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Abstract
Aims/hypothesis HNF1A-MODY is a monogenic form of
diabetes caused by mutations in the HNF1A gene. Here we
identify, for the first time, HNF1A-MODY-associated
microRNAs (miRNAs) that can be detected in the serum
of HNF1A-MODY carriers.
Methods An miRNA array was carried out in rat INS-1
insulinoma cells inducibly expressing the common human
Pro291fsinsC-HNF1A frame shift mutation. Differentially

expressed miRNAs were validated by quantitative real-
time PCR. Expression of miRNAs in the serum of
HNF1A-MODY carriers (n=31), MODY-negative family
members (n=10) and individuals with type 2 diabetes
mellitus (n=17) was quantified by absolute real-time PCR
analysis.
Results Inducible expression of Pro291fsinsC-HNF1A in
INS-1 cells caused a significant upregulation of three
miRNAs (miR-103, miR-224, miR-292-3p). The differential
expression of two miRNAs (miR-103 and miR-224) was
validated in vitro. Strongly elevated levels of miR-103 and
miR-224 could be detected in the serum of HNF1A-MODY
carriers compared with MODY-negative family controls.
Serum levels of miR-103 distinguished HNF1A-MODY
carriers from HbA1c-matched individuals with type 2 diabe-
tes mellitus.
Conclusions/interpretation Our study demonstrates that the
pathophysiology of HNF1A-MODY is associated with the
overexpression of miR-103 and miR-224. Furthermore, our
study demonstrates that these miRNAs can be readily
detected in the serum of HNF1A-MODY carriers.
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Abbreviations
DBP Diastolic blood pressure
HNF1A Transcription factor 1/hepatocyte

nuclear factor 1α
HNF1A-MODY MODY due to a mutation in HNF1A
hsCRP High-sensitivity c-reactive protein
INS-1 Insulinoma cell line
IQR Inter quartile range
miR, miRNA MicroRNA
OGIS Oral glucose insulin sensitivity
RQ Relative expression
SBP Systolic blood pressure
TGF-β Transforming growth factor-β

C. Bonner and K. C. Nyhan contributed equally as first authors.

J. H. M. Prehn and M. M. Byrne share senior authorship.

Electronic supplementary material The online version of this article
(doi:10.1007/s00125-013-2939-4) contains peer-reviewed but unedited
supplementary material, which is available to authorised users.

C. Bonner :K. C. Nyhan : J. Schmid : C. G. Concannon :
J. H. M. Prehn (*)
Department of Physiology and Medical Physics,
Royal College of Surgeons in Ireland, 123 St Stephen’s Green,
Dublin 2, Ireland
e-mail: prehn@rcsi.ie

K. C. Nyhan : S. Bacon :M. P. Kyithar :M. M. Byrne
Department of Endocrinology, Mater Misericordiae
University Hospital, Dublin, Ireland

J. Schmid :C. G. Concannon : J. H. M. Prehn
Centre for Systems Medicine, Royal College of Surgeons
in Ireland, Dublin, Ireland

I. M. Bray :R. L. Stallings
Department of Cancer Genetics, Royal College of Surgeons
in Ireland, Dublin, Ireland

I. M. Bray :R. L. Stallings
Children’s Research Centre, Our Lady’s Children’s Hospital,
Dublin, Ireland

Present address:
C. Bonner
European Genomic Institute for Diabetes (EGID), FR 3508,
INSERM UMR U859, Lille, France

Diabetologia (2013) 56:1743–1751
DOI 10.1007/s00125-013-2939-4

http://dx.doi.org/10.1007/s00125-013-2939-4


Introduction

HNF1A-MODY is a monogenic form of diabetes mellitus
[1] caused by mutations in the gene encoding transcription
factor 1 (TCF-1)/hepatocyte nuclear factor 1α (HNF1A), the
most common of which is a frame shift mutation in exon 4,
Pro291fsinsC-HNF1A [2]. Aberrant gene regulation is a key
feature in HNF1A-MODY [3–5]. Previous reports on gene
expression profiling performed in in vitro and in vivo
models of HNF1A-MODY have identified defects in insulin
secretion, glucose metabolism, mitochondrial electron trans-
port, intercellular communication and cell adhesion, apopto-
sis and proliferation to be associated with HNF1A-MODY
[6–11]. MicroRNAs (miRNAs) have emerged as potent
regulators of gene function in numerous diseases including
cancer and diabetes [12–15]. MicroRNAs are typically 19–
25 nucleotide non-coding RNA molecules, which suppress
gene expression via imperfect base pairing to the 3′
untranslated region (3′UTR) of target mRNAs, leading to
repression of protein production or mRNA degradation [16,
17]. So far, more than 1,500 predicted miRNA precursors,
leading up to 2,154 mature miRNAs, have been identified in
the human genome (www.miRbase.org; accessed November
2012). These findings suggest that miRNAs play a funda-
mental role in genome-wide regulation of gene expression.

