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ABSTRACT
Introduction Mutations of CEL gene were first reported to 
cause a new type of maturity- onset diabetes of the young 
(MODY) denoted as MODY8 and then were also found 
in patients with type 1 (T1D) and type 2 diabetes (T2D). 
However, its genotype- phenotype relationship has not 
been fully determined and how carboxyl ester lipase (CEL) 
variants result in diabetes remains unclear. The aim of our 
study was to identify pathogenic variants of CEL in patients 
with diabetes and confirm their pathogenicity.
Research design and methods All five patients enrolled 
in our study were admitted to Shandong Provincial Hospital 
and diagnosed with diabetes in the past year. Whole- 
exome sequencing was performed to identify pathogenic 
variants in three patients with MODY- like diabetes, one 
newborn baby with T1D and one patient with atypical 
T2D, as well as their immediate family members. Then the 
consequences of the identified variants were predicted by 
bioinformatic analysis. Furthermore, pathogenic effects 
of two novel CEL variants were evaluated in HEK293 cells 
transfected with wild- type and mutant plasmids. Finally, 
we summarized all CEL gene variants recorded in Human 
Gene Mutation Database and analyzed the mutation 
distribution of CEL.
Results Five novel heterozygous variants were identified 
in CEL gene and they were predicted to be pathogenic by 
bioinformatic analysis. Moreover, in vitro studies indicated 
that the expression of CELR540C was remarkably increased, 
while p.G729_T739del variant did not significantly affect 
the expression of CEL. Both novel variants obviously 
abrogated the secretion of CEL. Furthermore, we 
summarized all reported CEL variants and found that 
74.3% of missense mutations were located in exons 1, 3, 
4, 10 and 11 and most missense variants clustered near 
catalytic triad, Arg- 83 and Arg- 443.
Conclusion Our study identified five novel CEL variants 
in patients with different subtypes of diabetes, expanding 
the gene mutation spectrum of CEL and confirmed the 
pathogenicity of several novel variants.

INTRODUCTION
Monogenic diabetes refers to diabetes 
mellitus (DM) caused by a mutation in a 
single gene and accounts for approximately 

1%–5% of diabetes.1 2 Maturity- onset diabetes 
of the young (MODY) is the most common 
type of monogenic diabetes characterized by 
autosomal dominant inheritance, early onset 
(typically <25 years old) and partial preserva-
tion of pancreatic β-cell function.3 Up to date, 
14 subtypes of MODY have been identified, 
each caused by mutations in different genes.4 
Although MODY represents 1%–5% of pedi-
atric diabetes cases, it is frequently undiag-
nosed or misdiagnosed as type 1 (T1D) or 
type 2 diabetes (T2D) due to overlapping 
clinical characteristics. A correct diagnosis 
of MODY is of great clinical significance for 
patients because different subtypes also differ 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Variants of the CEL gene can becausative for MODY 
and serve as a significant risk factor in chron-
icpancreatitis and pancreatic cancer, but its role 
in common forms of diabetes(i.e. type 1 and type 
2) remains elusive. And there are only five families 
reportedin detail in the literature and these patients 
carried CEL frameshift variantswithin VNTR region. 
Moreover, very few CEL variants have been evaluat-
ed theirpathogenesis by functional studies.

WHAT THIS STUDY ADDS
 ⇒ Our present study first identified and reported five 
novel CEL variants in diabetic patients of different 
subtypes. And we exploited whole- exome sequenc-
ing, bioinformatic analysis as well as functional 
studies to characterize the pathogenic role of the 
novel CEL variants and summarized all previous-
ly reported mutations as well as their phenotypic 
information.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Our results enrich the mutation spectrum of CEL 
gene to help elucidate CEL’s function and reveal the 
pathogenesis of CEL in diabetes.
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in clinical management.5 So genetic testing for MODY 
genes has the potential to provide more accurate diag-
nosis and more effective treatment for the patients.

MODY8 is caused by heterozygous mutations in the 
carboxyl ester lipase (CEL) gene, also known as bile 
salt- dependent lipase.6 Besides MODY8, CEL was also 
found to be associated with common forms of diabetes 
(ie, type 1 and type 2), chronic pancreatitis and pancre-
atic cancer.6–8 The enzyme CEL hydrolyzes dietary 
fat, cholesteryl esters and fat- soluble vitamins in the 
duodenum.9 10 CEL is mainly expressed in pancreatic 
acinar cells and lactating mammary glands.11 12 The 
human CEL gene resides on chromosome 9q34.3 and 
contains a variable number of tandem repeats (VNTR) 
region that encodes a mucin- like protein tail. There are 
two main domains of CEL: a globular N- terminal catalytic 
domain made up of 535 amino acid residues (excluding 
the signal peptide), followed by a C- terminal intrinsically 
disordered region including repeated 11- amino acid 
segments.13 14 The number of tandem repeats in humans 
ranges from 3 to 23, and most humans are homozygous 
for 16 repeats.15 16 The N- terminal region was respon-
sible for catalytic activity including conserved catalytic 
triad Ser214- Asp340- His455.17 Similar to most mucinous 
proteins, the C- terminal region is mainly comprised of 
the unique 11- amino acid (KEAQMPAVIRF) repeats, 
which are enriched in the amino acids proline, gluta-
mate, serine and threonine (PEST sequences).18 CEL’s 
C- terminus has been postulated to be critical for its secre-
tion and activity.19 Until now, only 20 heterozygous CEL 
variants have been recorded in Human Gene Mutation 
Database (HGMD) to cause MODY8. Among them, there 
are only five families reported in detail in the literature 
and these patients carried CEL frameshift variants within 
VNTR region.6 20 21 However, few CEL variants have been 
evaluated their pathogenesis by functional studies. Since 
the genotype- phenotype correlation of CEL is still not 
clear, it will be helpful to better understand the genotype- 
phenotype relationship if more cases are found and 
studied.

