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Carboxyl-Ester Lipase Maturity-
Onset Diabetes of the Young Is
Associated With Development

of Pancreatic Cysts and

Upregulated MAPK Signaling in
Secretin-Stimulated Duodenal

Fluid

Carboxyl-ester lipase (CEL) maturity-onset diabetes
of the young (MODY) is a monogenic form of
diabetes and pancreatic exocrine dysfunction due to
mutations in the CEL gene encoding CEL. The
pathogenic mechanism for diabetes development is
unknown. Since CEL is expressed mainly in
pancreatic acinar cells, we asked whether we could
find structural pancreatic changes in CEL-MODY
subjects during the course of diabetes development.
Furthermore, we hypothesized that the diseased
pancreas releases proteins that are detectable in
pancreatic fluid and potentially reflect activation or
inactivation of disease-specific pathways. We
therefore investigated nondiabetic and diabetic

CEL-mutation carriers by pancreatic imaging
studies and secretin-stimulated duodenal juice
sampling. The secretin-stimulated duodenal juice
was studied using cytokine assays, mass
spectrometry (MS) proteomics, and multiplexed MS-
based measurement of kinase activities. We
identified multiple pancreatic cysts in all eight
diabetic mutation carriers but not in any of the four
nondiabetic mutation carriers or the six healthy
controls. Furthermore, we identified upregulated
mitogen-activated protein kinase (MAPK) target
proteins and MAPK-driven cytokines and increased
MAPK activity in the secretin-stimulated duodenal
juice. These findings show that subjects with
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CEL-MODY develop multiple pancreatic cysts by the
time they develop diabetes and that upregulated
MAPK signaling in the pancreatic secretome may
reflect the pathophysiological development of
pancreatic cysts and diabetes.
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Studies of patients with maturity-onset diabetes of the
young (MODY) have provided important insight into
disease mechanisms of pancreatic B-cell failure and di-
abetes development and also contributed to novel
treatment strategies based on this insight (1,2). We have
previously reported two families with a human mono-
genic syndrome of diabetes and pancreatic exocrine
dysfunction (MODY type 8, MODY8; carboxyl-ester li-
pase [CEL]-MODY; OMIM 609812) caused by mutations
in the CEL gene, CEL (3). Patients with CEL mutations
develop pancreatic exocrine dysfunction in early childhood
(as measured by low fecal elastase levels), accumulate
pancreatic fatty tissue, and develop diabetes and clinical
malabsorption in their fourth decade of life (3,4). The gene
encoding CEL is primarily expressed in pancreatic acinar
cells and lactating mammary tissue and encodes a di-
gestive enzyme with a role in cholesterol ester digestion
(5). Studies of animal models have not been able to ex-
plain the disease mechanism of diabetes development in
CEL-MODY (6,7), but cellular studies indicate that mu-
tated CEL protein is misfolded (8). Hence, to gain further
insight into the disease mechanism, we further studied
human CEL-mutation carriers using radiological methods
and secretin-stimulated duodenal juice to examine the
pancreatic proteome (9). We hypothesized that the dis-
eased pancreas releases proteins that are detectable in
pancreatic fluid and potentially reflect activation or in-
activation of disease-specific pathways. To optimize the
accuracy of the proteomics studies, we applied triple-stage
mass spectrometry (MS) (10) and complemented this ap-
proach with cytokine assays and MS-based multiplex ki-
nase activity assays (11) to cross-validate our findings.

RESEARCH DESIGN AND METHODS
Patients

We have previously reported various clinical character-
istics for the CEL-mutation-carrying subjects (3). In this
study, the studied CEL-mutation-carrying subjects (CEL+)
were denoted with the prefix D if they had manifest di-
abetes (D1, D2, D3, or D4), with the prefix P if they had
not yet developed diabetes (P1 or P2), or with the prefix
C for the patient with pancreatic ductal adenocarcinoma
(C1). The Supplementary Data contain the corresponding
pedigree information. The nonfamily controls were
denoted with the prefix N (N1, N2, N3, or N4) for con-
trols in the duodenal juice studies. We sampled duodenal
juice from the patients by endoscopy. To enrich for
pancreatic factors, we administered intravenous secretin
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(Secrelux, Sanofi, Germany; 1 cU/kg, maximum 70 cU) to
the patients and sampled duodenal juice 30 to 45 min
later since it has been shown that there is a peak secre-
tion from pancreas in this time interval (12,13). The
controls for the secretin-stimulated duodenal juice
studies were recruited from volunteers. The single pan-
creatic juice specimen from a CEL-mutation carrier with
pancreatic ductal adenocarcinoma was collected during
a classical Whipple procedure. All studies were approved
by the Norwegian Regional Committee for Research
Ethics and the institutional review board at the Joslin
Diabetes Center and performed according to the Helsinki
Declaration. We obtained written informed consent from
subjects or their parents. Patients were of Northern
European descent and recruited from the Norwegian
MODY Registry.

