecular weight (HMW)
immunoreactive (IR) ACTH material in the extracts
of a human thymic tumour responsible for a case
of ectopic ACTH syndrome. This biologically inactive
molecule released bioactive ACTH under mild diges-
tion by trypsin. From these premisses the search for
an ACTH precursor was launched.

The major progress came from fine biosynthetic
studies using labelled amino acids incorporated into
newly translated proteins combined with pulse-chase
strategies. This approach was feasible in a cell line
which had a high rate of ACTH synthesis. The AtT-20

cell line, which is derived from an irradiation-induced
mouse pituitary tumour and selectively produces and
secretes large amounts of ACTH, proved to be an
invaluable tool. The latter technique indeed established
that the small peptides that were identified (the end-
products of the precursor processing, i.e. ACTH) were
not mere degradation products generated during the
extraction procedure, since they were not obtained
after the cells had been submitted to only short pulses
of labelling. These studies therefore showed that the
HMW ACTH precursor ultimately generated a material
that was physically and immunologically indistinguish-
able from ACTH (4). Later, the same biochemical
studies showed that labelled amino acids incorporated
into the HMW ACTH precursor were immunoprecipi-
tated by anti-ACTH but also by anti-bLPH and anti-
bendorphin (bend) antibodies (5). Thus the precursor
to ACTH also seemed to contain LPH sequences as
well, an explanation for the previous observations
reporting strictly parallel variations of ACTH and
LPH plasma concentrations in a variety of pathological
conditions (6).

The final step was carried out by Numa’s group:
the cDNA of the mRNA coding for the precursor
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to ACTH was obtained and cloned (7). The sequence
revealed – for the first time – the structure of the
ACTH precursor: ACTH itself was right in the middle,
flanked by new sequences on its N-terminal end and
by LPH on its C-terminal end. Thus the puzzle was ulti-
mately assembled, and established the molecular links
between ACTH, the LPHs, bend and putative new
peptides.

POMC expression and maturation in
human beings

The POMC gene (Fig. 1)

There is a single POMC gene per haploid genome
in man. It is located on chromosome 2p23. It com-
prises 7665 bp and consists of three exons and two
introns.

Exon 1 (87 bp) only contains untranslated
sequences. Exon 2 (152 bp) codes for the signal peptide
and the first amino acids of the N-terminal peptide

(NT). Exon 3 (833 bp) codes for most of the translated
mRNA, i.e. the C-terminal part of the NT, joining
peptide (JP), ACTH, and bLPH (8, 9). Comparisons
between species show a strong homology between the
DNA sequences coding for the NT, ACTH, bMSH and
bend, whereas the sequences coding for the JP and
gLPH have poor homologies (10).

The NT includes two intramolecular disulphide
bridges, stabilising a loop structure composed of amphi-
pathic amino acids. This conformational motif appears
like a molecular sorting signal for POMC towards the
regulated secretory pathway (11).

POMC gene expression in different tissues
(Fig. 2)

POMC gene expression in the pituitary In normal
human pituitary, the POMC gene is only expressed in
corticotroph cells. Most mammals also possess an inter-
mediate lobe with POMC-expressing melanotroph cells
but this lobe is vestigial in adult man.

Figure 1 POMC gene structure and expression.
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In corticotroph cells, a mature POMC mRNA of 1072
nucleotides (nt) is generated, after the splicing of the
primary transcript and a poly A þ tail of ,200 nt is
added. The 801 nt of the coding region are translated
into a prePOMC molecule starting with a 26 amino
acid signal peptide necessary for the translocation of
the nascent protein through the membrane of the
rough endoplasmic reticulum (RER). The peptide
signal is rapidly cleaved. The protein is then engaged
into the secretory pathway: at that time, the 241
amino acid POMC molecule is made of the peptides
NT, JP, ACTH and bLPH, and is ready for maturation
(or processing).

POMC gene expression in non-pituitary tissues
POMC mRNA has been reported by different groups in
many normal non-pituitary tissues, in animals and man.

In most of these tissues, POMC gene expression is
quantitatively and qualitatively different from that in
the pituitary: the tissue concentration of POMC
mRNA is extremely low, and the generated mRNAs
are essentially short, truncated, transcripts of
,800 nt. These transcripts result from heterogeneous
transcription initiation at the 50 end of exon 3 (12 –
15). They are non-functional and cannot be efficiently
translated into POMC.

In the brain, however, a well-defined population of
neurons – in the arcuate nucleus – do express a
POMC mRNA that is identical to that in the pituitary
(16 –18). In these neurons POMC is produced and
serves as the precursor to cerebral bend, aMSH
and other peptides which have biological functions
in the brain. Recently the MSH system has gained
attention as its role in energy homeostasis emerged
(see below).

The placenta is another physiological site of
POMC-derived peptide production. The short 800 nt

transcript is found by Northern blot as well as the
1072 nt pituitary mRNA and sometimes a larger
1450 nt transcript. POMC mRNAs are produced at
a low rate but the placental mass explains why this
expression can influence plasma concentration of
POMC-derived peptides during pregnancy (see
further) (19, 20).

More recently, POMC gene expression and the pro-
duction of melanocyte-stimulating peptides have been
demonstrated in keratinocytes, melanocytes and
dermal microvascular endothelial cells, raising the
possibility of an auto/paracrine role influencing skin
pigmentation. The baseline expression of the 1072 nt
transcript is upregulated by ultraviolet radiation
(21 –23).

POMC processing (Fig. 3)

Once POMC has reached the lumen of the RER, it fol-
lows the intracellular traffic of secreted protein through
the Golgi apparatus and ultimately the secretory gran-
ules where the end-products of the processing are
stored before being secreted by exocytosis. During this
traffic the POMC molecule undergoes a series of proteo-
lytic cleavages and chemical transformations, which
altogether result in the maturation or processing of
the precursor, yielding the various biologically active
POMC-derived peptides.