Here we found five patients with diabetes with five new 
heterozygous variants of the CEL gene and confirmed 
the pathogenic roles of several variants through bioin-
formatic analysis and in vitro experiments. Our results 
enrich the mutation spectrum of CEL gene to help eluci-
date CEL’s function and reveal the pathogenesis of CEL 
in diabetes.

MATERIAL AND METHODS
Study design
This study aimed to identify pathogenic variants in 
patients with MODY- like diabetes and evaluate the patho-
genic role of the novel CEL variants. We first identified five 
novel CEL variant in five patients with diabetes through 
whole- exome sequencing (WES) and bioinformatic anal-
ysis suggesting that the novel variants were pathogenic. 
Then we assessed their impacts on CEL expression and 

its secretion in vitro. Finally, we summarized all previously 
reported mutations as well as their phenotypic informa-
tion and analyzed the hotspots of CEL mutation.

Editorial policies and ethical considerations
The sampling and experimental procedures of the 
current study were performed by strictly adhering to the 
guidelines of the Helsinki Declaration 1964 and its latest 
amendments. Informed consent was obtained from all 
individual participants included in the study and written 
informed consent was received from participants prior to 
inclusion in the study.

Patients
Patients or the public were not involved in the design, 
or conduct, or reporting, or dissemination plans of our 
research. A detailed history about the onset and progres-
sion of diabetes as well as family history were obtained. 
Physical examination and laboratory detection were also 
performed to confirm the diagnosis. The diagnosis of 
MODY was considered in patients who met the following 
criteria: (1) atypical features of diabetes based on age 
<35 and insulin- independent within 2 years after diag-
nosis, (2) negative pancreatic antibodies, (3) a family 
history of diabetes consistent with autosomal dominant 
inheritance in at least two generations. Peripheral blood 
samples were obtained from the patients and their family 
members for genetic test.

DNA extraction and WES
Genomic DNA was isolated from peripheral blood 
leukocytes using the QIAamp DNA Mini Kit (Qiagen, 
Germany) following the manufacturer’s instructions. As 
for WES and subsequent Sanger sequencing for valida-
tion, we followed the methods of Wu et al.19 In addition, 
for patients 1 and 4, we performed real- time quantita-
tive PCR for further validation. Genes and proteins were 
described according to the Human Genome Variation 
Society nomenclature guideline.

Bioinformatic analysis
To predict the potential pathogenic effects, we used three 
software tools, Mutation Taster (http://www.mutation-
taster.org/), Poly Phen- 2 (http://genetics.bwh.arvard. 
edu/pph2), PROVEAN (http:// provean.jcvi.org) to 
predict disease- causing effects of the mutation. Further-
more, AlphaFold Protein Structure Database (https:// 
alphafold.com/) was used to search the structure of wild- 
type CEL and PyMOL software was used for visualizing 
the spatial structure and altered residues of CEL. The 
ClusPro server (https://cluspro.org) was also used to 
analyze protein- protein docking.

Plasmid construction
Wild- type and mutant (c.2187_2219delGGGT-
GACTCTGA  GGCT GCCC CTGT GCCC CCCAC and 
c.1621C>T) human CEL plasmids (transcript ID: 
NM_001807.6) were synthesized using transient over-
expression vector GV141 (GeneChem, China). The 
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detailed protocol is available on request. The entire 
coding sequences of all the constructs were verified using 
sequencing.

Cell culture and transfection
We followed cell culture and transfection protocol from 
the literature.22 22 HEK293 cells (National Collection 
of Authenticated Cell Cultures, Shanghai, China) were 
grown in Dulbecco’s modified Eagle’s medium (Gibco 
BRL, Gaithersburg, Maryland, USA) containing 10% 
fetal bovine serum at 37°C in 5% CO2 and 95% air. 
Cells were seeded in 6- well plate prior to transfection 
and when they reached about 70% confluent, they were 
transfected with constructed wild- type and mutant CEL- 
GV141 overexpression vector or empty GV141 vector 
using Lipofectamine 3000 Transfection Kit (Invitrogen, 
USA). Transfection was performed for 12 hours with 2 µg 
plasmid per well.

