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Abstract: Proprotein convertase 1/3 (PC1/3), encoded by the PCSK1 gene, is expressed in neuronal
and (entero)endocrine cell types, where it cleaves and hence activates a number of protein precursors
that play a key role in energy homeostasis. Loss-of-function mutations in PCSK1 cause a recessive
complex endocrinopathy characterized by malabsorptive diarrhea and early-onset obesity. Despite
the fact that neonatal malabsorptive diarrhea is observed in all patients, it has remained understudied.
The aim of this study was to investigate the enteroendocrine pathologies in a male patient with
congenital PCSK1 deficiency carrying the novel homozygous c.1034A>C (p.E345A) mutation. This
patient developed malabsorptive diarrhea and metabolic acidosis within the first week of life, but
rapid weight gain was observed after total parenteral nutrition, and he displayed high proinsulin
levels and low adrenocorticotropin. In vitro analysis showed that the p.E345A mutation in PC1/3
resulted in a (near) normal autocatalytic proPC1/3 processing and only partially impaired PC1/3
secretion, but the processing of a substrate in trans was completely blocked. Immunohistochemical
staining did not reveal changes in the proGIP/GIP and proglucagon/GLP-1 ratio in colonic tissue.
Hence, we report a novel PCSK1 deficient patient who, despite neonatal malabsorptive diarrhea,
showed a normal morphology in the small intestine.

Keywords: proprotein convertase 1/3; PCSK1; congenital malabsorptive diarrhea; endocrinopathy;
enteroendocrine cells

1. Introduction

The PCSK1 gene, which encodes the subtilisin-like proprotein convertase (PC) family
member PC1/3, consists of 14 exons and is located on chromosome 5q15-21 in humans [1].
The PC family consists of seven closely related members (furin, PC1/3, PC2, PC4, PACE4,
PC5/6, and PC7) and two less-related enzymes (PCSK8 and PCSKO9) [2,3]. Because of the
high conservation of the catalytic domains of PCs, they all cleave on the C-terminal side of
similar but not identical basic amino acid motifs. Despite differences in pH optima, subcel-
lular localization, and tissue distribution of the enzymes, it has remained largely unknown
which substrate is cleaved by each PC family member [4]. In addition, some substrates
can be cleaved by a specific convertase, while for other substrates, redundancy occurs.
Furthermore, this substrate redundancy can even be tissue-specific. For instance, Roebroek
et al. reported that the furin knock-out mouse model displayed complete redundancy for
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the processing of the insulin receptor in liver [5]. In contrast, furin deficiency resulted in
the complete blocking of insulin receptor processing in colorectal tumor cells [6].

PC1/3 is expressed at high levels in the hypothalamus, the endocrine pancreas, and
the gastrointestinal tract, where it cleaves and activates a number of prohormones and
proneuropeptides such as proopiomelanocortin, proinsulin and proglucagon [4]. Due to
its processing of intestinal prohormones, PC1/3 plays an important role in the proper
functioning of the entereoendocrine system. The entereoendocrine system is the largest
endocrine organ in the body and consists of six different cell types: entereocytes, paneth
cells, goblet cells, tuft cells, microfold (M) cells, and entereoendocrine cells (EECs). EECs
have an open-type morphology and a typical conical shape with the small pointed pole
being equipped with microvilli facing in the direction of the gut lumen. On the other side
of the cell, the broader base is where secretory granules are situated and release peptide
hormones important for appetite regulation and glucose control, such as glucagon-like
peptides (GLP-1 and GLP-2), glucose-dependent insulinotropic polypeptide (GIP), and
cholecystokinin (CCK) [7,8]. PC1/3 and PC2 are differentially expressed in these EECs,
and are responsible for the processing of multiple peptide hormones that can impact gut
physiology, such as somatostatin (D cells), CCK (I cells), GIP (K cells), and GLP-1/GLP-2
(L cells) [4,6,9]. ProGIP, which is expressed in the K cells of the small intestine, is activated
after cleavage by PC1/3 into GIP. GIP is also called gastric inhibitory polypeptide, referring
to its activity as a mild inhibitor of gastric acid secretion [10,11]. Proglucagon, expressed
in the o-cells in the pancreas, is processed by PC2, resulting in glucagon. Glucagon is
important for increasing blood glucose by stimulation of gluconeogenesis. Proglucagon is
also produced in the L cells in the small intestine, where it is cleaved by PC1/3 into GLP-1,
GPL-2, and oxyntomodulin [4]. These incretins (GLP-1 and GIP) stimulate a decrease in
blood glucose levels by activating insulin secretion by the pancreas, and stimulate satiety
by regulating the food-intake regulatory systems in the hypothalamus. GLP-1 and GIP
are responsible for 50% of normal insulin release [11]. GLP-1 is also able to inhibit gastric
emptying and reduce appetite. GLP-2, which is secreted simultaneously with GLP-1,
attenuates gastric emptying and is responsible for villi growth, crypt cell proliferation, and
nutrient absorption [12].