POMC is a prototype polypeptide precursor which
contains eight pairs, and one quadruplet, of basic
amino acids, which are potential cleavage sites for
processing enzymes (Fig. 1). In a given tissue the
nature of the POMC end-products indicates which
sites are cleaved in this particular tissue. Thus, in
the corticotroph cells of the anterior pituitary, only
four of these cleavage sites are used, which are all
of the Lys-Arg type. Indeed, the following six peptides
are generated: NT, JP, ACTH, bLPH, and a small

Figure 2 POMC gene expression in normal and tumoral tissues.
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amount of gLPH and bend, since the last cleavage
site is only partially used (24 –26). In the melano-
troph cells of the intermediate lobe of the pituitary
in rodents, and in hypothalamus and placenta in
man, an alternate mode of POMC processing takes
place. All the cleavage sites are used and smaller
peptides are produced: the NT gives rise to the
gMSHs, ACTH to aMSH and CLIP (corticotrophin-
like intermediate lobe peptide or ACTH(18 – 39)), and
bLPH to bMSH, bend(1 – 31) and bend(1 – 27) (25,
27–29).

The enzymes which specifically participate in the
proteolysis of polypeptide hormone precursors have
long been sought. They have been identified as a
superfamily of homologous subtilisin-like enzymes,
called prohormone convertases (PCs). The first two
of them, PC1 (also called PC3) and PC2, were discov-
ered almost simultaneously by the groups of Chrétien
and Seidah in Montreal (30) and of Steiner in Chi-
cago (31). Their isolation has allowed us to examine
both their tissue distribution and their action on
specific substrates. Elegant studies have unravelled
the mechanisms which lead to alternate POMC pro-
cessing in corticotroph and melanotroph cells of the
pituitary (32 –34): in the first cell type, PC1 only is
present and its proteolytic action is limited, thus the
overall processing only uses four sites and ACTH is
a major end-product; in the second cell type, both
PC1 and PC2 are present, and their coordinate or
synergistic actions lead to a more pronounced pro-
teolysis generating the smaller fragments already
described (Fig. 3) (34, 35).

Chemical modifications such as glycoslysation, ami-
dation, phosphorylation, acetylation and sulphation
also take place, some of them are cell-specific and
alter the biological activity of the peptide (such as

acetylation of bend and aMSH). They contribute to
the overall diversity of POMC products.

Biological effects of POMC-derived
peptides (Fig. 4)

Three different POMC systems are schematically
depicted in Fig. 5.

POMC products in blood

Because the peptides produced by corticotroph cells are
derived from the same precursor molecule, they are
secreted in equimolecular amounts during the process
of exocytosis (24, 36, 37). However, the circulating
levels of the peptides are not identical because of their
different half-lives. With the exception of pregnancy
(see below), all POMC-derived peptides physiologically
present in blood originate from the anterior pituitary.
In those cells, POMC gene expression is stimulated by
corticotrophin-releasing hormone (CRH) and vasopres-
sin, whereas it is suppressed by glucocorticoids. The
PC1 (38–40) is regulated in parallel.

ACTH and adrenal function Full length ACTH
(ACTH(1 – 39)) is the only POMC-derived peptide with a
clear action on adrenocortical function (41). ACTH is
the only known ligand of the melanocortin type 2
receptor (MC2-R) located on adrenal membranes
(42). Binding of ACTH induces cAMP production, ster-
oidogenesis resulting in secretion of glucocorticoids,
androgenic steroids and, to a lesser extent,
mineralocorticoids.

The acute effect of ACTH is to increase conversion
of cholesterol into D5 pregnenolone, the initial step

Figure 3 POMC processing by PC1 and PC2.
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in cortisol biosynthesis. The chronic effects of ACTH
include increased synthesis of most of the enzymes of
the steroidogenic pathway.

When ACTH levels are low, such as during gluco-
corticoid therapy, the level of all CYP enzymes and
of protein and RNA synthesis decline. The adrenal
glands become small and atrophic. These changes
are slowly reversed by ACTH administration. Thus,
ACTH is essential for normal steroidogenesis and is
required but not sufficient to maintain normal adre-
nal weight. It is likely that other factors participate
in maintaining normal adrenal size and allowing

adrenal growth, for example after unilateral adrena-
lectomy (43, 44).

NTs and adrenal proliferation The mitogenic effect
of the N-terminal sequences of the POMC molecule
(N POMC) has been proposed for a long time by
Lowry and colleagues (45, 46). This assumption is
supported by in vitro studies (mitogenic effect of N
POMC(1 – 28) on adrenal cells in culture), as well as in
vivo argumentation: infusion of N POMC(1 – 28) partly
prevents adrenocortical atrophy in hypophysectomised
rats (45, 46).

Figure 5 POMC processing and regulation in hypothalamus, pituitary and skin.

Figure 4 Physiological roles of POMC-derived peptides.
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The adrenocortical growth induced by NT needs
proteolysis: it is inhibited by the protease inhibitor tra-
sylol. Lowry’s group recently reported the cloning of a
serine protease named Asp (47), specifically expressed
in the adrenal cortex, located on cell membranes and
upregulated during adrenal growth. This enzyme
could cleave the biologically inactive progMSH, a
circulating peptide derived from the N POMC, into
a shorter peptide, N POMC(1 – 52), possessing mitogenic
properties (47).

ACTH, LPH, MSH and melanocyte stimulation
ACTH, bLPH and gLPH, produced in corticotroph
cells of human pituitary, all contain a common
sequence (Met-Glu-His-Phe-Arg-Trp-Gly). This hepta-
peptide is responsible for the melanostimulating effect
of these peptides through the activation of MC1-R
(42). Other melanostimulating peptides, aMSH and
bMSH, are not produced in human pituitary. However,
they may be produced by some ACTH-secreting
tumours responsible for the ectopic ACTH syndrome.

In patients with Addison’s disease or Nelson’s syn-
drome, overproduction of ACTH, bLPH and gLPH
contribute to skin pigmentation. Activation of MC1-R
in melanocytes favours eumelanin synthesis and
dispersion, resulting in a brown coloration of skin. In
the absence of MC1-R activation, the red pigment,
pheomelanin is produced, as observed in MC1-R-
deficient subjects (48). In man, the contribution of
POMC-derived peptides to physiological pigmentation
was demonstrated by the phenotype of POMC-deficient
children, who are red-haired. Furthermore, a local
production of ACTH and aMSH has been shown in
melanocytes, keratinocytes and human dermal micro-
vascular endothelial cells. Production and release of
these peptides is upregulated by cytokines and ultra-
violet irradiation, in parallel with PC1 and PC2
expression. Thus, in addition to the endocrine effects
of the pituitary peptides, an auto/paracrine role of
POMC fragments is likely, influencing skin pigmenta-
tion and local immune responses (21 –23).

aMSH and immune modulation aMSH may influ-
ence inflammatory processes by impairing important
functions of both antigen-presenting cells and T cells.
Several anti-inflammatory effects have been described
for aMSH, such as suppression of fever induced by
interleukin (IL)-1 or IL-6, induction of the anti-inflam-
matory mediator IL-10, and inhibition of macrophage
function and leukocyte migration (49). The physiologi-
cal importance of these actions remains to be
determined.

