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Abstract

PCSK1 , encoding prohormone convertase 1/3 (PC1/3), was one of the first genes linked to 

monogenic early-onset obesity. PC1/3 is a protease involved in the biosynthetic processing of a 

variety of neuropeptides and prohormones in endocrine tissues. PC1/3 activity is essential for the 

activating cleavage of many peptide hormone precursors implicated in the regulation of food 

ingestion, glucose homeostasis, and energy homeostasis, for example, proopiomelanocortin, 

proinsulin, proglucagon, and proghrelin. A large number of genome-wide association studies in a 

variety of different populations have now firmly established a link between three PCSK1 
polymorphisms frequent in the population and increased risk of obesity. Human subjects with 

PC1/3 deficiency, a rare autosomal-recessive disorder caused by the presence of loss-of-function 

mutations in both alleles, are obese and display a complex set of endocrinopathies. Increasing 

numbers of genetic diagnoses of infants with persistent diarrhea has recently led to the finding of 

many novel PCSK1 mutations. PCSK1-deficient infants experience severe intestinal malabsorption 

during the first years of life, requiring controlled nutrition; these children then become 

hyperphagic, with associated obesity. The biochemical characterization of novel loss-of-function 

PCSK1 mutations has resulted in the discovery of new pathological mechanisms affecting the cell 

biology of the endocrine cell beyond simple loss of enzyme activity, for example, dominant-

negative effects of certain mutants on wild-type PC1/3 protein, and activation of the cellular 

unfolded protein response by endoplasmic reticulum–retained mutants. A better understanding of 

these molecular and cellular pathologies may illuminate possible treatments for the complex 

endocrinopathy of PCSK1 deficiency, including obesity.

1. INTRODUCTION

Neuropeptides and prohormones require proteolytic activation prior to release for 

subsequent action in various tissues. This activation occurs within the regulated secretory 

pathway of both neurons and endocrine cells. The enzymes responsible for the initial 

proteolytic cleavages are known as prohormone convertases (PCs). PCs are calcium-

dependent serine endoproteases that undergo final maturation in the acidic environment of 
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the secretory granules, where they acquire full catalytic activity.1 PC1/3 (also known as PC1, 

PC3, and SPC3) and PC2 are abundantly expressed in neuroendocrine cells, although the 

two enzymes do not always colocalize within the same cells.2 The processing of protein 

precursors in nonendocrine cells is mediated by other widely expressed enzymes (in this 

case proprotein convertases), which act within the constitutive secretory pathway. The best 

characterized proprotein convertase is furin, which has been reported to process a variety of 

substrates such as growth factors and receptors, plasma proteins, proteases, bacterial toxins, 

and viral coat glycoproteins.3 The other mammalian members included within this family 

are PC4, PC5/6, PACE4, and PC7.

Although PC1/3 usually initiates precursor cleavage, either PC1/3 or PC2 can process 

prohormones and neuropeptides by cleaving at conserved dibasic sites, most frequently Lys-

Arg or Arg-Arg.2 Genetically modified mice lacking convertase expression4,5 have provided 

considerable information on convertase-mediated processing of substrates. Human studies 

have also provided considerable information on PC1/3 function, beginning with early studies 

of an individual with compound heterozygous mutations in the gene that encodes PC1/3, 

PCSK1.6 This patient exhibited multiple endocrinopathies as well as morbid obesity.6 

PCSK1 has subsequently become recognized as one of the first genes causing rare forms of 

monogenic obesity.7 More recently, many index cases have been described with severe 

biallelic variants of the PCSK1 gene that result, in most cases, in the total lack of PC1/3 

activity.8,9 In addition, numerous genome-wide association studies (GWAS) show a 

convincing association between certain polymorphisms in the PCSK1 gene that are 

exceedingly common in the population and increased risk of obesity.10,11 In this chapter, we 

review the biochemistry and cell biology of PC1/3 and its prohormone substrates related to 

obesity and glucose metabolism. A specific goal of the chapter is to address the possible 

mechanism(s) by which the total or partial lack of PC1/3 activity in humans may contribute 

to obesity.

2. PROHORMONE CONVERTASE 1/3: GENERAL PROPERTIES

PC1/3 was the third member of the proprotein convertase family to be cloned from 

mammalian organisms, after furin and PC2.12,13 The PC1/3 protein is encoded by the 

PCSK1 gene, which is located on chromosome 5q15–21 in humans, and chromosome 13c in 

the mouse.12,14 PC1/3 mRNA is translated by ribosomes located on the rough endoplasmic 

reticulum (ER) into a 753-residue protein, the signal peptide-bearing inactive precursor 

preproPC1/3. Like other members of the subtilisin superfamily (which includes bacterial 

subtilisin and the yeast subtilase kex2), the catalytic triad is formed by the amino acids Asp, 

His, and Ser, arranged in this order (as opposed to the Ser, His, Asp order present in trypsin-

like proteases). The domain structure of proPC1/3 consists of four well-defined domains: a 

prodomain, a catalytic domain, a P domain specific to this superfamily (including yeast 

kexin), and a carboxy-terminal domain. The catalytic domain is highly conserved among 

various species and paralogs. The propeptide domain is essential to the proper folding and 

ER exit of the protein.15 The P domain plays an important role in the regulation of the 

calcium and pH dependence of PCs,16 while the carboxy-terminal domain participates in the 

sorting of PC1/3 into secretory granules.17 The carboxy-terminal domain may also assist the 
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oligomerization of PC1/3, since the truncated form of PC1/3 is less prone to 

oligomerization.18

Fig. 1 depicts the cellular maturation of pre-proPC1. After signal peptide removal in the ER, 

the 94 kDa proPC1/3 zymogen is multiply N-glycosylated. While the PC1/3 prodomain is 

known to undergo early and rapid cleavage at the primary cleavage site by autocatalysis,19,20 

it is still unclear whether the cleaved prodomain remains bound to the catalytic domain, to 

act as an intramolecular inhibitor, until the enzyme reaches the trans-Golgi network (TGN), 

as occurs for the closely related enzyme furin.21 The furin prodomain remains associated 

with the catalytic domain until a Golgi compartment of lower pH is reached, at which time a 

“histidine switch” is activated which results in secondary site cleavage, dissociation of 

propeptide fragments, and enzyme activation.22,23 This type of study has not yet been 

performed for PC1/3, though it is clear that PC1/3 can also operate within TGN24; indeed, 

the initial cleavages of POMC are known to occur in the Golgi.25 Within the TGN, proPC1/3 

undergoes terminal glycosylation, and also becomes sulfated.19,20,26

The 87 kDa active PC1/3 form undergoes further intermolecular autocatalytic cleavage of 

the carboxyl terminal domain within dense-core secretory granules27 (Fig. 1). These 

truncated forms (74 and 66 kDa PC1/3) are much more catalytically active than the parent 

87 kDa species, and also require higher calcium concentrations and lower pH (5–5.5) to 

exhibit maximal activity.27,28 Although both of these smaller forms are much more unstable 

than the 87 kDa form,27 impaired processing to the smaller forms is associated with weaker 

tissue activity against various substrates.29

PC1/3 expression is restricted to the central and peripheral nervous systems and endocrine 

and neuroendocrine organs. In brain, PC1/3 levels are particularly high in certain regions of 

the hypothalamus, such as the arcuate nucleus,30 an area known to be involved in the 

regulation of food intake and body weight. In the periphery, PC1/3 is also highly expressed 

in the pancreas, pituitary, stomach, and intestine, as well as in the adrenal and thyroid 

glands.31–34 PC1/3 expression is limited to specific ghrelin-expressing endocrine cells in the 

stomach; the α- and β-cells of the islets of Langerhans in the pancreas; and various 

enteroendocrine cells present in the intestine.31,32,35 As discussed later, these specialized 

cells play an important role in appetite, glucose homeostasis, and nutrient assimilation by 

secreting several PC1/3 products including ghrelin, insulin, and proglucagon-derived 

peptides such as GLP-1.

3. PC1/3 SUBSTRATES INVOLVED IN THE REGULATION OF ENERGY 

HOMEOSTASIS AND FOOD BEHAVIOR

Many if not all circulating and hypothalamic peptide hormones involved in appetite 

regulation require PC processing, for example, the production of ACTH, β-endorphin, and 

α-MSH from POMC.36–38 Both cell studies and peptidomic analyses of tissues from mice 

lacking PC1/3 activity support the idea that there are a large number of PC1/3 substrates (see 

Table 22 and Table 139). In this section we will describe only the PC1/3 substrates most 

likely to be involved in the control of appetite, glucose homeostasis, and nutrient 

assimilation. Table 1 shows a set of such anorexigenic and orexigenic peptide hormones 
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whose biosynthesis is thought to involve PC1/3 action; this should not be taken as a 

comprehensive list of PC1/3-synthesized peptides involved in these processes, as the 

biosynthesis of many peptides (for example, neuromedin U) is not yet understood.

3.1 PC1/3 Activation of Neuropeptides in the Hypothalamus: A Key Role in the 
Melanocortin Pathway?

The hypothalamus is an important brain region that contains distinct neuronal populations 

which control energy homeostasis and feeding behavior. As mentioned earlier, hypothalamic 

PC1/3 expression is especially high in the arcuate nucleus, where it resides in two leptin-

sensitive neuronal populations: proopiomelanocortin (POMC)-expressing neurons, and 

neuropeptide Y (NPY) and agouti-related peptide (AgRP)-expressing neurons.40,41

Alpha-melanocyte-stimulating hormone (α-MSH) is a potent POMC-derived anorexigenic 

hormone that reduces food intake, increases energy expenditure, and regulates glucose 

metabolism through the activation of melanocortin 4 receptor (MC4R) in the hypothalamic 

paraventricular nucleus42,43 (Fig. 2), among other target areas in the central nervous system. 