Loss-of-function mutations in the PCSK1 gene cause an autosomal recessive disor-
der mainly characterized by malabsorptive diarrhea at early stage and childhood obesity
when malabsorption is surpassed. In addition, PCSK1-deficient patients could have sys-
temic endocrinopathies with incomplete penetrance, such as growth hormone deficiency,
hypocortisolemia, and hypothyroidism [4]. The publication of the first PCSK1 null patient
received much attention because of the extreme childhood obesity (36 kg, 3 years old) [13].
Since this index patient and two subsequent patients had been identified on the basis of
childhood obesity, this aspect was considered the hallmark of this syndrome, and relatively
little attention was paid to the gastrointestinal (GI) phenotype [14-16]. This changed when
13 additional null patients were identified in a cohort of only 35 patients with idiopathic
malabsorptive diarrhea [13]. The gastrointestinal complications occur immediately after
birth, resulting in chronic diarrhea, dehydration, weight loss, and metabolic acidosis, which
can lead to death in early childhood. The neonates need prolonged parenteral nutrition and
a long hospitalization time. While the malabsorptive diarrhea appears to be lifelong, the
parenteral nutrition can be discontinued by 2 years of age. Severe polyphagia reminiscent
of leptin disorders is generally observed by late infancy when obesity becomes appar-
ent [13]. To date, 30 cases of PCSK1 deficiency have been reported, with patients exhibiting
a variable range of symptoms (reviewed in [4]). All these patients were diagnosed with
early and severe malabsorptive diarrhea and with a consistently elevated proinsulin levels
(x8-154 the normal range of 74) [16-20]. There was consanguinity in 81% of the reported
cases of PCSK1. Four patients died of catheter-related bloodstream infection before the
age of 2 years. Characteristic features of PC1/3 deficiency among the diagnosed patients
were variable and included: diabetes insipidus (67% of cases), polyuria-polydipsia (85%
of cases), postprandial hypoglycemia (52% of cases), growth hormone deficiency (55% of
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cases), central hypercortisolism (63% of cases), central hypothyroidism (56% of cases), and
hypogonadotropic hypogonadism (45% of cases) [15-17].

Despite the fact that all 30 published patients presented with features of an enteric en-
docrinopathy, forming a distinct category of congenital diarrhea and enteropathy (CODEs)
disorders, PCSK1 deficiency remains understudied [13,18]. Here, we diagnosed and bio-
chemically characterized a novel PCSK1-deficient patient and investigated the morphology
and presence of PC1/3 substrates in the small intestine.

2. Materials and Methods
2.1. Subject

Genomic DNA was isolated and extracted from blood by standard procedures. In
addition, a Clinical Laboratory Improvement Amendment (CLIA)-approved whole exome
sequencing was performed on the proband and parents at Children’s Hospital of Philadel-
phia and subsequently confirmed by Sanger sequencing. The parents signed an informed
consent to participate in this study as approved by the Ethical Committee of the University
of California, Los Angeles (UCLA).

2.2. Histology in Colonic Tissue

Small and large bowel samples were obtained endoscopically. Histology and im-
munohistological processing of tissue samples was handled as previously described [19].
Secondary antibodies were biotinylated using an ECTASTAIN ABC kit (Vector Laboratories,
Burlingame, CA, USA) and diaminobenzidine tetrahydrochloride as the substrate.

Immunohistochemistry staining of the colon tissue of the patient and control patient
was performed with antibodies against GLP-1 (Abcam, Cambridge, UK, ab26278; 1:500),
GLP-2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA; sc7781, 1:500), PCSK1 (Abnova,
Taipei, Taiwan; H00005122-M02, 1:250), and GIP (Santa Cruz Biotechnology, Santa Cruz,
CA, USA; sc23554, 1:250). Staining for Chromogranin A was performed to evaluate enteric
dysendocrinosis [20,21].

2.3. Site-Directed Mutagenesis

The expression vector pcDNA3 containing the human PC1/3 sequence with a FLAG
epitope-tag (DYKDDDDK) between the propeptide and the catalytic domain has been
described previously [22]. The mutation p.E345A was generated using the QuickChange
site-directed mutagenesis kit (Stratagene, San Diego, CA, USA) following the manufac-
turer’s protocol. All constructs were verified by Sanger sequencing.

2.4. Cell Culture and Transfection Experiments

The human embryonic kidney cell line HEK293T was cultured in DMEM/F12 (Life
Technologies, Carlsbad, CA, USA) supplemented with 10% fetal calf serum (Perbio Science,
Erembodegem-Aalst, Belgium) at 37 °C and 5% CO,. Cells were transfected using Xtreme
gene 9 transfection reagent (Roche, Basel, Switzerland) according to the manufacturer’s
instructions.

2.5. Western Blotting

Cells were lysed in sample buffer (2% SDS, 10% glycerol, 50 mM Tris-HCl pH 6.8), and
the conditioned media were collected for methanol precipitation. After protein separation
by SDS-PAGE, Western blotting was conducted using an anti-Flag M2 mouse monoclonal
antibody (1:10,000, Sigma-Aldrich, Saint Louis, MO, USA). A chemiluminescent substrate
was used for the detection of HRP-coupled secondary antibodies using a LAS4000 detection
system (GE Healthcare, Chicago, IL, USA).

2.6. PC1/3 Activity Measurement

Catalytic activity of PC1/3 was analyzed in conditioned medium from HEK293T cells
transiently transfected with the human PC1/3 constructs as described previously [23].
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Briefly, 25 puL conditioned medium was incubated at 37 °C with 0.2 mM of the fluorogenic
substrate pyr-Glu-Arg-Thr-Lys-Arg-amino methylcoumarin (AMC substrate, 7-amino-
4methylcoumarin, pyr-Glu-Arg-Thr-Lys-Arg-AMC) (Bachem, Bubendorf, Switzerland) in
0.1 M Na-CH3COOH (pH 5.5), 0.1% Triton X-100, 5 mM CaCl,, 1 uM E-64, 1 uM leupeptin,
1 uM pepstatin, and 10 uM TPCK (all from Sigma-Aldrich). Fluorescence was measured
every 10 min for 3 h (FLUOstar Omega; BMG Labtech, Ortenberg, Germany).