Protocol for Pancreatic Imaging

Magnetic resonance imaging was performed on a 1.5 T
Siemens Avanto running Syngo Magnetic Resonance B17
(Erlagen, Germany) using a 12-channel body coil. For
clinical and anatomical evaluation of the pancreas,

a standard abdominal protocol was used: axial true fast
imaging with steady-state precision (repetition time =
2.79 ms, echo time = 1.17 ms, slice thickness = 4.0 mm,
spacing = 0, a = 63°, field of view = 380 X 380 mm?,
matrix = 156 X 192, acquisition time = 15 s) and axial
fat-saturated T2-weighted imaging (repetition time =
1,000 ms, echo time = 90 ms, slice thickness = 5 mm,
spacing = 0, a = 150°, field of view = 350 X 350 mm?,
matrix = 256 X 256, acquisition time = 24 s). For eval-
uation of the pancreatic and biliary ducts, magnetic res-
onance cholangiopancreatography was performed:
coronal T2-weighted imaging (repetition time = 2,000 ms,
echo time = 691 ms, slice thickness = 1.1 mm, spacing = 0,
a = 140°, field of view = 280 X 280 mm?, matrix = 320 X
320, acquisition time = 5.23 min) with maximum in-
tensity projection and multiplanar reformatting.

Cytokine Assay

Forty-two cytokines were measured in secretin-stimulated
duodenal juice samples (sample volume of 25 L), using
the MILLIPLEX MAP Human Cytokine/Chemokine-
Premixed 42 Plex kit from Millipore (Billerica, MA). This
42-plex kit was used to measure the concentrations of
epidermal growth factor, eotaxin, fibroblast growth
factor-2, Flt-3 ligand, fractalkine, granulocyte colony-
stimulating factor, granulocyte-macrophage colony-
stimulating factor, growth-related oncogene (GRO),
interferon-a2, interferon-vy, interleukin (IL)-10, IL-12
(p40), IL-12 (p70), IL-13, IL-15, IL-17, IL-1Re, IL-1a,
IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IP-10,
monocyte chemoattractant protein (MCP)-1, MCP-3,
macrophage-derived chemokine (CCL22), macrophage
inflammatory protein-la, macrophage inflammatory
protein-1(3, platelet-derived growth factor-AA, platelet-
derived growth factor-AB/BB, regulated on activation
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Figure 1—Overview of the multimodal systems biology approach. A systems biology approach using secretin-stimulated duodenal juice
from subjects in a CEL-MODY family to discover early markers in pancreatic disease development by proteomics methods.

normal T cell expressed and secreted, transforming
growth factor-a, tumor necrosis factor-a, tumor necrosis
factor-B, vascular endothelial growth factor, soluble
CD40 ligand, and soluble IL-2 receptor a. All samples
were analyzed with a Luminex 200 xMAP system, and
MILLIPLEX Analyst Software (VigeneTech, Carlisle, MA)
was used to analyze the results.