α-MSH is produced within POMC-expressing neurons by a proteolytic process consisting of 

PC1/3-mediated generation of adrenocorticotropic hormone (ACTH) followed by PC2-

specific cleavage to ACTH 1–18, and then terminal modification (dibasic trimming, 

acetylation, and amidation) to result in α-MSH.44 While pituitary α-MSH levels were not 

altered in a peptidomics study of PC1/3 null mice,45 reduced hypothalamic α-MSH levels 

were detected in a PC1/3-deficient mouse model29 (discussed later). The mechanism 

underlying this decrease is not yet clear and represents an intriguing area for further study.

POMC processing is clearly impaired in cases of biallelic human PCSK1 deficiency, with 

the generation of large ACTH-containing fragments rather than mature ACTH.6,8,9,46 While 

in some cases this lack of authentic ACTH results in adrenocortical insufficiency,8 other 

subjects exhibit normal cortisol levels.46 Jackson et al. provided evidence for the presence of 

authentic ACTH in the plasma of a human PCSK1 null patient, suggesting redundancy in the 

enzymatic processing of POMC.46 It seems likely that further processing of large ACTH-

containing intermediates can occur in plasma. Whether PCSK1-deficient patients exhibit 

reduced circulating α-MSH levels has not yet been examined; this might be expected based 

on results obtained in mice.

3.2 Other PC1/3-Generated Peptide Hormones Involved in Feeding Behaviors

In addition to α-MSH, the cocaine- and amphetamine-regulated transcript (CART) is an 

anorexigenic peptide expressed in POMC-positive hypothalamic neurons that clearly 

requires PC1/3 action for its synthesis.47 AgRP is a PC1/3-synthesized48 orexigenic 

neuropeptide that stimulates appetite and decreases energy expenditure, thereby 

antagonizing the effects of POMC within the arcuate nucleus. AgRP suppresses MC4R and 

MC3R activity by competing with α-MSH for these receptors (Fig. 2). NPY is a second 

orexigenic peptide hormone known to be involved in the hypothalamic control of food 

intake49 whose synthesis depends on PC1/3.50 Lastly, PC1/3 colocalizes with orexin-positive 

neurons in the hypothalamus,51 though no biochemical studies have been performed to 

demonstrate whether its synthesis is PC1/3-dependent. Alterations in the processing of 
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proCART, proorexin, proAgRP, and proNPY have not yet been examined in cases of human 

PCSK1 deficiency, for example, by measuring CSF levels.

3.3 PC1/3 Processing of Proinsulin to Insulin in Pancreatic β-Cells

Given the key role of peripheral insulin in energy balance and glucose homeostasis it is 

important to understand how this anabolic hormone is produced in the pancreas. Like the 

majority of secreted proteins, insulin is initially synthesized as an inactive precursor 

(proinsulin) within pancreatic β-cells. When proinsulin reaches the TGN and is packaged 

into the secretory granules, it undergoes maturation to active insulin via the joint action of 

PC1/3 and PC2; here, PC1/3 plays the larger role.52,53 The absence of either PC1/3 or PC2 

causes incomplete processing from proinsulin to insulin, as demonstrated by the severe 

deficiency of active insulin found in both Pcsk1 and Pcsk2 null mice.4,54 Human studies 

show enormous increases in circulating proinsulin in PCSK1 deficiency.6,8,9,46,55–58 

Interestingly, while neither hyperglycemia nor diabetes mellitus has been reported in either 

humans or mice bearing severe loss-of-function PCSK1 variants, common polymorphisms 

are associated with increased risk of these conditions (see discussion later).

3.4 PC1/3 Activity in the Gastrointestinal System

Proglucagon, encoded by the Gcg gene, is expressed in the α-cells of the pancreatic islets, in 

certain brain areas, and in enteroendocrine cells within the small intestine; it is cleaved in a 

tissue-specific manner by PC1/3 and PC2, resulting in different profiles of bioactive 

peptides. For example, in pancreatic α-cells, which express PC2, proglucagon is specifically 

processed to glucagon.59–61 In contrast, PC1/3-mediated processing of proglucagon in 

intestinal L cells, where PC2 is lacking, results in the production of glucagon-like peptides 

such as GLP-1 and GLP-2, but not of glucagon itself.62–64 Whereas GLP-1 regulates food 

intake behavior and glucose and energy homeostasis, GLP-2 is mostly involved in the 

regulation of intestinal absorption of nutrients and gut permeability.65,66 While studies of 

Pcsk1 null mice clearly show a profound deficit in proglucagon processing,4 human studies 

have been ambiguous in this regard,46,56 and further human studies may be warranted.

Glucose-dependent insulinotropic polypeptide (GIP) is a 42-amino acid gut hormone 

produced by PC1/367 in K-cells, a population of enteroendocrine cells mainly located in the 

upper intestine. GIP is secreted by K cells in response to food ingestion and plays an 

important role as a modulator of energy homeostasis. GIP receptors are widely distributed in 

peripheral tissues, including fat, gut, pancreas, bone, and brain.68 While it is well accepted 

that GIP stimulates glucose-dependent insulin secretion, other proposed GIP functions, for 

example, the induction of GLP-1 secretion in L cells, or the regulation of food intake 

through specific hypothalamic circuits, are still controversial.69

Ghrelin is a potent orexigenic hormone secreted under fasting conditions from specialized 

endocrine cells within the stomach. Proghrelin is processed to ghrelin only by PC1/3.70,71 In 

the hypothalamus, ghrelin activates NPY/AgRP neurons, inducing food intake.72 Ghrelin is 

also associated with increased GLP-1 secretion by enteroendocrine L cells73; thus, loss of 

PC1/3 activity could conceivably affect GLP-1 secretion both directly and indirectly.
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PC1/3 also mediates the processing of several other gut peptide hormone precursors, for 

example, procholecystokinin (proCCK)74 and progastrin75 and likely others.76,77

In summary, PC1/3 activity is required for the biosynthesis of a variety of hypothalamic, 

pancreatic, and gut peptide hormones implicated in the control of food intake, both 

orexigenic and anorexigenic, as summarized in Table 1. While direct links between a 

specific PC1/3-synthesized peptide and alterations in food intake have not yet been 

demonstrated, the known involvement of PC1/3 in the synthesis of so many different 

appetitive peptides supports the idea that PC1/3 deficiency alters the balance of 

anorexigenic/orexigenic peptidergic signals. Of note, appetitive changes could arise either as 

the direct loss of a PC1/3-made anorexigenic peptide, or an indirect mechanism, that is, the 

loss of negative peptidergic input (presumably a PC1/3 product) to a tonic orexigenic 

system. Indeed, the influence of other hypothalamic peptides, for example, β-endorphin, 

corticotropin-releasing hormone (CRH) and/or neurotensin, on the PC1/3-mediated obesity 

phenotype remains unexplored.

4. PC1/3 DEFICIENCY AND DISEASE

4.1 PC1/3 Knockout Mouse and the PC1/3-Deficient N222D Mouse

Mouse models of PC1/3 deficiency illustrate the critical importance of PC1/3-mediated 

processing of peptide hormones. A Pcsk1 null mouse was constructed in which the Pcsk1 
gene lacks the promoter and exon 1.4 While these targeted Pcsk1 null mice exhibit highly 

increased proinsulin levels as well as greatly impaired processing of proglucagon to 

glucagon-like peptide-1 and -2, they do not show differences in glucose tolerance or develop 

diabetes; nor are these mice obese.4 The Pcsk1 null mouse has a high postnatal mortality 

rate, with only one-third surviving beyond 7 days of life, and most succumbing by the 

second day (Ref. [4]; M. Martin, unpublished observations). In the few animals that survive 

into adulthood, despite grossly impaired processing of POMC to ACTH, corticosterone 

levels are normal.4 The small size of these mice was ascribed to the lack of processed 

growth hormone-releasing hormone (GHRH); in agreement, growth hormone and insulin-

like growth factor 1 (IGF1) levels are very low. While this was postulated to represent a 

species-specific effect,4 impaired growth is also seen in a subset of PCSK1-deficient humans 

(see further).

A second Pcsk1 null was constructed which involved a 32.7-kb chromosomal deletion with 

insertion of a neomycin cassette and produced aberrant Pcsk1 gene products. While no 

homozygous mice were obtained, female heterozygote mice exhibited stunted growth under 

a low fat diet, and catchup growth under a high-fat diet.78

A Pcsk1-deficient mouse was created by chemical mutagenesis of C57BL/6 inbred mice, 

which resulted in a PC1/3 N222D missense mutation.29 Homozygotes show glucose 

intolerance and become obese; obesity is associated with increased food intake. 

Heterozygotes show an intermediate phenotype. Despite the fact that proinsulin processing 

is impaired, neither diabetes nor insulin resistance were observed. Processing of 87 kDa 

PC1/3 to the 66 kDa form is clearly reduced in these mice.29 In contrast to the proteomics 

results showing no change in pituitary α-MSH in the Pcsk1 null mouse,45 hypothalamic α-
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MSH levels are clearly reduced in the Pcsk1 N222D mouse.29 Heterozygous mutant N222D 

mice also show a robust obesity phenotype that is completely lacking in heterozygous PC1/3 

null mice. These differences support the idea that the N222D mutation may produce 

alterations in hypothalamic neuronal cell biology that are not seen in haploinsufficient PC1/3 

null mice. In support of this idea, we have observed a dominant-negative deleterious effect 

of the N222D PC1/3 mutant protein on wild-type PC1/3 trafficking and on proinsulin 

processing in cell lines and intact islets.79 More recent data from our laboratory show that 

the expression of human PC1/3 mutant proteins which are ER-retained (eg, G593R and 

G209R) reduces wild-type PC1/3 trafficking to secretory granules, and also results in the 

induction of ER stress markers.80 While N222D PC1/3 was not examined in this latter work, 

it is likely that this mutant mouse protein induces similar ER stress, potentially explaining 

the decrease in hypothalamic α-MSH in the N222D mutant mouse. In agreement, another 

group has shown that both N222D PC1/3 and certain human ER-retained PC1/3 forms 

coimmunoprecipitate with the ER stress marker BiP (J. W. Creemers, personal 

communication).