3. Results
3.1. Clinical Phenotype Description

The patient, a male infant born to consanguineous parents, weighing 3600 g at birth,
developed metabolic acidosis and diarrhea within the first week of life. There was no
family history of diarrheal disorders. Although infectious stool studies were negative,
the fecal elastase was persistently low: 27-105 pg/g. These results suggested pancreatic
insufficiency, but did not improve with pancreatic supplementation. After an acute episode
of hypothermia, bradycardia, and lethargy, the patient was diagnosed with adrenal insuffi-
ciency and was started on physiologic steroids. He had a low morning cortisol and low
adrenocorticotropic hormone (ACTH), as well as an inadequate response to a corticotropin-
releasing hormone (CRH) stimulation test. He had normal levels of insulin-like growth
factor 1 (IGF-1), insulin-like growth factor-binding protein 3 (IGF-BP3), prolactin, thyroid-
stimulating hormone (TSH), and free thyroxine 4 (T4). Growth hormone stimulation
testing and MRI of the pituitary was normal. At the age of 22 months, he presented with
significant hypernatremia with low urine osmolality in the setting Gram-negative sepsis.
He transiently displayed diabetes insipidus when he became septic before stopping IV
fluids. A water-deprivation test showed that he did not have diabetes insipidus. Despite
low caloric parenteral nutrition intake (20-30 kcal/kg/day with total caloric intake of
70-90 kcal/kg/day) in combination with diarrhea, his weight began to climb between the
ages of 10 and 14 months (Figure 1). His height remained stable at the 5th percentile. Pre-
meal proinsulin level was markedly high at 336 pmol/L (normal range: 3-20 pmol/L). A
high proinsulin level, congenital diarrhea, adrenal insufficiency, and other endocrinopathies
were consistent with a diagnosis of PCSK1 deficiency [17].

. TPN off briefly L™
@ TPN off L = 85 30

10.671 kg (23.52 Ib) 15424
_{Age 14.28 mo (on 7/3/2015)
>ercentile: 67.40 % (Z= 0.45) 3

Weight (kg) Weight (Ibs)

s 10 12 14 16 1@ 20 2 24
Age (months)

Figure 1. Rapid weight gain on limited total parenteral nutrition (TPN) calories.

Based on the results obtained during the latest follow-up, sodium serum levels had
increased from 137 to 145 (normal 135-145 mmol/L), urine osmolality had increased from
190 to 759 mOsm/kg (normal > 850 mOsm/kg H,0O), and serum osmolality had increased
from 280 to 310 mOsm/kg (normal range for children: 275-290 mOsm/kg). Therefore,
there was no need for desmopressin (DDAVP) treatment, and no further evaluation was
warranted at that time. Given the fact that children with this condition rarely develop
symptomatic adrenal insufficiency, the hydrocortisone treatment was stopped, and his
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stress dose was increased to 50 mg/m?/day. Repeat evaluation of the free T4 levels
revealed a lower level of free T4 of 0.97 ng/dL (normal 0.9-1.67 ng/dL), suggesting he had
developed central hypothyroidism; this is now being treated with 62.5 ng of levothyroxine
on a daily basis. There was one undescended testis present, but the patient did not have
a micropenis. Gonadotropins and testosterone levels will be monitored at puberty to see
whether he spontaneously goes through puberty or needs testosterone therapy. His IGF-1
levels and body length were normal, so growth hormone deficiency was not suspected.
His growth will be monitored.

3.2. Gastrointestinal Phenotype

Histology from upper endoscopy and flexible sigmoidoscopy revealed only mild
villous blunting without an inflammatory infiltrate. Electron microscopy also revealed
normal duodenal structure. Staining for chromogranin A, CD10, and epithelial cell adhe-
sion molecule (EpCAM) was also normal [24]. Stool osmolality was persistently high and
fecal-reducing substances were present; thus, malabsorptive CODE disorders were more
thoroughly investigated. Breath testing demonstrated malabsorption of sucrose, lactose,
and polycose, but normal glucose and fructose absorption (Table 1). Disaccharidase testing
was performed on three different occasions and was normal most of the time (Table 2).
Diarrhea persisted on milk protein and soy-protein-based formulas, elemental formulas,
low-fat, and even low-carbohydrate formula despite the carbohydrate malabsorption. Ulti-
mately, he required total parenteral nutrition (TPN) to maintain electrolyte stability and
support his growth. A custom formula with amino acid powder, microlipids, vitamins,
electrolytes, and oils were developed, and he was advanced on a hypoallergenic formula.
At the age of 3 years, he was able to be weaned from parenteral nutrition.

Table 1. Extensive carbohydrate malabsorption documented by hydrogen breath testing (measured
in parts per million).