POMC products in the central nervous system

Melanocortins Energy stores are maintained relatively
constant in mammals, in spite of large variation in
food availability and physical activity. This tight

regulation is achieved by an endocrine feedback loop
initiated by leptin. Leptin signal triggers a neuroendo-
crine response involving neuropeptides that modulate
appetite and energy expenditure. Among them, the
central melanocortin system is an important mediator
of leptin control on energy homeostasis (50).

POMC expression in the hypothalamic arcuate
nucleus is induced by leptin. The precursor is processed
by PC1 and PC2 into aMSH, the main agonist of MC3-R
and MC4-R (50). Genetic or pharmacological disrup-
tion of this loop causes obesity in both human and
rodents. POMC-deficient mice and humans are hyper-
phagic and obese. Conversely, intraventricular infusion
of aMSH or synthetic agonists causes anorexia and
weight loss (51, 52).

Both melanocortin receptors mediate the effect of the
melanocortin system on energy stores. Many studies
have established the importance of MC4-R in the con-
trol of energy homeostasis. Mutations of MC4-R has
been demonstrated in up to 5% of severely obese chil-
dren (53 –55). Mutation carriers had increased fat
and lean mass, increased linear growth, hyperphagia
and severe hyperinsulinaemia, most pronounced in
children younger than 10 years of age. Homozygotes
were more severely affected than heterozygotes. The
phenotype was less severe in subjects with mutations
retaining residual signalling capacity (55). MC4-R-
deficient mice are severely obese and hyperphagic
(56). Overexpression of agouti-related transcript, a
naturally occurring melanocortin receptor antagonist
acting mostly on MC4-R, results in hyperphagia and
maturity-onset obesity (57, 58). The role of MC3-R is
less clear. Homozygous MC3-R-null mice (59, 60)
were not (or only slightly) overweight, but fat mass of
MC3-R2/2 mice is approximately twice that of wild
type or heterozygous, whereas lean body mass is
reduced. MC3-R2/2 mice did not exhibit increased
food intake. Basic metabolic rate is normal. Increased
feeding efficiency, not hyperphagia, contributes to fat
mass gain in MC3-R2/2 mice. Thus the two receptors
display complementary roles in weight control: while
MC4-R mainly influences food intake MC3-R regulates
fat stores by an exclusively metabolic pathway (59, 60).

The melanocortin system also mediates other hormo-
nal effects of leptin. During fasting, a marked reduction
in circulating thyroid hormone levels is observed. This
action is largely orchestrated by the fall in leptin circu-
lating levels. aMSH may have a role in leptin modu-
lation of the hypothalamo –pituitary–thyroid axis as
aMSH-producing neurons in the arcuate nucleus,
which are a target of leptin, send monosynaptic projec-
tions to thyrotrophin-releasing hormone (TRH) neur-
ons and because intraventricular infusion of aMSH
can completely restore fasting levels of proTRH mRNA
in the paraventricular nucleus to normal-fed levels
(61). However, alternative pathways must exist as
MC4-R knockout mice, as well as subjects with MC4-R
deficiency, have normal thyroid function (55, 56).
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The melanocortins also influence erectile function
and sexual behaviour. aMSH or a specific MC4-R agon-
ist increases erections and copulatory behaviour in
mice, whereas this function is diminished in mice
lacking MC4-R. MT II, a non-specific melanocortin
agonist, could evoke spontaneous erections in men.
MC4-R mRNA expression has been demonstrated in
rat and human penis, rat spinal cord, hypothalamus
and pelvic ganglion. The exact mechanism is unknown,
but modulation of sexual function may derive from
both peripheral and central actions (62). It is note-
worthy that male subjects with MC4-R deficiency did
not report decreased erectile function (55).

bend and analgesia bend is produced by neurons
located in the arcuate nucleus and brain stem. These
neurons project to most regions of the brain. bend
exerts a potent analgesic effect through opiate
receptors.

bend is also produced by the anterior pituitary lobe.
Plasma concentrations may be very high, in Addison’s
disease or Nelson’s syndrome for example. However,
the circulating peptide does not cross the blood –brain
barrier. These patients therefore have no particular
analgesia or abnormal reaction to naloxone.

POMC-derived peptides during
pregnancy

Normal gestation is associated with profound modifi-
cations of maternal corticotroph function. Plasma
cortisol almost doubles by mid-gestation and ACTH
also increases slightly, although it usually remains
within the normal range. The full-length, pituitary-
like POMC mRNA is present in human placenta

(19, 20). The pattern of POMC processing in the pla-
centa is particular to that site: in addition to ACTH
and LPHs, placental extracts contain small peptides
such as bend and aMSH, as well as POMC itself, and
this production is enhanced by CRH (28, 29, 63, 64).
The HMW precursor is present in plasma during
gestation. While POMC is not detected in non-pregnant
women, POMC levels become measurable in early ges-
tation, reaching 3–10 times the detection limit of the
assay during the second trimester, and remaining
rather constant thereafter (Fig. 6).

POMC plasma levels are higher in multiple pregnan-
cies, display no diurnal variation, are unaffected by
glucocorticoid administration, and return to normal
within 3 days after delivery, consistent with its placen-
tal origin (19, 65). Its physiological function remains
unknown. No correlation is observed with plasma
ACTH or cortisol. Conversely, a positive correlation is
observed with CRH. POMC is selectively concentrated
at the feto –maternal interface, which raises the
question of a potential role in materno–fetal
exchanges (65).

POMC and pathology

Neuroendocrine tumours

In Cushing’s syndrome, excessive or inappropriate
ACTH secretion can originate from tumours of pituitary
or non-pituitary origin, responsible for Cushing’s dis-
ease in the first case and for the ectopic ACTH syn-
drome in the second.