The modulation of PC1/3 message levels by glucose, and in response to feeding has been 

previously reviewed.2

4.2 Common and Rare Human Haploinsufficient PCSK1 Polymorphisms are Also Linked to 
Obesity

The strong involvement of PCSK1 in obesity was established by a variety of GWAS that 

have shown that several common nonsynonymous polymorphisms in this gene constitute a 

large risk factor for obesity. Indeed, PCSK1 constitutes the third most prevalent monogenic 

contributor to the risk of obesity in a variety of different human populations.81–84 The minor 

allele frequency of N221D (rs6232) ranges from 3–5% in different ethnic populations, while 

that of the linked Q665E/S690T variants (which nearly always appear together; 

rs6234/6235) is 24%.85 The presence of an N221D allele has been correlated with decreased 

insulin sensitivity, decreased oral glucose tolerance, and increased proinsulin levels, while 

the Q665E/S690T variation has been found to be associated with decreased fasting glucose 

and an increased insulin level.86,87 However, obesity risk data regarding the Q665E/S690T 

allele are not always consistent for different populations.83,88,89 Aside from ethnicity, this 

may also have to do with group sizes analyzed; a larger effect in children and younger 

adults83; sex differences, with larger effects in men versus women89,90; and/or other factors 

as yet unknown, for example, varying diets, activity, or hormonal status. Additional recent 

data in the form of two very large metaanalyses show that the N221D polymorphism is more 

strongly associated with childhood obesity than with adult obesity10; and confirm that both 

N221D and Q665E/S690T are significantly associated with the risks of both common and 

extreme obesity-risks that are strongly modulated by both age and ethnicity.11

The biochemical basis for effects of common polymorphisms on PC1/3 activity is unclear. 

The linked Q665E/S690T polymorphisms are found in the carboxyl terminal tail of PC1/3, a 

domain linked to protein targeting as well as enzyme inhibition.2 Mbikay et al. have 

proposed that the secondary structure of this domain is significantly affected by these two 

mutations.91 Although this group found that the joint presence of these three common 
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polymorphisms (N221D and Q665E/S690T) conferred a significant increase in PC1/3 

carboxy-terminal processing, no differences in POMC processing could be identified in 

these cell culture studies.91 This leads to the question of whether this paired polymorphism 

biologically affects PC1/3-mediated peptide processing; produces cellular effects by another 

route; or requires intact endocrine tissue (rather than a tumor cell line) in order to manifest a 

biological effect. In contrast, the N221D mutation was proposed to affect catalysis due to its 

probable location adjacent to a calcium binding site81; however, early studies showed very 

little effect on enzyme activity.85 We have recently reexamined the activity of human PC1/3 

proteins containing the common polymorphisms N221D or the linked Q665E/S690T pair in 

cell culture studies. While the linked polymorphisms were not able to influence PC1/3 

activity, the N221D polymorphism decreased the specific activity of the secreted protein by 

about 30%.80 This large difference was not detected in the prior study85 that employed a 

background vector containing an additional S357G mutation, which represents an activating 

mutation.92

In addition to the common mutations, nearly 1% of obese populations exhibit rare PCSK1 
mutations, and some of these are associated with profound effects on metabolism.81 Eight 

rare heterozygous mutations resulting in partial loss of PC1/3 activity have been identified in 

obese patients.81 Despite not displaying the severe endocrine phenotype of PC1/3-lacking 

subjects (described further), carriers of these mutations exhibit an 8.7-fold increased risk of 

obesity over subjects lacking these mutations.81 When analyzed in cell culture, seven of the 

eight mutant PC1/3 proteins were found to exhibit impaired maturation and secretion, while 

one propeptide mutation seemed benign; again, this may be due to the inherent limitations of 

transfection analyses in constitutively-secreting cells rather than endocrine tissues.

The rare and common human PCSK1 polymorphisms that have been genetically linked to 

obesity are shown on the top of Fig. 3. While most of the rare heterozygous mutations found 

in obese populations clearly impact the cell biology and enzymatic activity of PC1/3,81 the 

physiological mechanisms underlying the obesity phenotype of the Q665E/S690T 

polymorphisms are as yet unclear. Obesity may result from changes in appetite; differences 

in energy metabolism; and alterations in glucose handling subsequent to peptide precursor 

processing effects; or, most likely, a combination of these factors. Somewhat paradoxically, 

the S690T polymorphism was found to be associated with higher levels of GIP and glucagon 

during a meal test.90 An unexplored factor is the possibility of interactions between PCSK1 
polymorphisms with common substrate polymorphisms, for example, proglucagon.93

4.3 Rare Human Biallelic PCSK1 Mutations Cause Enteric and Systemic Endocrinopathies 
and Obesity

The first human case of PCSK1 deficiency, identified over 18 years ago, was a patient with a 

loss-of-function G593R missense mutation on one allele, and a premature stop codon which 

resulted in an inactive truncated form on the other allele.6 Several subsequent studies have 

confirmed that the total or near-total loss of PC1/3 activity observed in patients with rare 

inactivating mutations in both PCSK1 alleles results in a complex age-dependent clinical 

phenotype that includes severe diarrhea, many other endocrine dysfunctions, and obesity.
6,8,9,46 These rare mutations are shown on the bottom portion of Fig. 3. Most of the severe 
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human mutations shown in Fig. 3 were identified in infants via PCSK1 exon 

sequencing8,9,46,57,90 or total exome sequencing,55 although the first case was identified in 

an adult.6 This list of rare mutations is clearly not complete; as PCSK1 insufficiency is 

increasingly recognized as a genetic cause of pediatric intestinal failure, the number of 

children being diagnosed with mutations in this gene is growing.

The earliest clinical phenotype in humans with loss-of-function mutations in PCSK1 is 

severe generalized malabsorptive diarrhea that always begins in the immediate postnatal 

period.8 All forms of nutrients induce the diarrhea in a dose-dependent manner, and infants 

present with severe weight loss and diarrhea that ceases only with fasting or the 

consumption of water. Endoscopic biopsies are generally normal and do not reveal any of 

the other classical findings seen in children with other forms of generalized malabsorptive 

diarrhea.94 More importantly, the early clinical phenotype mirrors what is seen in children 

with loss-of-function mutations of NEUROG3, a transcription factor required for 

enteroendocrine and islet cell development.95 Interestingly, children with both forms of 

enteric endocrinopathies require parenteral nutrition in addition to reduced enteral feeds 

during their first 18 months of life in order to thrive. Curiously, the requirement for 

parenteral nutrition is significantly diminished beyond 2 years of age, and the children can 

thrive despite the presence of persistent diarrhea that is lifelong. Unlike children with 

NEUROG3 deficiency, patients with PCSK1 mutations develop a profound appetite that 

results in significant weight gain and eventually obesity beyond 2 years of age.8 Overall, our 

experience suggests that children with loss of PC1/3 activity will experience persistent 

diarrhea and malabsorption throughout life, and early in life will require intravenous support 

that may be tapered off as the child ages.

While children with PCSK1 deficiency develop obesity as they age, there are important 

differences that distinguish them from children with other forms of monogenic obesity.8 

Children with mutations in the leptin–melanocortin pathway experience profound obesity 

that becomes apparent within the first several months of life.96 These disorders include 

mutations of leptin and its receptor; POMC; and MC4R, in which all patients exhibit obesity 

that persists throughout adulthood, with class III morbid obesity.96,97 In contrast, as outlined 

earlier, patients with defects in PC1/3 have significant malnutrition and failure to thrive that 

requires intravenous support to manage.8 Given PC1/3’s extensive role in processing many 

of the peptidergic components of pathways regulating energy balance and appetite, we might 

have anticipated more profound obesity in probands with PCSK1 deficiency. However, 

unlike other disorders that are associated with central forms of hyperphagia, PCSK1 is also 

expressed in enteroendocrine cells, where it processes prohormones that presumably have an 

essential role in facilitating nutrient assimilation. Despite their early phase of poor growth—

which is limited to children with PCSK1 deficiency—these children eventually develop 

hyperphagia that results in significant weight gain despite their persistent diarrhea.56 This 

diarrhea certainly results in malabsorption of nutrients that, if fully absorbed, would have 

likely resulted in profound weight gain and morbid obesity. Therefore, unlike other forms of 

monogenic obesity, significant alterations of PC1/3 action have both a central and enteric 

endocrinopathy that balances the weight gain as children age.
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The malabsorption that occurs in subjects with both PCSK1 and NEUROG3 deficiency 

suggests that enteroendocrine cells must secrete peptide hormone(s) that normally facilitate 

nutrient assimilation. The murine counterparts of these disorders mimic some of the changes 

associated with the human disease, including early postnatal mortality.4,98 Interestingly, 

none of the murine models that exhibit selective depletion of an enteric hormone or its 

receptor—including several of the more well-studied enteric hormones such as GLP-1 and 2, 

ghrelin and PYY—are associated with immediate postnatal complications.77 These findings 

suggest either the existence of an uncharacterized gut hormone that requires PC1/3 

processing; or that several of the currently established hormones have a redundant role in 

augmenting nutrient absorption. Several PC1/3-synthesized gut hormone agonists are used 

in clinical practice, including GLP-1 and 2 analogs that are used to treat diabetes mellitus 

and short bowel syndrome.99,100 It is certainly plausible that one of these or other agonists 

can be used off-label to manage patients with PC1/3 deficiency; however, therapy should 

likely be limited to the first several years of life, since prolonged therapy could result in 

severe weight gain due to reversal of malabsorption. Overall, these various disorders 

highlight the important role of enteroendocrine cells and PC1/3 processing in the nutrient 

absorptive capacity of the gut.