Immunoblot analysis
We followed immunoblot protocol from the litera-
ture.22 22 HEK293 cells were rinsed with cold phosphate 
buffer solution (PBS), and whole cell lysates were lysed 
in radioimmunoprecipitation assay buffer supplemented 
with protease and phosphatase inhibitors. The cell media 
were collected, centrifuged and concentrated on Amicon 
Ultra- 15 columns (MERCK) to get concentrated secreted 
proteins. Cell protein lysates (40 µg) and concentrated 
proteins (80 µg) in cell medium were separated using 10% 
sodium dodecylsulfate- polyacrylamide gel electropho-
resis (SDS- PAGE) and transferred onto polyvinylidene 
fluoride membranes (Millipore). The membranes 
were blocked with Tris buffered saline tween(TBST) 
containing 5% slim milk for 1 hour at room tempera-
ture and then incubated with primary antibodies against 
Flag (1:1000, ProteinTech) and β-Actin (1:7500, Protein-
Tech) overnight at 4°C, after which they were incubated 
with secondary antibodies for 1 hour at room tempera-
ture. The membranes were incubated with horseradish 
peroxidase (HRP)- labeled secondary antibodies at room 
temperature for 1 hour, and Immobilon Western HRP 
Substrate Peroxide Solution (Millipore, USA) was used 
for membrane development.

Immunofluorescence assay
We followed immunofluorescence protocol from the 
literature.22 22 Forty- eight hours after transfection, cells 
were grown on glass coverslips and cell culture dishes 
were fixed with 4% paraformaldehyde, permeabilized 
with 0.3% Triton X- 100, and blocked for 1 hour in 2% 
bovine serum albumin (BSA). Immunostaining was 
accomplished with anti- Flag (1:300; ProteinTech) over-
night at 4°C. Species- specific Alexa Fluor 488 secondary 
antibody (1:1000, Invitrogen) was used at room 
temperature for 1 hour. Nuclei were visualized by DAPI 
(4′,6- diamidino- 2- phenylindole, blue). Protein local-
ization was observed by fluorescence microscopy (Carl 
Zeiss, Germany).

Statistical analysis
Statistical analysis was performed by SPSS V.19.0 soft-
ware package (SPSS). Continuous variables with normal 
distribution were given as mean±SD and compared by 
independent samples Student’s t- test. P value <0.05 was 
considered statistically significant.

RESULTS
Clinical features
All of the participants involved in our study were of Han 
ethnicity. Three patients (patient 1/3/4) were clinically 
diagnosed with MODY, one diagnosed with T1D (patient 
2) and T2D (patient 5). The clinical characteristics of all 
patients were summarized in online supplemental table 
1. They were all males and aged from 1 to 48 years old. 
Patients 1, 3 and 4 were considered MODY because they 
had diabetes on age <35, negative antibodies and a family 
history of diabetes in three generations. Patient 2 was 
diagnosed with T1D because he had positive islet cell anti-
body and anti- glutamic acid decarboxylase antibody and 
a lack of insulin. Patient 5 was suspected of T2D because 
he demonstrated high level of C- peptide accompanied 
with metabolic syndrome. Moreover, except patient 2, all 
other patients have hyperlipidemia and patients 1, 3 and 
4 have familial hyperlipidemia, especially hypertriglycer-
idemia, highly suggesting the presence of pancreatic 
exocrine dysfunction in these patients.

Genetic analysis of CEL gene
To confirm the pathogenic gene of these five patients, 
they were subjected to WES and detected variants were 
further confirmed via Sanger sequencing or qPCR in 
them and their immediate family members including 
parents, siblings and offsprings. We found that patients 1 
and 4 carried novel heterozygous Ex.8- 11del and Ex.10- 
11del variants, respectively, and both had low levels of 
CEL transcripts compared with their unaffected family 
members carrying the full- length CEL (figure 1A and 
1D). Patients 2 and 5 carried novel spontaneous variants 
c.830G>T (p.C277F) and c.1621C>T (p.R540C), respec-
tively (figure 1B and 1E). Patient 3 shared a novel hetero-
zygous c.2187_2219del GGGT GACT CTGA GGCT GCCC 
CTGT GCCC CCCAC (p.G729_T739del) variant with his 
mother (figure 1C). All of them have not been reported 
in the HGMD, TOPMED, ExAC and 1000Genome data-
bases, indicating that the mutations we have found 
were novel and rare. Interestingly, we found that all 
our patients with MODY carried deletion mutations, 
while both patients with T1D and T2D carried missense 
variants. Among five CEL variants, c.2187_2219del 
GGGT GACT CTGA GGCT GCCC CTGT GCCC CCCAC 
(p.G729_T739del), Ex.8- 11del and Ex.10- 11del mainly 
affected the C- terminal intrinsically disordered region of 
CEL, leading to the truncation of C- terminal tail, while 
c.830G>T (p.C277F) and c.1621C>T (p.R540C) variants 
were located in the N- terminal catalytic domain of CEL 
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Figure 1 The pedigree of five patients with diabetes with novel carboxyl ester lipase (CEL) variants. (A) Pedigree 
of patient 1. Males and females are indicated by squares and circles. Affected individual is represented by filled 
symbols. The proband is represented by arrows. On the right is the original results of qPCR (Ex.10- 11del) in the CEL 
gene. Red boxes represent the relative expression of the transcript of exon 10. Blue boxes represent the relative 
expression of the transcript of exon 11. (B) Pedigree of patient 2. On the right is the DNA sequence of the mutation site 
(c.830G>T/p.C277F) in the CEL gene. (C) Pedigree of patient 3. On the right is the DNA sequence of the mutation site 
(c.2187_2219delGGGTGACTCTGAGGCTGCCCCTGTGCCCCCCAC/p.G729_T739del) in the CEL gene. Red brackets 
represented the mutated region. (D) Pedigree of patient 4. On the right is the original results of qPCR (Ex.8- 11del) in the CEL 
gene. Red boxes represent the relative expression of the transcript of exon 10. Blue boxes represent the relative expression of 
the transcript of exon 11. (E) Pedigree of patient 5. On the right is the DNA sequence of the mutation site (c.1518C>T/p.R540C) 
in the CEL gene.
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and substituted original amino acid without changing the 
length of the protein (figure 2A).

