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CEL-maturity onset diabetes of the young (MODY), diabetes
with pancreatic lipomatosis and exocrine dysfunction, is due to
dominant frameshift mutations in the acinar cell carboxyl ester
lipase gene (CEL). As Cel knock-out mice do not express the
phenotype and the mutant protein has an altered and intrinsi-
cally disordered tandem repeat domain, we hypothesized that
the disease mechanism might involve a negative effect of the
mutant protein. In silico analysis showed that the pI of the tan-
dem repeat was markedly increased from pH 3.3 in wild-type
(WT) to 11.8 in mutant (MUT) human CEL. By stably overex-
pressing CEL-WT and CEL-MUT in HEK293 cells, we found
similar glycosylation, ubiquitination, constitutive secretion,
and quality control of the two proteins. The CEL-MUT protein
demonstrated, however, a high propensity to form aggregates
found intracellularly and extracellularly. Different physico-
chemical properties of the intrinsically disordered tandem
repeat domains of WT and MUT proteins may contribute to
different short and long range interactions with the globular
core domain and other macromolecules, including cell mem-
branes. Thus, we propose thatCEL-MODY is a proteinmisfold-
ing disease caused by a negative gain-of-function effect of the
mutant proteins in pancreatic tissues.

Most monogenic forms of diabetes are due to mutations in
genes expressed in the pancreatic beta cell. Previously, Raeder
et al. (1) reported a novel monogenic syndrome caused by

mutations in the carboxyl ester lipase gene (CEL) (OMIM
609812; CEL-MODY2 or MODY8), characterized by domi-
nantly inherited childhood-onset pancreatic exocrine dysfunc-
tion and diabetesmellitus from adulthood. Notably, this gene is
not transcribed in beta cells but is mainly expressed in pancre-
atic acinar tissue (2, 3) and lactating mammary glands (4, 5).
The CEL enzyme (EC 3.1.1.13), also known as bile salt-stimu-
lated/dependent lipase, is secreted into the intestine and acti-
vated by bile salts, playing a role in the hydrolysis and absorp-
tion of cholesterol- and lipid-soluble vitamins (6).
The human CEL gene is �10 kb in size and consists of 11

exons. In the last exon, there is a variable number of tandem
repeats (VNTR) where the 33-bp nearly identical segments are
repeated usually between 7 and 23 times (1, 7–9). The VNTR of
themost commonCEL allele has 16 repeats, thereby encoding a
protein consisting of 745 amino acids with a predicted molec-
ular mass of �79 kDa. The rat Cel is secreted from the acinar
cells and is thought to follow the classical pathway of secretory
proteins (for review see Ref. 3). In the endoplasmic reticulum
(ER), the protein is co-translationally N-glycosylated at a con-
served Asn residue (Asn-210), serving as a client protein for the
molecular chaperone GRP94 and being associated with ER
membranes (10, 11). TheVNTR-encoded proteinC terminus is
heavily O-glycosylated in the mature protein, probably on Thr
residues before or after PVPPmotifs in the first 10 repeats (12).
TheO-glycosylation sites are present in a region enriched in the
amino acids proline, glutamate, serine, and threonine (PEST
sequence), a signal for rapid protein degradation, and glycosy-
lated CEL is hypothesized to escape PEST-mediated degrada-
tion (10, 13, 14). Once fully glycosylated at the trans-Golgi
network, the enzyme is phosphorylated by casein kinase II on
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Thr-363 (15, 16), which promotes its release frommembranes,
translocation through the secretory pathway, and co-storage
with other digestive enzymes in secretory granules. CEL repre-
sents 4–8% of the total secreted protein in human pancreatic
juice (17).
Although pancreatic lipomatosis and exocrine dysfunction

are early events in the development ofCEL-MODYdysfunction
(1, 18), the pathogenic mechanism involved is unknown. In a
recent study, our group found that knocking outCel inmice did
not result in diabetes or exocrine dysfunction, indicating that
CEL-MODY is not due to haploinsufficiency (19). Because the
mutant proteins in the twodescribed families of Raeder et al. (1)
were found to be very similar in sequence and both are pre-
dicted to be altered compared with the normal protein, we
anticipated that the mechanism of disease may involve a nega-
tive gain-of-function effect of the mutant proteins, which
would be detectable in cellular model systems. We therefore
stably overexpressed the human CEL wild-type (CEL-WT) and
mutant (CEL-MUT) proteins in human embryonic kidney
(HEK293) cells and investigated the biosynthesis, glycosylation,
secretion, and intracellular fate of the two protein variants.

EXPERIMENTAL PROCEDURES

Stable Expression of CEL-WT and CEL-MUT in HEK293
Cells—We cultured HEK293 cells (Clontech) in �-minimal
essential medium (Sigma) supplemented with 4 mM L-gluta-
mine (Sigma), 10% (v/v) fetal bovine serum (Invitrogen), and
100 units/ml penicillin/streptomycin (Invitrogen). Subcon-
fluent (70–80%) cells were transiently transfected with
pcDNA3.1/V5-His plasmids (see supplemental Methods and
supplemental Fig. S1) containing CEL-WT, CEL-MUT, or the
empty vector (EV) by FuGENE 6 transfection reagent (Roche
Diagnostics) according to the manufacturer’s instructions; a
ratio of 3 �l of transfection reagent per �g of DNA was used.
For stable CEL expression, we selected the cells with 500 �g/ml
geneticin 418 (G418) (Invitrogen) in the culture medium for 18
days, followed by isolation of G418-resistant colonies. Cells
with suitable CEL expression were clonally expanded, and
clones with similar expression and transcription levels (supple-
mental Fig. S2) were chosen for further studies.Wemaintained
the selected stable cell lines in culture medium containing 500
�g/ml G418.
Metabolic Labeling—3.5 � 105 HEK293 cells were seeded on

polylysine-coated 35-mm dishes and grown in �-modified
Eagle’s medium, supplemented with 10% (v/v) fetal bovine
serum for 24 h.We performedmetabolic labeling by rinsing the
cells stably expressing CEL-WT and CEL-MUT with phos-
phate-buffered saline (PBS) followed by incubation for 1 h in
Met/Cys-free DMEM (Sigma) in the absence of serum, and
with further incubation for 5min in thismedium supplemented
with 110 �Ci/ml [35S]Met/Cys (PerkinElmer Life Sciences).
The monolayers were washed with PBS and chased in DMEM
containing an excess of cold Met and Cys. To determine the
effects of proteasomal (MG132, Biomol, Plymouth Meeting,
PA) and lysosomal (leupeptin, Sigma) protease inhibitors, cells
were treatedwith the inhibitors for 3 h before the chase, and the
inhibitors were also present throughout the chase at the follow-
ing concentrations: 10�MMG132 (dissolved in DMSO; vehicle

control at an equal concentration of DMSO) and 100 �g/ml
leupeptin. The cells were lysed in RIPA buffer, and the CEL
protein was isolated by immunoprecipitation and analyzed by
SDS-PAGE (see supplemental Methods).
Protein Deglycosylation—Cell growth medium from stably