Proteolytic Degradation Assay

A set of 45 synthetic peptide substrates, each at 1 pmol/L,
were incubated with 10 g pancreatic fluid and reaction

buffer containing Tris-Cl (25 mmol/L, pH 7.5), MgCl,
(7.5 mmol/L), EGTA (0.2 mmol/L), B-glycerophosphate
(7.5 mmol/L), NazVO, (0.1 mmol/L), and dithio-
threitol (0.1 mmol/L). The reaction was incubated at
room temperature for 0, 15, and 60 min, after which
the reaction was quenched with 100 L of 1% tri-
fluoroacetic acid. Twenty-five picomoles of internal
standard stable-isotope-labeled substrate peptides
were spiked into the quenched reaction. The solution
was desalted using Sep-Pak C18 50 mg cartridges
(Waters, Milford, MA) and dried using vacuum

Subject D1

Subject D4

Subject N4

Figure 2—The magnetic resonance imaging of pancreatic cysts in CEL-mutation carriers. Magnetic resonance cholangiopancreatography
(A-C) and axial fat-saturated T2-weighted imaging (D-F) at the level of the pancreatic body in two CEL-mutation carriers (A and D, B and
E) and a normal control (C and F). Both mutation carriers had multiple cystic lesions within the pancreatic body and tail (white thin arrows,
A and B, D and E) as well as in the pancreatic head (arrowheads, A and B). The pancreatic ducts (filled black arrows) and common bile
ducts (filled white arrows) have normal caliper (A and B, D and E) similar to that in the control (C and F). The alphanumeric codes refer to
the subject designation explained in RESEARCH DESIGN AND METHODS. GB, gallbladder.
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centrifugation. The desalted sample was then resus-
pended in 100 pL of 5% formic acid, of which 2 pL
was then subjected to analysis by MS. Technical
duplicates were performed for each sample at each
time point. The peptides from proteolytic degradation
assays were analyzed by liquid chromatography (LC)-
MS on a high-resolution Exactive Orbitrap mass
spectrometer (Thermo Scientific, Rockford, IL). Briefly,
a 45-min gradient was used to separate the peptides
from 10-37% solvent B (0.125% formic acid in aceto-
nitrile) at a flow rate of 300 mL/min. LC-MS data were
collected from 350-1,500 mass-to-charge ratios, and
the extracted ion chromatograms of the light and heavy
peptides were used to quantitate the extent of peptide
degradation, respectively. Data analysis was performed
using Pinpoint (Thermo).

Quantitative Proteomics of Pancreatic Juice Using
Tandem Mass Tag Labeling

Pancreatic juice (100 wL) from six subjects was purified
using methanol/chloroform precipitation. The purified
protein pellets were each resuspended in 100 pL of 50
mmol/L HEPES, 4 mol/L urea, pH 8.5. The protein
concentration was determined using Bradford protein
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assay (Pierce). The cysteine residues were reduced and
alkylated with dithiothreitol (5 mmol/L) and iodoaceta-
mide (15 mmol/L), respectively, prior to digestion with
LysC (Wako, Japan) in a 1:100 LysC-to-protein ratio.
Following digestion overnight, the digest was acidified
with formic acid prior to desalting with C18 solid-phase
extraction (Sep-Pak, Waters). The desalted peptides were
then resuspended in 100 pL of 50 mmol/L HEPES, pH
8.5, and each sample was labeled with one of the six-plex
tandem mass tag (TMT) reagents (Thermo) for 1 h at
room temperature. The TMT-labeled peptides were pu-
rified and fractionated by strong cation exchange chro-
matography, and 14 fractions were analyzed by
LC-MS/MS on an LTQ-Orbitrap Velos mass spectrome-
ter. A triple-stage MS method developed recently by the
laboratory was used to overcome the interference prob-
lem in acquisition of TMT data as described (10). Further
experimental details for the proteomics and immuno-
blotting experiments, kinase activity assay (14), and
proteolytic degradation assays are outlined in the Sup-
plementary Appendix. Details for the database searches
and filtering and quantification for the proteomics
experiments are also outlined in the Supplementary
Data, but briefly, two different types of searches (LysC