In the vast majority of pituitary corticotroph adeno-
mas, gene transcription shows no gross abnormality
and the POMC transcripts in pituitary tumours are
similar to those in the normal pituitary (66 –68).

Figure 6 Plasma POMC levels during pregnancy and early post-partum.
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In the same way, the products of POMC gene tran-
scription and of POMC processing are identical to those
in the normal human anterior pituitary. The NT, the
JP, authentic ACTH(1 – 39), bLPH and variable amounts
of gLPH and bend are the normal end-products of
POMC processing found both in tumour extracts and
in culture media (66). Yet the recruitment of proteolytic
sites which are not normally activated in the normal
pituitary does not occur.

In non-pituitary tumours, altered POMC gene
expression is frequent. Most ACTH-secreting tumours
contain various types of messengers: a mRNA of
about 1450 nt is always associated with the normal-
sized (pituitary-like) 1072 nt POMC mRNA, and with
the small 800 nt messengers. The absolute amount
and various molecular forms of POMC mRNA is differ-
ent among the tumours. In bronchial carcinoid
tumours associated with the ectopic ACTH syndrome,
the pituitary messenger is highly predominant and pre-
sent in high amounts. In endocrine tumours not associ-
ated with the ectopic ACTH syndrome, the short 800 nt
mRNA is predominant and the total amount of POMC
mRNA is low. The ectopic ACTH syndrome occurs
with tumours capable of generating high amounts of
the pituitary-like message (67 –71).

In the same way, the maturation process is often
altered in non-pituitary tumours, either because of
the lack of PCs, or because – on the contrary – local
PCs which operate in the tumour are appropriate for
the resident hormone precursor of the given tissue
but not for an ectopic precursor like POMC. Hence an
abnormal maturation pattern of POMC is a classic fea-
ture of the ectopic ACTH syndrome (Fig. 3). In many
cases intact POMC – or biosynthetic intermediates to
ACTH – may be predominantly secreted (72 –75); on
the contrary, abnormal fragments such as CLIP and
human bMSH(5 – 22) may be generated (76). Recent
studies have shown that PC2 was specifically present
in these tumours which contained CLIP and not in
those which contained predominantly ACTH (76).

In both cases these processing abnormalities dimin-
ish the tissue’s ability to secrete authentic ACTH –
the sole bioactive peptide in terms of steroidogenesis
– and somehow protect the patients from the conse-
quences of the tumour production; they also provide
the investigator with subtle molecular clues that an
ACTH-dependent Cushing’s syndrome may originate
from a non-pituitary source (Fig. 3).

Recent studies on large series demonstrated that
aggressive – and poorly differentiated – tumours, like
small-cell lung carcinomas, preferentially release
intact POMC (73, 75), most likely because of a general
defect in both PC1 and PC2 (77); in contrast carcinoids
– which have a high degree of neuroendocrine differen-
tiation – rather overprocess the precursor, releasing
ACTH and smaller peptides like CLIP (76, 78), most
likely because they are heavily loaded with various
PCs including PC2 (77, 79).

It is noteworthy that these carcinoids, which also
contain the pituitary-like 1072 nt POMC mRNA as the
highly predominant if not sole transcript of the POMC
gene, express the pituitary-specific V3 (V1b) vasopressin
receptor. That both V3 receptor and POMC genes may
be expressed in a pattern indistinguishable from that
in pituitary corticotroph adenomas, strengthens the
idea that a broad process of corticotroph differentiation
is achieved in these non-pituitary tumours (80, 81).

Yet, abnormal processing of POMC is not specific to
non-pituitary tumours and is found occasionally in
rare pituitary macroadenomas and in some exceptional
pituitary cancers. HMW IR-ACTH-like materials have
been identified by gel exclusion chromatography in
the plasma of such patients. In some cases a direct
POMC IRMA in blood shows that the unprocessed pre-
cursor is directly secreted by the pituitary tumour (73).

Thus defective POMC processing actually indicates
an impaired state of neuroendocrine differentiation in
aggressive tumours, independently of their pituitary
or non-pituitary origin. It is more often encountered
in non-pituitary tumours.

POMC-defective patients

Two young children were described by Krude et al. (51)
who had congenital corticotroph insufficiency, red hair
and massive obesity. In both cases mutated POMC
alleles were found.

The general phenotype of these children illustrates
the pleiomorphic role of POMC: the lack of ACTH
induces the corticotroph insufficiency since no other
ligand can stimulate the MC2-R at the adrenals; the
red hair is secondary to the lack of stimulation of
MC1-R at the melanocytes: as a consequence, pheome-
lanin (red pigment) is produced instead of eumelanin
(black pigment). The pigmentation in these patients
argues for a critical role of MC1-R signalling for
human pigmentation as already shown in animals;
obesity results from the lack of aMSH to act on MC3-R
and MC4-R at the brain level and confirms the
important role of melanocortin signalling in the regu-
lation of energy stores in man. The lack of symptoms
related to bend deficiency might be due to the redun-
dancy of ligands in the opioid receptor network
(enkephalins).

POMC-deficient mice (52) have a very similar pheno-
type to human POMC-deficient patients consisting of
obesity, defective adrenal development and altered pig-
mentation. Corticosterone is very low, as well as aldos-
terone and epinephrine. Strikingly, the mutants survive
and gain weight without any glucocorticoid sup-
plementation. Like MC5-R-null mice, POMC2/2 ani-
mals have a reduced ability to repel water from their
fur. When treated with a stable MSH agonist, mutant
mice lost more than 40% of their excess weight after
2 weeks.
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More subtle genetic variants in POMC sequence may
contribute to early-onset obesity. Two children were
found to be heterozygous for a missense mutation in
the POMC sequence which disrupts the dibasic cleavage
site between bMSH and bend (82). The abnormal
fragment (bMSH linked to bend) bound to the human
MC4-R with an affinity similar to its natural ligands,
but had a markedly reduced ability to activate the
receptor. This variant co-segregated with early-onset
obesity over three generations in one family and was
absent in 412 normal-weight Caucasian controls.
These results suggest that the mutation may confer
an inherited susceptibility to obesity through the pro-
duction of an aberrant maturation product that has
the capacity to interfere with central melanocortin
signalling.

