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ABSTRACT

Objective Maturity-onset diabetes of the young caused
by hepatocyte nuclear factor-1 alpha (HNF7A) variants
(HNF1A-MODY) is a common form of monogenetic
diabetes. Although patients with HNF1A-MODY might
specifically benefit from sulfonylurea treatment, available
methods for screening this specific type of diabetes are
not cost-effective. This study was designed to establish an
optimized clinical strategy based on multiple biomarkers
to distinguish patients with HNF1A-MODY from clinically
diagnosed early-onset type 2 diabetes (EOD) for genetic
testing in a Chinese population.

Research design and methods A case—control

study including 125 non-related young patients with
EOD and 15 probands with HNF7A-MODY (cohort 1)
was conducted to evaluate reported biomarkers for
HNF1A-MODY. A cut-off for the fasting insulin (Fins)
level, the 97.5 percentile of 150 healthy subjects with
normal components of metabolic syndrome (cohort 2),
was used to filter out individuals with obvious insulin
resistance (Fins <102 pmol/L). An optimized clinical
screening strategy (HNF1A-CSS) was established, and
its effectiveness was assessed in another group of 410
young patients with EOD (cohort 3).

Results In cohort 1, body mass index (BMI), serum
high-density lipoprotein cholesterol (HDL-c) and high-
sensitivity C reactive protein (hs-CRP) levels were
confirmed to be useful for the differential diagnosis of
HNF1A-MQDY. In cohort 3, eight probands with HNF1A-
MODY were identified. In cohort 3 and young relatives
with HNF1A-MODY, meeting three of four criteria (BMI
<28 kg/mz, hs-CRP <0.75mg/L, Fins <102 pmol/L and
HDL-c >1.12mmol/L), the sensitivity and specificity

of HNF1A-CSS were 100% and 69.3%, respectively. In
the pooled analysis of all young patients, HNF1A-CSS
displayed 90.5% sensitivity and 73.6% specificity for
identifying patients with HNF1A-MODY among those with
clinically diagnosed EQD.

Conclusion Our HNF1A-CSS is useful for distinguishing
patients with HNF1A-MODY from patients with EOD in a
young Chinese population.

,' Fang Wang,® Qiuping Wang,? Mengdie Hu,' Xueyao Han,’

Significance of this study

‘ybuAdoo

g pa1osioid 158nb Ag 7202 19qwadaq 0g U0 Wod-fwg-o1p//:sRY WOl papeojumod “0Z0Z YdJe TE UO G72000-6T0Z-0IPIWA/9eTT 0T Se paysiand 1s1iy :a1eD 3 yoseasay seleqeiq uado CINgG

What is already known about this subject?

» The overlap of phenotypes makes patients with
maturity-onset diabetes of the young (MODY) dif-
ficult to distinguish from patients with early-onset
type 2 diabetes (EOD) in the clinical setting.

» A potentially efficient clinical screening strategy
(CSS) including readily available clinical and bio-
chemical features confirmed to be associated with
hepatocyte nuclear factor-1 alpha (HNF7A)-MODY is
needed.

What are the new findings?

» Our study is the first to establish an HNF71A-CSS with
the largest sample in an East Asian population. In
this study, we confirmed the effectiveness of sev-
eral reported biomarkers (high-sensitivity C reactive
protein (hs-CRP), body mass index (BMI) and high-
density lipoprotein cholesterol (HDL-c)) for differ-
entiating young patients with HNF7A-MODY from
patients with EOD in a Chinese population.

» A cut-off for the fasting insulin (Fins) level derived
from upper limit of normal reference range further
excluded patients with type 2 diabetes.

» By including multiple biomarkers (hs-CRP, BMI,
HDL-c and Fins), we established and evaluated a
CSS with better performance than the reported mod-
els and a single biomarker for identifying HNF1A-
MODY in a Chinese population with EOD.

How might these results change the focus of

research or clinical practice?

» The CSS composed of the four criteria established in
our study is practical and easy to be widely used in
the real world.

INTRODUCTION
Maturity-onset diabetes of the young (MODY)
caused by hepatocyte nuclear factor-1 alpha
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(HNFIA) gene variants is one of the most common types
of MODY (HNFIA-MODY),' ? usually misdiagnosed with
either type 1 (T1DM) or type 2 diabetes mellitus (T2DM),
and often receive incorrect treatment.””* Patients with
HNFIA-MODY are sensitive to sulfonylureas (SUs),’ and
their therapy is often changed from insulin to SUs once
the diagnosis is established.’