transfected HEK293 cells (50 �l) was acetone-precipitated
(medium/acetone, 1:4) at �20 °C for 1 h, and the proteins were
recovered by centrifugation at 13,000 rpm for 30 min at 4 °C.
The acetone was evaporated, and the pelleted proteins were
resuspended in SDS denaturation buffer (20 mM phosphate
buffer, pH 7.5, 1% (w/v) SDS, 1% (v/v) �-mercaptoethanol) and
incubated at 100 °C for 10 min. We treated the proteins with
glycosidases at 37 °C for 18 h in 150 �l of a medium containing
100 mM phosphate buffer, pH 7.5, 20 mM EDTA, 0.5% (v/v)
Nonidet P-40, 1% (v/v) �-mercaptoethanol, 2 units ofN-glyco-
sidase F (Roche Diagnostics) or 2.5 milliunits of O-glycosidase
(Roche Diagnostics) or 5 milliunits of neuraminidase (Roche
Diagnostics). After incubation, samples were subjected to SDS-
PAGE and immunoblot analysis (supplementalMethods) using
the mouse anti-V5 antibody (Invitrogen).
Native-PAGE—Three 35-mm dishes of stably transfected

HEK293 cells were metabolically labeled for 5 min and chased
for 45 min. We lysed the cells in 333 �l/dish of FastBreak lysis
buffer (Promega, San Luis Obispo, CA) and purified the CEL
proteins using the MagneHis Protein purification system
(V8500; Promega) according to the manufacturer’s instruc-
tions. The CEL proteins were eluted in 50 �l of 500 mM imid-
azole, 100 mM Hepes buffer, pH 7.5, and native-PAGE sample
buffer was added as recommended by Promega. After centrifu-
gation at 435,000 � g for 1 h at 4 °C, the supernatants were
analyzed by native-PAGE (Novex 3–12% BisTris gel, Invitro-
gen) run at 150 V for 1.5 h. The gels were fixed, dried, and the
labeled bands detected by a phosphorimager. The 435,000 � g
pellets were resuspended in a SDS-containing buffer and
heated at 56 °C for 15min prior toNuPAGE 4–12%BisTris gels
(Invitrogen) at 150 V for 2 h. The gels were immunoblotted
using rabbit anti-V5 (1:15,000) (V8137, Sigma) and goat anti-
rabbit-HRP secondary antibody (1:20,000) (sc-2313, Santa
Cruz Biotechnology) at room temperature (RT). The CEL pro-
teins were detected and the signals quantified using enhanced
chemiluminescence on an imager.
Subcellular Fractionation and Determination of Triton

X-100-soluble and -insolubleCEL-MUTProtein—TheHEK293
cells were cultured in 75-cm2 flasks until 80–90% confluent,
washed, and harvested in Hanks’ balanced salt solution (Invit-
rogen) and pelleted by centrifugation (300 � g for 5 min 4 °C).
We resuspended the pellets in ice-cold homogenization
medium (130 mM KCl, 25 mM NaCl, 1 mM EGTA, 25 mM Tris-
HCl, pH 7.4) supplemented with protease inhibitor mixture
(Complete Mini, Roche Diagnostics). Resuspended cells were
homogenized by 20 passages through a ball-bearing cell cracker
(EMBL, Heidelberg, Germany) with a clearance of 0.01 mm,
and the extent of breakage was checked by phase contrast
microscopy (20). The nuclei and cell debris were removed by
centrifugation at 600 � g for 10 min at 4 °C, and the post-
nuclear supernatant was recentrifuged at 3,000 � g for 10 min
at 4 °C. Samples (0.6 ml) of the 3,000 � g supernatant and the
pellet (resuspended in 0.6 ml homogenization medium) were
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treated with 1% (v/v) Triton X-100 (Sigma) for 30 min and
centrifuged at 100,000� g for 1 h at 4 °C; the supernatants were
referred to a Triton X-100-soluble CEL protein. The resulting
pellets were finally solubilized by sonication in 5 M guanidine
chloride buffered at pH 8 with 50 mM Tris, containing protease
inhibitor mixture, incubated overnight at room temperature,
and centrifuged at 13,000 � g for 20 min. The supernatants,
referred to as the Triton X-100-insoluble (guanidine chloride-
soluble) CEL protein, were diluted 10-fold to reduce the con-
centration of denaturant. SDS-PAGE (10% gels) and immuno-
blot analysis were performed using the mouse anti-V5 primary
antibody followed by HRP-conjugated donkey anti-mouse (sc-
2314, Santa Cruz Biotechnology).
Stability of CEL-WT and CEL-MUT Proteins in a Protea-

some- and MgATP-enriched Reticulocyte Lysate System—We
expressed humanCEL-WTandCEL-MUT in vitro in a coupled
transcription/translation system using rabbit reticulocyte
(RRL) lysates (Promega) in a total reaction volume of 50 �l
containing 40 �l of RRL, 2 �g of CEL-WT/CEL-MUT (in
pcDNA3.1/HisB vector), 20 mM DTT, and 10 �Ci of [35S]Met.
Following incubation at 30 °C for 90 min, we stopped the syn-
thesis by an excess of cold Met. The stability of CEL proteins
was then assayed in a final volume of 100 �l containing 15 mM

Hepes, pH 7.5, 1 mM DTT, 20 �M cold Met, 15 �l of [35S]Met-
labeled CEL proteins, 5 mM MgCl2, 0.5 mM ATP, 10 mM phos-
phocreatine, creatine phosphokinase (0.2mg/ml), 2�M ubiqui-
tin, and 50 �l of freshly thawed RRL. Aliquots were removed at
various time points (0–3 h), and the reactions were quenched
by SDS sample buffer and heated at 56 °C for 15 min prior to
SDS-PAGE (10% gel) analysis and autoradiography. The result-
ing stability graphs represent the average of three independent
experimental series for both CEL proteins using different pro-
duction numbers of the RRL system. The 14C-methylated pro-
tein standard contained myosin (220 kDa), phosphorylase b
(97.4 kDa), BSA (66 kDa), ovalbumin (46 kDa), carbonic anhy-
drase (30 kDa), and lysozyme (14.3 kDa).
Immunoperoxidase Electron Microscopy—HEK293 cells cul-

tured on plastic culture dishes coated with poly-L-lysine
(Sigma) were grown to a confluency of 70–80%, washed with
PBS, and fixedwith periodate/lysine/paraformaldehyde fixative
(21). The pre-embedding immunoperoxidase procedure used
for staining of cells with affinity-purified CEL-specific mono-
clonal As20.1 and goat anti-mouse F(ab)2-fragments coupled
HRP (BI3413C, P.A.R.I.S. Anticorps, Compiègne, France) has
been described in detail by Brown (22). Thin sections of the
immunolabeled cells, embedded in Epon 812 resin (Electron
Microscopy Sciences, Hatfield, PA), were stained with lead cit-
rate and examined in a JEOL 1230 (Tokyo, Japan) electron
microscope operated at 60 kV.
Collection of Pancreatic and Duodenal Juice—Pancreatic