Bioinformatic analysis
To clarify the pathogenic mechanism of these two novel 
CEL variants, we first performed bioinformatic analysis. 
c.830G>T (p.C277F) missense variant affected highly 
conserved amino acids in diverse species by multiple 
sequence alignment, highly suggesting it has disease- 
causing effects (figure 2B). c.2187_2219del GGGT 
GACT CTGA GGCT GCCC CTGT GCCC CCCAC (p.G729_
T739del), c.830G>T (p.C277F); Ex.8- 11del; Ex.10- 11del 
were strongly predicted to be pathogenic and delete-
rious using three online bioinformatic software—Muta-
tionTaster, PolyPhen- 2, PROVEAN, while c.1621C>T 
(p.R540C) was predicted to be pathogenic by PolyPhen- 2 
but benign through PROVEAN and MutationTaster.

The protein model of wild- type CEL was downloaded 
from AlphaFold Protein Structure Database then the 
structures of mutant CEL were built and visualized by 
PyMOL viewer. As the structure of the C- terminal tail was 
unknown and was not able to be predicted based on the 
available databases, we could only predict the structure 
of CELC277F and CELR540C. We found that p.R540C variant 
did not significantly change the structure of CEL but the 
electrostatic potential at protein surface was remarkably 
altered, which might disturb the interactions of CEL with 
other macromolecules (figure 2B and C). Besides, we 
predicted the possible changes of the binding between 
CELR540C and glucose- regulated protein 94 (GRP94) 
which is a molecular chaperone interacting with CEL 
to form a CEL/GRP94 complex by ClusPro (figure 2D). 
p.G729_T739del variant leads to a deletion of 11 amino 
acids, resulting in a one- repeat shorter VNTR, which also 
has a reduced number of potential O- glycosylation sites 
(figure 2E).

Functional characterization of two novel CEL variants in vitro
We chose two novel CEL variants to determine the func-
tional effects. We transfected wild- type and mutant plas-
mids containing the wild- type CEL cDNA or CEL variants 
(NM_001807.6: p.G729_T739del; p.R540C) into HEK293 
cells. First, we performed immunoblot analysis to assess 
the expression of CEL and the results showed that intra-
cellular CEL of HEK293 cells transfected with plasmid 
carrying p.R540C variant was significantly increased while 
that of cells transfected with plasmid carrying p.G729_
T739del variant was not obviously changed compared 
with wild- type group (figure 3A,B). As CEL functions 
as a secreted lipase, we also compared the CEL level 
in cell culture medium and we found that the protein 
levels of cells transfected with both mutant plasmids were 
remarkably decreased compared with wild- type group 
and the level of CELR540C was lower than CELG729_T739del 
(figure 3A). Then we performed immunofluorescence to 
evaluate the cellular localization of CEL and we observed 
a high tendency of intracellular aggregation of CEL in 
mutant groups (figure 3C). All of the above indicates 

that both novel CEL variants can significantly impair the 
secretion of CEL, leading to the intracellular retention 
of CEL.

Summary of all CEL variants and mutation distribution in 
three-dimensional (3D) protein model of CEL
To visualize the distribution of the 38 missense and 
2 nonsense CEL mutations identified in our study and 
previously reported in HGMD (online supplemental 
table 2), we used the 3D model of the CEL protein from 
AlphaFold Protein Structure Database (https://alpha-
fold.com/). Interestingly, there were only two nonsense 
variants of CEL gene, located in the 95th and 113rd 
amino acid, respectively (figure 4B). Since nonsense vari-
ants tend to produce truncated protein which is more 
likely to be non- functional, they provide few insights 
into regions of the CEL protein which may have func-
tional significance. It is worth noting that most missense 
variants were clustered near catalytic triad, arginine- 83 
and arginine- 443 (circled by a dotted line) (figure 4A). 
Notably, arginine- 83 and arginine- 443 are important for 
modulating bile salt activation of CEL. Until now, 74.3% 
(29/39) of missense mutations were mainly located in 
exons 1, 3, 4, 10 and 11, indicating these are highly likely 
to be functional regions.