Early-onset T2DM (EOD, diagnosed before 40 years
old) has become increasingly prevalent in the past
decades worldwide. Because of the overlag of EOD
phenotypes with the classical forms of MODY," clinicians
experience challenges in distinguishing patients with
MODY from EOD. Despite tremendous advances in DNA
sequencing technology in recent years, the application
of genetic testing for common MODY subtypes to all
patients remains very costly. And the interpretation of
genetic findings without a clinical context is challenging.
Therefore, a cost-effective screening strategy to identify
subjects for genetic testing is urgently needed. In fact,
using basic clinical characteristics, a prediction model
to determine the probability of MODY has been devel-
oped,® and if other important clinical markers such as
insulin secretion and insulin resistance were included,
the model would be improved. Particularly, some MODY
subtype-specific biomarkers have been discovered, and
they make it possible to establish a strategy to clinically
screen patients with MODY due to single gene.” '’

Some researchers recommended clinical screening
strategies (CSS) for identifying individuals with diabetes
who have a higher probability of carrying causal variants
in the HNFIA gene before molecular testing.? " These
strategies are very attractive since they have the poten-
tial to reduce both the labor and costs associated with
diagnosing a disease condition. In the past, single index
or compositional indices, including the absence of auto-
antibodies associated with TIDM, young age at diabetes
diagnosis, a non-obese status, a strong family history
of diabetes in multiple generations, high-sensitivity C
reactive protein (hs-CRP) and high-density lipoprotein
cholesterol (HDL-c) levels, have been used to screen for
HNFIA-MODY.” "'~'* However, the performance of these
approaches in clinical settings has been suboptimal.
In the present study, we used multiple biomarkers to
establish a new optimized screening strategy to identify
HNFIA-MODY in patients with EOD.

METHODS
Study subjects
First, 125 patients with EOD and 15 patients with HNI1A-
MODY were included (cohort 1). The cohort was used to
evaluate the ability of the reported clinical biomarkers
(body mass index (BMI), HDL-c and hs-CRP) asso-
ciated with HNFIA-MODY to differentially diagnose
HNFIA-MODY.

The patients with EOD were consecutively recruited
from the Department of Endocrinology and Metabo-
lism of Peking University People’s Hospital (PUPH) in

Beijing from June 2016 to January 2018. They were diag-
nosed at 14-40 years old. The 125 patients with EOD
were confirmed not to carry any rare variants of HNFIA,
HNF4A, HNFI1B, GCK or mitochondrial DNA 3243A>G
mutation by DNA sequencing.

The 15 patients with a confirmed genetic diagnosis of
HNFIA-MODY by DNA sequencing were from other clin-
ical centers in Beijing. Each carried one of 13 rare variants
of HNFIA (p.Thr10Met, p.Pro33Leu, p.Argl31Trp, p.Gl-
nl76Ter, p.Arg203His, p.Gly292Argfs*25, p.Ala311Asp,
p.Pro379Thr, IVS2 +1 G>A, p.Pro519Leu, p.Gln541Ter,
p-Val567Ile and p.Jle618Met) (online supplementary
table S1), which were pathogenic or likely pathogenic
according to the standards and guidelines recommended
by the American College of Medical Genetics (ACMG)
(online supplementary table S2).

Second, 150 subjects (cohort 2) with normal glucose
tolerance (NGT) and normal components of metabolic
syndrome'* were used to determine the cut-off value for
the fasting serum insulin (Fins) level to identify patients
with HNFIA-MODY.

Increased insulin secretion from beta cells compen-
sates for insulin resistance and does not result in hyper-
glycemia in normal individuals with NGT"; metabolic
syndrome is strongly correlated with insulin resistance.
Thus, in the subjects with NGT and no signs of insulin
resistance (a condition with normal components of meta-
bolic syndrome), an upper limit of the reference range of
Fins levels would help to screen individuals with insulin
resistance because an increase in Fins beyond the upper
limit would indicate the occurrence of insulin resistance.
In contrast to HNFIA-MODY, which is characterized by
impaired beta cell function, insulin resistance is a major
clinical feature of T2DM.

Cohort 2 were randomly selected from the 3345
subjects of the Pinggu cohort, which was described in
our previous study.'’ The subjects were aged <45 years at
examination. Their fasting plasma glucose (FPG) levels
were less than 6.1 mmol/L, 2-hour plasma glucose levels
during the oral glucose tolerance test were less than
7.8 mmol/L and hemoglobin Alc (HbAlc) levels were
less than 42mmol/mol (6.0%). The clinical characteris-
tics of the 150 subjects are presented in online supple-
mentary table S3.

Third, a group of patients with clinically diagnosed as
EOD were recruited in PUPH from January 2014 to May
2016 and used to validate the effectiveness of the CSS
established in this study for HNFIA-MODY.

To avoid the interference from other subtypes of mono-
genic diabetes, four patients with other common subtype
monogenic diabetes (two mitochondrial 3243A>G,
one HNF4A-MODY and one GCK-MODY) (shown in
online supplementary table S4) were excluded, and the
remaining 410 patients (cohort 3) were used for analysis.

Clinical examinations and laboratory tests
All participants were examined in the morning after an
overnight fast of 10-12hours. Their clinical information
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and blood samples were collected.'” HbAlc, C-peptide,
insulin, plasma glucose, total cholesterol (TC), HDL-c,
low-density lipoprotein cholesterol (LDL-c), triglyceride
(TG) and hs-CRP levels were measured. Fresh urine
samples were collected to assess the urinary albumin/
creatinine ratio (ACR).

The serum for quality control and serum samples from
the patients were determined for glutamic acid decar-
boxylase antibody (GADA) (RSR Limited, UK), islet cell
antibodies (ICA) (Biomerica, USA) and insulin antibody
(IA) (Orgentec, Germany) using commercialized ELISA
kit. The assays were performed according to the instruc-
tions from the manufacturer.

According to the Chinese-specific diagnostic criteria
for obesity, a BMI >28kg/m” was defined as obesity.'®
The diagnosis of obesity in subjects aged between 14 and
18 years was based on weight-for-age curves for Chinese
individuals."”

