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ABSTRACT

Background: While insulin has been central to the pathophysiology and treatment of patients with diabetes for the last 100 years, it has only
been since 2007 that genetic variation in the INS gene has been recognised as a major cause of monogenic diabetes. Both dominant and
recessive mutations in the INS gene are now recognised as important causes of neonatal diabetes and offer important insights into both the
structure and function of insulin. It is also recognised that in rare cases, mutations in the INS gene can be found in patients with diabetes
diagnosed outside the first year of life.
Scope of Review: This review examines the genetics and clinical features of monogenic diabetes resulting from INS gene mutations from the
first description in 2007 and includes information from 389 patients from 292 families diagnosed in Exeter with INS gene mutations. We discuss
the implications for diagnosing and treating this subtype of monogenic diabetes.
Major Conclusions: The dominant mutations in the INS gene typically affect the secondary structure of the insulin protein, usually by disrupting
the 3 disulfide bonds in mature insulin. The resulting misfolded protein results in ER stress and beta-cell destruction. In contrast, recessive INS
gene mutations typically result in no functional protein being produced due to reduced insulin biosynthesis or loss-of-function mutations in the
insulin protein. There are clinical differences between the two genetic aetiologies, between the specific mutations, and within patients with
identical mutations.

� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The central role of insulin in the aetiology and treatment of diabetes
has been established for 100 years. However, the role of the INS gene
in the aetiology of diabetes has only recently been established. Though
the INS gene was one of the earliest genes to be cloned (1980) [1,2], it
did not have a significant role in the genetics of diabetes until the
discovery of dominant heterozygous mutations causing neonatal dia-
betes in 2007/2008 [3,4]. This review examines the genetics and
clinical features of monogenic diabetes resulting from INS gene
mutations.
Insulin secreted from pancreatic beta-cells has a vital role in the
regulation of energy homeostasis. Upon binding to its receptors in liver,
muscle, and adipose tissue, insulin exerts its effects through complex
signalling pathways that lead to energy deposition and preservation of
energy stores. Insulin biosynthesis and secretion are tightly regulated
to maintain blood glucose within a narrow physiological range, and
1Steno Diabetes Center Aarhus, Aarhus University Hospital, Aarhus, Denmark 2Institut
Exeter, Exeter, United Kingdom 3Department of Medicine, The University of Chicago, C

4 Julie Støy and Elisa De Franco contributed equally to the manuscript.

*Corresponding author. Aarhus University Hospital, Steno Diabetes Center Aarhus, He

E-mails: julistoe@rm.dk (J. Støy), E.De-Franco@exeter.ac.uk (E. De Franco), hye@
(G.I. Bell), A.T.Hattersley@exeter.ac.uk (A.T. Hattersley).

Abbreviations: ER, endoplasmic reticulum; IQR, interquartile range; MODY, maturity-ons
agent; PNDM, permanent neonatal diabetes; SRP, signal recognition particle; SU, sulfo

Received April 13, 2021 � Revision received June 17, 2021 � Accepted June 17, 202

https://doi.org/10.1016/j.molmet.2021.101280

MOLECULAR METABOLISM 52 (2021) 101280 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
failure of the beta-cells to produce adequate amounts of insulin leads
to hyperglycaemia, as seen in patients with various subtypes of dia-
betes mellitus. Insulin is primarily expressed in the pancreatic beta-
cells, and in the brain and thymus at low levels (reviewed in Hay
and Docherty) [5]. These observations made the INS gene an ideal
etiological candidate gene for isolated neonatal diabetes mellitus
(NDM), which is diagnosed close to birth, typically in the first 6e9
months of life without the involvement of other organs.
Heterozygous INS mutations, both de novo and dominantly inherited,
were the first to be shown to cause isolated neonatal diabetes [3,4].
Following this discovery, recessively inherited INS gene mutations
were identified as a cause of NDM, particularly in patients born to
consanguineous parents [6]. In recent years, the number and types of
mutations identified have steadily increased. This review aims to
provide an update on INS gene mutations and the associated pheno-
types in monogenic diabetes based on published mutations and
experience with 389 diabetes patients from 292 families with a
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mutation in the INS gene and who had their genetic testing done in the
genetic laboratory in Exeter, UK (Table 1, Figures 1 and 2). The patients
were referred from 62 countries from all continents.