Baseline 30 min 60 min 90 min 120 min 150 min 180 min
Glucose 11 8 6 10 17
Polycose 0 3 3 3 4 28 24
Sucrose 14 23 70 75 107 182 217
Fructose 8 10 13 14 22 21 14
Lactose 12 10 27 55 64 79 34

Table 2. Mucosal disaccharide analysis.

pumol/min/g Test 1 Test 2 Test 31
Lactase 14-33 29.3 6.2 18.8
Sucrase 25-66 78.1 26.5 22.4
Maltase 135-205 314.8 112 93.6
Palatinase 8.5-22 23.7 8.9 6.6

! Performed during weeks of breath testing.

3.3. Functional Analysis of the PCSK1 E345A Mutation

Whole exome sequencing revealed a homozygous ¢.1034A>C (p.E345A) mutation
in exon 8. Multialignment sequence analysis showed that E345, which is located in the
catalytic domain of PC1/3, was highly conserved not only between different species, but
also between other PC family members (Figure 2A). Visual representation of this residue in
the 3D structure of PC1/3 revealed that it was located close to other catalytically relevant
amino acids, such as D320 and N309 [25], and to the substrate-binding region, suggesting
that E345 could be essential for PC1/3 enzymatic activity (Figure 2A). To validate this
hypothesis, we carried out in vitro studies in HEK293T cells transfected with wild-type and
mutant human PC1/3. As shown in Figure 2B, PC1/3-E345A was normally synthesized
and secreted, without intracellular accumulation of proPC1/3-E345A, suggesting (near)
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normal autocatalytic activation. On the other hand, carboxyterminal processing of PC1/3-
E345A was severely impaired. Although both processes are autocatalytic, propeptide
cleavage is an intramolecular process and carboxyterminal processing is intermolecular,
which follow different kinetics [26-29]. Consistently, we did not detect cleavage activity
when using a substrate in trans, confirming that this mutant form was catalytically inert
(Figure 2C).

Orthologues (PCSK1) Paralogues
H. sapiens SPWYAEKCSST hPCSK1 SPWYAEKCSST
M. musculus SPWYAEKCSST hPCSK2 TALYDESCSST
G. gallus SPWYAEKCSST hFURIN VPWYSEACSST
X. tropicalis SPWYAEKCSST hPCSK4 KPWYLEACAST
D. rerio SPWYAEKCSST hPCSKS KPWYLEECSST
C. elegans IPWYSEACSST hPCSK6 KPWYLEECAST
KRK K KAk hPCSK7 MPFYAEECASM
* ox ox *
B . 3 C
1 =
(a2}
g S O
> 2 -= hPC1/3WT
‘a - - .
g g 9 6 —+ hPC1/3 E345A
w < = 5 - —e— Empty vector
S e PC1/3 4 A
Cell lysate / AMC
release 3
[AU]
2
W s e -GAPDH 1
0 4 + + + 1
Conditioned ' - i3 0 30 60 90 120 150
i time (min
medium ACT (min)

Figure 2. PC1/3-p.E345A has autocatalytic activity but is unable to cleave substrates in trans.
(A) Alignment of E345 between different species and the other members of the PC family, and
visual representation of the of the E345 residue in the 3D structure of PC1/3. (B) Maturation and
secretion of PC1/3-WT and PC1/3-p.E345A. Western blot of transiently transfected PC1/3-WT and
PC1/3-p.E345A in HEK239T cells. GAPDH was used as housekeeping gene. ACT: C-terminally
truncated PC1/3. (C) Enzymatic activity of secreted PC1/3-WT and PC1/3-pE345A was compared
using Suc-Leu-Leu-Val-Tyr-AMC as substrate. hPC1/3: human PC1/3; WT: wild-type; AMC: 7-
amino-4-methylcoumarin (Suc-Leu-Leu-Val-Tyr-AMC).

3.4. Immunohistochemical Analysis of PC1/3 and Potential Substrates in Colonic Biopsies

Tissue staining was performed on the colonic tissue for PC1/3, which was present
in a similar cell distribution but qualitatively decreased in the enteroendocrine cells from
the patient tissue (Figure 3). PC1/3 has previously been shown to be responsible for the
processing of intestinal prohormones such as proGIP [30] and proglucagon [31] in in vitro
studies. As shown in Figure 3, immunostaining of GIP and GLP-1 (which are produced
by PC1/3 from proGIP and proglucagon, respectively) was similar in control and patient
tissue, while GLP-2 (also produced by PC1/3-mediated cleavage of proglucagon in EEC)
was more abundant in the patient tissue. Our results indicated that the lack of PC1/3
activity in the intestine did not result in a significative reduction of gut incretins, suggesting
that deficiency of other gut hormones was responsible for the malabsorptive phenotype.
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Figure 3. Immunohistochemical analysis of PC1/3 and gut hormones in colonic tissue. GLP-1:
glucagon-like peptide 1; GLP-2: glucagon-like peptide 2; PC1/3: proprotein convertase 1/3; GIP:
glucose-dependent insulinotropic polypeptide. Scale: 50 pum.

4. Discussion

In this study, we described a case report of a male newborn with consanguineous
parents who presented with congenital malabsorptive diarrhea starting in his first week of
life. This hallmark, together with the additional endocrinopathies like hypoadrenalism,
reactive postprandial hypoglycemia, diabetes insipidus, and the high proinsulin level, were
consistent with a diagnosis of PCSK1 deficiency. Whole exome sequencing confirmed the
diagnosis due to the presence of a novel homozygous mutation ¢.1034A>C (p.E345A) in
exon 8 in the PCSK1 gene, reported in ClinVar (rs8664309557). A total of 50% of the reported
PCSK1 deficiency cases represented the combination of malabsorptive diarrhea, diabetes
insipidus, hypoglycemia, hypercortisolism, and adrenal insufficiency. Early childhood
obesity occurred in 79% of the reported cases. Because of the early diagnosis of this new
patient, childhood obesity has not yet been observed. As also seen in our novel patient,
malabsorptive diarrhea resulted in a need for parenteral nutrition in 92% of cases [32].

