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Abstract

Maturity-onset diabetes of the young (MODY) is a group of monogenic diabetes characterized by an autosomal dominant

inheritance. MODY is categorized by a large variety of clinical forms and is caused by a wide spectrum of mutations in

MODY-related genes that lead to different clinical pictures and require distinct treatment
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Abstract

Objective: Maturity-onset diabetes of the young (MODY) is a group of monogenic diabetes characterized
by an autosomal dominant inheritance. MODY is categorized by a large variety of clinical manifestations
and is caused by a wide spectrum of mutations in MODY-related genes that lead to different clinical pictures
and require distinct treatment strategies. In the current study, the clinical features and gene mutations
of a Chinese child, diagnosed with MODY9, are reported for the first time with the relevant literature
being adequately reviewed. Methods: The clinical data of a PAX4-MODY9 patient admitted to the
Department of Endocrinology at Beijing Children’s Hospital are summarized, and his genetic sequencing
results are analyzed and discussed. Results: The patient was male, aged 19 months. He was admitted
to the hospital due to excessive water drinking, polyuria for over half a month and wheezing for 3 days.
Laboratory examination showed that the blood glucose was 21.69mmol/L, glycosylated haemoglobin was
11.1%, the measured levels of insulin on the 0th minute were 0.56μIU/ml, while at the same time point
the C-peptide blood serum concentration was 0.09ng/ml. ICA (anti-islet cell antibody) and GADA (anti-
glutamate decarboxylase antibody) were negative. Blood gas analysis showed that the blood pH was 7.06,
the actual and standard bicarbonate was 4.2mmol/L and 5.8mmol/L, while the whole blood base storage
was 24.2mmol/L. Urine routine tests showed that urine glucose and ketone bodies were positive, 4+ and 3+
respectively. The patient was treated with insulin in the meantime. The whole-exon sequencing analysis
demonstrated that the child carried the heterozygous missense mutation of c.487>T in the 7th exon region
of PAX4 gene, leading to the amino acid sequence variation of p.R163W. The father of the child patient had
the same heterozygous mutation, while the mother presented with a normal genotype, suggesting that the
mutation was autosomal dominant. Up to now, c.487C>T mutation in the PAX4 gene has not been reported
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. in literature yet. Conclusions: MODY diagnostics by gene sequencing analysis holds great potential for
precise and on time therapeutic solutions. Results show that in Chinese children, the rare heterozygous
mutation c.487C>T of PAX4 gene leads to the occurrence of MODY9 and though the clinical symptoms of
MODY9 are different, we suggest this patient to undergo insulin therapy.

Keywords: MODY9, PAX4 gene, missense mutation, next-generation sequencing, monogenic diabetes

Key Clinical Message

A novel heterozygous mutation of the PAX4 gene (c.487C>T) leads to the occurrence of MODY9 in an
1-year-old Chinese patient.

Gene sequencing analysis plays a vital role in the diagnosis and classification of MODY.

Introduction

Maturity-onset diabetes of the young (MODY) is a group of monogenic diabetes (MD) characterized by
an autosomal dominant inheritance. MD is a specific type of diabetes resulting from single-gene mutations
that play a key role in the development, function, and insulin signalling pathway of pancreatic β-cells. It
accounts for approximately 1 to 5% of all types of diabetes [1,2] and mainly includes MODY, neonatal
diabetes, mitochondrial gene mutation diabetes, adipose atrophic diabetes and others. Besides, insulin
resistance syndrome caused by a single-gene mutation presenting with diabetes as one of the main clinical
manifestations also belongs to the category of monogenic diabetes. Among them, MODY accounts for
approximately 1% of the total population with diabetes, and about 1 to 2% of diabetes in the Chinese
population [3]. The population characteristics of MODY mainly include an early onset before the age of
25, confirmed family history of multiple generations with diabetes together with an autosomal dominant
inheritance pattern. Recent data show that MODY1 is the first-named MODY subtype, and its pathogenic
gene is the hepatocellular nuclear factor (HNF), namely, 4α. It was first named in 1996 by the Japanese
scholar Yamagouta et al. [4]. With the continuous progress of research, 14 MODY pathogenic genes have
been found so far, and correspondingly 14 subtypes have been classified. They are hepatocyte nuclear
factor 4α, HNF-4α, MODY1, glucokinase, GCK, MODY2, hepatocyte nuclear factor 1α HNF-1α, MODY3,
insulin promoter factor 1,I PF-1, MODY4, hepatocyte nuclear factor 1β, HNF1-β, MODY5, neurogenic
differentiation factor, NEUROD-1, MODY6, kruppel-like factor 11, KLF-11, MODY7, carboxyl-ester lipase,
CEL, MODY8, paired-homeodomain transcription factor, PAX-4, MODY 9, insulin gene, INS, MODY10,
B-lymphocyte kinase, BLK, MODY11, ATP-binding cassette, sub-family C member 8, ABCC8, MODY12,
potassium inwardly-rectifying channel, subfamily J member 11, KCAJ-11, MODY13 and adaptor protein,
phosphotyrosine-interacting PH domain and leucine zipper 1, APPL1, and MODY14. Among them, the most
common types in the Chinese population are MODY1, MODY2, and MODY3, respectively [5]. Relevant
research data show that about 16 to 45% of MODY gene loci have not been recognized so far and are currently
temporarily called candidate genes of MODY-X. Possible candidate genes include paired box gene 6, PAX6,
hepatocyte nuclear factor-3β, HNF-3β, Kappa2.2, NKX 2.2, Neurogenin3, Ngn3, and Nuclear transcription
factor, NFX6.1 [6-8].