Inclusion and exclusion criteria for the study subjects with
EOD

All subjects were of Chinese Han ethnicity and aged <45
years. Diabetes was clinically diagnosed before 40 years
according to WHO criteria.'® Patients were excluded
from this study according to the following criteria: (1)
the presence of typical clinical features of TIDM (abso-
lute insulin deficiency and insulin-dependent treatment
after diagnosis); (2) other specific forms of diabetes (eg,
chronic pancreatitis and steroid-induced diabetes; (3) if
any autoantibodies (GADAs, ICAs and IAs) were positive,
but for the patients with exogenous insulin treatment, if
only IA was positive and they had no other typical features
of TIDM, they were also included; (4) a fasting serum
C-peptide level <0.1ng/mL; (5) the presence of an auto-
immune disease; (6) the presence of an acute infectious
disease or the acute stage of myocardial infarction and
stroke and (7) an hs-CRP level >10mg/L.

DNA sequencing and genetic diagnosis

Genomic DNA was extracted from whole blood. The
patients in cohort 1 were sequenced to screen for the
variants in exons of HNFIA, GCK, HNF4A, HNFIB or
mitochondrial 3243A>G mutation by Sanger method.
The patients in cohort 3 were screened for mitochon-
drial 3243A>G mutation by Sanger sequencing, and
their DNA samples were also used for exon capture and
next-generation sequencing. An Agilent SureselectXT?2
customized gene panel was designed for HNFIA and
other genes for common MODY subtypes (GCK, HNF4A
and HNFIB). A HiSeq2000 Sequencing System (Illumina,
San Diego, California, USA) was used for sequencing.
Rare variants (<0.005 in the Exome Aggregation Consor-
tium) with a sequencing depth of at least 20 and vari-
ants located in coding regions with non-synonymous
and frameshift variants or in splicing sites near the
introns were included and validated by PCR and Sanger
sequencing.

Three hundred controls with NGT and normal HbAlc
were used to screen the rare variants identified in this
study by Sanger method, which is helpful for determining
whether the variants are damaging or not.

The pathogenicity of these variants was evaluated using
the standards and guidelines recommended by ACMG'"
(online supplementary table S2). If patients carried
pathogenic or likely pathogenic variants, they were diag-
nosed with HNFIA-MODY.

Selection of clinical biomarkers and establishment of a CSS
to differentiate HNF1A-MODY from EOD

As reported in previous studies, most patients with
HNFIA-MODY have no insulin resistance.® **** However,
a recent study pointed that the patients with both
HNFIA-MODY and overweight/obesity should not be
ignored.” They also present low insulin secretion, low
serum hs-CRP levels,”** * low prevalence of dyslipidemia
(such as a normal or higher HDL-c level than patients
with T2DM) and a low rate of insulin resistance.’ 7 All
relevant biomarkers were used to establish the clinical
screening model for identifying individuals with a higher
probability of HNFIA-MODY. If different cut-off values
were reported for the same variable, the cut-off value with
higher sensitivity was used in this study. The flowchart
showing the design of our study is presented in figure 1.

Statistical analysis

Statistical analyses were performed using the Statistical
Package for Social Sciences (SPSS for Windows, V.23.0;
Chicago, Illinois, USA). Student’s t-test was used to
analyze quantitative traits. The y” test or Fisher’s exact test
was used to assess categorical traits. Normally distributed
continuous variables are presented as means and SDs
(means+SDs), and non-normally distributed variables
are presented as medians (IQRs). Categorical variables
are presented as numbers and percentages. The ability
of each biomarker and HNIFIA score to discriminate
HNFIA-MODY from EOD was assessed by calculating the
area under the receiver operating characteristic curve
(ROCQC) curve (C-statistics). A p value <0.05 was consid-
ered significant.

RESULTS

Evaluation of three reported clinical biomarkers for HNF1A-
MODY in cohort 1

Compared with patients with EOD (table 1), a lower
percentage of patients with HNFIA-MODY exhibited
obesity and dyslipidemia; these patients were also diag-
nosed at a younger age and presented lower levels of
BMI, HbAlc, TC, TGs, LDIL-c, uric acid and hs-CRP, as
well as higher levels of HDL-c.

As shown in online supplementary figure S1, the C-sta-
tistic for hs-CRP was 0.902 (95% CI 0.840 to 0.946), and
the cut-off value was 0.72mg /L, with 76.9% sensitivity and
92.0% specificity. The C-statistic for BMI was 0.811 (95%
CI 0.736 to 0.872), and the cut-off value was 22.7kg/

m®, with 60.0% sensitivity and 92.0% specificity. The
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Selection of biomarkers for HNF1A4-
MODY from previous studies

Determine the cutoff value for the

Confirmation of biomarkers in

cohort 1

Establish a CSS for HNF1A-MODY

Fins level for screening HNF1A4-
MODY in cohort 2

v

(HNF14-CSS)

Evaluate the HNF1A4-CSS in cohort 3

Figure 1
alpha; MODY, maturity-onset diabetes of the young.

Cstatistic for HDL-c was 0.763 (95% CI 0.684 to 0.831),
and the cut-off value was 1.20mmol/L, with 66.7% sensi-
tivity and 88.0% specificity.