juice was obtained from patients undergoing Whipple’s proce-
dure for resection of pancreatic tumor. After transection of the
pancreas, the pancreatic duct was cannulated, and a sample of
juice was suctioned out and immediately stored on liquid nitro-
gen. Duodenal juice was obtained by upper endoscopy (Olym-
pusGIF 160, Hamburg, Germany). The procedure was initiated
25 min after stimulation with secretin (Secrelux, Sanochemia
Diagnostics (Zug, Switzerland) 1 clinical units/kg,maximum70

clinical units administered over 1 min), starting with thorough
emptying of the ventricle to avoid contamination from gastric
contents and continuing with duodenal intubation at 30 min
after stimulation. The tip of the endoscope was placed distal to
the papilla, and duodenal juice was collected through the suc-
tioning channel as two 5-min aliquots after discharging the
juice collected during the 1st min. The aliquots were immedi-
ately placed on ice. The samples were then centrifuged at 4400
rpm for 10 min at 4 °C in a table centrifuge and the pellets
discarded.We used CompleteMini EDTA-free protease inhib-
itor (Roche Diagnostics) to protect the samples (1 tablet dis-
solved in 1.5ml of water, 0.2 ml of this solution was added per 1
ml of juice). The samples were snap-frozen in liquid nitrogen
within 2 h after they had been collected. This procedure was
approved by the Institutional Review Board of Western Nor-
way. All subjects had given informed, written consent to the
study. The donors of pancreatic and duodenal juice were geno-
typed as described in Torsvik et al. (9).
Computational Analysis—The intrinsically disordered

regions in the CEL proteins were predicted by the computer
algorithm VSL2P (23), and their propensity to self-associate
was predicted by the computer algorithmTANGO (24, 25).We
used NetOGlyc 3.1 to explore the O-glycosylation sites and
Compute pI/Mw (26, 27) to determine the pI of the two pro-
teins studied.
Statistical Analysis—Analysis of variancewas used to analyze

differences in gene expression between groups of cells trans-
fectedwith different constructs. Post hoc pairwise comparisons
(Bonferroni method) demonstrated significant effect at a level
of 5% using Stata (version 11.0; Stata, College Station, TX).

RESULTS

Physicochemical and Structural Properties of the Wild-type
and Mutant CEL Protein—The 79-kDa human CEL-WT pro-
tein is characterized by two structural domains, an N-terminal
globular catalytic core domain (residues 1–558), including a
signal peptide (residues 1–23), and a C-terminal intrinsically
highly disordered (random-coiled) extended arm of tandem
repeats (TRs, residues 559–745) as shown schematically in Fig.
1A (see also supplemental Fig. S1). The 73-kDa CEL-MUTpro-
tein has the same core structure, but a c.1686delT mutation
introduces a frameshift and causes a truncation of the protein
resulting in a 72-residue shorter intrinsically disordered TR
domain (residues 559–672). Moreover, in silico analyses of the
frameshift mutation in the TR region of mutant CEL (Fig. 1B)
revealed a marked increase in the theoretical pI of this domain,
from pH 3.3 (WT) to 11.8 (MUT), because of a change in the
charged residues from 17 Asp/5 Glu to 19 Arg. There is one
N-glycosylation site predicted in the core domain (N210), and
the total number of putative O-glycosylation sites at Thr resi-
dues in the TR units are predicted to be 36 (WT) and 11 (MUT)
(NetOGlyc 3.1 (28)). However, the actual number and structure
of the N- and O-glycans, when stably expressed in cells, have
not been determined. In the presence of numerousO-glycans in
the TR domain of CEL-WT, it may assume a rigid structure
similar to the structurally related mucous glycoproteins
(29, 30).
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When the catalytic core domain of CEL is overexpressed in
bacteria, it is recovered as inclusion bodies, which are insoluble
in 1% (v/v) Triton X-100 and require 8 M urea for their solubi-
lization (31). Moreover, the sequence-based computer algo-
rithm TANGO (24) predicts an aggregation propensity of sev-
eral peptide segments in the core structure, of which two
hydrophobic regions map to the surface in the three-dimen-
sional structure (Protein Data Bank codes 1f6w and 1jmy) of
CEL (Fig. 1C). Finally, the CEL-WT protein is a client protein
for the ERmolecular chaperone GRP94, forming an �1:1 com-
plex that is stabilized by hydrophobic forces (11).
CEL-WT and CEL-MUT Are N- and O-Glycosylated in

HEK293 Cells—Because the total number of O-glycosylation
sites is predicted to be different for CEL-WT and CEL-MUT
proteins, we examined this issue more closely in HEK293 cells.
Following acetone precipitation of the growth medium, the
CEL proteins were subjected to N-linked (N-glycosidase F)
and/or O-linked (O-glycosidase and neuraminidase) deglyco-
sylation treatment, SDS-PAGE, and immunoblot analysis (for a
comparison of antibodies against CELproteins, see supplemen-
tal Fig. S3, A and B). The analyses revealed that exposure to

N-glycosidase F resulted in a slight increase in the relative
mobility of both CEL proteins (Fig. 2), and incubations with
O-glycosidase and neuraminidase gave an even larger mobility
shift of the WT and the mutant protein. A truncated control
variant of the CEL protein (TRUNC; p.Val563X), completely
lacking the amino acids encoded by theVNTR region, exhibited
only a small change in mobility after treatment with glycosi-
dases. In sum, even though theoretical predictions of O-glyco-
sylation sites in the mutated CEL showed loss of several O-gly-
cosylation sites, both the wild-type and the mutant protein
were found to be O-glycosylated when secreted from the cells.
Apparent Rates of Secretion and Cellular Degradation of the

CEL-WT and CEL-MUT Proteins Are Similar, and Extracellu-
lar CEL-MUT Appears More Stable—In the previous work of
Raeder et al. (1), it was indicated that the dysfunction caused by
CEL-MUT could be due to decreased stability of the mutant
protein (based on stable expression in CHO cells). Therefore,
we used pulse-chase analysis to examine glycosylation, secre-
tion, and degradation of CEL-WT and CEL-MUT stably
expressed in HEK293 cells. After a 5-min pulse, the [35S]Met/
Cys-labeled CEL proteins, immunoprecipitated from cell

