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Abstract 

Context: The PDX1 gene encodes pancreatic and duodenal homeobox, a critical tran-
scription factor for pancreatic β-cell differentiation and maintenance of mature β-cells. 
Heterozygous loss-of-function mutations cause PDX1-MODY (MODY4).
Case Description: Our patient is an 18-year-old lean man who developed diabetes at 
16 years of age. Given his early-onset age and leanness, we performed genetic testing. 
Targeted next-generation sequencing and subsequent Sanger sequencing detected 
a novel heterozygous frameshift mutation (NM_00209.4:c.218delT. NP_000200.1: 
p.Leu73Profs*50) in the PDX1 transactivation domain that resulted in loss-of-function 
and was validated by an in vitro functional study. The proband and his 56-year-old 
father, who had the same mutation, both showed markedly reduced insulin and gas-
tric inhibitory polypeptide (GIP) secretion compared with the dizygotic twin sister, 
who was negative for the mutation and had normal glucose tolerance. The proband 
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responded well to sitagliptin, suggesting its utility as a treatment option. Notably, 
the proband and his father showed intriguing phenotypic differences: the proband 
had been lean for his entire life but developed early-onset diabetes requiring an 
antihyperglycemic agent. In contrast, his father was overweight, developed diabetes 
much later in life, and did not require medication, suggesting the oligogenic nature 
of PDX1-MODY. A review of all reported cases of PDX1-MODY also showed heteroge-
neous phenotypes regarding onset age, obesity, and treatment, even in the presence 
of the same mutation.
Conclusions: We identified the first Japanese family with PDX1-MODY. The similarities 
and differences found among the cases highlight the wide phenotypic spectrum of 
PDX1-MODY.

Key Words: PDX1, MODY, maturity-onset diabetes of the young type 4

Pancreatic and duodenal homeobox 1 (PDX1), encoded by 
the gene PDX1, is an essential factor for β-cell maturation, 
survival, and function. Homozygous null mutations of 
PDX1 result in pancreatic agenesis [1]; heterozygous loss-
of-function mutations can cause maturity-onset diabetes of 
the young 4 (MODY4) [2].

Although MODY has been traditionally regarded as a mono-
genic form of diabetes, recent studies have found that some forms 
of MODY, including HNF1B-MODY and NEUROD1-MODY, 
are in fact oligogenic, with low–moderate penetrance [3, 4]. Their 
clinical presentation can differ even in the same family with the 
same mutation, suggesting that genetic and environmental back-
ground play an important role in determining the phenotype of 
certain MODYs. However, it remains unclear whether the pheno-
type of PDX1-MODY also varies. Here, we report a novel het-
erozygous PDX1 frameshift mutation in a Japanese family with 
PDX1-MODY and discuss intriguing phenotypic similarities 
and differences between the proband and his father, who share 
the same mutation. We also review the clinical characteristics of 
all reported cases of PDX1-MODY to highlight the phenotypic 
spectrum of PDX1-MODY. In addition, we also provide an in 
vitro expression analysis of the PDX1 mutation and discuss its 
possible effect on glucose-dependent insulinotropic polypeptide 
(GIP) secretion.

Materials and Methods

Clinical Measurements

Plasma GIP and glucagon-like peptide-1 (GLP-1) concen-
trations were evaluated by enzyme-linked immunosorbent 
assay (ELISA) using the human active GIP ELISA kit (IBL 
Co Ltd, Fujioka, Japan) and human active GLP-1 ELISA kit 
(Millipore, Billerica, USA), respectively. Plasma glucagon 
levels were measured by a glucagon ELISA kit (Mercodia, 
Uppsala, Sweden). Other laboratory measurements were 
performed by standard assays.