When the reported cut-off values for hs-CRP
(<0.75mg/L),” HDL-c (>1.12mmol/L)*® and BMI (the
cut-off for obesity in Chinese individuals is 28kg/m?)'®
that have been used to identify HNFIA-MODY were
applied to cohort 1, the sensitivity and specificity were
76.9% and 92.0% for hs-CRP, 73.3% and 78.4% for HDL-c,
and 93.3% and 62.4% for BMI, respectively. These cut-off
values displayed higher sensitivity than those determined
in cohort 1.

Establishment of a cut-off value for the Fins level for
diagnosing HNF1A-MODY

In cohort 2, the 97.5 percentile of the Fins level was
102pmol/L. In cohort 1, all of 15 patients with HNFIA-
MODY presented Fins levels less than 102pmol/L or
received insulin treatment, 88 individuals of 125 patients
with EOD had Fins levels of <102pmol/L. Among the
subjects in the Pinggu cohort with Fins levels greater
than 102 pmol/L (n=390, unpublished data), 95.1% were
diagnosed with metabolic syndrome. Thus, using the
Fins cut-off of 102 pmol/L, we were able to exclude most
patients with T2DM presenting obvious insulin resistance
from patients with EOD.

Establishment of the CSS for HNF1A-MODY (HNF1A-CSS)

Due to our limited sample size, the cut-off values defined
in the current study might not be the most precise values
for the clinical screening of HNFIA-MODY. Among the
reported cut-off values and our values for screening
patients with HNFIA-MODY, we selected those with the
highest sensitivity and established an HNFIA-CSS. To
maximally avoid missing patients with HNFIA-MODY,

Flowchart showing the design of our study. CSS, clinical screening strategy; HNF1A, hepatocyte nuclear factor-1

this HANFIA-CSS comprises the following four criteria:
(1) non-obesity, BMI <28kg/m*'® (2) hs-CRP level
<0.75mg/ L,9 (3) insulin deficiency or a lack of insulin
resistance (insulin treatment or Fins <102pmol/L in
patients without insulin treatment) and (4) an HDL-c
level >1.12mmol/L.*

Screening of patients with HNF1A-MODY in cohort 3

In cohort 3, nine rare heterozygous HNFIA variants
(p-Argl31Trp, p.Arg200Trp, p.Arg263Cys, p.Gln324Ter,
IVS8-1G>A, p.Proll2Leu, p.Glu240Val, p.Glub48Gly
and p.Argl59fs (c.474_475insA)) (online supplemen-
tary table S1) were identified in nine study subjects. The
mothers of the probands carrying p.Arg200Trp, p.Ar-
g131Trp and IVS8-1G>A variants also carried the same
variants and were diagnosed with EOD (online supple-
mentary figure S2). The parents of the probands carrying
the p.Arg263Cys variant did not have diabetes and did not
carry the p.Arg263Cys variant. Unfortunately, we failed
to recruit the family members of the other probands.
According to the guidelines of the ACMG, eight rare
variants (p.Argl31Trp, p.Arg200Trp, p.Arg263Cys, p.Gl-
n324Ter, IVS8-1G>A, p.Glu240Val, p.Proll2Leu and
p-Arglb9fs (c.474_475insA)) are pathogenic or likely
pathogenic (online supplementary table S2). Thus,
eight patients with HNFIA-MODY were identified in
cohort 3. Nine patients with HNFIA-MODY, including
eight probands and one younger family member with
the p.Arg200Trp variant and diabetes (clinical features
are summarized in online supplementary table S5), were
compared with patients with EOD. Similar to cohort 1,
patients with HNFIA-MODY from cohort 3 were also
characterized by a lower percentage of obesity and dyslip-
idemia, and displayed a lower age at diagnosis and lower
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Table 1 Clinical characteristics of the patients with HNF1A-MODY and young patients with EOD in cohort 1