Several PCSK1-deficient children exhibited linear growth abnormalities and received 

therapy for growth hormone (GH) deficiency. Very few of the other nonsyndromic 

monogenetic disorders that are associated with obesity also exhibit evidence of poor linear 

growth. For instance, patients with leptin deficiency exhibit normal height,9 while those with 

haploinsufficient MC4R mutations actually show accelerated linear growth.97,101,102 While 

GH deficiency was in fact reported in the few surviving Pcsk1 null mice, as discussed 

earlier, the presence of an active furin consensus site in human proGHRH was thought to 

negate the requirement for PC1/3 processing.4 In agreement, impaired linear growth has not 

been previously reported in prior reports of human PCSK1 deficiency.6,9,57 Given our recent 

findings of lowered GH in a few rare cases of biallelic PC1/3 deficiency,8,55,103 we speculate 

that reduced linear growth might also contribute to elevated BMI in subjects carrying one of 

the common PCSK1 polymorphisms known to be associated with obesity risk. Indeed, while 

the N221D polymorphism is not associated with decreased height, the more common 

Q665E/S690T variants are strongly associated with impaired growth in large cohorts of 

obese patients.11 The exceedingly common frequency of this paired variant in the general 

population (heterozygous ~39%, and homozygous ~7%), suggests that it could contribute to 

impaired growth velocity, a highly heritable trait104; however, PCSK1 has not thus far been 

identified as a gene contributing to height in the general population.105 Collectively, these 

recent findings suggest that abnormalities in PC1/3 function might lead to reduced linear 

growth that can contribute to the degree of obesity as measured by BMI.

The rare missense human mutations fall into three general classes. The first class, 

exemplified by G593R, includes PC1/3 proteins that are retained within the endoplasmic 

reticulum (see red-colored mutants in Fig 3.) and always result in a severe clinical 

phenotype; these PC1/3 proteins are poorly folded and are likely all subject to endoplasmic 

reticulum-associated degradation. In the middle are mutant proteins which are somewhat 

impaired in secretory pathway trafficking, but are still able to traffic to the secretory granule; 

the mouse N222D PC1/3 mutant exemplifies this category,79 although it is likely that certain 
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rare human variants also fall into this class. In the third class are mutant proteins which are 

clearly well folded and well secreted, but exhibit impaired catalytic activity, such as N309K, 

an oxyanion hole mutant lacking all in-trans enzymatic activity.103 However, many catalytic 

domain mutants do exhibit some degree of misfolding, as judged by severe impairments in 

secretion.6,8,9 This is important because ER-retained mutant proteins both negatively impact 

the trafficking of wild-type PC1/3 and cause ER stress,80 which is increasingly recognized 

as a contributing factor to obesity.106,107 Interestingly, a dominant-negative effect on 

proPC1/3 processing was found in an obese patient heterozygous for a propeptide mutation 

resulting in a truncated protein,108 further supporting the idea that dominant-negative 

interactions of PC1/3 mutations play an important role in human obesity. However, in a 

study of the four heterozygous children of the first PCSK1 null patient, the proinsulin to 

des31,32 proinsulin ratios were found to vary between 0.75 and 5.25 (with a parental ratio of 

2.8),46 indicating a profound influence of unknown modifier genes on the proinsulin 

processing phenotype.

In obese patients undergoing bariatric surgery, levels of PC1/3 mRNA in jejunal mucosal 

samples were significantly reduced in patients who had type 2 diabetes as compared to those 

who did not.109 PC1/3 expression is regulated by the transcription factor Pax6, and a GWAS 

study has shown that a polymorphism in this gene is associated with lower islet expression 

of PC1/3.110

Patients with rare inactivating PCSK1 mutations share certain similarities with patients 

bearing loss-of-function POMC mutations, including early-onset obesity and adrenal 

insufficiency.111–114 A similar phenotype is also observed in mouse POMC knockouts,115 

highlighting the critical importance of the POMC system in adrenal development and 

feeding behavior. Patients with PCSK1-inactivating mutations possess both similarities and 

differences with a recently described homozygous patient bearing a truncated CPE gene 

(encoding carboxypeptidase E) who not only is morbidly obese and has hypogonadotropic 

hypogonadism, but also exhibits diabetes mellitus and developmental delay.116 In 

agreement, male Cpefat/fat mice, who contain an inactivating Cpe mutation, are not only 

obese,117 but also have lower testicular weights.118 Interestingly, both these mice119 and 

leptin-deficient mice51 exhibit reduced PC1/3 levels in several brain regions, including the 

hypothalamus, where the lack of certain PC1/3-processed neuropeptides might plausibly 

result in obesity and hypogonadotropic hypogonadism. No individuals have yet been 

identified with inactivating mutations of PCSK2; based on mouse data,5 these patients would 

be expected to be hypoglycemic, with little circulating glucagon, and also 

hyperproinsulinemic.

4.4 ProSAAS and Obesity

ProSAAS is a 30 kDa PC1/3 binding protein that was originally identified during a mass 

spectrometry search for novel brain peptides.120 Homologous sequences (which are at best 

30% conserved) have been identified only in vertebrates,121 though PC1/3 has been found in 

invertebrates.122 The proSAAS protein, abundantly distributed within neural and endocrine 

tissues,123,124 consists of two domains separated by a furin cleavage site; both the carboxy- 

and the amino-terminal domains can be cleaved off to generate bioactive peptides, while the 
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interior domain remains intact.125–127 The C-terminal 41-residue peptide represents a 

nanomolar inhibitor of active PC1/3128,129 and contains the inhibitory hexapeptide sequence 

Leu-Leu-Arg-Val-Lys-Arg, originally discovered as a PC1/3 inhibitor during a peptide 

library screen.130 Interestingly, proSAAS transgenic mice exhibit an obesity phenotype,131 

while male proSAAS knockout mice are lean.132 It is unclear at this point if either 

phenotype is related to the differential production of PC1/3-cleaved peptides, as the levels of 

most PC1/3-generated peptide products do not differ in proSAAS knockout mouse brains.132

Recent data obtained in mice show that proSAAS expression is down-regulated by the 

transcription factor Pax6, while PC1/3 expression is upregulated.133 Pax6 heterozygote mice 

exhibit increased proSAAS expression, reduced PC1/3 expression, reduced proteolytic 

conversion to the 66 kDa form, and lower islet PC1/3 activity.134,135 These effects clearly 

translate into differences in proinsulin conversion and glucose handling134; however, weight 

differences were not examined in these studies. No human proSAAS polymorphisms or 

mutations have been reported to date.

ProSAAS has often been identified in proteomics screens of cerebrospinal fluid in patients 

with various neurodegenerative diseases.136 The internal unprocessed domain of the 

proSAAS protein potently blocks the aggregation of various fibrillating proteins, such as 

beta amyloid,136 islet amyloid polypeptide137 and synuclein (T. Jarvela and I. Lindberg, 

unpublished results). Obesity effects seen in proSAAS transgenic and knockout mice may be 

mediated in part through its antiaggregation bioactivity, rather than directly through PC1/3 

inhibition.

5. CONCLUSIONS

The discovery that PCSK1 mutations and polymorphisms represent an underlying cause of 

human obesity has provided considerable insight into a genetic cause of metabolic 

differences between humans. At the same time, many questions remain as to the physiologic 

mechanisms which underlie the powerful effects of certain PCSK1 mutations on endocrine 

physiology. While human studies clearly demonstrate that rare inactivating mutations in 

PCSK1 strongly impact PC1/3-mediated peptide hormone processing, heterozygotes show a 

variety of phenotypes that range from normal to obese.46,108 Indeed, heterozygote Pcsk1 
null mice show no obesity phenotype,4 suggesting that haploinsufficiency cannot explain the 

profound metabolic effects seen in certain PCSK1-deficient patients. Dominant-negative 

effects of mutant proteins on the disposition of wild-type PC1/3 protein, as well as a possible 

negative impact on proteostasis within various peptide hormone-producing cells, must be 

considered as possible contributing reasons to their metabolic phenotype.

An enduring puzzle remains the biochemical basis for the pediatric malabsorptive diarrhea 

typical of homozygote loss-of-function PCSK1 patients. Whether this is due directly to the 

lack of specific PC1/3-synthesized peptide products arising from the lack of enzyme activity, 

or is secondary to general enteroendocrine cell dysfunction evolving from pro-teotoxicity of 

PCSK1 mutants, is not yet clear. A possible role for proSAAS, the known PC1/3 binding 

protein, should also be examined in models of intestinal dysfunction. Another interesting 

future area for study is to investigate the developmental factors that enable infants with 
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PCSK1 mutations to overcome the severe malabsorptive syndrome between 2 and 3 years of 

age.

The contribution of the highly common PCSK1 polymorphisms to human obesity risk is also 

puzzling, given their relatively benign effects on enzyme activity when expressed in cell 

culture. It is likely that a better grasp of their contribution to metabolism would come from 

studies of animal models of these polymorphisms, in which possible alterations in peptide 

hormone processing would take place in the same types of endocrine cells as in humans 

(rather than in the constitutive and endocrine tumor cell models traditionally used). Thus, the 

creation of an N221D mutated mouse, or of a mouse knock-in expressing a humanized 

PCSK1 gene containing the Q665E/S690T paired polymorphisms, would permit a detailed 

analysis of peptide hormone processing in endocrine tissues and plasma, and enable studies 

of the interaction of these polymorphisms with diet. Analysis of the status of ER stress 

markers in the hypothalami of these mice could potentially explain the reduction in 

hypothalamic α-MSH in mice bearing Pcsk1 mutations. Alternatively, the creation of human 

iPSC lines could enable the investigation of the physiological consequences of rare and 

common variants in an in vitro setting.

In summary, while many questions remain regarding the physiological mechanisms 

contributing to PCSK1-mediated obesity, the work of the last decade has clearly increased 

our understanding of the role of PCSK1 in metabolism. With the recent identification of over 

2 dozen human missense and nonsense variants that provide a range of enzyme inactivation 

from apparently nondetectable (Q665E/S690T) to total loss (ER-retained and truncated 

mutants), we are well poised to elucidate the precise relationship between enzyme activity 

and level of clinical impairment. The discoveries of dominant-negative impairment of wild-

type enzyme function, as well as of the clear ER stress evoked by ER-retained mutant PC1/3 

proteins, provide additional avenues for future investigation of the cell biology of peptide 

hormone processing in various peptidergic tissues. Accumulating data on pediatric cases of 

PCSK1 deficiency will continue to provide clinicians with improved therapeutic regimens, 

while work in culture and in other animal models will deliver answers to many of the 

questions posed previously.