Congenital defect in Tpit

The group of Drouin in Montreal recently characterised
a new transcription factor belonging to the family of
Tbox proteins (83).

This factor, Tpit, plays a central role in the tissue-
specific control of POMC gene expression. It is further
emphasised by the finding of Tpit mutations – which pre-
sumably induced loss of function – in two patients with
congenital isolated corticotrophic insufficiency (83).

POMC maturation defects

A patient with a congenital defect in PC1 was reported
by the group of O’Rahilly in Cambridge (84). This
woman first presented with post-prandial hypoglycae-
mic episodes; she later had primary amenorrhoea
after a normal puberty. But, most of all, she had
always presented with a massive obesity since child-
hood, somewhat attenuated in adulthood.

Biological studies showed that this patient had low
insulin plasma levels whereas proinsulin was high.
Similarly we showed that she had extremely high
early-morning POMC plasma levels (,7000 U/ml;
normal ,60) (84). These results suggested that a gen-
eral defect in prohormone processing was responsible.
Indeed sequence analysis of the PC1 gene showed
that the patient was a compound heterozygote, bearing
two mutated alleles, one inherited from the father and
one from the mother.

In this rather exceptional observation, increased
POMC plasma levels are generated by highly stimulated
corticotroph cells responding the negative feedback
loop between cortisol and ACTH.

Although not proven, it is speculated that the gen-
eral defect in PC1 induces a lack of aMSH generation
in the hypothalamus, therefore inducing obesity. Yet,
many other brain proneuropetides might be affected
by a PC1 defect and high proinsulin responsible for
repeated hypoglycaemic episodes could also participate
in abnormal weight gain.

PC1-deficient mice display a slightly different pheno-
type (85). These animals are normal at birth, but fail
to grow normally. Growth hormone (GH)-releasing hor-
mone (GHRH) processing is impaired resulting in low
pituitary GH and hepatic insulin-like growth factor-I
mRNA levels. Although GHRH processing was not
examined in the human subject with PC1 defects, circu-
lating GH levels were somewhat subnormal. This differ-
ence may be explained by a sequence difference between
human and mouse proGHRH in the N-terminal clea-
vage site making GHRH production more dependent
on PC1 activity in the mouse. Despite a severe defect
in pituitary POMC processing to mature ACTH, blood
corticosterone levels are essentially normal. The
absence of PC1 disturbs POMC processing, leading to
striking accumulations of unprocessed POMC, and to
significant upregulation of POMC mRNA. However,
blood corticosterone levels are nonetheless maintained
at normal levels. This is also paralleled in the human
subject, where circulating cortisol levels were normal
but accompanied by large compensatory increases in
circulating ACTH precursors (POMC or intermediates).
In contrast, POMC-null mice lack adrenal tissue and
have no detectable adrenal steroids. It is possible that
some larger ACTH-containing intermediates retain
some corticotrophic activity, or that small amounts of
ACTH, not detected by chromatographic studies, are,
however, generated in corticotroph cells by an alterna-
tive processing mechanism.

Interestingly, the heterozygote mice are moderately
overweight, but severe early-onset obesity as observed
in the human PC1/3-deficient subject was not evident
in null mice. This emphasises the influence of species
specificity in a such multifactorial phenotype.

Although PC2-null mice did not exhibit major altera-
tions in glucocorticoid levels, growth, weight control or
reproduction, they were chronically hypoglycaemic
with severe defects in proglucagon, prosomatostatin
(86) and proinsulin processing. They also have signifi-
cant deficits in opioid peptide levels in the central
nervous system (87).

PC2 requires interaction with the neuroendocrine
protein 7B2 to generate an enzymatically active form.
7B2-null mice express no PC2 activity and release
large quantities of uncleaved ACTH from the intermedi-
ate lobe, resulting in a lethal endocrine condition that
resembles Cushing’s syndrome (88) (Fig. 7). Both
7B2- and PC2-nulls contained highly elevated inter-
mediate lobe pituitary ACTH; however, ACTH and corti-
costerone oversecretion occurs only in 7B2-deficient
animals, indicating that 7B2 deficiency influences
ACTH release by other mechanism(s). This situation
cannot, however, constitute a model for human Cush-
ing’s disease as the intermediate lobe is vestigial in
man. Interestingly, adrenalectomised 7B2-nulls exhibit
a profound late-onset obesity (89). This phenotype may
be related to a lack of the PC2-generated peptide aMSH.
However, PC2-nulls, which also lack aMSH, do not
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exhibit significant obesity, suggesting that other factors
also must play a role in the development of this
condition.

Analysis of POMC gene expression mechanisms and
POMC processing can help us to understand some
pathological situations such as tumoural ACTH
secretion and very rare conditions associated with obes-
ity and/or adrenal insufficiency. Abnormal POMC
maturation provides the clinician with new tools for
the diagnosis and follow-up of patients with ACTH-
secreting tumours. Further progress in the knowledge
of POMC synthesis may offer in the future new thera-
peutic approaches in domains as different as tumoural
development, pregnancy and obesity.

References

1 Steiner DF, Clark JL, Nolan C, Rubenstein AH, Margoliash E,
Aten B et al. Proinsulin and the biosynthesis of insulin. Recent
Progress in Hormone Research 1969 25 207–282.

2 Li CH, Barnafi L, Chrétien M & Chung D. Isolation and structure
of beta LPH from sheep pituitary gland. Nature 1965 208
1093–1094.

3 Yalow RS & Berson SA. Size heterogeneity of immunoreactive
human ACTH in plasma and in extracts of pituitary glands and
ACTH-producing thymoma. Biochemical and Biophysical Research
Communications 1971 44 439–445.

4 Mains RE, Eipper BA & Ling N. Common precursor to
corticotropins and endorphins. PNAS 1977 74 3014–3018.

5 Bertagna X, Nicholson WE, Sorenson GD, Pettengill OS, Mount CD
& Orth DN. Corticotropin, lipotropin, and b-endorphin production
by a human nonpituitary tumor in tissue culture: evidence for a
common precursor. PNAS 1978 75 5160–5164.