Characteristic EOD (N=125) HNF1A-MODY (N=15) P value
Sex, male/female 91/34 8/7 0.138
Age, mean (SD), years 32.4 (6.6) 29.4 (9.3 0.120
Age at diagnosis, mean (SD), years 29.7 (6.0) 25.3 (7.5) 0.010*
Duration of DM, median (IQR), years 1.0 (0.1 t0 5.0 3.0 (1.0 t0 6.0) 0.083
Family history of DM, n (%) 105 (84.0) 14 (98.3) 0.469
BMI, mean (SD), kg/m? 28.1 (4.1) 23.0 (4.0) <0.0001***
SBP, mean (SD), mm Hg 125.2 (13.9) 122.2 (14.3) 0.433
DBP, mean (SD), mm Hg 78.8 (11.2) 76.6 (10.2) 0.474
FPG, median (IQR), mmol/L 7.32 (6.16 t0 9.75) 7.20 (5.10 to 7.83) 0.222
HbA1c, median (IQR), mmol/mol 76.0 (58.0 to 95.5) 56.0 (42.0 to 67.0) 0.001**
HbA1c, median (IQR), % 9.10 (7.50 to 10.85) 7.30 (6.00 to 8.30) 0.001**
TC, mean (SD), mmol/L 4.87 (1.10) 4.21 (0.69) 0.024*
LDL-c, mean (SD), mmol/L 3.14 (0.87) 2.58 (0.75) 0.019*
HDL-c, mean (SD), mmol/L
Male 0.96 (0.19) 1.15 (0.35) 0.016*
Female 1.02 (0.24) 1.45 (0.46) 0.001**
Triglycerides, median (IQR), mmol/L 1.72 (1.22 to 2.70) 1.10 (0.74 to 1.53) 0.002**
hs-CRP, median (IQR), mg/L 2.14 (1.22 t0 4.02) 0.41 (0.10 to 2.13) 0.002*
CRE, mean (SD), pmol/L 60.3 (14.8) 68.7 (21.4) 0.056
UA, mean (SD), pmol/L
Male 390.8 (92.7) 313.7 (53.5) 0.033*
Female 353.2 (92.6) 266.6 (61.0) 0.024*
ACR, median (IQR), mg/g 8.36 (3.90 to 20.25) 5.00 (3.85 to 6.50) 0.078
eGFR, median (IQR), mL/min/1.73m? 126.0 (113.3 to 139.0) 134.5 (119.0 to 160.2) 0.272
Comorbidities and complications
Hypertension, n (%) 19 (15.2) 1(6.7) 0.696
Dyslipidemia, n (%) 69 (55.2) 2 (13.3) 0.002**
Diabetic nephropathy, n (%) 9(7.2) 1(6.7) 1.000
Diabetic retinopathy, n (%) 11(8.8) 4 (26.7) 0.058
Coronary heart disease, n (%) 1(0.8) 1(6.7) 0.203
Cerebrovascular disease, n (%) 2(1.6) 1(6.7) 0.290
Obesity, n (%) 62 (49.6) 1(6.7) 0.002**
Treatment
OHA, n (%) 65 (52.0) 10 (66.7) 0.258
Insulin, n (%) 40 (32.0) 8 (53.3) 0.077

Data are presented as means (SD) or medians (IQRs); categorical variables are presented as n (%).
eGFR (mL/min per 1.73m?) = 175xCRE(mg/dL)"**xage (years)®'7°x0.79 (if female).

*p<0.05, **p<0.01 and **p<0.001.

ACR, urinary albumin/creatinine ratio; BMI, body mass index; CRE, serum creatinine; DBP, diastolic blood pressure; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate;
EOD, young early-onset type 2 diabetes; FPG, fasting plasma glucose; HbA1c, hemoglobin A1c; HDL-c, high-density lipoprotein cholesterol; HNF1A, hepatocyte nuclear factor-1
alpha; hs-CRP, high-sensitivity C reactive protein; LDL-c, low-density lipoprotein cholesterol; MODY, maturity-onset diabetes of the young; OHA, oral hypoglycemic agent; SBP,

systolic blood pressure; TC, total cholesterol; UA, uric acid.

levels of BMI, TGs and hs-CRP, as well as higher levels of
HDIL-c (table 2).

Evaluation of the effectiveness of the HNF1A-CSS in cohort 3

As shown in figure 2, we tested the effectiveness of
HNFIA-CSS on all probands with HNFIA-MODY in cohort
3 and the young relatives with HNFIA-MODY (n=9). Nine
individuals met three criteria, eight met four criteria
and none met one criterion or two criteria. There were
113 patients including 9 with HNFIA-MODY meeting at
least three of four criteria (HNFIA-CSS1), according to

HNFIA-CSSI. This indicates that out of sequencing 12.6
patients only one patient could be screened with HNFIA-
MODY. The sensitivity and specificity of HNFIA-CSS1
were 100% and 69.7%, respectively, and the positive
and negative prediction values were 6.9% and 100%,
respectively. On the other hand, there were 51 patients
including eight with HNFIA-MODY meeting all of four
criteria (HNFIA-CSS2). Through sequencing only 6.4
patients, we could identify one patient with HNFIA-MODY
according to HNFIA-CSS2. The sensitivity and specificity
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Table 2 Clinical characteristics of the patients with HNF1A-MODY and young patients with EOD in cohort 3