Genetic Analysis of MODY Genes

Targeted next-generation sequencing of HNF4A, GCK, 
HNF1A, PDX1, HNF1B, NEUROD1, KLF11, CEL, 
PAX4, INS, BLK, KCNJ11, ABCC8, and APPL1 was 
performed using Illumina MiSeq (Illumina, San Diego, 
CA, USA). The outputs were processed in accordance 
with the GATK Best Practice Workflow (https://gatk.
broadinstitute.org/, accessed August 16, 2021). Large 
genomic rearrangements of HNF4A, GCK, HNF1A, 
PDX1, HNF1B, NEUROD1, KLF11, CEL, PAX4, 
and INS also were examined by Salsa Multiplex 
(SALSA MLPA Probemix P241-E1 MODY Mix 1 
and P357 MODY Mix 2, MRC-Holland, Amsterdam, 
Netherlands).

Functional Analysis of Wild-Type and 
Mutant PDX1

HEK293 cells grown in Dulbecco’s modified Eagle medium 
(Gibco BRL, Gaithersburg, MD, USA) supplemented with 
5% heat-inactivated fetal calf serum at 1.0 × 105 cells per 
well of a 6-well plate (Catalog no. 353046, Corning, USA) 
were transfected using Lipofectamine 3000 (Catalog no. 
L3000015, Thermo Fisher Scientific, MA, USA) and 2 µg 
of DNA including 0.25  µg of pCMV6b-PDX1 Wild or/
and pCMV6b-PDX1 Mutant (p.Leu73Profs*50), 0.50 µg 
of the reporter gene pGL3 containing human insulin pro-
moter, and 25  ng of pRL-SV40 to control for efficiency 
of transfection. After 30 hours, the transactivation activity 
of the wild and the mutant PDX1 proteins was measured 
using the Dual-Luciferase Reporter Assay System (Catalog 
no. E1910, Promega, Madison, WI, USA) according to the 
manufacture’s protocol. Normalized luciferase activities 
were calculated as the ratio of firefly luciferase activities to 
renilla luciferase activity. Data represent mean ± SD of 4 
wells per condition.

https://gatk.broadinstitute.org/
https://gatk.broadinstitute.org/
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Results

Case Description

The proband was an 18-year-old lean Japanese man re-
ferred to our hospital for the management of early-onset 
diabetes that was diagnosed at the age of 16 years. He 
had no history of obesity or ketoacidosis. He was born 
at 37 weeks gestational age; his birth weight was 2016 g. 
He had been lean for his entire life; his body mass index 
(BMI) was 15.0 kg/m2 at presentation (weight: 41.6 kg, 
height: 166.7 cm). In contrast, his father was overweight 
(BMI: 25.0 kg/m2) and had impaired glucose tolerance 
at age 55 years, which subsequently progressed to dia-
betes at age 56 (Table 1). The father then recalled ex-
cess food intake and irregular dietary habits as possible 
contributors to the exacerbation of glycemic control. 

The proband’s mother and his dizygotic twin sister had 
no remarkable medical history, birth history, or devel-
opmental history. His mother had no history of gesta-
tional diabetes. His twin sister’s birth weight was 2536 g 
at 37 weeks of gestation. A pedigree chart is shown in 
Figure 1. The clinical measurements of the proband and 
his family members are presented in Table 1. Islet auto-
antibodies (GAD, IA-2) were negative in the proband as 
well as in the other family members. On the 75-g oral 
glucose tolerance test (OGTT), both the proband and his 
father showed glucose intolerance and markedly reduced 
insulin secretion (Figure 2), with insulinogenic indices 
of 0.21 and 0.09, respectively. His sister and mother 
showed normal glucose tolerance (Supplementary Figure 
1)  [5]. Intriguingly, the proband and his father showed 
reduced GIP secretion compared to the dizygotic sister 

Table 1. Clinical characteristics

Proband  
(at age 18-20)

Father  
(at age 55-57)

Dizygotic twin 
sister (at age 20)

Mother (at 
age 53)