Table 1—Clinical characteristics of CEL-mutation carriers and controls

Fecal Diabetes Largest cyst

Age elastase duration  Number diameter Pancreatic GRO IL-8
Status Sex (years) (ng/g) Diabetes (years) of cysts (mm) duct >2.5 mm (pg/mL) (pg/mL)
Control F 32 426 no 0 0 0 no 2.5 0.3
Control (N2) F 38 561 no 0 0 0 no 7.3 0.0
Control M 40 584 no 0 0 0 no 5.9 15
Control F 50 723 no 0 0 0 no 0.0 0.2
Control F 53 486 no 0 1 2 no 2.5 0.1
Control 7 64 525 no 0 0 0 no 9.7 2.1
Control (N1) M 63 363 no 0 NA NA NA 4.3 2.6
Control (N3) M 25 299 no 0 NA NA NA 11.3 4.4
CEL carrier M 9 448 no 0 0 0 no 2.5 2.0
CEL carrier M 14 50 no 0 0 0 no 1.1 4.5
CEL carrier F 17 71 no 0 1 6 no 5.1 5.3
CEL carrier (P2) M 37 10 no 0 0 0 no NA NA
CEL carrier (P1) M 40 12 no 0 0 0 no 7.3 7.7
CEL carrier (D2) F 43 0 yes 13.1 12 7 no 116.7 21.1
CEL carrier F 45 51 yes 6.2 9 4 no 451 16.8
CEL carrier M 56 0 yes 11.8 6 4 no 97.3 4.3
CEL carrier M 57 0 yes 17.5 4 11 yes 15.2 3.1
CEL carrier (D4) B 57 5 yes 191 60 11 no 109.7 373.6
CEL carrier (D1) M 65 0 yes 44.7 20 13 no 2.5 1.2
CEL carrier (D3) M 69 8 yes 13.6 30 9 no 88.8 4.4
CEL carrier (C1) F 78 0 yes 37.5 60 13 no 161.0 167.7

The alphanumeric code in the Status column is explained in RESEARCH DESIGN AND METHODS. NA, not available.
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and “no enzyme”) were used when MS/MS spectra were
searched against the human ipi database (version 3.6)
using the Sequent algorithm (version 5) (15). The data
were filtered to a false discovery rate of less than 1%
based on the target-decoy database approach (16). Fur-
ther filtering of the list to include only “pancreas specific”
proteins was based on analyses of nine different mouse
tissues (17). To test the hypothesis that secretin-
stimulated duodenal secretory proteins truly reflected
pancreatic disease, an investigator (F.E.M.) blinded to the
sample status performed unsupervised clustering analy-
sis based on protein abundance (i.e., algorithmic classi-
fication procedure to group samples based on protein
expression similarities and blinded to a knowledge of
sample disease status).

Bioinformatics Studies Using Biobase

We performed a comprehensive investigation of all pro-
teins in the secretin-stimulated duodenal juice (not only
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pancreatic specific proteins) to avoid excluding pro-
teins that are only expressed in the diseased state. We
used the Biobase Explain 3.0 tool (18) to examine
whether the proteins that were elevated in the secretin-
stimulated duodenal juice from CEL-mutation car-
riers (log, ratio >1 of protein expression) shared
common upstream key nodes in pathways in physio-
logical and pathophysiological processes (see http://
www.biobase-international.com/product/explain for
details).

Other Statistical Analysis

For the analyses of cytokine levels, we used two-tailed
Student t tests of independent groups assuming unequal
variance. We used linear regression to estimate R” for the
correlation of cyst number and the respective cytokines.
We chose a significance level of 5% and analyzed all data
using Stata 11.0 (Stata Statistical Software, Stata Corp.,
College Station, TX).
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Figure 3—The identification of a patient-specific cytokine signature in pancreatic juice. Cytokine levels for GRO compared with mutation
status (A) and correlated with cyst number (B). Cytokine levels for IL-8 compared with mutation status (C) and correlated with cyst number
(D). Further, IL-1b was increased in the carriers (P = 0.005) and also significantly correlated with the number of cysts (R? = 0.70 P < 0.001).
None of the remaining cytokines correlated significantly with the number of cysts but were significantly elevated in the CEL-mutation
carriers (fibroblast growth factor-2 [P = 0.04], Flt-3 ligand [P = 0.03], granulocyte-macrophage colony-stimulating factor [P = 0.01], IL-1ra
[P =0.02], IL-12 [P = 0.01], MCP-1 [P = 0.04], soluble CD40 ligand [P = 0.03]; Supplementary Table 1).
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RESULTS

Subjects With CEL-MODY Develop Multiple Pancreatic
Cysts and Diabetes in Their 40s

We performed pancreatic imaging studies in a CEL-
MODY family (Fig. 1) and identified multiple unilocular
pancreatic cysts (Fig. 2) in all CEL-mutation carriers (n =
8) who had also developed diabetes (Table 1). None of
the nondiabetic CEL-mutation carriers (n = 4) or the
healthy controls (n = 6) had multiple pancreatic cysts, but
two of these subjects (one nondiabetic CEL-mutation
carrier and one healthy control) had a solitary cyst.
Moreover, the number of cysts correlated positively with
age in the CEL-mutation carriers (R? = 0.46; P = 0.01).