Recent studies provided evidence that miRNAs have an
important role in pancreatic development [18] and beta cell
differentiation [19], as well as in insulin production, secre-
tion and action [15]. To date there have not been any studies
investigating the potential involvement of miRNAs in the
pathogenesis of HNF1A-MODY. In this study we therefore
investigated changes in miRNA expression in INS-1
insulinoma cells inducibly expressing the Pro291fsinsC-
HNF1A hot-spot mutation and in serum from individuals
with HNF1A-MODY.

Methods

INS-1 cells overexpressing HNF1A in an inducible system Rat
INS-1 insulinoma cells inducibly expressing the human
HNF1A-MODY frame shift mutant Pro291fsinsC-HNF1A
under the control of a doxycycline-dependent transcriptional
activator have been described previously [3, 9, 10, 20]. The
Pro291fsinsC-HNF1A mutant has been shown to bind en-
dogenous HNF1A, and to act as a dominant-negative tran-
scription factor in vitro [4]. Cells were cultured in RPMI
1640 at 6 mmol/l glucose supplemented with 10% FBS
(PAA, Cölbe, Germany), 2 mmol/l L-glutamine, 1 mmol/l
pyruvate, 100 U/ml penicillin, 100 μg/ml streptomycin,
10 mmol / l HEPES (pH 7.4) and 50 μmol/ l 2-
mercaptoethanol (Sigma, Dublin, Ireland) [21]. Measure-
ment of HNF1A induction in INS-1 cells was carried out

using absolute quantitative PCR. An HNF1A gene-specific
PCR amplicon was prepared as a standard. The calibration
curve was created by plotting the threshold cycle (Ct) cor-
responding to each standard vs their corresponding log
number of HNF1A standard (expressed as cDNA copy
number of the HNF1A gene). Normalisation was carried
out using total RNA values, as previously described [9].

TaqMan microRNA array INS-1 cells were cultured in T25
flasks in complete medium with or without 500 ng/ml doxy-
cycline for 24 h or 48 h. Cells were harvested for total RNA
using the Qiagen miRNeasy kit (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol. All downstream
applications were performed on ice in an RNAse-free envi-
ronment to prevent miRNA degradation. Thirty nanograms of
total RNA enriched inmiRNAs was converted to cDNA using
the TaqMan MicroRNA Reverse Transcription Kit (Roche-
Applied Biosystems, Burgess Hill, UK), and pre-
amplification was carried out on the cDNA using Megaplex
PreAmp Primers (Invitrogen, Paisley, UK). TaqMan Univer-
sal PCR Master Mix (Roche-Applied Biosystems) was added
to the samples, which were then loaded onto TaqMan Rodent
MicroRNA A+B Cards Set v2.0 (Invitrogen) and run on a
7900HT system using 7500 SDS version 1.2.2 (Life Technol-
ogies, Carlsbad, CA, USA). Each card contained three endog-
enous rat controls. The data was normalised to the
endogenous control MammU6 (MammU6-4395470). The
controls U87 (U87-4386735) and Y1 (Y1-4386739) were
normalised to the MammU6. Before calculating relative ex-
pression values, normalisation was carried out by subtracting
the average endogenous control sample Ct from the individual
miRNA Ct values. Relative expression (RQ) of miRNA was
calculated using the ΔΔCt method; RQ ¼ 2−ΔΔCt . p values
were calculated using a t test assuming two-tailed distribution
in two samples of unequal variance.