Acknowledgments

This review was supported by NIH grant DA05087-27 to IL and NIH DK083762 and a grant from the California 
Institute of Regenerative Medicine (CIRM), RT2-01985, to MGM. We thank Malcolm Low for comments on the 
manuscript.

References

1. Seidah NG. The proprotein convertases, 20 years later. Methods Mol Biol. 2011; 768:23–57. 
[PubMed: 21805237] 

2. Hoshino A, Lindberg I. Peptide Biosynthesis: Prohormone Convertases1/3and2. Fricker LD, Devi L, 
editorsPrinceton, NJ: Morgan & Claypool Life Sciences Publishers; 2012. 

3. Thomas G. Furin at the cutting edge: from protein traffic to embryogenesis and disease. Nat Rev 
Mol Cell Biol. 2002; 3(10):753–766. [PubMed: 12360192] 

4. Zhu X, Zhou A, Dey A, et al. Disruption of PC1/3 expression in mice causes dwarfism and multiple 
neuroendocrine peptide processing defects. Proc Natl Acad Sci USA. 2002; 99(16):10293–10298. 
[PubMed: 12145326] 

Ramos-Molina et al. Page 13

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2018 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Furuta M, Yano H, Zhou A, et al. Defective prohormone processing and altered pancreatic islet 
morphology in mice lacking active SPC2. Proc Natl Acad Sci USA. 1997; 94:6646–6651. [PubMed: 
9192619] 

6. Jackson RS, Creemers JW, Ohagi S, et al. Obesity and impaired prohormone processing associated 
with mutations in the human prohormone convertase 1 gene. Nat Genet. 1997; 16:303–306. 
[PubMed: 9207799] 

7. Farooqi S, O’Rahilly S. Genetics of obesity in humans. Endocr Rev. 2006; 27(7):710–718. 
[PubMed: 17122358] 

8. Martin MG, Lindberg I, Solorzano-Vargas RS, et al. Congenital proprotein convertase 1/3 deficiency 
causes malabsorptive diarrhea and other endocrinopathies in a pediatric cohort. Gastroenterology. 
2013; 145(1):138–148. [PubMed: 23562752] 

9. Farooqi IS, Volders K, Stanhope R, et al. Hyperphagia and early-onset obesity due to a novel 
homozygous missense mutation in prohormone convertase 1/3. J Clin Endocrinol Metab. 2007; 
92(9):3369–3373. [PubMed: 17595246] 

10. Stijnen P, Tuand K, Varga TV, Franks PW, Aertgeerts B, Creemers JW. The association of common 
variants in PCSK1 with obesity: a HuGE review and meta-analysis. Am J Epidemiol. 2014; 
180(11):1051–1065. [PubMed: 25355447] 

11. Nead KT, Li A, Wehner MR, et al. Contribution of common non-synonymous variants in PCSK1 to 
body mass index variation and risk of obesity: a systematic review and meta-analysis with 
evidence from up to 331 175 individuals. Hum Mol Genet. 2015; 24(12):3582–3594. [PubMed: 
25784503] 

12. Seidah NG, Marcinkiewicz M, Benjannet S, et al. Cloning and primary sequence of a mouse 
candidate prohormone convertase PC1 homologous to PC2, furin, and Kex2: distinct chromosomal 
localization and messenger RNA distribution in brain and pituitary compared to PC2. Mol 
Endocrinol. 1991; 5(1):111–122. [PubMed: 2017186] 

13. Smeekens SP, Avruch AS, LaMendola J, Chan SJ, Steiner DF. Identification of a cDNA encoding a 
second putative prohormone convertase related to PC2 in AtT20 cells and islets of Langerhans. 
Proc Natl Acad Sci USA. 1991; 88:340–344. [PubMed: 1988934] 

14. Seidah NG, Mattei MG, Gaspar L, Benjannet S, Mbikay M, Chretien M. Chromosomal 
assignments of the genes for neuroendocrine convertase PC1 (NEC1) to human 5q15-21, 
neuroendocrine convertase PC2 (NEC2) to human 20p11.1-11.2, and furin (mouse 7[D1-E2] 
region). Genomics. 1991; 11(1):103–107. [PubMed: 1765368] 

15. Creemers JW, Vey M, Schafer W, et al. Endoproteolytic cleavage of its propeptide is a prerequisite 
for efficient transport of furin out of the endoplasmic reticulum. J Biol Chem. 1995; 270(6):2695–
2702. [PubMed: 7852339] 

16. Zhou A, Martin S, Lipkind G, LaMendola J, Steiner DF. Regulatory role of the P domain of 
subtilisin-like prohormone convertases. J Biol Chem. 1998; 273:11107–11114. [PubMed: 
9556596] 

17. Dikeakos JD, Di Lello P, Lacombe MJ, et al. Functional and structural characterization of a dense 
core secretory granule sorting domain from the PC1/3 protease. Proc Natl Acad Sci USA. 2009; 
106(18):7408–7413. [PubMed: 19376969] 

18. Hoshino A, Kowalska D, Jean F, Lazure C, Lindberg I. Modulation of PC1/3 activity by self-
interaction and substrate binding. Endocrinology. 2011; 152(4):1402–1411. [PubMed: 21303942] 

19. Benjannet S, Rondeau N, Paquet L, et al. Comparative biosynthesis, covalent post-translational 
modifications and efficiency of prosegment cleavage of the prohormone convertases PC1 and PC2: 
glycosylation, sulphation and identification of the intracel-lular site of prosegment cleavage of PC1 
and PC2. Biochem J. 1993; 294(Pt 3):735–743. [PubMed: 8397508] 

20. Lindberg I. Evidence for cleavage of the PC1/PC3 pro-segment in the endoplasmic reticulum. Mol 
Cell Neurosci. 1994; 5(3):263–268. [PubMed: 8087424] 

21. Anderson ED, VanSlyke JK, Thulin CD, Jean F, Thomas G. Activation of the furin endoprotease is 
a multiple-step process: requirements for acidification and internal propeptide cleavage. EMBOJ. 
1997; 16(7):1508–1518.

22. Feliciangeli SF, Thomas L, Scott GK, et al. Identification of a pH sensor in the furin propeptide 
that regulates enzyme activation. J Biol Chem. 2006; 281(23):16108–16116. [PubMed: 16601116] 

Ramos-Molina et al. Page 14

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2018 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



23. Dillon SL, Williamson DM, Elferich J, et al. Propeptides are sufficient to regulate organelle-
specific pH-dependent activation of furin and proprotein convertase 1/3. J Mol Biol. 2012; 423(1):
47–62. [PubMed: 22743102] 

24. Paquet L, Zhou A, Chang EY, Mains RE. Peptide biosynthetic processing: distinguishing 
prohormone convertases PC1 and PC2. Mol Cell Endocrinol. 1996; 120(2):161–168. [PubMed: 
8832576] 

25. Schnabel E, Mains RE, Farquahar MG. Proteolytic processing of proACTH-endorphin begins in 
the Golgi complex of pituitary corticotropes and AtT-20 cells. Mol Endocrinol. 1989; 3(8):1223–
1234. [PubMed: 2550814] 

26. Zandberg WF, Benjannet S, Hamelin J, Pinto BM, Seidah NG. N-Glycosylation controls 
trafficking, zymogen activation, and substrate processing of proprotein convertases PC1/3 and 
SKI-1. Glycobiology. 2011; 21(10):1290–1300. [PubMed: 21527438] 

27. Zhou Y, Lindberg I. Enzymatic properties of carboxyl-terminally truncated prohormone convertase 
1 (PC1/SPC3) and evidence for autocatalytic conversion. J Biol Chem. 1994; 269(28):18408–
18413. [PubMed: 8034588] 

28. Boudreault A, Gauthier D, Rondeau N, et al. Molecular characterization, enzymatic analysis, and 
purification of murine proprotein convertase-1/3 (PC1/PC3) secreted from recombinant 
baculovirus-infected insect cells. Protein Expr Purif. 1998; 14(3):353–366. [PubMed: 9882569] 

29. Lloyd DJ, Bohan S, Gekakis N. Obesity, hyperphagia and increased metabolic efficiency in Pc1 
mutant mice. Hum Mol Genet. 2006; 15(11):1884–1893. [PubMed: 16644867] 

30. Dong W, Seidel B, Marcinkiewicz M, Chretien M, Seidah NG, Day R. Cellular localization of the 
prohormone convertases in the hypothalamic paraventricular and supraoptic nuclei: selective 
regulation of PC1 in corticotrophin-releasing hormone parvocellular neurons mediated by 
glucocorticoids. J Neurosci. 1997; 17(2):563–575. [PubMed: 8987779] 

31. Damholt AB, Buchan AM, Holst JJ, Kofod H. Proglucagon processing profile in canine L cells 
expressing endogenous prohormone convertase 1/3 and prohormone convertase 2. Endocrinology. 
1999; 140(10):4800–4808. [PubMed: 10499540] 

32. Itoh Y, Tanaka S, Takekoshi S, Itoh J, Osamura RY. Prohormone convertases (PC1/3 and PC2) in 
rat and human pancreas and islet cell tumors: subcellular immunohistochemical analysis. Pathol 
Int. 1996; 46(10):726–737. [PubMed: 8916141] 

33. Kurabuchi S, Tanaka S. Immunocytochemical localization of prohormone convertases PC1 and 
PC2 in the mouse thyroid gland and respiratory tract. J Histochem Cytochem. 2002; 50(7):903–
909. [PubMed: 12070269] 

34. Takumi I, Steiner DF, Sanno N, Teramoto A, Osamura RY. Localization of prohormone convertases 
1/3 and 2 in the human pituitary gland and pituitary adenomas: analysis by immunohistochemistry, 
immunoelectron microscopy, and laser scanning microscopy. Mod Pathol. 1998; 11(3):232–238. 
[PubMed: 9521468] 