DISCUSSION
It is known that MODY8 is an extremely rare disease 
caused by CEL gene mutation and inherited in an auto-
somal dominant manner. But little is known about the 
role of CEL in diabetes. In our study, we reported five 
patients with diabetes of different subtypes with five 
novel CEL pathogenic variants c.2187_2219del GGGT 
GACT CTGA GGCT GCCC CTGT GCCC CCCAC/p.G729_
T739del; c.830G>T/p.C277F; c.1621C>T/p.R540C; 
Ex.8- 11del; Ex.10- 11del. In silico analysis predicted both 
novel variants had pathogenic effects. And we also first 
explored the pathogenic mechanisms of two novel vari-
ants (c.2187_2219del GGGT GACT CTGA GGCT GCCC 
CTGT GCCC CCCAC/p.G729_T739del; c.1621C>T/p.
R540C) via in vitro experiments. Therefore, bioinfor-
matics together with functional study provided strong 
evidence for the pathogenic roles of our new- found CEL 
variants.

The human CEL gene is ~10 kb in size and consists of 
11 exons. There is a VNTR in the 11th exon which is 
made up of nearly identical 33 bp segments encoding the 
11- amino acid repeats of the protein tail usually between 
3 and 23 times.23 24 The most common type of human 
CEL has 16 repeated segments, thereby encoding a 
protein consisting of 745 amino acids with a predicted 
molecular mass of 79 kDa. Due to a varying number of 
C- terminal repeats in the general population and differ-
ences in post- translational modification, the observed 
molecular weight of the human CEL protein fluctu-
ates significantly. CEL is N- glycosylated at a conserved 
Asn residue (Asn207) in the endoplasmic reticulum, 
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Figure 2 Schematic representation of CEL protein and bioinformatic analysis of two novel CEL missense variants. (A) 
Schematic structure of CEL protein. The amino acid numbers defining each domain are shown below. The newly identified 
variant is indicated in red. Purple represents N- glycosylation site; green represents catalytic sites. The drawing shows the 
most common human CEL with 16 tandem repeats in the C- terminal VNTR region. (B) Protein structure prediction of wild- 
type, CELC277F and CELR540C. Changed amino acids are marked in red. (C) Electrostatic potential of wild- type, CELC277F and 
CELR540C, negative and positive electrostatic potentials are shown as red and blue, respectively. (D) Predicted changes of the 
binding between CELR540C and GRP94. CEL and GRP94 was presented in blue and yellow, respectively. (E) Comparison of 
the sequences between the wild- type CEL (upper line) and the mutant protein (lower line). Dots indicate the same amino acid. 
The mutation caused the deletion of 729–739 amino acids and produced a truncated CEL. CEL, carboxyl ester lipase; VNTR, 
variable number of tandem repeats; WT, wild type.
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then binding with molecular chaperone GRP94 for 
correct folding and secretion.25 Bioinformatic analysis 
showed that c.1621C>T (p.R540C) variant might abro-
gate the binding of CEL to GRP94, possibly resulting in 
misfolding and impeded secretion of CEL. The O- glyco-
sylation sites are present in the C- terminal region of CEL 
which is comprised of 11- amino- acid region enriched 
in proline, glutamate, serine, and threonine (PEST 
sequence), which induces rapid protein degradation.18 
O- glycosylation of the CEL repeats possibly masked 
PEST sequences, thus increasing the stability of CEL by 
preventing proteolysis.26 In addition, O- glycosylation 
of the CEL’s C- terminus has been demonstrated to be 
important for normal CEL secretion.27 As c.2187_2219del 
GGGT GACT CTGA GGCT GCCC CTGT GCCC CCCAC 

(p.G729_T739del) variant was located in the C- terminus 
and produced a shorter, but still repetitive C- terminal, 
which also has a reduced number of potential O- glyco-
sylation sites, which was highly likely to inhibit protein 
secretion and promote the degradation to cause disease. 
Once fully glycosylated at the trans- Golgi, CEL is phos-
phorylated by casein kinase II which promotes its release 
from intracellular membranes and drives the enzyme 
toward the secretion pathway.28 29 Different physicochem-
ical properties of mutant CEL could disturb short- range 
and long- range interactions with other macromolecules. 
Ex.8- 11del and Ex.10- 11del variants lead to lower levels 
of CEL transcripts in patients; this might be attributed 
to significant degradation by nonsense mRNA- mediated 
decay.21