6 Abe K, Nicholson WE, Liddle GW, Orth DN & Island DP. Normal
and abnormal regulation of b MSH in men. Journal of Clinical
Investigation 1969 45 1580–1585.

7 Nakanishi S, Anoue A, Kita T, Nakamura M, Chang ACY,
Cohen SN et al. Nucleotide sequence of cloned cDNA for bovine
corticotropin-b-lipotropin precursor. Nature 1979 278 423–427.

8 Chang AC, Cochet M & Cohen SN. Structural organization of
human genomic DNA encoding the pro-opiomelanocortin pep-
tide. PNAS 1980 77 4890– 4894.

9 Drouin J & Goodman HM. Most of the coding region of rat ACTH
beta-LPH precursor gene lacks intervening sequences. Nature
1980 11 610– 613.

10 Boileau G, Barbeau C, Jeannotte L, Chrétien M & Drouin J.
Complete structure of the porcine pro-opiomelanocortin mRNA
derived from the nucleotide sequence of cloned cDNA. Nucleic
Acids Research 1983 11 8063–8071.

11 Cool DR, Fenger M, Snell CR & Loh YP. Identification of the
sorting signal motif within pro-opiomelanocortin for the
regulated secretory pathway. Journal of Biological Chemistry
1995 270 8723–8729.

12 Lacaze-Masmonteil T, de Keyzer Y, Luton J-P, Kahn A &
Bertagna X. Characterization of proopiomelanocortin transcripts
in human non-pituitary tissues. PNAS 1987 84 7261–7265.

13 DeBold CR, Nicholson WE & Orth DN. Immunoreactive
proopiomelanocortin (POMC) peptides and POMC-like messenger
ribonucleic acid are present in many rat nonpituitary tissues.
Endocrinology 1988 122 2648–2657.

14 DeBold CR, Menefee JK, Nicholson WE & Orth DN. Proopiomela-
nocortin gene is expressed in many normal human tissues and in
tumors not associated with ectopic adrenocorticotropin
syndrome. Molecular Endocrinology 1988 2 862–870.

15 Texier PL, de Keyzer Y, Lacave R, Vieau D, Lenne F, Rojas-Miranda
A et al. Proopiomelanocortin gene expression in normal and
tumoral human lung. Journal of Clinical Endocrinology and
Metabolism 1991 73 414–420.

16 Jeannotte L, Burbach JP & Drouin J. Unusual proopiomelanocor-
tin ribonucleic acids in extrapituitary tissues: intronless
transcripts in testes and long poly(A) tails in hypothalamus.
Molecular Endocrinology 1987 1 749–757.

17 Gee CE, Chen CL, Roberts JL, Thompson R & Watson SJ. Identifi-
cation of proopiomelanocortin neurones in rat hypothalamus by
in situ cDNA–mRNA hybridization. Nature 1983 306 374–376.

18 Civelli O, Birnberg N & Herbert E. Detection and quantitation of
pro-opiomelanocortin mRNA in pituitary and brain tissues from
different species. Journal of Biological Chemistry 1982 257
6783–6787.

19 Grigorakis SI, Anastasiou E, Dai K, Souvatzoglou A & Alevizaki M.
Three mRNA transcripts of the proopiomelanocortin gene in
human placenta at term. European Journal of Endocrinology
2000 142 533–536.

20 Raffin-Sanson ML, Massias JF, Ankotche A, Coste J, de Keyzer Y,
Oliver C et al. High precursor level in maternal blood results
from the alternate mode of proopiomelanocortin processing in
human placenta. Clinical Endocrinology 1999 50 85–94.

21 Schauer E, Trautinger F, Kock A, Schwarz A, Bhardwaj R,
Simon M et al. Proopiomelanocortin-derived peptides are syn-
thesized and released by human keratinocytes. Journal of Clinical
Investigation 1994 93 2258– 2262.

22 Wintzen M, Yaar M, Burbach JP & Gilchrest BA. Proopiomelano-
cortin gene product and regulation in keratinocytes. Journal of
Investigative Dermatology 1996 106 673–678.

23 Scholzen TE, Kalden DH, Brzoska T, Fisbeck T, Fastrich M,
Schiller M et al. Expression of proopiomelanocortin peptides in
human dermal microvascular endothelial cells: evidence for a
regulation by ultraviolet light and interleukin-1. Journal of
Investigative Dermatology 2000 115 1021–1028.

24 Bertagna X, Camus F, Lenne F, Girard F & Luton JP. Human join-
ing peptide: a proopiomelanocortin product secreted as an homo-
dimer. Molecular Endocrinology 1988 2 1108–1114.

25 Bertagna X, Lenne F, Comar D, Massias JF, Wajcman H, Baudin V
et al. Human beta-melanocyte-stimulating hormone revisited.
PNAS 1986 83 9719–9723.

26 Bertagna X, Seurin D, Pique L, Luton JP, Bricaire H & Girard F.
Peptides related to the NH2-terminal end of proopiocortin in
man. Journal of Clinical Endocrinology and Metabolism 1983 56
489– 495.

27 Liotta AS, Advis JP, Krause JE, McKelvy JF & Krieger DT.
Demonstration of in vivo synthesis of pro-opiomelanocortin-,
beta-endorphin-, and alpha-melanotropin-like species in the
adult rat brain. Journal of Neuroscience 1984 4 956–965.

28 Liotta AS & Krieger DT. In vitro biosynthesis and comparative
post translational processing of immunoreactive precursor

Figure 7 ACTH hypersecretion in 7B2-null mice.

88 M Raffin-Sanson and others EUROPEAN JOURNAL OF ENDOCRINOLOGY (2003) 149

www.eje.org



corticotropin/beta endorphin by human placental and pituitary
cells. Endocrinology 1980 106 1504–1511.

29 Liotta AS, Houghten R & Krieger DT. Identification of a beta
endorphin like peptide in cultured placental cells. Nature 1982
295 593–595.

30 Seidah NG, Marcinkiewicz M, Benjannet S, Gaspar L, Beaubien G,
Mattei MG et al. Cloning and primary sequence of a mouse
candidate prohormone convertase PC1 homologous to PC2,
furin, and Kex2: distinct chromosomal localization and messen-
ger RNA distribution in brain and pituitary compared to PC2.
Molecular Endocrinology 1991 5 111–122.