35. Tanaka S, Kurabuchi S, Mochida H, et al. Immunocytochemical localization of prohormone 
convertases PC1/PC3 and PC2 in rat pancreatic islets. Arch Histol Cytol. 1996; 59(3):261–271. 
[PubMed: 8874758] 

36. Zhou A, Bloomquist BT, Mains RE. The prohormone convertases PC1 and PC2 mediate distinct 
endoproteolytic cleavages in a strict temporal order during proopiomelanocortin biosynthetic 
processing. J Biol Chem. 1993; 268(3):1763–1769. [PubMed: 8380577] 

37. Benjannet S, Rondeau N, Day R, Chretien M, Seidah NG. PC1 and PC2 are proprotein convertases 
capable of cleaving proopiomelanocortin at distinct pairs of basic residues. Proc Natl Acad Sci 
USA. 1991; 88(9):3564–3568. [PubMed: 2023902] 

38. Thomas L, Leduc R, Thorne BA, Smeekens SP, Steiner D, Thomas G. Kex2-like endoproteases 
PC2 and PC3 accurately cleave a model prohormone in mammalian cells: evidence for a common 
core of neuroendocrine processing enzymes. Proc Natl Acad Sci USA. 1991; 88:5297–5301. 
[PubMed: 1647029] 

39. Wardman JH, Zhang X, Gagnon S, et al. Analysis of peptides in prohormone convertase 1/3 null 
mouse brain using quantitative peptidomics. J Neurochem. 2010; 114(1):215–225. [PubMed: 
20412386] 

Ramos-Molina et al. Page 15

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2018 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



40. Cowley MA, Smart JL, Rubinstein M, et al. Leptin activates anorexigenic POMC neurons through 
a neural network in the arcuate nucleus. Nature. 2001; 411(6836):480–484. [PubMed: 11373681] 

41. Belgardt BF, Okamura T, Bruning JC. Hormone and glucose signalling in POMC and AgRP 
neurons. J Physiol. 2009; 587(Pt 22):5305–5314. [PubMed: 19770186] 

42. Xu Y, Elmquist JK, Fukuda M. Central nervous control of energy and glucose balance: focus on 
the central melanocortin system. Ann NY Acad Sci. 2011; 1243:1–14. [PubMed: 22211889] 

43. Ollmann MM, Wilson BD, Yang YK, et al. Antagonism of central melanocortin receptors in vitro 
and in vivo by agouti-related protein. Science. 1997; 278(5335):135–138. [PubMed: 9311920] 

44. D’Agostino G, Diano S. Alpha-melanocyte stimulating hormone: production and degradation. J 
Mol Med. 2010; 88(12):1195–1201. [PubMed: 20617297] 

45. Pan H, Nanno D, Che FY, et al. Neuropeptide processing profile in mice lacking prohormone 
convertase-1. Biochemistry. 2005; 44(12):4939–4948. [PubMed: 15779921] 

46. Jackson RS, Creemers JW, Farooqi IS, et al. Small-intestinal dysfunction accompanies the complex 
endocrinopathy of human proprotein convertase 1 deficiency. J Clin Invest. 2003; 112(10):1550–
1560. [PubMed: 14617756] 

47. Dey A, Xhu X, Carroll R, Turck CW, Stein J, Steiner DF. Biological processing of the cocaine and 
amphetamine-regulated transcript precursors by prohormone convertases PC2 and PC1/3. J Biol 
Chem. 2003; 278(17):15007–15014. [PubMed: 12584191] 

48. Creemers JW, Pritchard LE, Gyte A, et al. Agouti-related protein is posttranslationally cleaved by 
proprotein convertase 1 to generate agouti-related protein (AGRP)83-132: interaction between 
AGRP83-132 and melanocortin receptors cannot be influenced by syndecan-3. Endocrinology. 
2006; 147(4):1621–1631. [PubMed: 16384863] 

49. Kalra SP, Dube MG, Pu S, Xu B, Horvath TL, Kalra PS. Interacting appetite-regulating pathways 
in the hypothalamic regulation of body weight. Endocr Rev. 1999; 20(1):68–100. [PubMed: 
10047974] 

50. Paquet L, Massie B, Mains RE. Proneuropeptide Y processing in large dense-core vesicles: 
manipulation of prohormone convertase expression in sympathetic neurons using adenoviruses. J 
Neurosci. 1996; 16(3):964–973. [PubMed: 8558265] 

51. Nilaweera KN, Barrett P, Mercer JG, Morgan PJ. Precursor-protein convertase 1 gene expression in 
the mouse hypothalamus: differential regulation by ob gene mutation, energy deficit and 
administration of leptin, and coexpression with prepro-orexin. Neuroscience. 2003; 119(3):713–
720. [PubMed: 12809692] 

52. Zhu X, Orci L, Carroll R, Norrbom C, Ravazzola M, Steiner DF. Severe block in processing of 
proinsulin to insulin accompanied by elevation of des-64,65 proinsulin intermediates in islets of 
mice lacking prohormone convertase 1/3. Proc Natl Acad Sci USA. 2002; 99(16):10299–10304. 
[PubMed: 12136131] 

53. Smeekens S, Montag AG, Thomas G, et al. Proinsulin processing by the subtilisin-related 
proprotein convertases furin PC2, and PC3. Proc Natl Acad Sci USA. 1992; 89:8822–8826. 
[PubMed: 1528899] 

54. Furuta M, Carroll R, Martin S, et al. Incomplete processing of proinsulin to insulin accompanied 
by elevation of Des-31,32 proinsulin intermediates in islets of mice lacking active PC2. J Biol 
Chem. 1998; 273:1–7. [PubMed: 9417035] 

55. Yourshaw M, Solorzano-Vargas RS, Pickett LA, et al. Exome sequencing finds a novel PCSK1 
mutation in a child with generalized malabsorptive diarrhea and diabetes insipidus. J Pediatr 
Gastroenterol Nutr. 2013; 57(6):759–767. [PubMed: 24280991] 

56. Bandsma RH, Sokollik C, Chami R, et al. From diarrhea to obesity in prohormone convertase 1/3 
deficiency: age-dependent clinical pathologic, and enteroendocrine characteristics. J Clin 
Gastroenterol. 2013; 47(10):834–843. [PubMed: 24135795] 

57. Frank GR, Fox J, Candela N, et al. Severe obesity and diabetes insipidus in a patient with PCSK1 
deficiency. Mol Genet Metab. 2013; 110(1–2):191–194. [PubMed: 23800642] 

58. O’Rahilly S, Gray H, Humphreys PJ, et al. Brief report: impaired processing of prohormones 
associated with abnormalities of glucose homeostasis and adenal function. New England J Med. 
1995; 333:1386–1390. [PubMed: 7477119] 

Ramos-Molina et al. Page 16

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2018 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



59. Rouille Y, Westermark G, MSK, Steiner DF. Proglucagon is processed to glucagon by prohormone 
convertase PC2 in alphaTC1-6 cells. Proc Natl Acad Sci USA. 1994; 91:3242–3246. [PubMed: 
8159732] 

60. Furuta M, Zhou A, Webb G, Ravazzola M, Orci L, Steiner DF. Severe defect in proglucagon 
processing in islet A-cells of prohormone convertase 2 null mice. J Biol Chem. 2001; 276:27197–
27202. [PubMed: 11356850] 

61. Rouille Y, Bianchi M, Irminger JC, Halban PA. Role of prohormone convertase PC2 in the 
processing of proglucagon to glucagon. FEBS Lett. 1997; 413:119–123. [PubMed: 9287128] 

62. Rouille Y, Martin S, Steiner DF. Differential processing of proglucagon by the subtilisin-like 
prohormone convertases PC2 and PC3 to generate either glucagon or glucagon-like peptide. J Biol 
Chem. 1995; 270(44):26488–26496. [PubMed: 7592866] 

63. Dhanvantari S, Seidah NG, Brubaker PL. Role of prohormone convertases in the tissue-specific 
processing of proglucagon. Mol Endocrinol. 1996; 10:342–355. [PubMed: 8721980] 

64. Rouille Y, Kantengwa S, Irminger JC, Halban PA. Role of the prohormone convertases in the 
processing of proglucagon to glucagon-like peptides. J Biol Chem. 1997; 72:32810–32816.

65. Drucker DJ, Yusta B. Physiology and pharmacology of the enteroendocrine hormone glucagon-like 
peptide-2. Ann Rev Physiol. 2014; 76:561–583. [PubMed: 24161075] 

66. Dailey MJ, Moran TH. Glucagon-like peptide 1 and appetite. Trends Endocrinol Metab. 2013; 
24(2):85–91. [PubMed: 23332584] 

67. Ugleholdt R, Poulsen ML, Holst PJ, et al. Prohormone convertase 1/3 is essential for processing of 
the glucose-dependent insulinotropic polypeptide precursor. J Biol Chem. 2006; 281(16):11050–
11057. [PubMed: 16476726] 

68. Usdin TB, Mezey E, Button DC, Brownstein MJ, Bonner TI. Gastric inhibitory polypeptide 
receptor, a member of the secretin-vasoactive intestinal peptide receptor family, is widely 
distributed in peripheral organs and the brain. Endocrinology. 1993; 133(6):2861–2870. [PubMed: 
8243312] 

69. Paschetta E, Hvalryg M, Musso G. Glucose-dependent insulinotropic polypeptide: from 
pathophysiology to therapeutic opportunities in obesity-associated disorders. Obes Rev. 2011; 
12(10):813–828. [PubMed: 21815989] 

70. Zhu X, Cao Y, Voogd K, Steiner DF. On the processing of proghrelin to ghrelin. J Biol Chem. 
2006; 281(50):38867–38870. [PubMed: 17050541] 

71. Ozawa A, Cai Y, Lindberg I. Production of bioactive peptides in an in vitro system. Anal Biochem. 
2007; 366(2):182–189. [PubMed: 17540328] 