Characteristic EOD (N=402) HNF1A-MODY (N=9) P value
Sex, male/female 273/129 3/6 0.064
Age, median (IQR), years 33.0 (29.0 to 36.0) 31.0 (21.0 to 33.5) 0.146
Age at diagnosis, median (IQR), years 30.0 (26.0 to 33.0) 18.0 (13.0 to 30.5) 0.006**
Duration of DM, median (IQR), years 2.0 (1.0t0 6.0) 4.0(1.0t0 17.0) 0.077
Family history of DM, n (%) 307 (76.4) 8 (88.9) 0.692
Waist circumferencet, mean (SD), cm 92.5 (12.5) 78.9 (9.0 0.002*
BMI, mean (SD), kg/m? 26.8 (4.6) 20.9 (1.9) <0.0001***
SBP, mean (SD), mm Hg 122.6 (15.7) 113.0 (22.3) 0.073
DBP, mean (SD), mm Hg 78.8 (12.1) 69.9 (15.2) 0.058
FPG, median (IQR), mmol/L 8.37 (6.53 to 11.05) 6.86 (5.58 to 8.63) 0.068
HbA1c, median (IQR), mmol/mol 77.0 (57.3 to 98.0) 60.5 (47.0 to 75.0) 0.095
HbA1c, median (IQR), % 9.20 (7.43 to 11.10) 7.65 (6.45 to 8.98) 0.095
TC, mean (SD), mmol/L 4.82(1.18) 4.73 (1.41) 0.709
LDL-c, mean (SD), mmol/L 2.82(0.85) 2.84 (0.90) 0.940
HDL-ct, mean (SD), mmol/L 1.04 (0.27) 1.41 (0.20) <0.0001***
Triglycerides, median (IQR), mmol/L 1.74 (1.16 to 2.74) 1.05 (0.87 to 1.53) 0.033*
hs-CRP, median (IQR), mg/L 1.47 (0.71 to 3.21) 0.17 (0.11 t0 0.32) <0.0001***
CRE, median (IQR), pmol/L 62.0 (50.0 to 72.0) 69.0 (46.0 to 89.0) 0.520
UAT, median (IQR), pmol/L 345.0 (283.0 to 411.0) 350.0 (264.5 to 363.5) 0.796
ACR, median (IQR), mg/g 8.61 (4.19 to 30.00) 10.87 (6.67 to 1004.42) 0.368
eGFR, median (IQR), mL/min/1.73m? 139.4 (120.6 to 167.9) 126.4 (73.4 to 180.4) 0.518
Comorbidities and complications
Hypertension, n (%) 56 (13.9) 1(11.1) 1.000
Dyslipidemia, n (%) 375 (93.3) 2(22.2) <0.0001***
Diabetic nephropathy, n (%) 50 (12.4) 31(33:3) 0.097
Diabetic retinopathy, n (%) 36 (9.0) 3(33.3) 0.044*
Coronary heart disease, n (%) 9(2.2) 0 (0) 1.000
Cerebrovascular disease, n (%) 5(1.2) 0 (0) 1.000
Obesity, n (%) 156 (38.8) 0 (0) 0.015*
Treatment
OHA, n (%) 171 (42.5) 5 (55.6) 0.506
Insulin, n (%) 174 (43.3) 4 (44.4) 1.000

Data are presented as the means (SD) or medians (IQR); categorical variables are presented as n (%).

eGFR (mL/min per 1.73m?=175xCRE(mg/dL) ***xage (years)*'"*x0.79 (if female).
*p<0.05, **p<0.01 and **p<0.001.

TThree male patients were diagnosed with HNF1A-MODY, and therefore, the waist circumference, HDL-c level and uric acid level of all patients with HNF1A-MODY (males and

females) were calculated in this analysis.

ACR, urinary albumin/creatinine ratio; BMI, body mass index; CRE, serum creatinine; DBP, diastolic blood pressure; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate;
EOD, early-onset type 2 diabetes; FPG, fasting plasma glucose; HbA1c, hemoglobin A1c; HDL-c, high-density lipoprotein cholesterol; HNF1A, hepatocyte nuclear factor-1 alpha; hs-
CRP, high-sensitivity C reactive protein; LDL-c, low-density lipoprotein cholesterol; MODY, maturity-onset diabetes of the young; OHA, oral hypoglycemic agent; SBP, systolic blood

pressure; TC, total cholesterol; UA, uric acid.

of CSS2 were 88.9% and 89.6%, respectively. The positive
and negative prediction values were 15.7% and 99.7%,
respectively. Notably, HNFIA-CSS1 exhibited the highest
sensitivity and HNIFIA-CSS2 exhibited the highest speci-
ficity for clinically diagnosing HNFIA-MODY.

We conducted an analysis by pooling all patients with
EOD and HNFIA-MODY in this study (24 with HNFIA-
MODY and 527 with EOD). As shown in figure 3 and
online supplementary figures S3 and S4, after excluding
three patients with missing data for the four criteria from
cohort 1, 21 patients with HNFIA-MODY were included
in the analysis. Nineteen of these patients (90.5%) met
the HNFIA-CSS1 criteria and 15 patients (71.4%) met

the HNFIA-CSS?2 criteria, with specificities of 73.6% and
91.3%, respectively.

DISCUSSION

In the present study, we confirmed the utility of several
reported biomarkers (hs-CRP, BMI and HDL-c) for differ-
entiating young patients with HANFIA-MODY from EOD
in a Chinese population. A new HNFIA-CSS composed of
all the aforementioned biomarkers and the Fins level was
established for the clinical identification of individuals
with a high probability of having HNFIA-MODY among
patients with EOD. This study is the first to establish a
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HNF14-MODY hs-CRP < 0.75 mg/L
n=8 ] n=114
HNFIA-CSSO | | HNF14-MODY
HNFIA-MODY | | HDL-c>1.12 mmol/L n =280 n=0
n=9 n=126 ] ]
_| Young %%f)ms with HNFIA4-CSS1 HNFIA-MODY
HNFIA-MODY | | BMI<28kg/m? (cohort 3, n = 411)* n=131 n=9
n=9 n=255
HNF14-CSS2 HNF14-MODY
HNF14-MODY Fins < 102 pmol/L n=>51 n=38
n=9 n=336

Figure 2 Flowchart for the approach used to distinguish between patients with HNF7A-MODY and young patients with early-
onset type 2 diabetes in cohort 3. *A family member with HNF1A-MODY is included in this analysis. HNF1A-CSS0 indicates
that patients meet two criteria, one criterion or zero criteria, and HNF1A-CSS1 indicates that patients meet three or four
criteria, and HNF1A-CSS2 indicates that patients meet four criteria. BMI, body mass index; CSS, clinical screening strategy;
EOD, early-onset type 2 diabetes; Fins, fasting insulin; HDL-c, high-density lipoprotein cholesterol; HNF1A, hepatocyte nuclear
factor-1 alpha; hs-CRP, high-sensitivity C reactive protein; MODY, maturity-onset diabetes of the young.