31 Smeekens SP & Steiner DF. Identification of a human insulinoma
cDNA encoding a novel mammalian protein structurally related
to the yeast dibasic processing protease Kex 2. Journal of Biological
Chemistry 1990 265 2997–3000.

32 Benjannet S, Rondeau N, Day R, Chrétien M & Seidah NG. PC1
and PC2 are proprotein convertases capable of cleaving proopio-
melanocortin at distinct pairs of basic residues. PNAS 1991 88
3564–3568.

33 Day R, Schafer MK, Watson SJ, Chrétien M & Seidah NG. Distri-
bution and regulation of the prohormone convertases PC1 and
PC2 in the rat pituitary. Molecular Endocrinology 1992 6
485– 497.

34 Zhou A, Bloomquist BT & Mains RE. The prohormone convertases
PC1 and PC2 mediate distinct endoproteolytic cleavages in a strict
temporal order during proopiomelanocortin biosynthetic proces-
sing. Journal of Biological Chemistry 1993 268 1763–1769.

35 Friedman TC, Loh YP & Birch NP. In vitro processing of proopio-
melanocortin by recombinant PC1 (SPC3). Endocrinology 1994
135 854–862.

36 Phlipponneau M, Lenne F, Proeschel MF, Girard F, Luton JP &
Bertagna X. Plasma immunoreactive joining peptide in man: a
new marker of proopiomelanocortin processing and corticotroph
function. Journal of Clinical Endocrinology and Metabolism 1993 76
325– 329.

37 Gibson S, Crosby SR, Stewart MF, Jennings AM, McCall E &
White A. Differential release of proopiomelanocortin-derived
peptides from the human pituitary: evidence from a panel of
two-site immunoradiometric assays. Journal of Clinical Endocrin-
ology and Metabolism 1994 78 835–841.

38 Rivier C, Brownstein M, Spiess J, Rivier J & Vale W. In vivo cortico-
tropin-releasing factor-induced secretion of adrenocorticotropin,
beta-endorphin, and corticosterone. Endocrinology 1982 110
272– 278.

39 Rivier C & Vale W. Interaction of corticotropin-releasing factor
and arginine vasopressin on adrenocorticotropin secretion
in vivo. Endocrinology 1983 113 939–942.

40 Dong W & Day R. Gene expression of proprotein convertases in
individual rat anterior pituitary cells and their regulation in cor-
ticotrophs mediated by glucocorticoids. Endocrinology 2002 143
254– 262.

41 Peytremann A, Nicholson WE, Brown RD, Liddle GW &
Hardman JG. Comparative effects of angiotensin and ACTH on
cyclic AMP and steroidogenesis in isolated bovine adrenal cells.
Journal of Clinical Investigation 1973 52 835–842.

42 Cone R, Lu D, Koppula S, Vage D, Klungland H, Boston B et al. The
melanocortin receptors: agonists, antagonists and the hormonal
control of pigmentation. Recent Progress in Hormone Research
1996 51 287– 318.

43 Simpson ER & Waterman MR. Regulation of steroidogenic
enzymes in adrenal cortical cells by ACTH. Annual Review of
Physiology 1988 50 427–440.

44 Rao AJ, Long JA & Ramachandran J. Effects of antiserum to adreno-
corticotropin on adrenal growth and function. Endocrinology 1978
102 371–378.

45 Estivariz FE, Iturriza F, McLean C, Hope J & Lowry PJ. Stimulation
of the adrenal mitogenesis by N terminal POMC peptide. Nature
1982 297 419–422.

46 Lowry PJ, Silas L, McLean C, Linton EA & Estivariz FE. Pro gamma
MSH hormone cleavage in adrenal gland undergoing compensa-
tory growth. Nature 1983 306 70–73.

47 Bicknell AB, Lomthaisong K, Woods RJ, Hutchinson EG,
Bennett HP, Gladwell RT et al. Characterisation of a serine
protease that cleaves pro gamma melanotropin at the adrenal
to stimulate growth. Cell 2001 105 903–912.

48 Schioth HB, Phillips SR, Rudzish R, Birch-Machin MA, Wikberg JE
& Rees JL. Loss of function mutations of the human melanocortin
1 receptor are common and are associated with red hair. Bio-
chemical and Biophysical Research Communications 1999 260
488–491.

49 Catania A, Delgado R, Airaghi L, Cutuli M, Garofalo L, Carlin A
et al. Alpha-MSH in systemic inflammation: central and periph-
eral actions. Annals of the New York Academy of Sciences 1999
885 183–187.

50 Cowley MA, Pronchuk N, Fan W, Dinulescu DM, Colmers WF &
Cone RD. Integration of NPY, AGRP, and melanocortin signals
in hypothalamic paraventricular nucleus: evidence of a cellular
basis for the adipostat. Neuron 1999 24 155–163.

51 Krude H, Biebermann H, Luck W, Horn R, Brabant G & Gruters A.
Severe early onset obesity, adrenal insufficiency and red hair
pigmentation caused by POMC mutations in humans. Nature
Genetics 1998 19 155–157.

52 Yaswen L, Diehl N, Brennan MB & Hochgeschwender U. Obesity
in the mouse model of pro-opiomelanocortin deficiency responds
to peripheral melanocortin. Nature Medicine 1999 5 984–985.

53 Sina M, Hinney A, Ziegler A, Neupert T, Mayer H, Siegfried W
et al. Phenotypes in three pedigrees with autosomal dominant
obesity caused by haploinsufficiency mutations in the melano-
cortin-4 receptor gene. American Journal of Human Genetics 1999
65 1501–1507.

54 Vaisse C, Clement K, Durand E, Hercberg S, Guy-Grand B &
Froguel P. Melanocortin-4 receptor mutations are a frequent
and heterogeneous cause of morbid obesity. Journal of Clinical
Investigation 2000 106 253–262.

55 Farooki S, Keogh JM, Yeo GSH, Lank EJ, Cheetham T & O’Rahilly S.
Clinical spectrum of obesity and mutations in the melanocortin 4
receptor gene. New England Journal of Medicine 2003 348
1085–1095.

56 Huszar D, Lynch CA, Fairchild-Huntress V, Dunmore JH, Fang Q,
Berkemeier LR et al. Targeted disruption of the melanocortin 4
receptor results in obesity in mice. Cell 1997 88 131–141.