Due to the atypical clinical manifestations of MODY, pediatricians face serious difficulties in the clinical
understanding of the disease. In clinical practice, MODY is often misdiagnosed as type 1 or type 2 diabetes,
and therefore receive inappropriate overtreatment. Typical MODY cases are characterized by an early onset
before the age of 25, pancreatic β-cell functional disorder and other features [9]. Recent data show that
patients with MODY account for about 1 to 2% of all children diagnosed with diabetes. Interestingly, in
these patients, the pancreatic autoantibodies are negative while the serum levels of C-peptide usually are in
the normal range or slightly lower, which allows the distinction of MODY from type 1 diabetes. Normally,
MODY patients are not obese and are therefore distinguished from type 2 diabetes patients. Research in
this field has discovered 14 kinds of MODY subtypes so far. Therefore, for accurate treatment, prognostic
evaluation and prenatal consultation, it is of great significance to precisely distinguish MODY patients from
those with type 1 and 2 diabetes.
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. MODY9, first reported in 2007 [10], is caused by a mutation in the Paired box gene 4 (PAX4) and is a
rare type of MODY. PAX4, a member of the PAX transcription factor family, is an important regulator of
early pancreatic development in the embryonic stage and plays an important role in the differentiation and
development of islet β -cells [11]. Research data show that the incidence of MODY9 in populations with
MODY is low. So far, only a few families have been reported with no confirmed case of MODY9 in China.

Here, we report on a case of a Chinese MODY9 patient diagnosed and treated at the Department of En-
docrinology at Beijing Children hospital. We further discuss the relevant literature to improve clinicians’
understanding of this disease and to propose modern approaches for precise and on time MODY9 diagnosis.

Methods

Clinical data and routine test results of this patient, admitted to the Department of Endocrinology in Beijing
Children hospital, were collected, summarized, analyzed and discussed. In search for a monogenic cause of
the early onset of the disease, gene sequencing was performed.

DNA extraction: 2mL of peripheral venous blood was collected (EDTA anticoagulant), and genomic DNA
was extracted using the QIAamp whole blood DNA extraction kit (Qiagen, Germany).

Genetic examination and technical route of exon gene detection: Whole-exon sequencing analysis after
informed consent from the patient’s parents was conducted. DNA was extracted from the peripheral blood
of the subjects to construct the genome library. The biotin-labelled probe was hybridized with the library
DNA under certain conditions, and the streptavidin-modified magnetic beads were covalently bound to the
biotin-labelled probe to capture the target gene. Finally, magnetic beads carrying the target gene were
adsorbed by magnetic frame, eluted, purified and enriched. The enriched target genes were sequenced by
NextSeq 500 high-throughput sequencer (Illumina). The sequencing data were compared with the hG19
reference sequence of the human genome using BWA software, and the comparison files were sorted, filtered,
and compared locally with multiple sequences to eliminate false positives. Sanger sequencing was used to
verify gene variants associated with the clinical phenotype of the subject. Genetic analyses were completed
by Beijing McGinow Technology Co., LTD.