Figure 3 Functional characterization of two novel CEL variants in HEK293 cells. (A) Expression pattern of wild- type and 
mutant CEL in HEK293 cells. HEK293 cells were transfected with CEL plasmids carrying WT- CEL or mutated CEL. The cell 
lysates and concentrated proteins in cell culture medium were fractioned on 10% SDS- PAGE and analyzed by immunoblotting 
with anti- Flag antibody. (B) Quantitative analysis of Flag expression levels. Shown is the mean percentage±SD of three 
biological replicates, * represented p<0.05 between WT and R540C groups (n=3). (C) Subcellular localization analysis of wild- 
type and CEL mutants in HEK293 cells. Forty- eight hours later, cells were fixed, permeabilized and immunostained with the 
anti- Flag antibody (green). Nuclei were visualized by DAPI. The slides were visualized on a fluorescence confocal microscopy 
(Leica, Germany). Scale bars represented 25 µm. Original magnification: x400. CEL, carboxyl ester lipase; SDS- PAGE, sodium 
dodecylsulfate- polyacrylamide gel electrophoresis; DAPI, 4′,6- diamidino- 2- phenylindole; WT, wild type.
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Figure 4 Distribution of missense/nonsense mutations in a 3D model of CEL. The 3D structure of CEL was from AlphaFold 
Protein Structure Database (https://alphafold.com/) (CEL, PDB ID: 6h19 A). (A) Missense mutations were relatively evenly 
distributed throughout the 3D CEL model. The dot- line circles represented clustered missense variants near arginine- 83, 
arginine- 443 and catalytic triad. Purple spheres represent Arg- 83 and Arg- 443. And red spheres represent catalytic triad 
(Ser214- Asp340- His455). Blue spheres represent point mutations related to MODY; orange spheres represent point mutations 
related to type 1 diabetes mellitus. (B) Only two nonsense mutations were located in the 95th and 113rd amino acid of CEL, 
respectively. (C) Possible mechanisms of MODY8 caused by CEL mutation. Cross- talk between acinar and β-cells potentially 
underlies the endocrine dysfunction in MODY8. In acinar cells, the expression of mutant CEL increased endoplasmic reticulum 
(ER) stress, activated the unfolded protein response and caused cell death by apoptosis. In addition, newly formed β-cells are 
surrounded by emerging acinar cells in the developing pancreas and this very close anatomical location probably enables long- 
term exposure of β-cells to mutant CEL protein synthesized by acinar cells in MODY8. Mutant CEL could impair the function 
and growth of β-cells, but the molecular mechanism is still unknown yet.
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CEL is extremely polymorphic and has five catego-
ries of genetic variation: point mutation, VNTR repeats 
variation, small insertions or deletions mainly within the 
VNTR, splicing variants and copy number variants of the 
CEL locus. Up to date, there have been 64 CEL variants 
(39 missense/nonsense mutations; 2 splicing mutations; 
10 small deletions; 7 small insertions; 3 gross deletions; 
1 complex rearrangement and 2 VNTR repeat variants) 
recorded in the HGMD database. Among 39 point muta-
tions, there are 37 missense variants and two nonsense 
variants. About 74.3% (29/39) of missense mutations 
were mainly located in exons 1, 3, 4, 10 and 11, and inter-
estingly, exons 3 and 10 are critical regions for bile salt- 
binding and catalytic activity. Moreover, most missense 
variants clustered near catalytic triad, Arg- 83 and Arg- 
443, which are key residues forming two parallel rows of 
positively charged residues near the active site domain 
of CEL necessary for CEL interaction with negatively 
charged micelles carrying the cholesteryl ester substrate.9

Variants of the CEL gene can be causative for MODY 
and serve as a significant risk factor in chronic pancre-
atitis and pancreatic cancer, but its role in common forms 
of diabetes (ie, type 1 and type 2) remains elusive.6–8 
The genetic diagnosis of monogenic forms of diabetes 
(including MODY) are textbook cases of genomic medi-
cine. In 2006, Ræder et al studied the single- bp insertions 
of the CEL VNTR (figure 3) in 182 adults with T1D or 
T2D. Within the diabetes cohort they found an associa-
tion between single- bp insertions and low fecal elastase 
levels, first suggesting a role of CEL in the development 
of exocrine dysfunction in diabetes.6 Up to date, studies 
trying to bridge the gap between monogenic diabetes 
and common forms of diabetes (ie, T1D, T2D) have 
found a significant burden of pathogenic variants in 
genes related to MODY among patients with common 
T1D and T2D but the results are inconclusive.8 30 31 Until 
now, it has remained unclear how CEL variants cause 
diabetes. Previous studies found that a high tendency 
of both intracellular and extracellular aggregate forma-
tion of the mutants, indicating that MODY8 is a protein- 
misfolding disease.32–34 Notably, exocrine dysfunction is 
likely to be underdiagnosed in patients with diabetes. It 
has been shown that the prevalence of this complication 
is around 20%, at least when evaluated by fecal elastase 
test.35 Most previous fundamental studies only focused on 
the effects of the mutant CEL protein in acinar and non- 
endocrine cells as CEL mainly expressed in acinar cells. 
Recently, Kahraman et al provided compelling evidence 
for the mechanism by which a mutant gene expressed 
specifically in acinar cells promotes dysfunction and loss 
of β-cells to cause diabetes, indicating the pathogenic 
role of acinar cells in diabetes.36 But the specific molec-
ular mechanism still requires further investigation.

To elucidate the pathogenic mechanism underlying 
the pathogenesis in our patients, we carried out a series 
of in vitro experiments. We found that the intracellular 
CELR540C was significantly increased compared with wild- 
type CEL. This could be attributed to either increased 

protein synthesis, decreased degradation or intracellular 
protein retention due to impeded secretion. Different 
from p.R540C variant, the expression of CELG729_T739del 
was not significantly changed but its level in the medium 
was remarkably reduced; this might be attributed to 
increased degradation of CEL according to previous 
studies. Moreover, we found that both CELR540C and 
CELG729_T739del mutants in the cell culture medium were 
remarkably decreased and the level of CELR540C was far 
less than that of CELG729_T739del, indicating that p.R540C 
variant might be more deleterious and damaging than 
p.G729_T739del variant. Consistently, we observed a 
high tendency of intracellular aggregation of mutant 
CEL. In vitro results were in accordance with the clinical 
characteristics of these two patients. In fact, the clinical 
phenotype of patient 5 was more severe than patient 3. 
Therefore, we proved intracellular retention of CEL due 
to impaired secretion of CEL was one pathogenic mech-
anism in our patients. A lack of integrated functional 
studies was a limitation in our study and we will investi-
gate the biosynthesis, N/O- glycosylation, secretion and 
intracellular fate of the novel CEL variants in our further 
study. And future studies on the relationship between 
CEL and diabetes would be strengthened by the avail-
able results of pancreatic exocrine function in patients 
carrying CEL variants.