Real-time quantitative PCR analysis INS-1 cells were cul-
tured in six-well plates in complete medium with or without
500 ng/ml doxycycline for 24 h or 48 h. Cells were
harvested for RNA enriched in miRNAs using the Qiagen
miRNeasy kit according to the manufacturer’s protocol.
Reverse transcription was carried out on 30 ng of RNA
using the TaqMan MicroRNA Reverse Transcription Kit
and Taqman probes specific to the individual miRNAs cho-
sen (miR-103, miR-224 and miR-29a). Real-time PCR am-
plification was performed with the reverse transcription
products using TaqMan 2× Universal PCR Master Mix
without UNG Amperase, and miRNA-specific TaqMan
probes were purchased from Roche Diagnostics, Burgess
Hill, UK: hsa-miR-103 (AGCAGCAUUGUACAG
GGCUAUGA); hsa-miR-224 (CAAGUCACUAGU
GGUUCCGUU); hsa-miR-29a (UAGCACCAUCUGA
AAUCGGUUA).
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As expression of miRNA-29a did not show any change in
the miRNA array it was chosen as an internal control for the
real-time PCR in INS-1 cells overexpressing the Pro291fsinC-
HNF1A mutant. Samples were run on an Applied Biosystems
7500 Real-Time PCR system (Applied Biosystems, Foster City,
CA, USA) with an initial denaturation at 95°C for 10 min,
followed by 40 cycles at 95°C for 15 s and 60°C for 1 min.

Prediction of gene targets Potential gene targets of differ-
entially expressed miRNAs were predicted using two public
databases: miRanda (www.microrna.org/microrna/home.do)
accessed April 2010 and TargetScan (www.targetscan.org/),
accessed April 2010. The gene functional classification tool
DAVID (http://david.abcc.ncifcrf.gov/home.jsp, accessed
June 2010) was used to identify the signalling pathways to
which the predicted gene targets belonged [22, 23]

Participants and clinical and laboratory measurements In-
dividuals with a clinical diagnosis of MODY were recruited
from the MODY diabetes clinics in the Mater Misericordiae
University Hospital Dublin in Ireland. Sequencing of the
HNF1A gene was performed by IntegraGen (Bonn, Germa-
ny) in 2006–2007 and the Molecular Genetics Laboratory
(Exeter, UK) in 2008–2010. Genetically confirmed MODY
carriers included 31 cases with HNF1A mutations. The in-
dividuals with HNF1A mutations were from 11 pedigrees
and the mutations included L17H (n=1), G207D (n=1),
P291finsC (n=14), S352fsdelG (n=9), F426X (n=2),
P379T (n=2) and IVS7-6G>A (n=2). The mutations named
above have been previously published and are known to co-
segregate in families with diabetes [24, 25]. There were ten
normoglycaemic BMI-matched HNF1A-MODY-negative
family members available as a control group. In addi-
tion, 17 participants with type 2 diabetes mellitus, matched
for HbA1c, were recruited from the diabetes clinics in the
Mater Misericordiae University Hospital.

All participants underwent a clinical assessment, includ-
ing a full medical history and physical examination. Details
of the participants’ weight, height and blood pressure were
recorded. A 75 g OGTT was performed on participants after
a 12 h overnight fast, with measurement of glucose, insulin
and C-peptide at baseline and at 30 min intervals for
120 min to determine the degree of glucose tolerance and
insulin secretory response. In patients with diabetes, oral
hypoglycaemic agents were stopped at least 48 h before
the OGTT while in those taking insulin, long-acting insulin
therapy was stopped for 24 h and short-acting insulin
stopped for 12 h before OGTT. ADA diagnostic criteria
were used to define the degree of glucose tolerance. The
oral glucose insulin sensitivity (OGIS) was calculated as
previously described [26]. The plasma glucose concentra-
tion was measured using Beckman Synchron DXC800
(Beckman Instruments, Brea, CA, USA). HbA1c was

determined using high-performance liquid chromatography
(HA81-10; Menarini, Rome, Italy). Insulin and C-peptide
were analysed using Immulite 2000 immunoassay (Siemens
Healthcare Diagnostics, Deerfield, IL, USA).

The study was approved by the Research Ethics Com-
mittee at the Mater Misericordiae University Hospital Dub-
lin and all participants gave informed written consent.