CSS for HNFIA-MODY in East Asian population using the
largest sample to date.

The major obstacle for the diagnosis of patients with
HNFIA-MODY is that the diagnosis rate based on existing

hs-CRP

Fins

Figure 3 Distribution of patients with HNF1A-MODY
among the four groups according to the four criteria. In this
figure, patients with HNF1A-MODY were divided into four
groups according to the following four criteria: BMI <28 kg/
m?, hs-CRP level <0.75 mg/L, insulin treatment or Fins level
<102 pmol/L without insulin treatment and an HDL-c level
>1.12mmol/L. Twenty-one patients with HNF1A-MODY were
included in our study. The hs-CRP level was not available for
two patients with HNF1A-MODY, and the Fins level was not
available for one patient; thus, these patients were excluded
from this analysis. Fifteen patients met four criteria, two
patients met the BMI, Fins and HDL-c criteria, one patient
met the BMI, Fins and hs-CRP criteria, and another patient
met the Fins, hs-CRP and HDL-c criteria. Only two patients
met two criteria (BMI and Fins). BMI, body mass index; CSS,
clinical screening strategy; Fins, fasting insulin; HDL-c, high-
density lipoprotein cholesterol; HNF1A, hepatocyte nuclear
factor-1 alpha; hs-CRP, high-sensitivity C reactive protein;
MODY, maturity-onset diabetes of the young.

clinical screening criteria is relatively low (10%-14%) K

A recent study confirmed that the addition of hs-CRP
levels to other clinical parameters used for identifying
HNFIA-MODY slightly improved the performance of the
predictive model.?” Different cut-off values for hs-CRP
levels (0.25-0.75mg/L) have been reported in different
study populations, with a sensitivity ranging from 71%
to 83% and a specificity ranging from 68% to 86%.7 %%
Our study confirmed that the hs-CRP level is a useful
biomarker for the differential diagnosis of HNFIA-MODY
in Chinese population with EOD using a similar cut-off
value (0.72mg/L).

A higher HDL-c level has also been observed in patients
with HNFIA-MODY compared with those with T2DM
or MODY-like phenotypes.7 * However, only one study
reported that the cut-off value for HDL-c (1.12mmol/L)
was able to distinguish patients with HNFIA-MODY from
patients with T2DM.*® These findings were similar to
our results, and with greater effectiveness in diagnosing
females (online supplementary figure S3) in our study.
In fact, in HNFIA” mice, increased plasma cholesterol
levels are predominantly located in large, buoyant HDL
particles, likely due to the reduced activity of the HDL-
catabolic enzyme hepatic lipase and increased expres-
sion of the HDL-esterifying enzyme lecithin: cholesterol
acyl transferase.” Not surprisingly, HDL-c is a relatively
specific biomarker for HNFIA-MODY.

HNFIA encodes a transcription factor that increases
insulin secretion. Impaired insulin secretion, but not
insulin resistance, is the major pathogenic factor associ-
ated with HNFIA-MODY. Although the clinical parame-
ters associated with impaired insulin secretion or insulin
resistance differ between patients with HNFIA-MODY
and T2DM, their application in the differential diagnosis
of HNFIA-MODY had not been well assessed. In our study,
we adopted the upper limit of the normal reference range
for the Fins level as a cut-off and expected to exclude most
patients with obvious insulin resistance. Unfortunately,
88/125 patients with EOD in cohort 1 and 336/402 with
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EOD in cohort 3 had the Fins levels of <102 pmol/L or
insulin treatment, which indicates the Fins cut-off was not
a good indicator for distinguishing HNFIA-MODY and
EOD when it was used as a single marker, but it remained
helpful to filter out some patients with both T2DM and
insulin resistance, and in turn reduce the number of indi-
viduals for genetic screening.

The absence of obesity is one criterion for clini-
cally screening HNFIA-MODY in Caucasians,” and we
confirmed that the obesity-specific cut-off for BMI in the
Chinese population is also sufficiently sensitive to iden-
tify patients with HANFIA-MODY in a Chinese population.
In fact, it was reported that a few of patients with mono-
genic diabetes had overweight or even obesity,” and
some patients with HNFIA-MODY would become over-
weight or obesity when they were treated with insulin. As
observed in our study, one patient with HNFIA-MODY
(carrier of p.Pro33Leu in cohort 1) was obese, which
might attribute to long-term insulin injection because
her maximum body weight occurred after insulin treat-
ment. Thus, we recommended 28 kg/ m? as the cut-off for
clinically identifying HNFIA-MODY instead of the values
identified in our ROC analysis (online supplementary
figures S1 and S3) to avoid as much as possible missing
patients with HNFIA-MODY.