FIGURE 1. Structure of the human CEL protein variants. A, schematic structure of the CEL-WT and CEL-MUT protein with a globular core domain and an
intrinsically disordered C-terminal region consisting of tandem repeats and harboring multiple O-glycosylation sites. B, alignment of the C-terminal TR regions
of CEL-MUT and CEL-WT. Note the change in amino acid composition and the early termination of the mutant protein. Asterisks denote unchanged amino acids.
C, three-dimensional structure of the CEL globular core domain (Protein Data Bank codes 1f6w and 1jmy). Two surface-exposed peptide segments (red) with
a putative aggregation propensity were predicted by the sequence-based TANGO algorithm.
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lysates, migrated as double bands on SDS-PAGE. A similar pat-
tern has been reported for the rat CEL protein in an acinar cell
line (AR4-2J) and interpreted as post-translational glycosyla-
tion at residue Asn-210 (32). During chase, the signal from the
lowest band (low molecular mass) decreased, and a higher
band, probably representing the O-glycosylated forms of the
proteins, increased in strength (Fig. 3A, CEL-WT (upper left
panel, arrow) and CEL-MUT (upper right panel, arrow)). Both
CEL-WT (Fig. 3A, lower left panel) and CEL-MUT (lower right
panel) were detectable in themediumafter 15min. The amount
of 35S-CEL-WT and 35S-CEL-MUT, both intracellular (i.e. sol-
uble in a combined Nonidet P-40/SDS/deoxycholate detergent
medium) and extracellular, was determined by phosphorimag-
ing as a function of chase time (Fig. 3B). The intensity of the
bands of intracellular CEL-MUTpeaked at�15min chase (Fig.
3A, upper right panel). At 3 h chase, almost no trace of deter-
gent-soluble cellular CEL-WTandCEL-MUTwas observed. At
the end point, �20% (MUT) and �30% (WT) of the initially
labeled proteins were recovered in the growth medium. Replot
of data in Fig. 3B, with a separate presentation of lowmolecular
mass forms (arrowheads in Fig. 3A) and the high molecular
mass forms (arrows in Fig. 3A), demonstrated a faster transition
from the low to the high molecular mass form of the mutant
CEL as compared with theWT. Subsequently, when the recov-
ery of CEL-WT and CEL-MUT proteins was measured after
24 h chase, the secreted mutant protein appeared to be signifi-
cantly more stable (p � 0.007) than the WT protein (Fig. 4, A
and B).
CEL-MUT Protein Generates Higher Oligomeric Forms, and

CEL-WT and CEL-MUTAre BothMembrane-associated in the
HEK293 Cells—To study a potential aggregation of newly syn-
thesizedCEL-WTandCEL-MUTproteins, as they are folded in
the HEK293 cells, we performed metabolic labeling before the
cells were lysed under nondenaturing conditions, followed by
immunoprecipitation. On native-PAGE analyses, some of the
dissolved proteins did not enter the running gel, notably the

samples with mutant CEL protein, and the protein samples
were therefore centrifuged (435,000� g for 1 h at 4 °C), and the
recovered supernatants were reexamined by native-PAGE and
phosphorimager analysis (Fig. 5A). In contrast to the WT CEL
protein, the mutant CEL revealed high molecular mass forms
both intracellularly and in the growthmedium, notably after 45
min of chase. The 435,000� g precipitates were resuspended in
sample buffer and subjected to SDS-PAGE and immunoblot
analysis usingmouse anti-V5Ab (Fig. 5B). In Fig. 5B, the arrow-
heads mark the expected monomeric forms of the CEL pro-
teins, and the arrows indicate SDS-resistant higher oligomeric
forms of CEL-MUT. On SDS-PAGE analysis of the 435,000� g
precipitates, only the CEL-MUT revealed higher molecular
forms of CEL protein.
Because theCEL-MUTprotein revealed a propensity to form

high molecular mass forms/aggregates, we next compared the
intracellular distribution of the mutant and WT proteins. On
subcellular fractionation, both proteins were recovered partly
in the pellet (CEL-MUT �� CEL-WT) and partly in the super-
natant fractions on centrifugation of the post-nuclear superna-
tant fraction at 3,000 � g for 10 min. In cells expressing CEL-
MUT, SDS-PAGE and immunoblots of the pellet fraction
revealed positive immunoreactivity for �-porin (mitochondrial
marker) and Lamp 2 (lysosomal marker) (supplemental Fig.
S3C). Exposure to Triton X-100 (1% (v/v), 30 min) completely
released the WT protein from the pellet fraction, whereas the
mutant CEL protein was partly Triton X-100-resistant (Fig.
5C). To further analyze theTritonX-100-insoluble fraction, the
supernatant and pellet fractionswere both treatedwith 1% (v/v)
Triton X-100 for 30 min and centrifuged at 100,000 � g for 1 h.
The resulting supernatants contained Triton X-100-soluble
and the pellets Triton X-100-insoluble, but guanidine chloride-
soluble, CEL-MUT protein. The samples that were dissolved in
guanidine chloride were diluted 10-fold before SDS-PAGE
analysis. Because the diluted samples were prone to precipitate
after dilution, they had to be loaded to the gel directly from
samples heated to 56 °C. Quantification of the immunoblots
revealed that the majority of the CEL-MUT protein was recov-
ered in the Triton X-100-insoluble fraction (Fig. 5, D and E).
Immunoreactive truncated forms (presumably degradation
products) were observed in all the fractions analyzed, most
prominently in the Triton X-100-soluble CEL proteins; these
bands represented 18–24% of the total band intensity. Immu-
nodetection with a ubiquitin-specific antibody did not recog-
nize any bands correlating to an expected size related to CEL-
MUT (Fig. 5D). Taken together, these results confirm that both
the WT and the mutant CEL proteins are membrane-associ-
ated and that CEL-MUThas a higher propensity to formhigher
oligomeric forms and nonubiquitinated aggregates.
Recovery of Intracellular and Extracellular CEL-WT and

CEL-MUT Is Increased by Proteasomal and Lysosomal
Inhibitors—To investigate the cellular proteolytic systems
involved in the quality control of the CEL proteins, we per-
formed pulse-chase experiments after preincubation of
HEK293 cells in the presence of inhibitors of the two main
pathways. Leupeptin (100 �g/ml), an inhibitor of lysosomal
protein degradation, increased the cellular recovery of both the
WT (1.6-fold) and the mutant (1.4-fold) CEL proteins (Fig. 6

FIGURE 2. In vitro N- and O-linked deglycosylation of CEL proteins vari-
ants. Acetone-precipitated proteins from the cell-free growth medium of
HEK293 cells, stably expressing CEL-WT and CEL-MUT, were subjected to
N-linked (N-glycosidase F) and/or O-linked (O-glycosidase and neuramini-
dase) treatment. A truncated version of the CEL protein (TRUNC), not contain-
ing any VNTR-encoded sequence, was included as a control. The Western
blots were probed with anti-V5 antibody. Similar mobility shifts were
obtained in three independent experiments.
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and Table 1). The proteasome inhibitor MG132 (10 �M) also
increased the cellular recovery ofWT andmutant CEL 2.6- and
2.1-fold, respectively. A similar increase was observed for the
CEL proteins in themediumwith a 2.7- and 3.3-fold increase in
the WT and mutant form, respectively. With leupeptin, the
effect seen on the secreted protein was similar to the intracel-
lular effect for CEL-WT (i.e. a 1.7-fold increase), whereas the
recovery of extracellular mutant protein was increased (2.7-

fold). In conclusion, both the proteasomal and the lysosomal
quality control systems appear to be involved in the clearance of
the CEL proteins.
Expression and Degradation of CEL-WT and CEL-MUT Pro-

teins in an in Vitro Reticulocyte Lysate System—A proteasome-
dependent degradation of the CEL proteins was further studied
in an RRL system (Fig. 7). 35S-CEL proteins, synthesized in the
coupled transcription-translation system, revealed highmolec-