RNA isolation from serum and absolute quantitative RT-
PCR assays Total RNA enriched with miRNAs was isolated
from serum samples (200 μl), taken from HNF1A-MODY
carriers, participants with type 2 diabetes mellitus and
MODY-negative normoglycaemic family members, using
the Total RNA Purification Kit (Norgen Biotek, Thorold,
ON, Canada). Reverse transcription was carried out on
10 ng of RNA using the TaqMan MicroRNA Reverse Tran-
scription Kit and Taqman probes specific to the individual
miRNAs (miR-103 and miR-224). Individual miRNAs from
participants’ serum samples were detected by absolute
qPCR. TaqMan assays for human miRNAs hsa-miR-103
and hsa-miR-224 were obtained from Applied Biosystems.
Oligoribonucleotides corresponding to the mature sequence
of each miRNAwere synthesised (Sigma Aldrich, Wicklow,
Ireland) and reverse transcribed to generate a standard
curve. The oligoribonucleotides sequences used were:
miR-103 mature sequence: AGCAGCAUUGUACA
GGGCUAUGA; and miR-224 mature sequence:
CAAGUCACUAGUGGUUCCGUU. The standard curve
was established using cDNA generated from the 23-bp or
21-bp human miR-103/miR-224 mature sequence
amplicons, respectively. Two microlitres of cDNA were
used as templates for PCR using the LightCycler 2.0
(Roche-Applied Biosystems). The miR-103 and miR-224
amplicons were isolated and purified using QIAquick PCR
purification kit (Qiagen). The absolute quantity of the puri-
fied amplicons was measured by their absorbance at 260 nm
and converted to the number of copies using the molecular
weight of DNA. The miR-103 and miR-224 amplicons were
diluted to a concentration of 5.98×107/5.87×107 copies per
μl (stock solution). When a standard curve was to be
established for the real-time quantitative PCR assay, the
stock solution was diluted over seven orders of magnitude
(e.g. 5.98×107, 5.98×106, 5.98×105, 5.98×104, 5.98×103,
5.98×10 and 5.98×101, copies per μl). All unknown sample
concentrations had to fall within this range. Samples were
run on the LightCycler 2.0 system with an initial denatur-
ation at 95°C for 10 min, followed by 80 cycles at 95°C for
10 s (denaturation), 60°C for 20 s (annealing) and 72°C for
1 s. The data were analysed using LightCycler Software 4.0.
The normalised values (dCt) from serum of HNF1A-MODY
carriers were compared with serum from MODY-negative,
normoglycaemic family members and participants with type
2 diabetes mellitus.
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Statistical analysis Results of miRNA expression in cells
were expressed as means±SEM. Differences between treat-
ments were analysed by Student’s t test, as well as one-way
ANOVA and subsequent Tukey’s tests. Serum measurements
and clinical data were given as median and inter quartile range
(IQR) and compared by Mann–Whitney U test and Spearman
correlation analysis. Statistical analysis was conducted using
SPSS version 19 (IBM, Armonk, NY, USA) and MatLab
version 7.1 (MathWorks, Natick, MA, USA). Differences
were considered to be significant at p<0.05.

Results

MicroRNA expression profiling in INS-1 cells identifies specif-
ic miRNAs regulated by the MODY-associated Pro291fsinsC
HNF1A hot-spot mutation Expression of the dominant-
negative HNF1A frame shift mutation Pro291fsinsC was
induced in INS-1 cells by treatment with doxycycline for
24 h and 48 h to suppress endogenous HNF1A function. We
observed a time-dependent induction of Pro291fsinsC-
HNF1A mRNA (Fig. 1a). To identify specific miRNAs
regulated by Pro291fsinsC-HNF1A in an unbiased manner,
a TaqMan rodent miRNA array analysis was carried out. A
total of 303 unique rat miRNAs were tested. Using a fold
change cut-off of ≥1.5, we found three miRNAs (miR-103,
miR-224, and miR-292-3p) to be differentially expressed at
both time points, using biological duplicates, compared with
an internal control (Fig. 1b). Analysis of the miRBase data-
base (www.mirbase.org/index.shtml) [27] revealed that
miR-292-3p is not expressed in humans, and was therefore
not further investigated. We next validated the two
upregulated miRNAs (miR-103 and miR-224) by individual
TaqMan qRT-PCR assays. INS-1 cells were treated with
doxycycline for 24 h and 48 h to induce overexpression of
the Pro291fsinsC-HNF1A mutant [9]. Consistent with our
profiling results, we observed that both miR-103 and miR-

224 were significantly upregulated after 24 h and 48 h of
exposure to doxycycline (Fig. 1c).

Database analysis was carried out to determine possible
gene targets of the experimentally validated, differentially
expressed miRNAs. We employed the use of two different
target prediction algorithms, miRanda and TargetScan, for
our analysis. Gene functional analysis was carried out using
DAVID to group putative gene targets into functional sig-
nalling KEGG pathways. The number of genes (count) and
the percentage of genes from the predicted lists are shown in
electronic supplementary material (ESM) Table 1. Analysis
of putative target genes for miR-103 revealed the insulin
signalling pathway to be among the top signalling pathways
targeted, as well as Ca2+ signalling; analysis of putative
target genes for miR-224 revealed endocytosis and TGF-β
signalling.