Cytokine Analysis of the Secretin-Stimulated Duodenal
Juice Identifies Mitogen-Activated Protein Kinase-
Driven Cytokines in CEL-Mutation Carriers Positively
Correlated With Disease Progression

Since cytokine levels in secretin-stimulated duodenal
juice may reflect pancreatic disease (19), we first assessed
a panel of 42 cytokines in the secretin-stimulated duo-
denal fluid samples of several family members and con-
trols (Supplementary Table 1). The mitogen-activated
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protein kinase (MAPK)-driven CXCR2 receptor targeting
cytokine GRO was significantly increased in the carriers
with a tendency toward higher levels in subjects who had
accumulated more clinical manifestations (Table 1 and
Fig. 3A; P < 0.01). We also observed that GRO correlated
significantly with the number of cysts in the subjects
(Fig. 3B; R? = 0.56; P = 0.005). Interestingly, the related
MAPK-driven CXCR1- and CXCR2-targeting cytokine
IL-8, while not showing significantly increased levels in
CEL-mutation carriers (Fig. 3C; P = 0.15), revealed a sig-
nificant correlation with the number of cysts (Fig. 3D and
Supplementary Table 1; R” = 0.72; P < 0.001). Hence
secretin-stimulated duodenal fluid of CEL-mutation car-
riers contains cytokines whose increasing levels may
potentially reflect increasing severity of a progressive
pancreatic disease.

Proteomics-Based Identification of a Distinct Protein
Signature in Secretin-Stimulated Duodenal Juice of
CEL-Mutation Carriers

Since some protein markers (cytokines) displayed in-
creasing levels with the progressive accumulation of
clinical manifestations, we asked whether diabetic

A

Duodenal juice
) ) LC-MS
* A Quantitation
Quench after: 000000000
-0 min ® 0000
. 00000000
- 15 min 000000000
-60 min 000000000
45 light sub- 45 heavy sub-
strate peptides strate peptides
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Number of proteins identified
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No-enzyme
specific specific
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Fraction of substrate peptide remaining

01560]0 1560
Time allowed for degradation

Database search type

Figure 4—Reduced substrate degradation in CEL-MODY patients. Greater substrate degradation was observed for control patients
compared with CEL-MODY patients. A: A set of 45 substrate peptides are incubated with pancreatic juice for 45 min, and the amount of
degradation is measured by comparison of the substrate with internal standard heavy peptides at 0, 15, and 60 min time points. B: The
differences in protein identifications using silver staining of secretin-stimulated duodenal juice for equal quantities of protein loaded onto
gels. C: Consistent with this reduced substrate degradation in the secretin-stimulated duodenal juice of CEL-MODY patients, we also
identified differences in protein identifications using LysC-and “no-enzyme”-specific searches of proteomics data. Using no-enzyme-
specific searches, we identified 757 proteins in the secretin-stimulated duodenal juice.
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CEL-mutation carriers displayed a unique proteomic
signature in secretin-stimulated duodenal juice. Antici-
pating some degree of protein degradation in duodenal
juice, we first assessed the extent of protein degradation
by exploring a multiplexed MS-based degradation assay
(Fig. 4A) and differences in silver staining for equal
quantities of protein loaded onto gels (Fig. 4B) and found
indeed an extensive degradation of secretin-stimulated
duodenal proteins. Subsequently, we applied a multi-
plexed quantitative proteomics approach with isobaric
labeling (TMT) to a training set of secretin-stimulated
duodenal juice from three CEL-mutation carriers and
three healthy controls. Consistent with the previously
identified protein degradation, we found large differ-
ences in protein identifications using standard LysC
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compared with “no-enzyme”-specific searches of proteo-
mics data (Fig. 4C). Hence, to identify both the degraded
and nondegraded proteins to account for all the secreted
proteins in the original sample, we further pursued no-
enzyme-specified database searching, and we identified
757 proteins (1% false discovery rate) in the secretin-
stimulated duodenal juice (Supplementary Table 2) de-
spite the extensive protein degradation. Further filtering
of the list to include only proteins abundantly expressed
in mice pancreata (17) resulted in the identification of
115 proteins (excerpt in Table 2). Intriguingly, an un-
supervised clustering analysis clearly separated the
patients and the controls into two separate groups (Fig.
5A), supporting the existence of a unique proteomic sig-
nature (Table 2 and Supplementary Table 2) in diabetic