In summary, our study is the first to identify five novel 
CEL heterozygous variants (c.2187_2219del GGGT 
GACT CTGA GGCT GCCC CTGT GCCC CCCAC/p.G729_
T739del; c.830G>T/p.C277F; c.1621C>T/p.R540C; Ex.8- 
11del; Ex.10- 11del) in five Chinese patients with diabetes, 
which expands the mutation spectrum of CEL and 
promotes the understanding of its genotype- phenotype 
relationship. Moreover, the pathogenic consequences 
secondary to the variants help us to explain the under-
lying molecular mechanisms of CEL- related diabetes.
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CEL  Gene Transcript Mutation site Pathogenicity prediction Clinical diagnosis Gender Age of disease onset Age of diagnosis Clinical manifestations Family history Diabetic ketoacidosis (DKA) Metabolic Syndrome (MetS) Insulin therapy Height (cm) Weight (kg) BMI (kg/m2) Diabetes autoantibodies Insulin (uU/mL)（2.6-24.9） C-peptide (ng/ml) (1.1-4.4） HbA1C (%) (4-6） TG (mmol/L) (0.68-1.88) TC (mmol/L) (3.1-5.2) LDL (mmol/L) (0-3.36) HDL (mmol/L) (1-1.5)

NM_001807.4
 Ex.10-11del Likely pathogenic MODY Male 31 35

hyperglycemia;  hyperlipidemia;

polyphagia; bulimia

His mother has diabetes

and his mother, sister

and daughter have

hyperlipidemia

No Yes No 170 74 25.61 No 5.24 1.59 6.3 8.84 5.83 2.35 0.86

NM_001807.4
c.839G>T/ p.C280F Uncertain significance T1DM Male 1 1

hyperglycemia;

polydipsia;polyuria;nocturia; weight loss
No Yes No Yes / 8.5kg / ICA, GADA(+) 0.3 0.14 9.7 0.55 4.82 2.71 1.57

NM_001807.4

c.2193_2225delGGGTGACTCTGAGGCT

GCCCCTGTGCCCCCCAC/

p.G732_T742del

Uncertain significance MODY Male 42 48

polydipsia;polyuria; foamy urine; weight

loss;              hyperglycemia;

hyperlipidemia

His mother,

grandmother, uncle and

aunt have diabetes

No No Yes 170 69 23.88 No 5 1.84 7.4 2.9 4.39 2.68 0.99

Clinical characteristics of five patients carrying novel CEL variants
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 Supplementary Table 2. Summary of all CEL gene variants reported in HGMD 

and our study 

Reference 
Mutation 

type 
Mutation sites Exon  

Diabetes 

type 

Exocrine 

dysfuncti

on 

[36] Missense 

variant 

c.1A>G (p.M1V) E1 MODY / 

[37] Missense 

variant 

c.7C>T (p.R3C) E1 MODY Yes 

[37] Missense 

variant 

c.61G>T (p.A21S) E1 MODY Yes 

[38] Missense 

variant 

c.62C>T (p.A21V) E1 MODY Yes 

[39] Missense 

variant 

c.166G>A 

(p.A56T) 

E2 T1DM / 

[39] Missense 

variant 

c.209G>A 

(p.G70D) 

E2 T1DM / 

[40] Nonsense 

variant 

c.285C>G (p.Y95*) E3 MODY / 

[38] Missense 

variant 

c.296A>C 

(p.D99A) 

E3 MODY Yes 

[41] Missense 

variant 

c.314T>C 

(p.I105T) 

E3 T1DM / 

[37] Nonsense 

variant 

c.337C>T 

(p.Q113*)  

E3 MODY Yes 

[37] Missense 

variant 

c.353T>G 

(p.L118R) 

E4 MODY Yes 

[39] Missense 

variant 

c.404A>G 

(p.H135R) 

E4 T1DM / 

[37] Missense 

variant 

c.466G>A 

(p.V156I)  

E4 MODY Yes 

[38] Missense 

variant 

c.472G>A 

(p.V158M) 

E4 MODY Yes 

[36] Missense 

variant 

c.655A>G 

(p.S219G) 

E5 MODY / 

Shakhtshneid

er, 2017 

Missense 

variant 

c.731T>C 

(p.L244P) 

E6 MODY / 

[38] Missense 

variant 

c.787A>G 

(p.K263E) 

E7 MODY Yes 
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[39] Missense 

variant 

c.830G>A 

(p.C277Y) 