MicroRNA-103 and miR-224 are detectable in the serum of
HNF1A-MODY carriers As miRNAs have been shown to
be secreted from cells, we next investigated whether miR-
103 or miR-224 levels were also elevated in the serum of
HNF1A-MODY carriers compared with family controls. We
performed an absolute quantitative PCR analysis of these
two miRNAs extracted from individual serum from
HNF1A-MODY patients (n=31) and age- and BMI-
matched MODY-negative family members (n=10). Clinical
characteristics are shown in Table 1.

We found miR-103 to be potently upregulated in the sera of
the majority of HNF1A-MODY patients compared with the
MODY-negative controls (Fig. 2; median [IQR] 1,030 [458–
3,318] copy number vs 14 [0–126] copy number, p=0.00001).
We next explored whether levels of miR-103 correlated with
any clinical or biochemical variables. Interestingly, miR-103
correlated negatively with triaclyglycerol and systolic blood
pressure (ρ=−0.44, p=0.02 and ρ=−0.45, p=0.01), but did
not correlate with HbA1c (ρ=0.12, p=0.54), OGIS (ρ=0.18,
p=0.34), age (ρ=−0.21, p=0.25) or duration of diabetes
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Fig. 1 miR-103 and miR-224 are differentially expressed in INS-1
cells inducibly expressing Pro291fsinsC-HNF1A. (a) Time course of
Pro291fsinC-HNF1A mRNA induction in INS-1 cells. Please refer to
Methods section. (b) Identification of miRNA regulated by
Pro291fsinC-HNF1A using rodent miRNA array plates. Data is repre-
sented as the RQ of two independent biological samples treated with

doxycycline at 24 h (grey bars) and 48 h (black bars) time points
relative to an internal control. (c) Validation of miRNA fold expression
changes. ΔCt values were calculated by subtracting the Ct value for
miR-29a (control) from the corresponding Ct value for each miRNA.
White bars, control; grey bars, 24 h timepoint; black bars, 48 h time
point. Experiments were carried out in triplicate (*p<0.05 vs control)
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(ρ=−0.02, p=0.92) (Table 2). Almost one-third (32.2%) of
patients were treated with diet alone and the remainder were
either treated with insulin or oral hypoglycaemic agents, pre-
dominantly sulfonylureas. The particular type of treatment did
not correlate with levels of miR-103. The type of the HNF1A
mutation (transactivation domain vs dimerisation domain) did
not have a significant influence on miR-103 levels
(transactivation domain vs dimerisation domain: median

[IQR] 1,060 [913–1,848] copy number vs 660 [331–7,005]
copy number, p=0.5531).

Interestingly, miR-224 expression was also very abun-
dant in the sera of HNF1A-MODY patients compared with
the amount detected in the control group (Fig. 2; median
[IQR] 2,610 [9–18,475] copy number vs 33 [23–46] copy
number, p=0.0467). In contrast to miR-103, levels of miR-
224 correlated significantly with OGIS (ρ=0.44, p=0.0167)

Table 1 Clinical data for
HNF1A-MODY and HNF1A-
MODY-negative family
members

Data are shown as mean (IQR)
aMann–Whitney test

DBP, diastolic blood pressure;
N/A, not applicable

Clinical variable HNF1A-MODY HNF1A-MODY-negative
family controls

p valuea (HNF1A-
MODY vs negative
controls)