PDX1 mutation(c.218delT) + + – –
Glucose tolerance Diabetes Diabetes Normal Normal
Age of diabetes diagnosis, years 16 56 – –
Height, cm 166.5 168.5 151 148.7
Body weight, kg 40.4 73.1 44 47.2
Body mass index, kg/m2 14.6 25.7 19.3 21.3
HbA1c, % (mmol/mol) 6.0–6.8 (42–51) 6.3–6.5 (45–48) 5.3 (34) 5.6 (38)
Fasting blood glucose, mg/dL (mmol/L) 106–120 (5.6–6.7) 121–128 (6.7–7.1) 89 (4.9) 91 (5.1)
2-hour postprandial blood glucose on OGTT, mg/

dL (mmol/L)
246–264 (13.7–14.7) 184–271 (10.2–15.1) 122 (6.8) 128 (7.1)

Treatment Sitagliptin or gliclazide Diet – –

Abbreviation: OGTT, oral glucose tolerance test (75 g)

Figure 1. Pedigree chart of the family. The proband is indicated by an arrowhead. Individuals with diabetes are indicated by filled symbols (square, 
male; circle, female). Genotype: N, normal allele; M, mutant allele (c.218delT). Abbreviations: BMI, body mass index; Diet, diet therapy without medi-
cation; Oral, oral antihyperglycemic agent (gliclazide or sitagliptin).
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Figure 2. 75-g oral glucose tolerance test (OGTT). Plasma glucose (mg/dL), insulin (µL/mL), and insulin (µL/mL) to glucose (mg/dL) ratio of the 
mutation-positive individuals (proband and his father), and the mutation-negative control (proband’s dizygotic twin sister) during the 75-g OGTT. Red 
line: proband (mutation-positive); blue line: father (mutation-positive); black line: dizygotic sister (mutation-negative).

(Supplementary Figure 2)  [5]. In contrast, the proband 
and his father showed no consistent change in GLP-1 
or glucagon levels. For incretin measurements, the pro-
band underwent another OGTT with a shorter duration 
(measured time: 0, 30, 60, and 120 minutes). Incretin 
measurement was not performed for his mother. No pan-
creatic structural abnormalities were observed in the pro-
band or his father. While the proband and his father had 
good glycemic control, the proband required oral hyper-
glycemic agents, but his father did not. The proband’s 
hemoglobin A1c (HbA1c) level was 6.8% (51 mmol/mol) 
without medication and 6.0% to 6.5% (42-48  mmol/
mol) on monotherapy with sitagliptin 25 to 50  mg or 
gliclazide 20 to 40 mg. The father’s HbA1c level without 
medication was 6.3% to 6.5% (45-48 mmol/mol).

Identification of PDX1 Frameshift Mutation and 
its Functional Analysis

Given the proband’s early-onset diabetes and lean pheno-
type, we suspected MODY. DNA was extracted from 
the peripheral blood mononuclear cells of the proband 
and his father, dizygotic twin sister, and his mother. 
Sequencing analysis identified a novel heterozygous frame-
shift mutation in the transactivation domain of exon 
1 of PDX1 (NM_00209.4:c.218delT. NP_000200.1: 
p.Leu73Profs*50). Subsequent Sanger sequencing con-
firmed the mutation in the proband and also found the 
same mutation in his father but not in his mother or di-
zygotic twin sister (Supplementary Figure 3) [5]. Based on 

the American College of Medical Genetics and Genomics 
Standards and Guidelines [6], the present variant was clas-
sified as pathogenic due to PVS1 (frameshift in a gene where 
loss-of-function is a known mechanism of disease) + PS3 
(in vivo functional studies supportive of a damaging 
effect)  +  PM1 (a mutational hot spot and/or critical and 
well-established functional domain)  +  PM2 (absent from 
controls of Exome Sequencing Project, 1000 Genomes 
Project, or Exome Aggregation Consortium). Multiplex 
ligation-dependent probe amplification did not detect any 
copy number variation in the proband.