E7 T1DM / 

Shakhtshneid

er, 2017 

Missense 

variant 

c.886G>T 

(p.G296C) 

E7 MODY / 

[37] Missense 

variant 

c.928G>A 

(p.V310I) 

E8 MODY Yes 

[39] Missense 

variant 

c.985G>A 

(p.D329N) 

E8 T1DM / 

[42] Missense 

variant 

c.1226C>T 

(p.T409I) 

E9 MODY Yes 

[43] Missense 

variant 

c.1412C>T 

(p.T471M)  

E10 MODY Yes 

[44] Missense 

variant 

c.1454T>C 

(p.I485T) 

E10 MODY Yes 

[37] Missense 

variant 

c.1468A>C 

(p.N490H) 

E10 MODY Yes 

[41] Missense 

variant 

c.1477A>C 

(p.K493Q) 

E10 T1DM / 

[37] Missense 

variant 

c.1493A>C 

(p.N498T) 

E11 MODY Yes 

[39] Missense 

variant 

c.1556T>C 

(p.L519P) 

E11 T1DM / 

[43] Missense 

variant 

c.1618C>T 

(p.R540C) 

E11 MODY No 

[45] Missense 

variant 

c.1810G>C 

(p.V604L) 

E11 MODY No 

[46] Missense 

variant 

c.1966G>C 

(p.A656P) 

E11 T1DM / 

[45] Missense 

variant 

c.1975G>C 

(p.V659L) 

E11 MODY / 

[44] Missense 

variant 

c.2110A>C 

(p.T704P) 

E11 MODY Yes 

[44] Missense 

variant 

c.2129A>G 

(p.E710G)  

E11 MODY Yes 

[44] Missense 

variant 

c.2131A>G 

(p.T711A) 

E11 MODY Yes 

[44] Missense 

variant 

c.2134G>C 

(p.A712P) 

E11 MODY Yes 

[44] Missense 

variant 

c.2143C>A 

(p.P715T) 

E11 MODY Yes 
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[37] Missense 

variant 

c.2164G>C 

(p.A722P) 

E11 MODY Yes 

[39] Missense 

variant 

c.2222A>G 

(p.D741G) 

E11 T1DM / 

[41] Splicing 

variant 

c.670-1G>A / T1DM / 

[39] Splicing 

variant 

c.778-3C>A / MODY Yes 

[15] Small 

deletions 

c.137_138delCT 

(p.(Ser46Cysfs*52)

) 

/ MODY No 

[41] Small 

deletions 

c.361_362delAT 

(p.(Met121Aspfs*2

5)) 

/ T1DM / 

[8] Small 

deletions 

c.363delG 

(p.(Met121Ilefs*74

)) 

/ T2DM / 

[6] Small 

deletions 

c.1677delT 

(p.(Val560Cysfs*1

44))  

/ MODY Yes 

[6] Small 

deletions 

c.1776delC 

(p.(Val593Cysfs*1

11)) 

/ MODY Yes 

[37] Small 

deletions 

c.1809delC 

(p.(Val604Cysfs*1

00)) 

/ MODY Yes 

[37] Small 

deletions 

c.1941delC 

(p.(Val648Cysfs*5

6)) 

/ MODY Yes 

[37] Small 

deletions 

c.1974delC 

(p.(Val659Cysfs*4

5)) 

/ MODY Yes 

[37] Small 

deletions 

c.2098delG 

(p.(Ala700Profs*4)

) 

/ MODY Yes 

[37] Small 

deletions 

c.2214delC 

(p.(Thr739Glnfs*19

) ) 

/ MODY Yes 

[37] Small 

insertions  

c.1785dupC 

(p.(Thr596Hisfs*3)

) 

/ MODY Yes 

[37] Small 

insertions  

c.1983dupC 

(p.(Thr662Hisfs*3)

) 

/ MODY Yes 

[37] Small 

insertions  

c.2016dupC 

(p.(Thr673Hisfs*3)

) 

/ MODY Yes 

[44] Small 

insertions  

c.2030_2031insC 

(p.(Pro678Alafs*9)

) 

/ MODY Yes 

[37] Small 

insertions  

c.2040dupC 

(p.(Val681Argfs*6)

) 

/ MODY Yes 

[37] Small 

insertions  

c.2049dupC 

(p.(Thr684Hisfs*3)

) 

/ MODY Yes 
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[37] Small 

insertions  

c.2082dupC 

(p.(Thr695Hisfs*3)

) 

/ MODY Yes 

[47] Gross 

deletions 

c.1733_2161del429 

(p.(Glu578_Ser720

del)) 

/ MODY / 

[48] Gross 

deletions 

c.2049_2082del34 

(p.(Thr684Argfs*9)

) 

/ MODY / 

[48] Gross 

deletions 

c.2184_2216del33 

(p.(Gly729_Thr739

del)) 

/ MODY / 

[49] Complex 

rearrangement

s 

CEL-CELP 

duplication hybrid 

/ Chronic 

pancreatit

is 

Yes 

[50] VNTR repeat 

variants 

Proline-rich repeat / LDL 

cholester

ol levels 

Yes 

[22] VNTR repeat 

variants 

33bp VNTR / MODY Yes 
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