Results

Clinical data: The proband was male, aged 19 months. He was admitted to the hospital on 20th December
2018, due to excessive drinking, polyuria for overhalf a month and wheezing for 3 days. The medical history
showed that the child was given birth by a G1P1 woman with a caesarean section in the 39thgestational
week. Birth weight and length were 3.35 kg and 51 cm, respectively. The health status during the neonatal
period as well as the child’s mental and physical development was normal More than half a month before
admission, the patient had polydipsia and polyuria without known inducement, and his daily water intake
significantly increased compared to before. 2 days before admission, the child presented with a severe
wheezing accompanied by Kussmaul respiration and a poor general condition. He was sent to the local
hospital and was admitted to the intensive care unit (ICU) for treatment. After admission, his random
blood glucose levels were 40mmol/L, urine ketone body was positive, and the preliminary given diagnosis
was ”diabetes, diabetic ketoacidosis”. Due to an unsatisfactory therapeutic effect, the child was transferred
to the Beijing Children hospital for further diagnosis and treatment. On arrival at the emergency unit,
the intravenous blood glucose level was 20.74mmol/L, and blood gas analysis resulted in pH 7.07, PCO2

17.5mmHg, BE - 23.5mmol/L, afterwards the patient was admitted to the endocrinology department for
further treatment. The patient had no family history, and the blood glucose levels of both parents were
normal.

Physical examination on admission : Patient’s temperature was 37, respiration rate was 37 times/min,
pulse was 150 times/min, blood pressure was 116/62mmHg. The patient’s weight was 12 kg with a normal
physical development. He was in a poor general condition, with decreased level of consciousness, no tears
when crying, an anaemic appearance, Kussmaul respiration and a fruity breath odor. His lips and skin
were dry with slightly low skin elasticity. The right upper lung presented with moist carackles. The upper
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. extremities were cool to the elbows, while the lower extremities were cool to the knees, with a dilated blood
vessel pattern on the limbs and a CRT of 3 seconds.

Laboratory and imaging results: The blood sugar was 21.69mmol/L (Normal range: 3.9 - 6.1mmol/L),
glycosylated haemoglobin was 11.1% (Reference value: 4 - 6%), insulin level was 0.56 μIU/ml at the 0th

min (6.0 - 27.0μIU/ml), C-peptide level was 0.09ng/ml at minute 0 (1.1-5.0ng/ml). Anti-islet cell (ICA)
and anti-glutamate decarboxylase antibodies (GADA) were negative. Blood gas analysis was repeated: pH
was 7.06, the carbon dioxide partial pressure was 15mmHg, the oxygen partial pressure was 74mmHg, the
actual and standard hydrogen carbonates were 4.2mmol/L and 5.8mmol/L, respectively, the total carbon
dioxide was 4.7mmol/L, the extracellular fluid base storage 26.1mmol/L, and whole blood base storage was
24.2mmol/L. Blood biochemistry showed that potassium was 3.24mmol/L, sodium was 136mmol/L, chlorine
was 109.9mmol/L, while the osmotic pressure was 296mOsm/kg. The urea was 2.35mmol/L, creatinine was
30umol/L, total calcium was 2.53mmol/L, lipase was 9.2u/L, amylase was 50U/L and D-3 hydroxybutyric
acid was 10.18mmol/L. Concentrations of insulin-like growth factor were < 25.0ng/ml, while the insulin-like
growth factor binding globulin was 0.56 g/ml. Urine routine analyses showed that the glucose was 4+, ketone
was 3+, the protein was 1+, while the urobilinogen and nitrite were negative, occult blood trace was negative
and centrifugation microscopy showed no erythrocyte/HPF. The serum cortisol at 8 AM was >50.0μg/dl,
and adrenocorticotrophic hormone at 8 AM was 68.8pg/ml. Thyroid analysis showed that the total serum
levels of T3 and T4 were 19.77ng/dl and 2.04ug/dl, respectively. The serum thyroid-stimulating hormone
had a blood concentration of 0.391mIU/L, serum-free T3 and T4 were 3.52pmol/L and 5.51pmol/L. Chest
X-ray showed slightly more texture and fuzziness in the lungs with patchy shadow on the right upper lung.
Abdominal ultrasound showed no abnormalities.

After admission, the patient was diagnosed with Type 1 diabetes, diabetes ketoacidosis and pneumonia. After
fluid infusion, ketone correction, insulin and anti-infection treatment the patient gradually recovered.After
17 days of hospitalization, the blood glucose level was stable and the patient was discharged. The total
amount of insulin dosage at discharge was 7.5IU, equivalent to 0.625IU/kg/d.