Transfection studies showed that wild-type PDX1 
was able to stimulate transcription of a firefly luciferase 
reporter gene linked to the PDX1 binding site of the 
human insulin gene by 9.7-fold. In contrast, mutant-
type PDX1 (p.Leu73Profs*50) was inactive. There was 
no inhibition of PDX1 activity when the cells were 
transfected with equivalent amounts of wild-type and 
mutant-type PDX1 expression vectors, indicating that 
mutant PDX1 does not function in a dominant-negative 
manner (Figure 3).

Discussion

Phenotypic Similarities

For the OGTT, the proband and his father showed mark-
edly reduced insulin secretion and overt diabetes, compared 
to his dizygotic twin sister and his mother, who were nega-
tive for the mutation and had normal glucose tolerance. 
Interestingly, the proband and his father showed reduced 
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GIP secretion compared to his sister (control). These find-
ings are consistent with those of previous studies, which 
reported that PDX1 is required for GIP expression in cell 
lines and mice [7]. The decreased GIP levels likely con-
tributed to impaired insulin secretion, as GIP promotes 
early-phase insulin release [8]. No consistent change was 
observed for GLP-1 or glucagon levels. To the best of our 
knowledge, the present study is the first to illustrate a re-
duction of GIP secretion in PDX1-MODY. We also found 
that the proband responded well to sitagliptin, suggesting 
dipeptidyl peptidase-4 inhibitors as possible treatment op-
tions for PDX1-MODY patients.

Phenotypic Differences

While sharing β-cell dysfunction, the proband and his father 
also showed intriguing phenotypic differences. Whereas the 
proband had been lean for his entire life (BMI was 15.0 kg/
m2 at presentation) and developed early-onset diabetes at 
16  years of age, his father was overweight and showed 
a milder form of glucose intolerance. The father initially 
presented with impaired glucose tolerance at 55 years and 
did not meet the diagnostic criteria for diabetes but subse-
quently developed the disease at 56 years. Given that the 
father had been obese and that he experienced excessive 
eating and drinking between the ages of 55 and 56, it is 
likely that both increased insulin resistance and impaired 
β-cell function contributed to his development of diabetes.

The difference in the manifestation of the disease be-
tween the proband and his father could be partly due to 

additional genetic factors inherited from the proband’s 
mother or environmental factors. Regarding the additional 
genetic components, his mother, who was negative for the 
PDX1 mutation, was nonobese but showed reduced insulin 
secretion (Supplementary Figure 1)  [5] and had a family 
history of diabetes, suggesting the presence of genetic pre-
dispositions to β-cell dysfunction. In addition, plasma in-
sulin levels of his mother and the dizygotic sister peaked 
at 120 minutes and 90 minutes, respectively, during the 
75-g OGTT. Considering that plasma insulin levels usually 
peak at 30 minutes and rarely after 60 minutes in glucose 
tolerant subjects [9], these delayed peaks may also indi-
cate other genetic defects. Thus, the proband might have 
inherited these additional genetic predispositions from his 
mother, which acted in concert with the PDX1 mutation 
inherited from his father. Environmental factors might also 
have contributed to the phenotypic differences, given the 
father’s history of dietary indiscretion and obesity.

Comprehensive Literature Review: 
Highlighting the Wide Phenotypic Spectrum of 
PDX1-MODY (MODY4)