The hallmark of PCSK1 deficiency is the early onset of severe generalized malabsorp-
tive diarrhea. In 100% of the reported cases (26 cases + novel patient), this life-threatening
malabsorptive diarrhea is present in the first week/month of life. Martin et al. [13] found
13 pathogenic variants of PCSK1 after screening a cohort of 35 individuals who suffered
from congenital chronic malabsorptive diarrhea. The intestinal biopsy of these cases were
normal, with the exception of two patients that exhibited a mild villous atrophy without
inflammation [13]. In this new reported patient, despite the appearance of malabsorptive
diarrhea in his first week of life, the intestinal biopsy was near normal, with only mild
villous blunting without inflammatory infiltrate.

The malabsorptive diarrhea failed to resolve upon selective elimination of fats, carbo-
hydrates, and amino acids; this is the defining characteristic of all enteric endocrinopathies,
including NEUROG3 and PCSK1 deficiency [13,17,33]. Compared to other published cases
of PCSK1 deficiency, this proband underwent extensive and repetitive assessment of carbo-
hydrate assimilation with breath hydrogen and mucosal disaccharidase testing (Tables 1
and 2). Significant changes in breath hydrogen levels were seen with disaccharides and
polysaccharides but not with monosaccharides; however, elevated reducing substance
was detected with all challenges. Abnormalities of disaccharide and polysaccharide as-
similation were unrelated to impaired mucosal saccharidase, as the levels were normal in
two of the three tests that were performed. Unfortunately, breath hydrogen and mucosal
disaccharidase testing is fraught with limitations that diminish their usefulness in assisting
in the diagnosis of any of the enteric endocrinopathies. The distinguishing characteristic
of all enteric endocrinopathies is the reduced absorptive capacity (as defined by diarrhea)
when appropriately challenged with a broad class of nutrients [18,33].
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The actual cause of the malabsorptive diarrhea in PCSK1 deficiency is still unknown,
and the available data from the 30 reported patients is limited. Given the well-known func-
tion of gut hormones in intestinal physiology, the impaired processing of their precursors
is the likely cause. The levels of most gut hormones have not been tested in PC1/3 null
patients. The index patient exhibited no elevation of plasma GLP-1 and GLP-2 when tested
at the age of 46 (GLP-1: 158 pg/mL (normal: 162 pg/mL)). However, plasma proglucagon
seemed dramatically increased (3,430 pg/mL, compared to 328 pg/mL in controls) [16].
Our immunohistochemical analysis revealed that: (1) PC1/3 was still present in the colon
of the patient (consistent with the (near) normal synthesis and maturation in the in vitro
studies); (2) the expression of GLP-1 and GIP was unaffected by PC1/3 deficiency; and
(3) GLP-2 staining appeared to be increased. How proglucagon is processed to GLP-1 in
intestinal L cells in the absence of functional PC1/3 is unknown, but furin and PC6A have
been shown to be able to perform these cleavages in vitro as well, albeit less efficiently [34].
The ability of PC2 to compensate for the loss of PC1/3 activity is another plausible hy-
pothesis because both PCs are present in the regulated secretory pathway. However, in
the «-cells in the pancreas, PC2 activity results in glucagon as the cleaving product, which
has the opposite effect of GLP-1 [4]. In order to know whether PC2 is able to produce
incretins from proglucagon in the absence of PC1/3 activity in enteroendocrine intestinal
cells, further studies are warranted.

Our sequence analysis revealed that the E345 residue, which is located in the cat-
alytic domain of PC1/3, is completely conserved in all species ranging from mammals to
invertebrates and all PC family members. Its conservation and location in the catalytic
domain suggest that the glutamic acid is important for enzymatic activity. Additionally, the
visual representation indicated that this residue is closely located to two other catalytically
relevant amino acids, D320 and N309. D320 is important for stabilizing the binding of Ca?*
at the S1 binding site [35]. N309 is the oxyanion hole transition state-stabilizing amino acid,
which stabilizes the enzyme-substrate tetrahedral intermediate. Wilschanski et al. reported
PC1/3 deficiency in three siblings with a novel homozygous N309K mutation [25]. This
mutation also leads to normal maturation and secretion but no catalytic activity in vitro.
Although the E345A mutant does not cleave substrates in trans, this mutation did not exert
any effect on the maturation and secretion of the enzyme, suggesting normal autocatalytic
activation. The prodomain of proPC1/3 is cleaved in a rapid intramolecular way at the
primary site RSKR110 (t'/2 < 2 min) and after it enters the more acidic Golgi compartments,
at the second cleavage site RRSRR®! [26-29]. In our in vitro assay, we showed normal
cleavage and subcellular trafficking. Apparently, the mutation does not affect normal
folding and intramolecular propeptide cleavage, which follows zero-order kinetics. How-
ever, further cleavage at the carboxyterminus into two truncated active forms, 74 kDa and
66 kDa, were intermolecular events, following first-order kinetics [4]. In our in vitro study,
the truncated forms were not present, which was consistent with the lack of processing of a
substrate in trans, which is a second-order reaction.