FIGURE 3. Time course for the secretion of CEL-WT and CEL-MUT by stably transfected HEK293 cells. A, pulse-chase analysis of HEK293 stably expressing
CEL-WT (left panel) and CEL-MUT (right panel). The cells were metabolically labeled with [35S]Met/Cys for 5 min, quickly washed, and chased for indicated time
periods. At each time point, cell-free medium was collected; the cells were lysed in a medium containing the detergents Nonidet P-40/SDS/deoxycholate, and
lysates (intracellular, INT) and medium (secreted, SEC) were immunoprecipitated with the monoclonal anti-V5 antibody followed by SDS-PAGE (4 –12%).
Representative autoradiograms are shown where the arrowheads indicate the position of the partly modified CEL proteins, and the arrows point to the fully
glycosylated CEL proteins. B, amount of 35S-CEL-WT and 35S-CEL-MUT, intracellular and extracellular, determined by phosphorimaging and plotted as a
function of chase time. Single experiments were performed with triplicate samples at each time point, and the mean of triplicates was normalized by reference
to the mean at time 0. Data represent the mean of four independent experiments where error bars represent 1 S.D. C, replot of data from B with separate
presentation of detergent-soluble low molecular mass forms (LMM, arrowheads in A) and high molecular mass forms (HMM, arrows in A).
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ular mass bands in addition to the monomeric forms of full-
length CEL-WT (Fig. 7A, 3rd lane) and CEL-MUT (4th lane).
Because protein glycosylation does not occur in this cell-free
system, we presumed that the high molecular mass forms were
the expected ubiquitinated forms (3). When the stability of the
monomeric and modified forms was followed over time, both
CEL proteins were rapidly degraded (Fig. 7B). The degradation
of total CEL-MUT was faster than CEL-WT, with only 50% of
protein remaining after �50 min versus �120 min for the WT
protein (Fig. 7C).
CEL-MUT Appears as Intra- and Extracellular Aggregates—

Secreted CEL-MUT protein revealed higher stability than the
WT protein (Fig. 4, A and B) and has a high propensity to self-
associate (Fig. 5, A and B). We therefore performed immu-
noperoxidase electron microscopy using the CEL-specific
monoclonalAs20.1 antibody to study the cellular localization of
the proteins at the ultrastructural level. In contrast to CEL-WT
(Fig. 8B), themutant protein forms extracellular aggregates lin-
ing the surface of the plasmamembrane (Fig. 8A). These aggre-
gates were a typical feature of the CEL-MUT-expressing cells,
but they were completely absent from the wild-type cells.
Examination of EM sections prepared from CEL-MUT-ex-
pressing cells showed the presence of 5.6 � 2.9 aggregates of
varying size but with similar structure at their surface. The
aggregates were also found intracellularly, in the lumen of large
sized vacuoles limited by a single membrane, possibly repre-
senting autophagolysosomes (Fig. 8, C and D).
CELExpressionActivates theUnfolded Protein Response—The

ER is the first compartment of the secretory pathway where
proteins fold and are modified by post-translational modifica-
tions. Both an elevated synthesis of CEL proteins (stably

expressed in the cells) and the expression of amutantmisfolded
CEL protein may perturb the ER homeostasis and lead to an
accumulation of misfolded proteins triggering the unfolded
protein response (UPR). The UPR signals through three
branches, under the control of the ER stress transducers IRE1,
ATF6, and PERK. IRE1 activation leads to unconventional
splicing of XBP1mRNA; ATF6 up-regulates the ER chaperone
BiP, and activation of the kinase PERK results in phosphoryla-
tion of the eukaryotic translation initiation factor eIF2�. To
investigate whether the UPR was activated in the stably trans-
fectedHEK293 cells, markers for the three branches of theUPR
were examined. A truncated version of the CEL protein
(TRUNC; p.Val563X)was also included in these experiments to
distinguish whether any effects observed would be due to the
new C terminus or to the lack of the normal VNTR-encoded
sequence.
Real time PCR analysis measuring the levels of spliced XBP1

mRNA showed no statistically significant difference between
cells expressing the two CEL variants andWT-expressing cells,
suggesting that the IRE1 branch of the UPR was not activated
(Fig. 9A). Nor was there any transcriptional activation or
increased translation of the ER molecular chaperone BiP (Fig.
9B), a key UPR target gene and master regulator of UPR (33).
However, an induction of the PERK branch of the UPR was
detected in the cells expressing the mutant CEL protein, as
demonstrated by significantly increased level of phosphory-
lated eIF2� and up-regulation of the downstream transcription
factor gene CHOP (Fig. 9C). This transcription factor has been
shown to be pro-apoptotic in some cell types, but the increase
in CHOP mRNA in the CEL protein-expressing cell lines did
not result in any significant growth inhibition or cell death (see
supplemental Figs. S4 and S5).
Detection of CELProteins in Pancreatic andDuodenal Juice of

Normal Controls and CEL Mutation Carriers—To determine
whether mutant CEL products are secreted from acinar cells in
vivo, the proteins in pancreatic and duodenal juice fromnormal
and CEL mutation carriers were examined by SDS-PAGE and
immunoblotting (see supplemental material) using CEL-spe-
cific antibodies (Fig. 10). In pancreatic juice from a CELmuta-
tion carriers, the antibody detected close to equal amounts of
normal and mutant variants of the protein (Fig. 10A, 4th lane),
indicating that the CEL-WT and CEL-MUT proteins both are
secreted at high levels. By contrast, in duodenal juice from two
other CEL mutation carriers, the antibody detected far less
mutant protein than normal protein (Fig. 10B, 3rd and 4th
lanes), suggesting a relative loss of mutant protein in the trans-
port from pancreas to duodenum. However, in duodenal juice
froma control, both the allelic variants of the proteinwere present
(Fig. 10C). Interestingly, when examining the urine from normal
andCELmutation carriers in a related study, Raeder et al. (1)were
able to detect the normal but not the mutant protein. Taken
together, these observations suggest that the mutant CEL protein
is secreted from the acinar cells but is partly degraded and aggre-
gated on its way from the pancreatic duct.

DISCUSSION

The CEL protein is a carboxyl ester lipase expressed in the
acinar cells and secreted as a component of pancreatic juice.