Gene sequencing results: The genetic sequencing results revealed that the patient carried a rare c.487C>T
heterozygous mutation in the 7th exon region of the PAX4 gene. This mutation led to a R163W variation
in the amino acid sequence. The patient‘s father carried the same heterozygous mutation while the mother
presented with a normal genotype, suggesting that the mutation could be autosomal dominant. The esti-
mated frequency of the mutation in the normal population database was 0.00010, which is a low-frequency
mutation. There were no related reports of this mutation in the HGMD database. SIFT, PolyPhen 2,
Mutation Taster, GERP++ and REVEL respectively predicted this mutation as harmful, harmful, benign,
harmful and benign. According to the ACMG guideline, the mutation was preliminarily determined to be
of unknown clinical significance.

Gene sequencing results of the proband and his parents are shown in Figures 1, 2 and 3.

Discussion

MODY9 is a rare type of MODY caused by a PAX4 gene mutation. In vertebrates, the PAX family consists
of nine members, which can be divided into four subgroups according to the specific composition of the
structural domain. Among them, the subfamily IV (PAX4 and PAX6) is composed of paired and homologous
domains [12]. PAX4 gene is located on 7q32.1 and contains 10 exons and 9 introns with a molecular weight
of 7,851bp. Its encoding product is the paired box protein PAX-4. PAX-4 protein contains a paired domain
(PD) and a homeobox domain (HD), both of which are potential DNA-binding domains (DBDS) [13]. PAX4
protein is widely distributed, mainly expressed in islet pancreatic cells, and plays an important regulatory
role in the production of islet progenitor cells and the differentiation of isletβ -cells and islet δ -cells [11,14].
It can inhibit the expression of α -cell genes and promote the connection of endocrine cells with β- cells and δ
-cells. As a key regulator of mammalian pancreatic development, PAX4 protein first appeared in endocrine
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. progenitor cells at 9.5 days of embryos and then is selectively expressed in β -cells [15]. In β -cells, PAX4
protein can maintain the expression of pancreatic and duodenal homeobox 1, Pdx1 and NK6 homeobox 1,
Nkx 6.1, both of which are important regulators of pancreatic β -cell development [16].

In animal experiments, heterozygous PAX4 knockout mice had almost no mature β -cells and δ -cells, and
a large number of abnormalα -cells were found. All of which could lead to an increase in blood glucose
levels, suggesting that PAX4 is a key regulator in the differentiation process of precursor cells into different
islet cell [17]. Other research data showed that PAX4 homogenous variation can cause the destruction of
PAX4 protein’s targeting ability, resulting in an reduced inhibitory function and an increase in α -cells, which
promotes glucagon production and leads to increased blood sugar [18,19].

In 2007, Nattachet Plengvidhya et al. studied the pathogenic genes of 46 MODY probands (all Thai origin)
applying DNA direct sequencing techniques [10]. They reported a missense mutation of the PAX4 gene with
a variation of R164W and a shear mutation of PAX4 gene responsible for a IVS7-1variation in two diabetic
families, respectively, being the first two reports on PAX4 mutation in relation to MODY and was defined
as MODY9 [10]. Nattachet Plengvidhya et al. found that 4 members of the diabetic family with the R164W
variation carried the same mutation. Three of which suffered from diabetes. The onset age of the proband
was 20, while in the other two cases it was 29 and 50. No ketosis, nor ketoacidosis were detected at the
onset of the disease. Another family member developed impaired glucose tolerance at age 14, which did
not progress to diabetes. Patients in this group were treated by diet control or oral hypoglycemic drugs,
and their blood glucose level were well controlled. 6 members of the diabetic family with IVS7-1 variation
presented with diabetes, of which only the proband underwent gene sequencing analysis and was found to
carry the mutation. Of the 6 members with diabetes, 1 developed retinopathy and kidney disease 10 years
after diagnosis of diabetes, and 3 died of end-stage renal failure at the age of 52-53 years [10].

MODY9 is rarely seen in clinical practice, and only a few families have been reported so far. In 2011, Wakako
Jo et al reported a Japanese family with MODY9 [20]. There were 2 patients with DM in this family, all of
whom carried a deletion mutation in the third exon region of PAX4 C374-412del39. The proband’s disease
onset was at the age of 15 with ketosis and had been treated with insulin since diagnosis. Another patient
in the family, the father of the proband, was diagnosed at the age of 30 with mild diabetes, which was well
controlled through diet management only. In 2018, Serena Pezzilli et al. reported a missense mutation of
PAX4 c.593C>T (A198V) in a MODY9 Italian family with 4 diabetic patients. Among them, the proband
and the sister carried Ala198Val missense mutation, while the proband’s mother and aunt did not undergo
gene sequencing. The 4 members were diagnosed as early as 20 years old and as late as 60 years old. Three
of them were treated with oral medication and their blood glucose was well controlled, while the other one
received insulin treatment [21].