5. Conclusions

In conclusion, we found that the homozygous c.1034A>C (p.E345A) point mutation,
present in a pediatric patient with congenital malabsorptive diarrhea, resulted in an inactive
form of the PC1/3 protein, and that the gastrointestinal phenotype could be explained,
at least partially, by the lack of PC1/3 activity in EECs, although not detecting abnormal
processing of intestinal prohormones such as proglucagon or proGIP. Our results suggest
that PC1/3 is involved in the processing of other intestinal peptides that might be necessary
for a proper nutrient absorption. However, further research is warranted in order to find
out whether PCSK1 deficiency may result in EEC dysfunction.

Author Contributions: In vitro experiments and writing—original draft preparation: L.A. and B.R.-
M.; histology in colonic tissue, IHC, and patient consultations, N.A.T., N.N.S., C.T. and M.G.M.;
review and editing, N.A.T., C.T., BR.-M., M.G.M. and ].W.C. All authors have read and agreed to the
published version of the manuscript.



Genes 2021, 12, 710 90of 10

Funding: This research was funded by FWO, grant number G.0B06.17N.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Ethics Committee of the University of California,
Los Angeles.

Informed Consent Statement: Not applicable; IRB consent was obtained to publish this paper.
Data Availability Statement: Not applicable.

Acknowledgments: Bruno Ramos-Molina was supported by the “Miguel Servet Type I” program
(CP19/00098, ISCIII, Spain; cofunded by the Fondo Europeo de Desarrollo Regional-FEDER).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.

®

10.

11.

12.

13.

14.

15.

16.

17.

18.

Seidah, N.G.; Mattei, M.G.; Gaspar, L.; Benjannet, S.; Mbikay, M.; Chrétien, 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, 103-107. [CrossRef]

Seidah, N.G.; Prat, A. The biology and therapeutic targeting of the proprotein convertases. Nat. Rev. Drug Discov. 2012, 11,
367-383. [CrossRef]

Seidah, N.G. The Proprotein Convertases, 20 Years Later. Adv. Struct. Saf. Stud. 2011, 768, 23-57. [CrossRef]

Stijnen, P.; Ramos-Molina, B.; O’Rahilly, S.; Creemers, ].W.M. PCSK1 Mutations and Human Endocrinopathies: From Obesity to
Gastrointestinal Disorders. Endocr. Rev. 2016, 37, 347-371. [CrossRef]

Roebroek, AJ.; Taylor, N.A.; Louagie, E.; Pauli, I.; Smeijers, L.; Snellinx, A.; Lauwers, A.; Van de Ven, W.J.; Hartmann, D.;
Creemers, ].W. Limited Redundancy of the Proprotein Convertase Furin in Mouse Liver. |. Biol. Chem. 2004, 279, 53442-53450.
[CrossRef]

He, Z.; Thorrez, L.; Siegfried, G.; Meulemans, S.; Evrard, S.; Tejpar, S.; Khatib, A.-M.; Creemers, ].W.M. The proprotein convertase
furin is a pro-oncogenic driver in KRAS and BRAF driven colorectal cancer. Oncogene 2020, 39, 3571-3587. [CrossRef]

Pais, R.; Gribble, EM.; Reimann, F. Signalling pathways involved in the detection of peptones by murine small intestinal
enteroendocrine L-cells. Peptides 2016, 77, 9-15. [CrossRef] [PubMed]

Engelstoft, M.S.; Egerod, K.L.; Holst, B.; Schwartz, T.W. A Gut Feeling for Obesity: 7TM Sensors on Enteroendocrine Cells. Cell
Metab. 2008, 8, 447-449. [CrossRef]

Mace, O.].; Tehan, B.; Marshall, EH. Pharmacology and physiology of gastrointestinal enteroendocrine cells. Pharmacol. Res.
Perspect. 2015, 3, e00155. [CrossRef]

Pais, R.; Gribble, EM.; Reimann, F. Stimulation of incretin secreting cells. Ther. Adv. Endocrinol. Metab. 2016, 7, 24-42. [CrossRef]
Parker, H.E.; Habib, A.M.; Rogers, G.J.; Gribble, EM.; Reimann, F. Nutrient-dependent secretion of glucose-dependent in-
sulinotropic polypeptide from primary murine K cells. Diabetologia 2009, 52, 289-298. [CrossRef] [PubMed]

Dong, C.X.; Zhao, W.; Solomon, C.; Rowland, K.J.; Ackerley, C.; Robine, S.; Holzenberger, M.; Gonska, T.; Brubaker, P.L. The
Intestinal Epithelial Insulin-Like Growth Factor-1 Receptor Links Glucagon-Like Peptide-2 Action to Gut Barrier Function.
Endocrinology 2014, 155, 370-379. [CrossRef] [PubMed]

Martin, M.G.; Lindberg, I.; Solorzano-Vargas, R.S.; Wang, J.; Avitzur, Y.; Bandsma, R.; Sokollik, C.; Lawrence, S.; Pickett, L.A.;
Chen, Z.; et al. Congenital Proprotein Convertase 1/3 Deficiency Causes Malabsorptive Diarrhea and Other Endocrinopathies in
a Pediatric Cohort. Gastroenterology 2013, 145, 138-148. [CrossRef] [PubMed]