FIGURE 4. Prolonged time course for the secretion of CEL. CEL-MUT protein
appears to be more stable than the CEL-WT. HEK293 cells were metabolically
labeled and chased for the indicated time periods, and the proteins in cell
extract and growth medium were immunoprecipitated and analyzed by SDS-
PAGE. A, representative autoradiograms of cellular (detergent-soluble) and
secreted CEL-WT and CEL-MUT. B, relative amounts of 35S-CEL-WT and 35S-
CEL-MUT determined as a function of chase time. Single experiments were
performed in triplicate, and the mean was normalized by reference to the
mean at time 0. Data represent the mean of three independent experiments
where error bars represent 1 S.D.
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The biosynthesis, post-translational modifications, and secre-
tion of the rat CEL enzyme have been studied in detail in the
AR4-2J acinar cell line (reviewed in Ref. 3), and these data
served as a main reference in this study on the human enzyme.
When we stably expressed theWT andMUT human CEL pro-
teins in HEK293 cells, they were both, as expected, N- and
O-glycosylated (Fig. 2). In addition, both were secreted consti-
tutively, although at somewhat different rates. Thus, in the first

FIGURE 5. CEL-MUT protein forms higher oligomeric forms that are SDS-
resistant and Triton X-100-insoluble. A, metabolically labeling of HEK293
cells, stably expressing CEL-WT (left panel) and CEL-MUT (right panel). Subse-
quently, the cells were lysed, and the CEL proteins His tag affinity-purified as
described under “Experimental Procedures.” The eluted CEL proteins were
centrifuged (435,000 � g for 1 h at 4 °C); the supernatants were analyzed by
native-PAGE, and the gels were dried and detected using a phosphorimager.
B, SDS-PAGE of the pelleted protein. The pellets were resuspended in 2�
sample buffer and subjected to SDS-PAGE followed by immunoblot analysis;
CEL proteins were detected by monoclonal anti-V5. The arrowheads in A and
B indicate the expected monomeric forms of the CEL proteins, and the arrows
indicate higher oligomeric forms of CEL-MUT (SDS-resistant in B). C, subcellu-
lar fractionation of CEL-WT and CEL-MUT. After centrifugation of lysed cells at
3000 � g for 10 min, both proteins were recovered partly in the pellet fraction
(CEL-MUT �� CEL-WT) and partly in the supernatant (Sup). Triton X-100 (TX-
100) (30-min exposure) completely released the WT protein from the pellet
fraction (i.e. no pellets when rerun at 3,000 � g for 10 min), whereas CEL-MUT
was partly Triton X-100-resistant. D and E, analysis of Triton X-100-soluble and
-insoluble CEL-MUT. The majority of the CEL-MUT protein is Triton X-100-
insoluble and not ubiquitinated. Alternatively, 3,000 � g cell fractions (super-
natant and pellet) were treated with 1% (v/v) Triton X-100 for 30 min and
centrifuged at 100,000 � g for 1 h. The supernatants contained Triton X-100-
soluble and the pellets Triton X-100-insoluble, but guanidine chloride-solu-
ble, CEL proteins. The fractions were subjected to SDS-PAGE as described
under “Experimental Procedures,” and the CEL proteins were quantified by
immunodetection (n � 9).

FIGURE 6. Cellular stability of CEL-WT and CEL-MUT proteins is increased
in cells exposed to proteasomal and lysosomal inhibitors. Representative
autoradiograms of cellular and secreted CEL-WT and CEL-MUT proteins are
shown. The effect of protease inhibitors on the cellular stability of CEL-WT and
CEL-MUT was determined by incubating the HEK293 cells in the presence and
absence of 100 �g/ml leupeptin (lysosome inhibitor) or 10 �M MG132 (pro-
teasome inhibitor) for 3 h prior to [35S]Met/Cys labeling. Metabolically labeled
cells were chased for 1 h, and CEL proteins in extracts and medium were
immunoprecipitated and analyzed by SDS-PAGE. An asterisk denotes an
empty lane in WT panel 2 (�MG132).
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45 min of the pulse-chase experiments, the MUT protein was
apparently O-glycosylated faster than the WT form (Fig. 3C).
The higher initial rate of glycosylation of the mutant protein
may be related to its fewer potential O-glycosylation sites
and/or to its different primary structure and physicochemical
properties of the TR domain, which may favor the accessibility
to various glycoprotein glucosyltransferases. However, in a 3-h
time frame, the overall recovery of soluble CEL in the medium
appeared highest in cells expressing the WT protein. Thus,
�30% (WT) and �20% (MUT) of the initially labeled deter-
gent-soluble CEL proteinwas recovered as soluble protein after
3 h (Fig. 3B), and the intracellularly retained proteins revealed a
different subcellular distribution and solubility. Whereas the
WT protein gave an approximately equal recovery in the pellet
and the supernatant fraction on centrifugation of the post-nu-
clear supernatant fraction at 3,000 � g for 10 min, the majority

of the mutant protein was recovered in the pellet fraction (Fig.
5C) enriched in mitochondria, lysosomes, and lysosome-de-
rived organelles. Moreover, although Triton X-100 completely
released the WT protein from the pellet fraction, the mutant
CEL protein was partly Triton X-100-resistant but soluble by
chemical denaturation in guanidine chloride (Fig. 5, D and E).

In addition to the expected N- and O-glycosylation and
transport of both CEL proteins along an apparently regular
route of the secretory pathway, our pulse-chase analysis (Figs. 3
and 4) and subcellular fractionations (Fig. 5) suggest that both
proteins are retrotranslocated from the ER to the cytoplasm.
This pathway, representing transport of overexpressed and
presumably terminally misfolded forms of CEL proteins, is
partly linked to the ubiquitin-proteasome system as observed
previously for rat CEL in an AR4-2J pancreatic cell line (34).
Thus, when the proteasomal proteolytic activity is blocked, the
recovery of detergent-soluble cellular CEL proteins increased
(Fig. 6). In addition to this quality control by the ER-associated
degradation machinery, both proteins accumulate in a large
granule pellet fraction, sedimentable from a post-nuclear
supernatant fraction at a low centrifugal effect (3,000� g for 10
min) (Fig. 5C). Furthermore, when the lysosomal proteolytic
activity was inhibited by leupeptin, the recovery of detergent-
soluble cellular CEL proteins increased (Fig. 6), indicating a
delayed clearance of both proteins by autophagy. In the case of
the CEL-MUT protein, aggregates were seen intracellularly in
the lumen of large sized vacuoles throughout the cytoplasm.
Immunoperoxidase electron microscopy identified some of

FIGURE 7. Expression and stability of CEL-WT and CEL-MUT proteins in an in vitro RRL system. CEL-WT and CEL-MUT were expressed in a reconstituted RRL
system as described under “Experimental Procedures.” A, autoradiogram of total [35S]Met-labeled translation products (reaction time 90 min at 30 °C) analyzed
by SDS-PAGE (10% gel) with CEL-WT (3rd lane) and CEL-MUT (4th lane). B, stability of CEL-WT and CEL-MUT followed over time in a proteasome- and MgATP-
enriched RRL system. Protein samples were analyzed by SDS-PAGE (10% gel) and phosphorimager analysis. Representative gels are shown for CEL-WT and
CEL-MUT. The arrowheads indicate the translation products whereas the higher molecular mass bands represent post-translationally modified (ubiquitinated)
forms of CEL proteins. C, time course for the decay of [35S]Met-labeled CEL-WT (f) and CEL-MUT (E) proteins. The graphs represent the average of three
independent experiments using different production numbers of the RRL; the bars represent 1 S.D.