Similar to other studies, 13 of the 23 patients with
HNFIA-MODY (15 patients from cohort 1 and 8 from
cohort 3) identified in our study (56.5%) were diagnosed
before the age of 25 years old, but the family history of
diabetes did not differ significantly between the patients
with HNFIA-MODY and those with EOD. Thus, many
patients with HNFIA-MODY would be missed if a strin-
gent criterion®” ! (eg, onset before 25 years of age or a
family history of diabetes) is adopted to clinically screen
patients for genetic testing.

Multiple biomarkers have been used in previous studies
to improve the sensitivity and specificity of predictive
models for HNFIA-MODY. One study, which included the
largest sample of patients with HNFIA-MODY,” reported
that a clinical predictive model for HNFIA-MODY based
on age, BMI, number of generations diagnosed with
diabetes, presence of diabetes symptoms and geographic
origin only exhibited 49% specificity when the sensitivity
was set to 90%. However, its performance has not been
confirmed in other populations, and this model must be
improved by introducing new biomarkers. Our CSS for
HNFI1A-MODY, which consists of multiple criteria, would
be effective and partly make up the shortcoming of single
criterion. For example, the individuals with obesity might
have opportunity to be picked up through other criteria,
such as Fins, HDL-c or hs-CRP. Although insulin treat-
ment could cause weight gain, insulin treatment itself is
one of four criteria.

According to the available clinical screening criteria
and after considering the cut-off values for several new
biomarkers and pathophysiological characteristics of
HNFIAMODY,? 7 ** we established the HNFIA-CSS to
identify patients with HNFIA-MODY in the clinic. Because

a higher sensitivity is necessary to increase the effi-
ciency of screening for HNFIA-MODY, when balancing
specificity and sensitivity, HANFIA-CSS1 exhibited better
performance (90.5% sensitivity and 73.6% specificity) in
analyzing pooled data than previously reported models
(90% sensitivity and 49% specificity)’ * ** % and single
biomarker (figure 3 and online supplementary figure
S4). Certainly, HNFIA-CSS2 exhibited higher specificity,
but it might miss more patients with ANFIA-MODY.

In this study, we established an approach to identify
candidates for genetic testing of HNFIA-MODY rather
than the full range of MODYs. In fact, each subtype
MODY has its specific clinical features and proper ther-
apeutic regimen. For example, hs-CRP is a biomarker
for HNFIA-MODY’ but not for HNF4A-MODY; and GCK-
MODY was characterized by stable mild hyperglycemia.
American Diabetes Association recommended that SUs
were first-line therapy for HNFIA/4A-MODY and the
patients with GCK-MODY did not require antihypergly-
cemic therapy except sometimes during pregnancy, so
they are important to establish MODY subtype-specific
CSS and correctly determine the subtype of MODY.
Certainly, the CSS for the full range of MODY was also
useful if only basic clinical characteristics were available.
A clinical prediction model to determine the probability
of common MODY subtypes (GCK-MODY, HNFIA/4A-
MODY) had been developed.® Using that model, candi-
date patients could be picked up, and then separate gene
for subtype of MODY need to be sequenced if they meet
CSS for single subtype of MODY or have additional clin-
ical characteristics.

Diabetes due to variants of mitochondrial DNA, GCK,
HNI4A or HNFIB was also common among monogenic
diabetes. To avoid the potential interference from other
subtype monogenic diabetes, we excluded four patients
(two mitochondrial 3243A>G, one GCK-MODY and one
HNI4A-MODY) in evaluating the effectiveness of the
HNFIA-CSS. Of them, only the patient with GCK-MODY
met our HNFIA-CSS, but because he had stable mild
hyperglycemia, it was easy to pick him up as GCK-MODY."’

Our study has some limitations. (1) This HNFIA-CSS
was established for a selected Chinese population of
young patients with EOD and must be tested in other
populations. (2) Although the sample size of the patients
with HANFIA-MODY in this study is the largest sample of
Asians reported to date, it is not large enough to obtain
the best predictive model for HNFIA-MODY. Cut-off
values with the highest sensitivity reported in previous
studies and in our analysis were selected, which was veri-
fied feasible in the study, to improve the performance of
HNFIA-CSS. (3) Indeed, a fasting C peptide level would
be helpful to define the insulin resistance. Unfortunately,
we did not detect the serum C peptide in cohort 2 and
some patients in cohort 1 and cohort 3. (4) Because only
the patients carrying pathogenic or likely pathogenic
variants of HNFIA were diagnosed with HNFIA-MODY
in this study, it is possible that those patients with uncer-
tain significance variants of HNFIA (eg, p.Gly47Arg and
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p-Glub48Gly in online supplementary table S2) were
misdiagnosed as EOD, future functional studies and
other information help to further evaluate the pathoge-
nicity of these variants. (5) Due to the limited sensitivity
of these autoantibody kits, we are not able to exclude all
the patients with T1DM, although GADA, ICA and IA
were analyzed in this study. However, basing on the fact of
low prevalence of TIDM in China, we thought the effect
was ignorable.

In summary, we found a HNFIA-CSS which combining
hs-CRP, BMI, HDL-c and Fins levels is very useful for
distinguishing patients with HNFIA-MODY from young
patients with  EOD in a Chinese population. This
screening strategy is practical and easy to use in a wide
variety of settings in the real world.
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