The notion that some forms of MODY traditionally clas-
sified as monogenic are actually oligogenic is not specula-
tion [10]. Recent studies have shown that certain forms of 
MODY such as HNF1B-MODY and NEUROD1-MODY 
are oligogenic, with different clinical phenotypes even in 
the same family with the same causative mutation [3, 4, 11]. 
We also revealed that the small heterodimer partner (SHP) 
pathogenic variant, which coexists with an HNF1A patho-
genic variant, modifies the age of diagnosis, illustrating 
its oligogenic nature [10, 12]. However, there has been 
no comprehensive review of PDX1-MODY, and it is un-
clear whether PDX1-MODY also presents with a wide 
range of phenotypes. To clarify the phenotypic spectrum 
and genotype-phenotype correlations of PDX1-MODY, 
especially in terms of onset age, obesity, and treatment, 
we performed a literature review of all previous studies 
in the PubMed database up to July 1, 2021. Only papers 
published in English were included. The search terms were 
PDX1-MODY OR MODY4 as well as PDX1 AND dia-
betes. Patients with type 2 diabetes diagnoses were ex-
cluded. We also reviewed the Human Gene Mutation 
Database (HGMD) Professional RELEASE 2019.4. A total 
of 31 pathogenic PDX1 mutations were identified [1, 13-
38]. Each of the reported variants and the corresponding 
phenotypes is summarized in Table 2; Figure 4 provides a 
schematic representation of the genotype-phenotype rela-
tionships. Pathogenic mutations were observed to be en-
riched in the transactivation domain and the homeodomain 
(Figure 4). This is reasonable given that both domains are 

Figure 3. Transcriptional activation by wild-type and mutant PDX1. The 
relative luciferase activity (firefly/renilla) of 0.25  µg of pCMV6b-PDX1 
Wild (PDX1 Wild) or/and pCMV6b-PDX1-Mutant (PDX1 Mutant) proteins 
was measured in HEK293 cells. Normalized (relative) luciferase activ-
ities were as follows: Empty (pCMV6b only): 0.65  ±  0.01, PDX1 Wild: 
6.28 ± 0.30, PDX1 Mutant: 0.67 ± 0.04, Wild + PDX1 Mutant: 6.78 ± 0.33. 
Data are shown as mean ± SD (n = 4). n.s. = not significant.
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crucial components of PDX1: the transactivation domain 
contains binding sites for other proteins such as transcrip-
tion coregulators, and the homeodomain plays key roles in 
the DNA binding site and protein-protein interaction [39]. 
As for PDX1-MODY, previous studies reported various 
phenotypes associated with heterozygous PDX1 variants 
regarding age at diagnosis (ranging from 8 to 65 years), 
obesity, and treatment (ranging from diet to insulin) (Table 
2). In clear contrast, homozygous PDX1 variants exhib-
ited the homogeneous phenotype of neonatal diabetes with 
pancreatic agenesis. These findings strongly suggest that 
the impact and consequences associated with PDX1 het-
erozygous variants could be modified by genetic and en-
vironmental background and highlight the need to revisit 
the definition of PDX1-MODY as a simple monogenic 
disorder, it being rather an oligogenic disease with a wide 
phenotypic spectrum. These findings warrant future inves-
tigations to identify the phenotype-modifying factors of 
PDX1-MODY.

In conclusion, we found a novel heterozygous PDX1 
frameshift mutation in the first Japanese family to be iden-
tified with PDX1-MODY (MODY4). Mutant, truncated 
PDX1 protein is likely to act through haploinsufficiency, 
as it did not exert a dominant-negative effect in an 
overexpression experiment. As for the clinical presenta-
tions, the proband and his father, who had overt diabetes 
and carried the same mutation, showed markedly reduced 
insulin secretion as well as reduced GIP secretion com-
pared with the mutation-negative family member. The pro-
band responded well to sitagliptin, suggesting dipeptidyl 
peptidase-4 inhibitors as a treatment option for PDX1-
MODY patients. Intriguingly, both men had notable 

phenotypic differences regarding onset age, obesity, and 
treatment requirements, suggesting that PDX1-MODY is 
an oligogenic rather than a monogenic form of diabetes. 
The phenotypic similarities and differences of the present 
cases, along with the heterogeneous phenotypes of previ-
ously reported cases, highlight the wide phenotypic spec-
trum of PDX1-MODY.
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