TABLE 1
Quantification of effect of proteasomal and lysosomal inhibitors on
stability of CEL proteins
The amounts of 35S-CEL-WT and 35S-CEL-MUTproteins were determined using a
phosphorimager. Single experiments were normalized by reference to the mean at
time 0 (100%). The table represents fold increase in 35S-CEL protein level at 1 h of
chase relative to the untreated control. The data represent the mean of triplicate
determinants � S.D. from a single experiment. Three independent experiments
obtained similar results.

MG132 Leupeptin
Intracellular Secreted Intracellular Secreted

WT 2.6 � 0.32 2.7 � 0.21 1.6 � 0.09 1.7 � 0.27
MUT 2.1 � 0.15 3.3 � 0.47 1.4 � 0.06 2.7 � 0.53

CEL-MODY, Protein Misfolding Disease

OCTOBER 7, 2011 • VOLUME 286 • NUMBER 40 JOURNAL OF BIOLOGICAL CHEMISTRY 34601



these structures as single membrane-enclosed protein aggre-
gates, characteristic of autophagolysosomes (Fig. 8, C and D).
This interpretation is further supported by confocal micros-
copy showing that the CEL-MUT-containing vacuoles are sur-
rounded by Lamp-1-positive membranes.3 The pathway(s) to
autophagy has, however, not yet been defined. For the mutant
protein, our studies indicate that the subpopulation of guani-
dine chloride-soluble aggregates was devoid of ubiquitination
(Fig. 5D) excluding a pathway involving aggresome formation
(35) and selected autophagy (reviewed in Ref. 36). Alternatively,
a subpopulation ofCEL-MUTmay be sequestered to a subcom-
partment of the ER and ultimately cleared by autophagy, as
shown for several secretory proteins (reviewed in Ref. 37).
Additionally, immunoperoxidase-positive CEL protein aggre-
gates were found to line the cell membranes (Fig. 8A). Because
this microscopic pattern was observed only in cells expressing
themutant protein, it is likely to be related to its higher propen-
sity to self-associate and possibly also to form complexes with
other cellular proteins and cell membranes.
Native-PAGE analysis of the 35S-labeled CEL-MUT protein

from cell extracts with detergents revealed radioactive bands
corresponding to higher order oligomeric forms in addition to
the protomers (Fig. 5A), and on SDS-PAGE an apparently SDS-

stable dimer (�150 kDa) is observed (Fig. 5B). The formation of
this dimeric species, and the larger oligomeric forms and aggre-
gates, may tentatively be related to the putative amyloidogenic
sequence motifs exposed on the surface of the globular core
domain (Fig. 1C), previously shown to be prone to aggregation.
Thus, when overexpressed in bacteria as a nonglycosylated
truncated form, it is recovered in inclusion bodies (31). How-
ever, in extracts of cells expressing the CEL-WT protein such a
SDS-stable dimer is not observed, lending support to the idea of
a protective effect by its highly negatively charged and glyco-
sylated C-terminal TR domain, which is not the case for the
mutant CEL protein.Whereas the core structure has a theoret-
ical pI of 9.4, and a net positive charge at neutral pH, the twoTR
domains have theoretical pI values of 3.3 (WT) and 11.8
(mutant); at physiological pH values, theWTTR has a net neg-
ative change of �22 and the mutant TR a net positive charge of
�19. Both TR domains are highly hydrophilic and should be
water-soluble, and any additional O-linked glycan chains may
further contribute to their overall hydrophilicity and solubility.
It is therefore likely that the different physicochemical proper-
ties (sequence, pI, and number of potential glycosylation sites)
of the two intrinsically disordered TR domains contribute to
different short and long range interactions with the globular
core domain and with other macromolecules, including
membranes.
Cell degeneration in amyloid diseases may be mediated by a

toxic mechanism involving the insertion of aggregated species
with the plasma membrane of affected cells (38). One example
is pancreatic beta cell failure related to the formation of islet
amyloid deposit of the 37-residue natively unfolded human islet
amyloid polypeptide (IAPP). Negatively charged lipid mem-
branes and lipid rafts favor the binding of IAPP and also pro-
mote its aggregation (39). A positively charged N terminus is
considered responsible for the partial insertion of IAPP into
negatively charged lipidmembranes, a processmainly driven by
electrostatic interactions (39). Similarly, the highly positively
charged TR domain of CEL-MUT would favor its interaction
with membranes (phospholipid headgroups) as actually
observed as aggregates at the plasma membrane of HEK293
cells in this study (Fig. 8A). Moreover, on overexpression of
CEL-MUT in HEK293 cells (this study) and expression in pan-
creatic acinar cells in vivo, macromolecular crowding is
expected to promote aggregation of themutant protein, both in
the cytosol and extracellularly at high protein concentrations.
Thus, crowding promotes self-association of other natively
unfolded proteins (40). Finally, on co-expression of CEL-WT
and CEL-MUT proteins, as is the case in heterozygote patients,
themutant proteinmay induce a co-aggregation of mutant and
WT protein (forming hetero-oligomers) by an electrostatic
interaction between their TR domains of opposite charge and
thus contribute a negative complementation effect. However,
preliminary analyses of pancreatic and duodenal juice from
heterozygous patients with CEL-MODY (Fig. 10) do not sup-
port such an effect.
The overexpression of the CEL-MUT protein in HEK293

cells results in an activation of the PERK signaling pathway of
the UPR. The UPR is an adaptive response to unfolded or mis-
folded protein accumulation in the ER, but when prolonged or

3 J. Torsvik, B. B. Johansson, M. Marie, S. Johansson, H. Ræder, J. Saraste, P. R.
Njølstad, and A. Molven, manuscript in preparation.

FIGURE 8. CEL-MUT forms extra- and intracellular aggregates in HEK293
cells. HEK293 cells stably transfected with CEL-MUT and CEL-WT were pro-
cessed for immunoperoxidase electron microscopy as described under
“Experimental Procedures.” A, extracellular CEL-MUT protein aggregate lining
the surface of the plasma membrane. B, CEL-WT-expressing cells are devoid
of such structures. C and D, intracellular CEL-MUT aggregates in the lumen of
a large sized vacuole limited by a single membrane (highlighted in D) possibly
representing an autophagolysosome. A, aggregated CEL-MUT protein; L, lyso-
some; N, nucleus; PM, plasma membrane; M, mitochondria, Bars, 0.5 �m (A, C,
and D) and 1 �m (B).
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severe, the response may be deleterious to the cell. The
observed activation of PERK in CEL-MUT-expressing cells
(Fig. 9C) seems to be beneficial rather than detrimental in our
cell culture model. Our overall data support a beneficial effect
because of the following: (i) the activation of the transducer was
mild (Fig. 9C); (ii) the misfolded CEL-MUT protein in the ER
lumen is largely “retrotranslocated” to the cytoplasmwhere it is
accumulated in cell organelles (Fig. 5) recovered in a fraction
containing lysosomes and autophagolysosomes and partly
degraded by the ER-associated degradation system, considered
to be regulated by the UPR (41), and (iii) the activation of the
PERK/eIF2� phosphorylation pathwaymay represent a cellular
defense system by activation of autophagy as shown for the
degradation of polyglutamine (polyQ72) aggregates in C2C5
cells (42). Additionally, an interaction of CEL-MUTwith essen-
tial cellular proteins,which could become inactivated, depleted,
or erroneously activated, should be considered.