n 31 10

Age (years) 36 (21–52) 24 (18–46) 0.2675

Duration of diabetes (years) 6 (2–19) N/A

BMI (kg/m2) 24.4 (22.1–26.2) 22.8 (20.4–30.5) 0.7156

HbA1c

(%) 7.1 (6.3–8.0) 5.3 (5.2–5.5) 0.005

(mmol/mol) 54 (45–64) 34 (33–37) 0.005

SBP (mmHg) 120.5 (114.0–130.0) 112.5 (111.0–140.0) 0.3812

DBP (mmHg) 70.5 (67.0–80.0) 69 .0 (64.0–85.0) 0.8262

Triacylglycerol (mmol/l) 0.71 (0.60–0.90) 0.90 (0.70–1.11) 0.1827

Cholesterol (mmol/l) 4.3 (3.6–5.0) 4.6 (4.1–5.1) 0.5174

HDL-cholesterol (mmol/l) 1.4 (1.1–1.7) 1.11 (0.82–1.35) 0.1372

LDL-cholesterol (mmol/l) 2.5 (2.1–3.1) 3.2 (2.6–3.6) 0.1479

OGIS (ml min−1 m−2) 349.0 (289.3–427.5) 501.5 (414.0–512.0) 0.0021

Fasting glucose (mmol/l) 6.8 (5.3–8.5) 4.8 (4.6–5.0) 0.0001

AUC glucose (mmol/l×min) 56.15 (44.19–68.99) 25.90 (24.25–27.00) 0.0001

AUC insulin (pmol/l×min) 43.28 (27.86–73.80) 180.17 (118.25–233.90) 0.0001

miR-103 (copy number) 1,030 (457–3,317) 14 (0–126) 0.0001

miR-224 (copy number) 2,610 (9–18,475) 33 (22–46) 0.0467
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Fig. 2 HNF1A-MODY
carriers show elevated serum
levels of miR-103 and miR-
224. miR-103 (black bars) is
significantly higher in HNF1A-
MODY than in MODY-
negative family controls
(median [IQR] 1,030 [458–
3,318] copy number vs 14
[0–126] copy number,
p=0.00001). Serum levels of
miR-224 (grey bars) are also
elevated in HNF1A-MODY
compared with family controls
(median [IQR] 2,610 [9–
18,475] copy number vs 33
[23–46] copy number,
p=0.0467)
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but did not correlate with any other clinical variables (TG
ρ=−0.09, p=0.64; systolic blood pressure [SBP] ρ=−0.02,
p=0.93; HbA1c ρ=−0.16, p=0.39; age ρ=0.09, p=0.64;
duration of diabetes ρ=−0.17, p=0.35) (Table 2). The type
of treatment used for glycaemic control did not correlate
with the expression of miR-224. However, there was
a significant correlation with the type of mutation
(transactivation domain vs dimerisation domain: median
[IQR] 16,100 [27–27,050] copy number vs 181 [3–9,800]
copy number, p=0.046). We also noted that HNF1A-
MODY carriers with high levels of circulating miR-103
frequently showed low levels of miR-224, and vice versa
(Fig. 2). Assuming that it may be sufficient that elevation of
one of the miRNAs may be an important event in the
pathophysiology of HNF1A-MODY, we also explored
whether the sum of miR-224+miR-103 correlated with a
clinical feature. Interestingly, the miR-224+miR-103 sum
correlated positively with OGIS (ρ=0.58, p=0.001) and
negatively with fasting glucose (ρ=−0.51, p=0.0034).

HNF1A-MODY carriers have higher miR-103 serum levels
than HbA1c-matched individuals with type 2 diabetes
mellitus We next aimed to provide the first clinical proof-
of-concept that the HNF1A-MODY-associated miRNAs
identified may also distinguish HNF1A-MODY from other
forms of diabetes. We therefore determined serum levels of
miR-103, which showed the highest discriminative power in
the above studies, in a cohort of HbA1c-matched individuals
with type 2 diabetes mellitus. HNF1A-MODY carriers had a
lower BMI than the individuals with type 2 diabetes mellitus
(median [IQR] 24.4 [22.1–26.2] kg/m2 vs 26.8 [25.3–27.4]
kg/m2, p=0.04). HNF1A-MODY carriers had a better met-
abolic profile than the individuals with type 2 diabetes
mellitus, with lower blood pressure recordings (SBP, medi-
an [IQR] 120.5 [114.0–130.0] mmHg vs 130.0 [127.5–
143.8] mmHg, p=0.02 and diastolic blood pressure [DBP]
median [IQR] 70.5 [67.0–80.0] mmHg vs 80.0 [75.3–85.0]
mmHg, p=0.009) and higher HDL levels (median [IQR] 1.4
[1.1–1.7] mmol/l vs 1.1 [0.9–1.3 mmol/l], p=0.03). Of note,
miR-103 serum levels were also significantly higher in the
sera of HNF1A-MODY carriers than in sera from the group

with type 2 diabetes mellitus (Fig. 3; median [IQR] 1,030
[458–3,318] copy number vs 129 [8–399] copy number,
p=0.00003).