57 Nijenhuis WA, Oosterom J & Adan RA. AgRP(83–132) acts as an
inverse agonist on the human-melanocortin-4 receptor. Molecular
Endocrinology 2001 15 164–171.

58 Small CJ, Kim MS, Stanley SA, Mitchell JR, Murphy K, Morgan DG
et al. Effects of chronic central nervous system administration of
agouti-related protein in pair-fed animals. Diabetes 2001 50
248–254.

59 Feng Y, Cao L, Metzger JM, Strack AM, Camacho RE, Mellin TN
et al. Inactivation of the mouse melanocortin 3 receptor results
in increased fat mass and reduced lean body mass. Nature Genetics
2000 26 97–102.

60 Butler AA, Kesterson RA, Khong K, Cullen MJ, Pelleymounter
MA, Dekoning J et al. A unique metabolic syndrome causes
obesity in the melanocortin 3 receptor deficient mouse.
Endocrinology 2000 141 3518–3521.

61 Fekete C, Sarkar S, Rand WM, Harney JW, Emerson CH, Bianco AC
et al. Agouti-related protein (AGRP) has a central inhibitory
action on the hypothalamic–pituitary –thyroid (HPT) axis; com-
parisons between the effect of AGRP and neuropeptide Y on
energy homeostasis and the HPT axis. Endocrinology 2002 143
3846–3853.

62 Van der Ploeg LH, Martin WJ, Howard AD, Nargund RP, Austin CP,
Guan X et al. A role for the melanocortin 4 receptor in sexual
function. PNAS 2002 99 11381– 11386.

63 Rees LH, Burke CW, Chard T, Evans SW & Letchworth AT. Possible
placental origin of ACTH in normal human pregnancy. Nature
1975 254 620–622.

Proopiomelanocortin: a multiple function polypeptide precursor 89EUROPEAN JOURNAL OF ENDOCRINOLOGY (2003) 149

www.eje.org



64 Petraglia F, Sawchenko PE, Rivier J & Vale W. Evidence for local
stimulation of ACTH stimulation by CRH. Nature 1987 328
717–719.

65 Raffin-Sanson ML, Ferre F, Coste J, Oliver C, Cabrol D &
Bertagna X. Pro-opiomelanocortin in human pregnancy: evol-
ution of maternal plasma levels, concentrations in cord blood,
amniotic fluid and at the feto– maternal interface. European
Journal of Endocrinology 2000 142 53– 59.

66 De Keyzer Y, Bertagna X, Lenne F, Girard F, Luton JP & Kahn A.
Altered proopiomelanocortin gene expression in adrenocortico-
tropin-producing nonpituitary tumors. Comparative studies with
corticotropic adenomas and normal pituitaries. Journal of Clinical
Investigation 1985 76 1892–1898.

67 Clark AJ, Lavender PM, Besser GM & Rees LH. Pro-opiomelanocor-
tin mRNA size heterogeneity in ACTH-dependent Cushing’s
syndrome. Journal of Molecular Endocrinology 1989 2 3–9.

68 de Keyzer Y, Bertagna X, Luton JP & Kahn A. Variable modes
of proopiomelanocortin gene transcription in human tumors.
Molecular Endocrinology 1989 3 215–223.

69 Steenbergh PH, Hoppener JW, Zandberg J, Roos BA, Jansz HS &
Lips CJ. Expression of the proopiomelanocortin gene in human
medullary thyroid carcinoma. Journal of Clinical Endocrinology
and Metabolism 1984 58 904– 908.

70 De Keyzer Y, Lenne F, Massias JF, Vieau D, Luton JP, Kahn A et al.
Pituitary-like proopiomelanocortin transcripts in human Leydig
cell tumors. Journal of Clinical Investigation 1990 86 871–877.

71 De Keyzer Y, Rousseau-Merck MF, Luton JP, Girard F, Kahn A &
Bertagna X. Pro-opiomelanocortin gene expression in human
phaeochromocytomas. Journal of Molecular Endocrinology 1989
2 175–181.

72 Bertagna X. Proopiomelanocortin-derived peptides. Endocrinology
and Metabolism Clinics of North America: Cushing’s Syndrome, 1994
23 467–485.

73 Raffin-Sanson ML, Massias JF, Dumont C, Raux-Demay MC,
Proeschel MF, Luton J-P et al. High plasma proopiomelanocortin
in aggressive ACTH-secreting tumors. Journal of Clinical Endocri-
nology and Metabolism 1996 81 4272–4277.

74 Fuller PJ, Lim AT, Barlow JW, White EL, Khalid BA, Copolov DL
et al. A pituitary tumor producing high molecular weight adreno-
corticotropin-related peptides: clinical and cell culture studies.
Journal of Clinical Endocrinology and Metabolism 1984 58
134–142.

75 White A & Clark A. The cellular and molecular basis of the ectopic
ACTH syndrome. Clinical Endocrinology 1993 39 131–142.

76 Vieau D, Massias JF, Girard F, Luton J-P & Bertagna X. Corticotro-
phin-like intermediary lobe peptide as a marker of alternate pro-
opiomelanocortin processing in ACTH-producing non-pituitary
tumours. Clinical Endocrinology 1989 31 691–700.

77 Scopsi L, Gullo M, Rilke F, Martin S & Steiner DF. Proprotein
convertases (PC1/PC3 and PC2) in normal and neoplastic
human tissues: their use as markers of neuroendocrine differen-
tiation. Journal of Clinical Endocrinology and Metabolism 1995 80
294–301.

78 Bertagna X, Seidah N, Massias JF, Lenne F, Luton JP, Girard F et al.
Microsequencing evidence for the maturation of human proopio-
melanocortin into an 18 amino acid beta-melanocyte stimulating
hormone [h beta MSH(5–22)] in non pituitary tissue. Peptides
1989 10 83–87.

79 Vieau D, Seidah NG, Chrétien M & Bertagna X. Expression of the
prohormone convertase PC2 correlates with the presence of CLIP
in human ACTH secreting tumors. Journal of Clinical Endocrinology
and Metabolism 1994 79 1503–1509.

80 de Keyzer Y, Lenne F, Auzan C, Jegou S, René P, Vaudry H et al.
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