72. Shintani M, Ogawa Y, Ebihara K, et al. Ghrelin, an endogenous growth hormone secretagogue, is a 
novel orexigenic peptide that antagonizes leptin action through the activation of hypothalamic 
neuropeptide Y/Y1 receptor pathway. Diabetes. 2001; 50:227–232. [PubMed: 11272130] 

73. Gagnon J, Baggio LL, Drucker DJ, Brubaker PL. Ghrelin is a novel regulator of GLP-1 secretion. 
Diabetes. 2015; 64:1513–1521. [PubMed: 25412624] 

74. Wang W, Birch NP, Beinfeld MC. Prohormone convertase 1 (PC1) when expressed with pro 
cholecystokinin (pro CCK) in L cells performs three endoproteolytic cleavages which are observed 
in rat brain and in CCK-expressing endocrine cells in culture, including the production of glycine 
and arginine extended CCK8. Biochem Biophys Res Commun. 1998; 248(3):538–541. [PubMed: 
9703961] 

75. Rehfeld JF, Zhu X, Norrbom C, et al. Prohormone convertases 1/3 and 2 together orchestrate the 
site-specific cleavages of progastrin to release gastrin-34 and gastrin-17. Biochem J. 2008; 415(1):
35–43. [PubMed: 18554181] 

76. Svendsen B, Pedersen J, Albrechtsen NJW, et al. An analysis of cosecretion and coexpression of 
gut hormones from male rat proximal and distal small intestine. Endocrinology. 2015; 156:847–
857. [PubMed: 25535831] 

77. Rehfeld JF. Gastrointestinal hormones and their targets. Adv Exp Med Biol. 2014; 817:157–175. 
[PubMed: 24997033] 

78. Mbikay M, Croissandeau G, Sirois F, et al. A targeted deletion/insertion in the mouse Pcsk1 locus 
is associated with homozygous embryo preimplantation lethality, mutant allele preferential 

Ramos-Molina et al. Page 17

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2018 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transmission and heterozygous female susceptibility to dietary fat. Dev Biol. 2007; 306(2):584–
598. [PubMed: 17490633] 

79. Prabhu Y, Blanco EH, Liu M, et al. Defective transport of the obesity mutant PC1/3 N222D 
contributes to loss of function. Endocrinology. 2014; 155(7):2391–2401. [PubMed: 24828610] 

80. Blanco EH, Ramos-Molina B, Lindberg I. Revisiting PC1/3 mutants: dominant-negative effect of 
endoplasmic reticulum-retained mutants. Endocrinology. 2015; 156(10):3625–3637. en20151068. 
[PubMed: 26207343] 

81. Creemers JW, Choquet H, Stijnen P, et al. Heterozygous mutations causing partial prohormone 
convertase 1 deficiency contribute to human obesity. Diabetes. 2012; 61(2):383–390. [PubMed: 
22210313] 

82. Choquet H, Kasberger J, Hamidovic A, Jorgenson E. Contribution of common PCSK1 genetic 
variants to obesity in 8,359 subjects from multi-ethnic American population. PLoS One. 2013; 
8(2):e57857. [PubMed: 23451278] 

83. Villalobos-Comparan M, Villamil-Ramirez H, Villarreal-Molina T, et al. PCSK1 rs6232 is 
associated with childhood and adult class III obesity in the Mexican population. PLoS One. 2012; 
7(6):e39037. [PubMed: 22737226] 

84. Turpeinen H, Ortutay Z, Pesu M. Genetics of the first seven proprotein convertase enzymes in 
health and disease. Curr Genomics. 2013; 14(7):453–467. [PubMed: 24396277] 

85. Benzinou M, Creemers JW, Choquet H, et al. Common nonsynonymous variants in PCSK1 confer 
risk of obesity. Nat Genet. 2008; 40(8):943–945. [PubMed: 18604207] 

86. Heni M, Haupt A, Schafer SA, et al. Association of obesity risk SNPs in PCSK1 with insulin 
sensitivity and proinsulin conversion. BMC Med Genet. 2010; 11:86. [PubMed: 20534142] 

87. Strawbridge RJ, Dupuis J, Prokopenko I, et al. Genome-wide association identifies nine common 
variants associated with fasting proinsulin levels and provides new insights into the 
pathophysiology of type 2 diabetes. Diabetes. 2011; 60(10):2624–2634. [PubMed: 21873549] 

88. Kilpelainen TO, Bingham SA, Khaw KT, Wareham NJ, Loos RJ. Association of variants in the 
PCSK1 gene with obesity in the EPIC-Norfolk study. Hum Mol Genet. 2009; 18(18):3496–3501. 
[PubMed: 19528091] 

89. Qi Q, Li H, Loos RJ, et al. Association of PCSK1 rs6234 with obesity and related traits in a 
Chinese Han population. PLoS One. 2010; 5(5):e10590. [PubMed: 20498726] 

90. Gjesing AP, Vestmar MA, Jorgensen T, et al. The effect of PCSK1 variants on waist, waist-hip ratio 
and glucose metabolism is modified by sex and glucose tolerance status. PLoS One. 2011; 
6(9):e23907. [PubMed: 21935364] 

91. Mbikay M, Sirois F, Nkongolo KK, Basak A, Chretien M. Effects of rs6234/rs6235 and rs6232/
rs6234/rs6235 PCSK1 single-nucleotide polymorphism clusters on proprotein convertase 1/3 
biosynthesis and activity. Mol Genet Metab. 2011; 104(4):682–687. [PubMed: 22000902] 

92. Blanco EH, Peinado JR, Martin MG, Lindberg I. Biochemical and cell biological properties of the 
human prohormone convertase 1/3 Ser357Gly mutation: a PC1/3 hypermorph. Endocrinology. 
2014; 155(9):3434–3447. [PubMed: 24932808] 

93. Li L, Gao K, Zhao J, et al. Glucagon gene polymorphism modifies the effects of smoking and 
physical activity on risk of type 2 diabetes mellitus in Han Chinese. Gene. 2014; 534:352–355. 
[PubMed: 24185078] 

94. Canani RB, Castaldo G, Bacchetta R, Martín MG, Goulet O. Congenital diarrhoeal disorders: 
advances in this evolving web of inherited enteropathies. Nat Rev Gastroenterol Hepatol. 2015; 
12:293–302. [PubMed: 25782092] 

95. Wang J, Cortina G, Wu SV, et al. Mutant neurogenin-3 in congenital malabsorptive diarrhea. New 
England J Med. 2006; 355:270–280. [PubMed: 16855267] 

96. Walley AJ, Asher JE, Froguel P. The genetic contribution to non-syndromic human obesity. Nat 
Rev Genet. 2009; 10:431–442. [PubMed: 19506576] 

97. Farooqi IS, 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 J Med. 2003; 348:1085–1095. 
[PubMed: 12646665] 

Ramos-Molina et al. Page 18

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2018 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



98. Gradwohl G, Dierich A, LeMeur M, Guillemot F. Neurogenin3 is required for the development of 
the four endocrine cell lineages of the pancreas. Proc Natl Acad Sci USA. 2000; 97:1607–1611. 
[PubMed: 10677506] 

99. Jeppesen PB. Gut hormones in the treatment of short-bowel syndrome and intestinal failure. Curr 
Diffid238/Opin Endocrinol Diab Obes. 2015; 22:14–20.

100. Syed YY, McCormack PL. Exenatide extended-release: an updated review of its use in type 2 
diabetes mellitus. Drugs. 2015; 75:1141–1152. [PubMed: 26071140] 

101. Martinelli CE, Keogh JM, Greenfield JR, et al. Obesity due to melanocortin 4 receptor (MC4R) 
deficiency is associated with increased linear growth and final height, fasting hyperinsulinemia, 
and incompletely suppressed growth hormone secretion. J Clin Endocrinol Metabol. 2011; 
96:E181–E188.

102. Clément K, Vaisse C, Lahlou N, et al. A mutation in the human leptin receptor gene causes 
obesity and pituitary dysfunction. Nature. 1998; 392:398–401. [PubMed: 9537324] 

103. Wilschanski M, Abbasi M, Blanco E, et al. A novel familial mutation in the PCSK1 gene that 
alters the oxyanion hole residue of proprotein convertase 1/3 and impairs its enzymatic activity. 
PLoS One. 2014; 9(10):e108878. [PubMed: 25272002] 

104. Durand C, Rappold GA. Height matters-from monogenic disorders to normal variation. Nat Rev 
Endocrinol. 2013; 9:171–177. [PubMed: 23337954] 

105. Lango Allen H, Estrada K, Lettre G, et al. Hundreds of variants clustered in genomic loci and 
biological pathways affect human height. Nature. 2010; 467:832–838. [PubMed: 20881960] 

106. Hotamisligil GS. Endoplasmic reticulum stress and the inflammatory basis of metabolic disease. 
Cell. 2010; 140(6):900–917. [PubMed: 20303879] 

107. Ozcan U, Cao Q, Yilmaz E, et al. Endoplasmic reticulum stress links obesity, insulin action, and 
type 2 diabetes. Science. 2004; 306(5695):457–461. [PubMed: 15486293] 

108. Philippe J, Stijnen P, Meyre D, et al. A nonsense loss-of-function mutation in PCSK1 contributes 
to dominantly inherited human obesity. Int J Obes. 2015; 39(2):295–302.