Discussion

Monogenic forms of diabetes, such as HNF1A-MODY, ac-
count for a small proportion of cases but their penetrance and
pathogenesis over a 20 year timespan makes them attractive
models to study disease progression and therapeutic re-
sponses, and to identify potential predictive or prognostic
biomarkers. In this study, we characterised miRNA expression
in INS-1 cells inducibly expressing the Pro291fsinsC-HNF1A
mutation, which acts to suppress endogenous HNF1A func-
tion, and identified two miRNAs, miR-103 and miR-224,
which were significantly elevated upon suppression of endog-
enous HNF1A function. Furthermore, we found that both
miRNAs were potently elevated, in the serum of HNF1A-
MODY patients when compared with family controls (mean
levels 47- and 293-fold higher, respectively).

Table 2 Correlations of miR-
103 and miR-224 with clinical
variables in HNF1A-MODY
carriers

Clinical variable miR-103 miR-224

Correlation p value Correlation p value

Age (years) −0.21 0.25 0.09 0.64

Duration of diabetes (years) −0.02 0.92 −0.17 0.35

HbA1c (%/mmol/mol) 0.12 0.54 −0.16 0.39

SBP (mmHg) −0.45 0.01 −0.02 0.93

Triacylglycerol (mmol/l) −0.44 0.02 −0.09 0.64

OGIS (ml min−1 m−2) 0.18 0.34 0.44 0.01
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Fig. 3 miR-103 may distinguish HNF1A-MODY carriers from individ-
uals with type 2 diabetes mellitus. Box plot showing median and IQR;
dashed line indicates mean of miRNA copy numbers. Serum levels of
miR-103 are significantly lower in individuals with type 2 diabetes
mellitus than in HNF1A-MODY (median [IQR]: circles, 129 [8–399]
copy number vs triangles 1,030 [458–3,318] copy number, *p=0.00003).
Data are from the HNF1A-MODY carriers (n=31) and a group of HbA1c-
matched participants with type 2 diabetes mellitus (n=17)
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Several microRNAs have recently been suggested to play
important roles in the pathophysiology of diabetes [13, 14].
miR-103, which we found to be upregulated in INS-1 cells
inducibly expressing the Pro291fsinsC-HNF1Amutation, rep-
resents a well-characterised miRNA in the context of diabetes
and obesity in animal models. miR-103 has been implicated in
adipocyte differentiation [28], and was found to be signifi-
cantly upregulated in the livers of hyperglycaemic rats [29]
and mouse models of diabetes [14]. Expression of miR-103
and miR-107 (which differs from miR-103 by a single nucle-
otide) was also found to be upregulated in obese mice [14],
with inhibition of miR-103/-107 leading to improved glucose
homeostasis and insulin sensitivity. Caveolin-1, an important
regulator of the insulin receptor gene, has been identified as a
functional gene target for miR-103 [14]. In the present study,
we found elevated miR-103 levels in the serum of HNF1A-
MODY carriers. In line with the above-mentioned animal
studies, it is possible that hyperglycaemia may be sufficient
to contribute to the increase in miR-103 levels in individuals
with HNF1A-MODY. However, we did not observe a signif-
icant correlation between miR-103 levels and glycaemic con-
trol in these individuals. Furthermore, miR-103 was induced
in INS-1 cells compared with non-induced control cells when
both were cultured at identical glucose levels. These findings
therefore suggest that factors other than hyperglycaemia, but
triggered by the suppression of endogenous HNF1A function,
contributed to miR-103 induction.

miR-224, which we also found to be upregulated in INS-1
cells inducibly expressing the Pro291fsinsC-HNF1A muta-
tion, has not yet been associated with diabetes. It has, howev-
er, been previously found to be dysregulated in several types
of human cancer, including hepatocellular carcinoma, pancre-
atic ductal adenocarcinoma and renal cell carcinoma [30–32].
Of note,HNF1A is highly expressed in the organs affected and
somatic mutations inHNF1A have been previously associated
with these and other cancers [33–35]. Furthermore, the pro-
gression of hepatocellular carcinomas in mice has been shown
to be associated with a downregulation of HNF1A function
[36]. miR-224 levels have been shown to be regulated by the
TGF-β/Smad pathway [37], while the TGF-β signalling path-
way was predicted to be targeted by miR-224 (ESM Table 1).
Additional work is required to identify gene targets regulated
by miR-224 in beta cells and to determine their role in
HNF1A-MODYand diabetes.