Table 2—The most extreme differentially expressed proteins in secretin-stimulated duodenal juice

Gene Log? ratio Log? total Protein # Gene Log? ratio Log? total
1 CLEC3B —-16.0 23.2 87 MUC1 2.4 20.2
2 KRT18 —-15.2 22.4 88 cuzbp1 2.5 25.8
S NuUCB2 —-12.5 19.7 89 CLPS 2.6 22.5
4 DCI -11.5 19.6 90 PNLIPRP2 2.7 27.3
5 MYL1 -11.5 18.7 91 KLK1 2.7 241
6 RPLP2 =111 23.2 92 RNASE1 3.5 25.7
7 SKP1 -10.8 18.1 93 CPA2 3.6 27.7
8 RPLPO —-10.7 21.7 94 S100A7 3.9 22.4
9 RPLP1 —-9.7 21.4 95 CEL 3.9 28.5
10 SFN —9.5 19.1 96 CTRB1 3.9 27.8
11 EPB41L3 -9.4 221 97 CTRL 3.9 23.9
12 CHGA -8.9 16.1 98 PRSS1 4.0 28.1
13 PKM2 7.5 22.3 99 CPA1 4.1 28.9
14 IDH1 -7 22.5 100 CELA3B 4.3 25.6
15 MYH14 —6.2 22.3 101 PNLIPRP1 4.3 26.3
16 PURA —6.2 20.7 102 IPI00219910 4.6 23.5
17 LMNA =B 21.3 103 PNLIP 4.8 30.0
18 KRT8 -5.1 24.9 104 PRSS2 4.8 26.6
19 EEF1A1 =51 21.0 105 CELA3A 4.9 27.8
20 GLUD1 —-4.9 22.5 106 CTRC 5.0 26.8
21 PCDH24 4.7 21.8 107 GP2 52 25.8
22 PPA1 -4 22.1 108 CPB1 53 27.9
23 NPC2 —-4.0 20.2 109 AMY1C 53 26.8
24 ALDOB -3.8 25.5 110 AMY2B 54 29.6
25 TSPANS8 -3.7 20.2 111 SERPINI2 6.7 22.8
26 CLIC1 —-3.7 23.0 112 PLA2G1B 6.9 25.8
27 PGD =87 19.9 113 CD302 8.2 16.7
28 CST3 =83 23.5 114 HPN 8.4 18.4
29 GSN =33 24.9 115 CTRB2 11.3 18.5

Log? ratio, log? of the ratio of MS abundance for the sum of the three healthy controls divided by the sum of the three diabetic mutation
carriers; log? total, log? of the total MS abundance for a protein as the sum of the abundances of three healthy controls and the three

diabetic mutation carriers.
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Figure 5—The identification of a patient-specific protein signature in pancreatic juice. Protein quantitation was performed using isobaric
labeling with TMT and LC-MS/MS analysis on an LTQ-Orbitrap Velos mass spectrometer. A: An unsupervised clustering analysis iden-
tified clearly different expression patterns in CEL-mutation carriers compared with controls with analyses performed by an investigator
(F.M.) blinded to the samples. B: Log2 plot of secretin-stimulated duodenal protein abundances and ratios of levels in the three CEL-

mutation carriers compared with the three controls. Note the lack of skewed distribution of pancreatic proteins in the log? plot, indicating
that a majority of the proteins had been detected despite degradation. Using “no-enzyme”-specific searches, we identified 757 proteins in
the secretin-stimulated duodenal juice, of which 115 proteins were pancreatic specific based on a previous report (17). C: Immunoblot
validation examples of proteins identified with stippled lines indicate gel crops. In addition to the three diabetic CEL-mutation carriers (D1,
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CEL-mutation carriers. We identified mostly digestive
enzymes (Table 2) among the duodenal proteins show-
ing a relatively higher abundance in control samples
(Fig. 5B), including CEL and elastase (CELA2A,
CELA3B), consistent with our anticipation of a greater
abundance of pancreatic proteases in healthy subjects.
Proteins more abundant in CEL-mutation carriers
(Table 2) included proteins associated with diabetes
[TSPANS (20)] and insulin secretion [GLUD1 (21)].
Together these observations provide confidence that
secretin-stimulated duodenal proteins actually reflect
pancreatic output and could serve as potential indica-
tors of pancreatic pathology.