109. Rohden F, Costa CS, Hammes TO, et al. Obesity associated with type 2 diabetes mellitus is linked 
to decreased PC1/3 mRNA expression in the Jejunum. Obes Surg. 2014; 24:2075–2081. 
[PubMed: 24831459] 

110. Ahlqvist E, Turrini F, Lang ST, et al. A common variant upstream of the PAX6 gene influences 
islet function in man. Diabetologia. 2012; 55:94–104. [PubMed: 21922321] 

111. Challis BG, Pritchard LE, Creemers JW, et al. A missense mutation disrupting a dibasic 
prohormone processing site in pro-opiomelanocortin (POMC) increases susceptibility to early-
onset obesity through a novel molecular mechanism. Hum Mol Genet. 2002; 11(17):1997–2004. 
[PubMed: 12165561] 

112. Creemers JW, Lee YS, Oliver RL, et al. Mutations in the amino-terminal region of 
proopiomelanocortin (POMC) in patients with early-onset obesity impair POMC sorting to the 
regulated secretory pathway. J Clin Endocrinol Metab. 2008; 93(11):4494–4499. [PubMed: 
18697863] 

113. Farooqi IS, Drop S, Clements A, et al. Heterozygosity for a POMC-null mutation and increased 
obesity risk in humans. Diabetes. 2006; 55(9):2549–2553. [PubMed: 16936203] 

114. 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. Nat 
Genet. 1998; 19(2):155–157. [PubMed: 9620771] 

115. Yaswen L, Diehl N, Brennan M, Hochgeschwender U. Obesity in the mouse model of pro-
opimelanocortin deficiency responds to peripheral melanocortin. Nat Med. 1999; 5(9):1066–
1070. [PubMed: 10470087] 

116. Alsters SIM, Goldstone AP, Buxton JL, et al. Truncating homozygous mutation of 
carboxypeptidase E (CPE) in a morbidly obese female with type 2 diabetes mellitus intellectual 
disability and hypogonadotrophic hypogonadism. PloS One. 2015; 10:e0131417. [PubMed: 
26120850] 

117. Naggert JK, Fricker LD, Varlamov O, et al. Hyperproinsulinemia in obese fat/fat mice associated 
with a point mutation in the carboxypeptidase R gene and reduced enzyme activity. Nat Genet. 
1995; 1995:135–142.

Ramos-Molina et al. Page 19

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2018 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



118. Srinivasan S, Bunch DO, Feng Y, et al. Deficits in reproduction and pro-gonadotropin-releasing 
hormone processing in male Cpefat mice. Endocrinology. 2004; 145(4):2023–2034. [PubMed: 
14715715] 

119. Berman Y, Mzhavia N, Polonskaia A, Devi LA. Impaired prohormone convertases in cpefat/
cpefat mice. J Biol Chem. 2001; 276:1466–1473. [PubMed: 11038363] 

120. Fricker LD, McKinzie AA, Sun J, et al. Identification and characterization of proSAAS, a granin-
like neuroendocrine peptide precursor that inhibits prohormone processing. J Neurosci. 2000; 
20(2):639–648. [PubMed: 10632593] 

121. Kudo H, Liu J, Jansen EJ, et al. Identification of proSAAS homologs in lower vertebrates: 
conservation of hydrophobic helices and convertase-inhibiting sequences. Endocrinology. 2009; 
150(3):1393–1399. [PubMed: 18948394] 

122. Chun JY, Korner J, Kreiner T, Scheller RH, Axel R. The function and differential sorting of a 
family of aplysia prohormone processing enzymes. Neuron. 1994; 12(4):831–844. [PubMed: 
8161455] 

123. Feng Y, Reznik SE, Fricker LD. Distribution of proSAAS-derived peptides in rat neuroendocrine 
tissues. Neuroscience. 2001; 105(2):469–478. [PubMed: 11672612] 

124. Feng Y, Reznik SE, Fricker LD. ProSAAS and prohormone convertase 1 are broadly expressed 
during mouse development. Brain Res Gene Expr Patterns. 2002; 1(2):135–140. [PubMed: 
15018810] 

125. Atkins N Jr, Mitchell JW, Romanova EV, et al. Circadian integration of glutamatergic signals by 
little SAAS in novel suprachiasmatic circuits. PLoS One. 2010; 5(9):e12612. [PubMed: 
20830308] 

126. Mzhavia N, Berman Y, Che FY, Fricker LD, Devi LA. ProSAAS processing in mouse brain and 
pituitary. J Biol Chem. 2001; 276(9):6207–6213. [PubMed: 11094058] 

127. Sayah M, Fortenberry Y, Cameron A, Lindberg I. Tissue distribution and processing of proSAAS 
by proprotein convertases. J Neurochem. 2001; 76(6):1833–1841. [PubMed: 11259501] 

128. Qian Y, Devi LA, Mzhavia N, Munzer S, Seidah NG, Fricker LD. The C-terminal region of 
proSAAS is a potent inhibitor of prohormone convertase 1. J Biol Chem. 2000; 275(31):23596–
23601. [PubMed: 10816562] 

129. Cameron A, Fortenberry Y, Lindberg I. The SAAS granin exhibits structural and functional 
homology to 7B2 and contains a highly potent hexapeptide inhibitor of PC1. FEBS Lett. 2000; 
473(2):135–138. [PubMed: 10812060] 

130. Apletalina E, Appel J, Lamango NS, Houghten RA, Lindberg I. Identification of inhibitors of 
prohormone convertases 1 and 2 using a peptide combinatorial library. J Biol Chem. 1998; 
273(41):26589–26595. [PubMed: 9756897] 

131. Wei S, Feng Y, Che FY, et al. Obesity and diabetes in transgenic mice expressing proSAAS. J 
Endocrinol. 2004; 180(3):357–368. [PubMed: 15012590] 

132. Morgan DJ, Wei S, Gomes I, et al. The propeptide precursor proSAAS is involved in fetal 
neuropeptide processing and body weight regulation. J Neurochem. 2010; 113(5):1275–1284. 
[PubMed: 20367757] 

133. Gosmain Y, Katz LS, Masson MH, Cheyssac C, Poisson C, Philippe J. Pax6 is crucial for β-cell 
function, insulin biosynthesis, and glucose-induced insulin secretion. Mol Endocrinol. 2012; 
26:696–709. [PubMed: 22403172] 

134. Wen JH, Chen YY, Song SJ, et al. Paired box 6 (PAX6) regulates glucose metabolism via 
proinsulin processing mediated by prohormone convertase 1/3 (PC1/3). Diabetologia. 2009; 
52(3):504–513. [PubMed: 19034419] 

135. Liu T, Zhao Y, Tang N, et al. Pax6 directly down-regulates Pcsk1n expression thereby regulating 
PC1/3 dependent proinsulin processing. PloS One. 2012; 7:e46934. [PubMed: 23056534] 

136. Hoshino A, Helwig M, Razaei S, Berridge C, Eriksen J, Lindberg I. A novel function for 
proSAAS as an amyloid anti-aggregant in Alzheimer’s disease. J Neurochem. 2014; 128(3):419–
430. [PubMed: 24102330] 

137. Peinado JR, Sami F, Rajpurohit N, Lindberg I. Blockade of islet amyloid polypeptide fibrillation 
and cytotoxicity by the secretory chaperones 7B2 and proSAAS. FEBS Lett. 2013; 587(21):
3404–3411.

Ramos-Molina et al. Page 20

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2018 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
PC1/3 trafficking in the regulated secretory pathway. During translocation the signal peptide 

is removed, resulting in the inactive zymogen proPC1/3. In the ER, proPC1/3 is folded, N-

glycosylated and undergoes rapid initial prodomain cleavage. In the Golgi compartments, 

the protein undergoes additional posttranslational modifications, including further addition 

glycosylation, sugar trimming; and sulfation. Once in the TGN, PC1/3 is sorted into dense-

core granules, and the Ct domain is autocatalytically cleaved, resulting in complete 

maturation. RER, rough endoplasmic reticulum; TGN, trans-Golgi network; SG, secretory 

granules; Pro, prodomain; Cat, catalytic domain; Ct, carboxy-terminal domain.
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Figure 2. 
PC1/3 activity is essential to the leptin–melanocortin pathway. The hypothalamus is a key 

regulator of food intake and energy expenditure, responding to the action of peripheral 

hormones. Leptin is an anorexigenic hormone, produced and secreted by white adipose 

tissue, whose circulating levels are proportional to the mass of body fat. Leptin binds to 

leptin receptors on AgRP/NPY- and POMC-expressing neurons in the ARC of the 

hypothalamus. Leptin binding inhibits the synthesis of AgRP and stimulates the synthesis of 

POMC. Acting together, PC1/3 and PC2 accomplish the proteolytic processing of POMC to 

α-MSH within POMC-expressing neurons. PC1/3 is specifically required for the processing 

of proAgRP in NPY/AgRP-producing neurons. α-MSH and AgRP compete for the MC4R 

in the paraventricular nucleus (PVN) of the hypothalamus. Whereas increased receptor 

activity by α-MSH binding generates an anorexigenic signal, AgRP reduces receptor 

activity, generating an orexigenic signal.

Ramos-Molina et al. Page 22

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2018 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Human PC1/3 mutations and variations identified to date. Over two dozen different missense 

and nonsense mutations in PCSK1 have been identified in infants with diarrhea and 

endocrine patients (shown below panel)6,8,9,57 or in obese populations81 (shown above 

panel). The three most frequent polymorphisms (N221D, Q665E/S690T) are shown in dark 

gray (blue in the web version); note that these may coexist with other mutations. Mutant 

proteins that are not secreted and likely are ER-retained are shown in light gray (red in the 

web version) Diagram modified from Ref. [8].
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Table 1

Main PC1/3 Substrates Involved in Feeding Behavior and Energy Homeostasis.

Hormone/Neuropeptide Peptide Precursor Feeding Regulation Tissue Distribution

α-MSH POMC Anorexigenic Hypothalamus

CART proCART Anorexigenic Hypothalamus

NPY proNPY Orexigenic Hypothalamus

AgRP proAgRP Orexigenic Hypothalamus

Orexin/hypocretin proOrexin/hypocretin Orexigenic Hypothalamus

Ghrelin proghrelin Orexigenic Stomach

Insulin proinsulin Anorexigenic Pancreas

CCK proCCK Anorexigenic Small intestine

GLP-1 proglucagon Anorexigenic Small intestine

The processing of POMC and proinsulin to α-MSH and insulin requires the sequential action of PC1/3 and PC2. The bioactive peptides CART, 
NPY, AgRP, ghrelin, CCK, and GLP-1 are generated by PC1/3-mediated processing of their respective peptide precursors; proorexin/hypocretin 
processing has not yet been investigated, although PC1/3 is expressed in orexin-positive neurons.
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