O'Rahilly, S.; Gray, H.; Humphreys, PJ.; Krook, A.; Polonsky, K.S.; White, A.; Gibson, S.; Taylor, K.; Carr, C. Brief report: Impaired
processing of prohormones associated with abnormali-ties of glucose homeostasis and adrenal function. N. Engl. J. Med. 1995,
333, 1386-1391. [CrossRef]

Jackson, R.S.; Creemers, ].W.M.; Ohagi, S.; Raffin-Sanson, M.-L.; Sanders, L.; Montague, C.T.; Hutton, ]J.C.; O’Rahilly, S. Obesity
and impaired prohormone processing associated with mutations in the human prohormone convertase 1 gene. Nat. Genet. 1997,
16, 303-306. [CrossRef]

Jackson, R.S.; Creemers, ].W.; Farooqi, 1.S.; Raffin-Sanson, M.-L.; Varro, A.; Dockray, G.J.; Holst, ].J.; Brubaker, P.L.; Corvol, P;
Polonsky, K.S.; et al. Small-intestinal dysfunction accompanies the complex endocrinopathy of human proprotein convertase 1
deficiency. J. Clin. Investig. 2003, 112, 1550-1560. [CrossRef]

Pépin, L.; Colin, E.; Tessarech, M.; Rouleau, S.; Bouhours-Nouet, N.; Bonneau, M.; Coutant, R. A New Case of PCSK1 Pathogenic
Variant With Congenital Proprotein Convertase 1/3 Deficiency and Literature Review. . Clin. Endocrinol. Metab. 2019, 104,
985-993. [CrossRef]

Thiagarajah, J.R.; Kamin, D.S.; Acra, S.; Goldsmith, J.D.; Roland, J.T.; Lencer, W.I.; Muise, A.M.; Goldenring, J.R.; Avitzur, Y,;
Martin, M.G. Advances in Evaluation of Chronic Diarrhea in Infants. Gastroenterology 2018, 154, 2045-2059.e6. [CrossRef]


http://doi.org/10.1016/0888-7543(91)90106-O
http://doi.org/10.1038/nrd3699
http://doi.org/10.1007/978-1-61779-204-5_3
http://doi.org/10.1210/er.2015-1117
http://doi.org/10.1074/jbc.M407152200
http://doi.org/10.1038/s41388-020-1238-z
http://doi.org/10.1016/j.peptides.2015.07.019
http://www.ncbi.nlm.nih.gov/pubmed/26215048
http://doi.org/10.1016/j.cmet.2008.11.004
http://doi.org/10.1002/prp2.155
http://doi.org/10.1177/2042018815618177
http://doi.org/10.1007/s00125-008-1202-x
http://www.ncbi.nlm.nih.gov/pubmed/19082577
http://doi.org/10.1210/en.2013-1871
http://www.ncbi.nlm.nih.gov/pubmed/24265452
http://doi.org/10.1053/j.gastro.2013.03.048
http://www.ncbi.nlm.nih.gov/pubmed/23562752
http://doi.org/10.1056/NEJM199511233332104
http://doi.org/10.1038/ng0797-303
http://doi.org/10.1172/JCI200318784
http://doi.org/10.1210/jc.2018-01854
http://doi.org/10.1053/j.gastro.2018.03.067

Genes 2021, 12, 710 10 of 10

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Terry, N.A.; Lee, R.A.; Walp, E.R,; Kaestner, K.H.; May, C.L. Dysgenesis of Enteroendocrine Cells in Aristaless-Related Homeobox
Polyalanine Expansion Mutations. J. Pediatr. Gastroenterol. Nutr. 2015, 60, 192-199. [CrossRef]

Wang, Y.-H.; Yang, Q.-C.; Lin, Y.; Xue, L.; Chen, M.-H.; Chen, J. Chromogranin A as a Marker for Diagnosis, Treatment, and
Survival in Patients With Gastroenteropancreatic Neuroendocrine Neoplasm. Medicine 2014, 93, e247. [CrossRef]

Ohsie, S.; Gerney, G.; Gui, D.; Kahana, D.; Martin, M.G.; Cortina, G. A paucity of colonic enteroendocrine and/or enterochromaffin
cells characterizes a subset of patients with chronic unexplained diarrhea/malabsorption. Hum. Pathol. 2009, 40, 1006-1014.
[CrossRef]

Stijnen, P.; Brouwers, B.; Dirkx, E.; Ramos-Molina, B.; Van Lommel, L.; Schuit, F,; Thorrez, L.; Declercq, J.; Creemers, ] W.M.
Endoplasmic reticulum-associated degradation of the mouse PC1/3-N222D hypomorph and human PCSK1 mutations contributes
to obesity. Int. |. Obes. 2016, 40, 973-981. [CrossRef]

Creemers, ] W.; Choquet, H.; Stijnen, P.; Vatin, V.; Pigeyre, M.; Beckers, S.; Meulemans, S.; Than, M.E.; Yengo, L.; Tauber, M.; et al.
Heterozygous Mutations Causing Partial Prohormone Convertase 1 Deficiency Contribute to Human Obesity. Diabetes 2011, 61,
383-390. [CrossRef]