Validation of the Training Set Proteins by
Immunoblotting and Their Potential Role as MAPK
Targets

Next, to validate the proteome signature in CEL-muta-
tion carriers, we applied immunoblotting of selected
signature proteins in secretin-stimulated duodenal juice
from the training set of three CEL-mutation carriers and
three controls. Indeed, band intensities and MS abun-
dances correlated well for the proteins (compare Fig. 5C
and Supplementary Table 2), confirming the validity of
the MS findings. Furthermore, band intensities were also
clearly different between controls and two additional
prediabetic CEL-mutation carriers (Fig. 5C). Notably, the
protein markers LMNA, SKP1, and Keratin 18 (KRT18)
clearly separated CEL-mutation carriers from controls,
whereas the protein markers PKM2 and GSN more par-
tially separated these groups. In order to assess whether
the proteome signature proteins in CEL-mutation car-
riers were parts of an activated pathway, we explored the
potential connectivity of the top 30 most abundant
proteins in the training set using a curated database
search (Biobase Explain) of reported protein interactions
(18). Intriguingly, we found that several of these vali-
dated markers were downstream targets of MAPK (Fig.
5D and Supplementary Table 3), including several of the
proteins also validated by immunoblotting (compare Fig.
5D with Fig. 50).

To further assess the strength of connectivity between
the most abundant proteins, we used gene network en-
richment analysis (22,23) to test for significant protein
interactions based on yeast two-hybrid systems data. We
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identified the 14-3-3 protein {, encoded by YWHAZ,
interacting with KRT18 and the subnetwork of interact-
ing proteins around YWHAZ to be cumulatively signifi-
cant (Fisher’s P = 0.00028), supporting interactions
between 14-3-3 protein { and KRT18 in disease patho-
genesis (Supplementary Fig. 1). Both these proteins were
also MAPK targets as defined by the Biobase Explain
findings.

Multiplexed Kinase Studies Provide Further Evidence
of Altered Kinase Activity

Since the above data suggested the involvement of MAPK
signaling, we profiled multiple kinase activities in both
duodenal samples using MS (Fig. 5E) (14). Upon exam-
ining a different aliquot of the same secretin-stimulated
duodenal juice samples as that used in the immuno-
blotting studies and adopting unsupervised clustering
analysis, we observed that the three controls and the
prediabetic CEL-mutation carrier clustered in one group
clearly different from a group with the four diabetic CEL-
mutation carriers (including a subject with pancreatic
ductal adenocarcinoma). Interestingly, the cell-cycle-
related kinases, CHK1 and CHK?2, and protein kinase C
(PKC) and to a lesser extent also MAPK displayed ele-
vated kinase activity in the diabetic CEL-mutation car-
riers (Fig. 5F).

DISCUSSION

Our data further support that CEL-MODY is a pro-
gressive disease. We have previously reported the oc-
currence of pancreatic exocrine dysfunction from infancy
(3), pancreatic lipomatosis form early childhood (4), and
diabetes developing in the 40s (3). Here we show that
CEL-mutation carriers also develop multiple pancreatic
cysts as they develop diabetes. Thus there seems to be
a sequence of clinical characteristics over time that may
reflect a pathogenic process taking place in the pancreas
and ultimately leading to diabetes. Our data support that
this pathogenic process is associated with upregulated
MAPK signaling for the following reasons: First, cytokine
analyses in the pancreatic secretome demonstrated in-
creasing levels of the MAPK-driven (24) cytokine GRO
over the course of the disease. Second, using a sensitive
and accurate quantitative proteomics approach, we
identified elevated levels of downstream target proteins