There have been recent studies investigating miRNA ex-
pression profiles in individuals with type 1 and type 2 diabetes
mellitus. Zampetaki et al identified five particular miRNAs
that were found to be elevated 0.3- to 1.0-fold in individuals
with type 2 diabetes mellitus [38]. Similarly, a study profiling
individuals newly diagnosed with type 1 diabetes mellitus
compared with healthy controls revealed 12 human miRNAs
that were upregulated approximately twofold when compared
with controls. Interestingly, several of these miRNAs were

linked to apoptosis regulation (miR-181a, miR-24, miR-25,
miR-210 and miR-26a) [39]. Only one miRNA (miR-24)
overlapped both the type 1 and type 2 diabetes mellitus groups
studied. Our study demonstrated a significant, 47- and 293-
fold higher difference in mean miRNA expression for miR-
103 and miR-224 when comparing individuals with HNF1A-
MODY and their negative controls. We also identified a
sixfold difference in mean miRNA expression for miR-103
between HNF1A-MODY carriers and individuals with type 2
diabetes mellitus. Interestingly, the miRNAs previously iden-
tified in the above studies did not include miR-103 or miR-
224, suggesting that these may be specific to HNF1A-MODY,
or may only be found in subpopulations of patients with type 1
or type 2 diabetes mellitus. Further clinical studies are re-
quired to test this hypothesis. Over the years a variety of
potential biomarkers have been investigated to differentiate
HNF1A-MODY from other forms of diabetes, particularly
type 1 diabetes and type 2 diabetes. Recently published arti-
cles have used findings from genome-wide association studies
to develop the potential biomarkers high-sensitivity c-reactive
protein (hsCRP) and glycan [40, 41]. However, there are
limitations to the clinical use of these biomarkers, including
concurrent inflammation in the case of hsCRP and the lack of
availability of a high-throughput assay for glycan profiling.
Although we provide first clinical proof-of-concept that miR-
103 may distinguish HNF1A-MODY carriers from individ-
uals with type 2 diabetes (p=0.0001), further clinical studies
on larger patient cohorts and incorporating other biomarkers,
such as hsCRP, are warranted. Nevertheless, our study shows
that analysing miRNA levels in serum may be clinically
feasible and a promising area for identifying potential bio-
markers for HNF1A-MODY. Despite the existence of RN-
ases, miRNAs remain stable in serum and other body fluids,
and appear to have the potential to serve as paracrine signal-
ling molecules [42]. The reason for this appears to be contro-
versial, with some arguing that miRNAs are engulfed into
lipid or lipoprotein complexes such as exosomes or
microvesicles [43, 44]. Others suggest that the export of
miRNAs by mammalian cells is independent from exosomes
[45] and are in fact derivatives of dead cells that remain bound
to Ago2 protein (a part of RNA-induced silencing complex) in
the extracellular matrix [46]. Irrespectively, their stability may
make miRNAs suitable for biomarker development.

We currently cannot determine whether the miRNAs
detected in the serum of HNF1A-MODY carriers originated
from beta cells or from other HNF1A-expressing organs such
as liver and kidney. Of note, we also found that HNF1A-
MODY carriers with high levels of circulating miR-224 fre-
quently showed low levels of miR-103, and vice versa. It is
possible that this is a functional interaction, or a consequence
of the different types of HNF1A mutations, or of different
tissues expressing or secreting different miRNAs in vivo.
HNF1A-MODY carriers are relatively insulin sensitive; in
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this current study, miR-224 and the aggregate of miR-103 and
miR-224 correlated positively with OGIS, which is an esti-
mate of glucose clearance in a hyperinsulinaemic–
euglycaemic clamp. Further prospective clinical studies on
larger HNF1A-MODY patient cohorts are required to deter-
mine whether serum levels of miR-224 or miR-103 are asso-
ciated with a lower or higher risk of developing complications
associated with diabetes or whether they may indicate re-
sponses to therapeutic intervention. We did not apply correc-
tions for multiple comparisons to the analyses so as not tomiss
any potential associations with clinical variables in the current
population studied.

The currently available therapeutic options for the manage-
ment of diabetes and its related complications are not
completely effective, suggesting that our knowledge of the
disease is incomplete. Because of the roles of microRNAs in
the fine tuning of physiological processes and their
dysregulation in human diseases such as diabetes, study of
microRNAs may provide new insights into disease pathogen-
esis, and may deliver new targets for therapeutic intervention.
Indeed, the first miRNA-targeting agent (an inhibitor of miR-
122) has already entered human clinical trials for the treatment
of hepatitis C virus infection. Our study highlights the role of
miRNAs in the pathogenesis of diabetes and their potential as
future therapeutic targets and biomarkers.
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