Sivagnanam, M.; Mueller, J.L.; Lee, H.; Chen, Z; Nelson, S.E; Turner, D.; Zlotkin, S.H.; Pencharz, P.B.; Ngan, B.; Libiger, O.; et al.
Identification of EpCAM as the Gene for Congenital Tufting Enteropathy. Gastroenterology 2008, 135, 429-437. [CrossRef]
Wilschanski, M.; Abbasi, M.; Blanco, E.; Lindberg, I.; Yourshaw, M.; Zangen, D.; Berger, I.; Shteyer, E.; Pappo, O.; Bar-Oz, B; 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, e108878. [CrossRef]

Zhou, A.; Paquet, L.; Mains, R.E. Structural Elements That Direct Specific Processing of Different Mammalian Subtilisin-like
Prohormone Convertases. J. Biol. Chem. 1995, 270, 21509-21516. [CrossRef]

Anderson, E.D.; VanSlyke, ] K.; Thulin, C.D.; Jean, F.; Thomas, G. Activation of the furin endoprotease is a multiple-step process:
Requirements for acidification and internal propeptide cleavage extension of the mature protein. The functions of pro-and
amphiregulin) the propeptides are required for stability. EMBO J. 1997, 16, 1508-1518. [CrossRef]

Williamson, D.M.; Elferich, J.; Ramakrishnan, P.; Thomas, G.; Shinde, U. The Mechanism by Which a Propeptide-encoded pH
Sensor Regulates Spatiotemporal Activation of Furin. J. Biol. Chem. 2013, 288, 19154-19165. [CrossRef]

Williamson, D.M.; Elferich, J.; Shinde, U. Mechanism of Fine-tuning pH Sensors in Proprotein Convertases. J. Biol. Chem. 2015,
290, 23214-23225. [CrossRef]

Ugleholdt, R.; Poulsen, M.-L.H.; Holst, P].; Irminger, ].-C.; Orskov, C.; Pedersen, J.; Rosenkilde, M.M.; Zhu, X,; Steiner, D.F.; Holst,
J.J. Prohormone Convertase 1/3 Is Essential for Processing of the Glucose-dependent Insulinotropic Polypeptide Precursor. J. Biol.
Chem. 2006, 281, 11050-11057. [CrossRef]

Dhanvantari, S.; Seidah, N.G.; Brubaker, P.L. Role of prohormone convertases in the tissue-specific processing of proglucagon.
Mol. Endocrinol. 1996, 10, 342-355. [CrossRef]

Pépin, L.; Colin, E.; Tessarech, M.; Rouleau, S.; Bouhours-Nouet, N.; Bonneau, D.; Coutant, R. A new case of pcsk1 pathogenic
variant with congenital proprotein convertase 1/3 deficiency and literature review. J. Clin. Endocrinol. Metab. Copyr. 2018, 104,
985-993. [CrossRef]

Wang, J.; Cortina, G.; Wu, S.V.; Tran, R.; Cho, J.H.; Tsai, M.].; Bailey, T.J.; Jamrich, M.; Ament, M.E.; Treem, W.R.; et al. Mutant
Neurogenin-3 in Congenital Malabsorptive Diarrhea A BS TR AC T. N. Engl. ]. Med. 2006, 355, 270-280. [CrossRef]

Dey, A.; Lipkind, G.M.; Rouillé, Y.; Norrbom, C.; Stein, J.; Zhang, C.; Carroll, R.; Steiner, N.F. Significance of Prohormone Conver-
tase 2, PC2, Mediated Initial Cleavage at the Proglucagon Interdomain Site, Lys70-Arg71, to Generate Glucagon. Endocrinology
2005, 146, 713-727. [CrossRef]

Holyoak, T.; Wilson, M.A.; Fenn, T.D.; Kettner, C.A.; Petsko, G.A.; Fuller, R.S; Ringe, D. 2.4 A Resolution Crystal Structure of the
Prototypical Hormone-Processing Protease Kex2 in Complex with an Ala-Lys-Arg Boronic Acid Inhibitor. Biochemistry 2003, 42,
6709-6718. [CrossRef]


http://doi.org/10.1097/MPG.0000000000000542
http://doi.org/10.1097/MD.0000000000000247
http://doi.org/10.1016/j.humpath.2008.12.016
http://doi.org/10.1038/ijo.2016.3
http://doi.org/10.2337/db11-0305
http://doi.org/10.1053/j.gastro.2008.05.036
http://doi.org/10.1371/journal.pone.0108878
http://doi.org/10.1074/jbc.270.37.21509
http://doi.org/10.1093/emboj/16.7.1508
http://doi.org/10.1074/jbc.M112.442681
http://doi.org/10.1074/jbc.M115.665430
http://doi.org/10.1074/jbc.M601203200
http://doi.org/10.1210/mend.10.4.8721980
http://doi.org/10.1210/jc.2018-01854
http://doi.org/10.1056/NEJMoa054288
http://doi.org/10.1210/en.2004-1118
http://doi.org/10.1021/bi034434t

	Introduction 
	Materials and Methods 
	Subject 
	Histology in Colonic Tissue 
	Site-Directed Mutagenesis 
	Cell Culture and Transfection Experiments 
	Western Blotting 
	PC1/3 Activity Measurement 

	Results 
	Clinical Phenotype Description 
	Gastrointestinal Phenotype 
	Functional Analysis of the PCSK1 E345A Mutation 
	Immunohistochemical Analysis of PC1/3 and Potential Substrates in Colonic Biopsies 

	Discussion 
	Conclusions 
	References