D2, D3) and three nonfamily controls (N1, N2, N3), we also added secretin-stimulated duodenal juice samples from two prediabetic CEL-
mutation carriers (P1, P2) and from the CEL-mutation carrier with the KRAS-mutated pancreatic ductal adenocarcinoma (C1). D: Visual-
ization of the MAPK-targeted proteins identified by Biobase ExPlain 3.0 tool and alphanumeric codes referring to PubMed identification in
Supplementary Table 3. E: Heat map demonstrating differential clustering of kinase activities in the secretin-stimulated duodenal juice and
pancreatic tissue of CEL-mutation carriers and controls. F: Vertical bar graphs showing significant differences in kinase activities for PKC,
CH1, and CH2 in secretin-stimulated duodenal juice. The multiplexed kinase activity assay allows the absolute quantitation of kinase
activities by measuring the amount of phosphorylation of 60 peptide substrates with known motifs for many kinases. Vertical bar graphs
showing differences in kinase activities for PKC, CH1, CH2, and MAPK in secretin-stimulated duodenal juice. PDAC, pancreatic ductal
adenocarcinoma; mut, mutation; log? ratio, log? of the ratio of MS abundance for the sum of the three controls divided by the sum of the
three diabetic mutation carriers; log? total, log® of the total MS abundance for a protein as the sum of the abundances of three controls and

the three diabetic mutation carriers.
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of MAPK/ERK?2 signaling in diabetic CEL-mutation car-
riers. Third, the MS data were confirmed by immuno-
blotting for proteins in the duodenal juice, and
immunoblotting also confirmed our observations in
several other CEL-mutation-carrying subjects. Finally, we
identified elevated kinase activity, including that of
MAPK in CEL-mutation carriers.

Our data also support our hypothesis that secretin-
stimulated duodenal secretory proteins truly reflect
pancreatic disease. First, unsupervised clustering analysis
of proteomics data correctly identified the diseased
subjects. Second, we also detected increased levels of
digestive enzymes in healthy subjects consistent with our
anticipation of a greater abundance of pancreatic pro-
teases in healthy subjects and consistent with proteomics
findings in normal pancreatic juice by endoscopic retro-
grade cholangiopancreatography (25), by enzymatic
findings (of elastase) in feces (3), and by enzymatic
findings (of amylase, lipase, and chymotrypsin) in the
secretin-stimulated duodenal juice of CEL-mutation
carriers (26). Third, the increased levels of digestive
enzymes were confirmed by immunoblotting (for
amylase).

We have described a new feature of the CEL-MODY
phenotype by demonstrating the presence of pancreatic
cysts in mutation carriers. Such cysts are an established
risk factor for pancreatic cancer (27). Notably, one of the
oldest affected members of the family was diagnosed
with pancreatic ductal adenocarcinoma at 78 years of
age. We therefore conclude that CEL-MODY patients
could be at increased risk for developing pancreatic
cancer. The cytokine analyses revealed a linear relation-
ship between the number of cysts and the CXCR1-and
CXCR2-targeting MAPK-driven (24) cytokines (GRO, IL-
8), a finding consistent with a previous report of elevated
IL-8 levels in sera of patients with pancreatic cancer (28).
We believe that the low levels of GRO and IL-8, despite
multiple cysts in a diabetic CEL-mutation carrier (subject
D1), fit with the long duration of his diabetes and the
development of end-stage pancreatic disease with loss of
inflammatory cells as observed in end-stage pancreatitis
(29), although there is also the possibility of phenotypic
variance within the family. The finding of MAPK-related
proteins and cytokines in duodenal juice of subjects with
progressive pancreatic disease is particularly interesting
because of the role of MAPK both in diabetes and cancer
(30). In the subject with cancer, the tumor had a somatic
KRAS mutation (G12V, not shown) commonly observed
in pancreatic adenocarcinomas (31). Cancer-associated
KRAS mutations generally lead to overactive proteins
that stimulate oncogenic signaling through the MAPK
pathway (32).

In conclusion, subjects with CEL-MODY develop
multiple pancreatic cysts and diabetes in their 40s. In-
creased levels of MAPK target proteins may reflect the
pathophysiological development of pancreatic cysts and
diabetes in CEL-MODY. These data suggest that the
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MAPK pathway should be further explored in subjects
with CEL-MODY in order to find drug targets for the
possible prevention of disease development.
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