Three more missense mutations of the PAX gene were found in subsequent studies. The missense mutation
of c.377A>G (p. D126G) and c.55C>T (p.R19W) was reported by Natalia Zubkova et al. [22]. C.92G>T
(p.r.31l) missense mutation was reported by Aaron Chapla et al. in India [23]. So far, the inheritance pattern
of MODY9 mutation has been mainly autosomal dominant.

In this study, we report a disease that started in infancy and was characterized by an autosomal dominant
mutation, which was consistent with the characteristics of MODY. C.487C>T missense mutation was found
in the 7th exon region of the PAX4 gene in children, leading to a variation of p.R163W in the amino acid
sequence. The R163W variation is located in the homologous domain of the PAX4 gene, which is responsible
for the binding of PAX4 protein to the target DNA sequence and is also associated with conserved amino acid
residues between species. R163W variation causes the replacement of polar amino acids by non-polar amino
acids, which is suspected to impair the inhibitory effect of PAX4 protein on insulin and glucagon promoters
[24], leading to hyperglycaemia and diabetes. This mutation has not been reported in previously published
papers. Genetic analysis of the family members showed that the father of the patient carried the same
heterozygous mutation, while the mother presented with a normal genotype, suggesting that the mutation
was autosomal dominant, and the inheritance pattern was consistent with previous literature reports.
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. The estimated frequency of C.487C>T missense mutation in the PAX4 gene in the normal population
database is 0.00010, which is a low-frequency mutation. According to clinical manifestations and sequencing
results, the patient was diagnosed with MODY9 monogenic diabetes. The father of the proband had no
diabetes at that time, which may be related to epigenetic factors or incomplete genetic penetrance.

Previous literature showed that the onset age of MODY9 patients ranged from 14 to 50 years. The clinical
manifestations of patients with the same mutation were also significantly different. Mild cases may only
present with elevated fasting glucose levels or impaired glucose tolerance, while some cases manifest with
typical symptoms of diabetes such as polydipsia, polyuria and emaciation, only few cases occur with ketoaci-
dosis. In this study, the onset of illness occurred during early childhood, characterized by typical diabetic
symptoms accompanied by ketoacidosis. In which case was a MODY9 with early onset and severe clini-
cal symptoms. Islet autoantibody was negative, and fasting insulin and C-peptide levels were significantly
reduced, which was consistent with the clinical characteristics of MODY9 reported in previous literature.

MODY9 is generally treated the same way as other types of MODY, mainly with diabetic diet, exercise
and insulin therapy. Some patients are responsive to oral hypoglycemic agents. In some patients, treatment
has to adjusted according to the progression of the disease. On the latest follow-up, the patient had been
diagnosed with diabetes for 17 months. He was treated with basic and mealtime insulin injections and his
blood sugar levels were in normal range ever since.

The clinical outcome of MODY9 patients varies greatly. In mild cases, the only symptom may be impaired
glucose tolerance, without progression to diabetes, and in severe cases, renal or retinal complications may
occur, or even death from end-stage renal failure.

In summary, in Chinese children, the heterozygous mutation of c.487C>T in the PAX4 gene can lead to
the occurrence of MODY9. MODY9 patients differ in onset ages and clinical symptoms, making it difficult
to distinguish them from other MODY subtypes. Here, we conclude that gene sequencing analysis is of
great significance in the diagnosis and classification of MODY, and an accurate genetic diagnosis will enable
patients to receive more specialized treatment.
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Figure Legends

Fig.1 PAX4 gene sequencing of the patient. The 7th exon region carries a heterozygous mutation of c.487C
>t, leading to a variation of R163W in the amino acid sequence.

Fig.2 PAX4 gene sequencing of the patient‘s father. The 7th exon region carries a heterozygous mutation
of c.487C>t, leading to a variation of R163W in the amino acid sequence.

Fig.3 PAX4 gene sequencing of the patient’s mother. She presented with a normal genotype and did not
carry the c.487C >t heterozygous mutation.
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