Ongoing studies using pancreatic tissue from a CEL-MODY
patient indicate that CEL-MUT somehow causes inflammatory
changes in pancreatic tissue suggesting a cytotoxic link
between CEL-MUT and cellular proteins.4

The question is now to what extent the physicochemical
properties and cellular behavior of the CEL-MUT protein, in
particular its differences from the WT variant, relate to the
acinar cells and the findings in patients. CEL-MODY is a syn-
drome of pancreatic exocrine dysfunction and diabetes because
of mutations in CEL (1). Pancreatic lipomatosis and exocrine
dysfunction is found from childhood in this syndrome preced-
ing the development of diabetes, which usually appears at
30–40 years of age (43). CEL-MODY is likely to be initiated in
the acinar tissue, and a loss-of-function of the mutant protein

4 H. Raeder, P. R. Njølstad, A. Molven, and R. N. Kulkarni, unpublished data.

FIGURE 9. UPR in HEK293 cells expressing different CEL proteins. Detergent-soluble proteins in lysates of cells expressing CEL-WT, CEL-MUT, and EV were
analyzed by immunoblotting using specific antibodies (see under “Experimental Procedures”). A truncated version of the CEL protein (TRUNC, p.Val563X), was
included as a control. mRNA levels were measured by quantitative real time PCR, normalized to the housekeeping gene �-actin, and reported as fold induction
compared with the level of control cells (EV). A, XBP1 mRNA splicing in cell lines stably expressing CEL proteins. B, mRNA and protein expression of the ER
molecular chaperone BiP (GRP78). C, analysis of the PERK branch. Phosphorylation of the transcriptional initiation factor eIF2� (eIF2�-[pS51]) and total eIF2�
protein in representative blots and densitometric quantification, and mRNA expression of the downstream transcription factor CHOP. Results are given as
mean � S.E. of three to five independent experiments. **, p � 0.01; versus EV.

CEL-MODY, Protein Misfolding Disease

OCTOBER 7, 2011 • VOLUME 286 • NUMBER 40 JOURNAL OF BIOLOGICAL CHEMISTRY 34603



was initially suggested as a possible mechanism of the disorder
(1). However, CEL knock-out mice did not develop exocrine
dysfunction or diabetes, suggesting a more complex mecha-
nism of disease development (19). Biochemical and morpho-
logical data on the CEL-MUTprotein are expressed inHEK293
cells, indicating that the disease pathogenesis may be a sus-
tained and at a certain stage an uncontrolled cellular stimulus
related to soluble oligomeric conformations and/or insoluble
aggregates of the protein. These forms of the protein can appear
intracellular or extracellular, and the syndrome may thus be
considered a protein misfolding disease or proteopathy. We
suggest that the self-association of the protein frommonomers
via soluble oligomeric intermediates (Fig. 5) into larger insolu-
ble aggregates (Fig. 8) confers a late onset cytotoxic effect of the
mutant protein. When extrapolated to the pancreatic tissue,
disease may arise in a way analogous to that observed in pan-
creatic beta cell failure related to the formation of islet amyloid
deposit of IAPP (39), Alzheimer disease (44), and Parkinson
disease (45). These amyloid disorders are also associated with
an aggregation of intrinsically disordered proteins (45, 46) and a
late onset of the clinical manifestations, thus possibly acting as

a model for development of exocrine dysfunction and diabetes
inCEL-MODYpatients. Interestingly, proteinmisfolding is rel-
evant also for another MODY form, in which diabetes may be
due to misfolded insulin molecules (47, 48).
Immunoblots of the soluble CEL proteins reveal possible

degradation products of the CEL-WT and the CEL-MUT pro-
teins, with the size of the core domain protein (�60 kDa), and
are also observed together with a smear of additional putative
degradation products of CEL in the duodenal juice (Fig. 10B). A
question is how the mutant protein is lost on its way from the
pancreatic duct, where it is detected in amounts comparable
with the normal protein, to the duodenum,where it ismarkedly
reduced, and further to the urine, where it is undetectable. One
possible explanation can be an increased degradation of the
soluble mutant protein. An alternative cause can be that the
propensity to aggregate increases outside the pancreas, both
due to a lack of stabilizing binding partners and/or interaction
with other molecules and membranes, which further can lead
to reduced reuptake of the protein in the duodenum. However,
the molecular species, assembly, and conformation of the CEL-
MUT protein that represents the putative cytotoxic potential

FIGURE 10. Detection of CEL proteins in pancreatic and duodenal juice of normal controls and CEL mutation carriers. A, immunoblot of CEL proteins in
pancreatic juice obtained from subjects carrying normal or normal/mutant CEL, respectively, using the pAbL64 antibody. 1st lane, HEK293 CEL-WT medium;
2nd lane, HEK293 CEL-MUT medium; 3rd lane, normal CEL carrier 1: two major bands corresponding to the gene products of two alleles carrying 16 (upper band)
and 13 (lower band) VNTR repeats, respectively; 4th lane, CEL mutation carrier 1: two major bands corresponding to the gene products of one normal allele
carrying 16 VNTR repeats (upper band) and a mutant 14-repeat allele carrying the mutation (lower band). B and C, immunoblots of CEL proteins in duodenal juice
obtained from subjects carrying mutant (B) and normal (C) variants of the CEL gene, respectively, using the Ulferts antibody. B, 1st lane, HEK293 CEL-WT
medium; 2nd lane, HEK293 CEL-MUT medium; 3rd and 4th lanes, CEL mutation carriers 2 and 3: two major bands corresponding to the gene products of one
normal allele carrying 13* (3rd lane, lower band) and 16 (4th lane, upper band) VNTR repeats, respectively, and a mutant 14-repeat allele carrying the mutation
(upper band, 3rd lane, lower band, 4th lane, indicated by arrow). The low molecular mass bands indicated by the arrowhead represent degradation products of
the CEL proteins. It should be noted that differences in salt concentration and differences in glycosylation pattern between individuals lead to a slight
difference in migration pattern on the gel. Also the sample of pancreatic juice from the mutation carrier was mucous. C, 1st lane, HEK293 CEL-WT medium; 2nd
lane, normal CEL carrier 2: two major bands corresponding to the gene products of two alleles carrying 16 (upper band) and 15 (lower band) VNTR repeats,
respectively. *, this normal variant harbors an insertion and gives a shortened protein, migrating as �9 repeats (1).
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triggering of the disease pathogenesis of the CEL-MODY syn-
drome, the initial stages of the disease, and the time frame in the
disease progression remain to be established.
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