2. MOLECULAR STRUCTURE AND BIOSYNTHESIS OF INSULIN

2.1. The human insulin gene
The human insulin gene (INS) spans approximately 1.5 Kb and is
located on chromosome 11p15.5 [1,7]. The gene consists of three
exons separated by two introns, of which only exon two and three are
protein-coding [8]. Exon two encodes the signal peptide, the B-chain,
and the N-terminal part of the connecting peptide of preproinsulin
(amino acids 1e62). Exon three encodes the remainder of the con-
necting peptide and the A-chain of preproinsulin (amino acids 63e
110), whereas exon one only has a regulatory role in the transcription
of the INS gene, with the cyclic AMP response element, CRE3,
embedded in this region [5] (Figure 2).

2.2. Insulin biosynthesis
The initial product of the translation of insulin mRNA is the insulin
precursor preproinsulin, a single chain polypeptide, consisting of a
signal peptide (amino acids 1e24), B-chain (amino acids 25e54),
connecting peptide (amino acids 57e87), and A-chain (amino acids
90e110). Two dipeptides connect the N-terminal part of the con-
necting peptide to the B-chain (Arg-Arg) and the C-terminal part to
the A-chain (Lys-Arg; Figure 1). The newly synthesised signal
peptide binds the signal peptide recognition particle (SRP) in the
cytosol, and the SRP-signal peptide complex interacts with the
translocon on the membrane of the endoplasmic reticulum (ER) and
directs the proinsulin into the lumen of the ER. During the transition
of proinsulin through the ER, the molecule acquires its correct
three-dimensional structure through the folding and formation of
three stabilising disulfide bonds, a process catalysed by chemical
chaperonins. The disulfide bond formation is essential for the
characteristic structure of mature insulin, as these bonds connect
the B-chain and the A-chain after the C-peptide is excised in the
secretory granules. Two of these disulfide bonds connect the B-
chain to the A-chain at B7-A7 and B19-A20, respectively, and the
third disulfide bond is an A-chain intra-chain bond that connects A6
to A11. Only correctly folded proinsulin progresses from the ER to
the Golgi apparatus. In the transGlogi network, the proinsulin is
concentrated and sorted into immature secretory granules. In the
secretory granules, the C-peptide is excised by cleaving the B-
chain-C-peptide junction by proconvertase (PC) 1/3 and carboxy-
peptidase E (CPE) yielding des-31, 32-proinsulin and at the C-
peptide-A-chain junction by PC2 and CPE yielding insulin, C-pep-
tide, three molecules of Arginine, and one molecule of Lysine. In-
sulin is stored in the mature secretory granules and is secreted in
equimolar amounts with C-peptide from the beta-cells in response
to various metabolic signals [9].
Table 1 e Features of the Exeter cohort of patients with INS gene
mutations. Median and IQR.

n
patients

n
families

Birth weight
(z-score)

Age at diagnosis
(days)

Dominant 306 226 �1.1 (�1.8 to 0.3),
n ¼ 205

119 (53e224),
n ¼ 274

Recessive 83 66 �2.9 (�3.8 to �2.5),
n ¼ 59

7 (1e16),
n ¼ 72
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3. INS GENE MUTATIONS IN DIABETES

INS gene mutations are associated with a range of diabetes pheno-
types. The first mutations to be described caused asymptomatic
hyperproinsulinemia or hyperinsulinemia by affecting the excision of C-
peptide from proinsulin or affecting parts of the protein involved in
binding to the insulin receptor [10].
The important breakthrough in the role of INS gene mutations in dia-
betes came when the more common dominant and gain-of-function
INS gene mutations were identified in patients with isolated perma-
nent neonatal diabetes (PNDM) [3,4]. PNDM is distinct from the more
common polygenic autoimmune type 1 diabetes, as the diabetes is
usually diagnosed in the first 6 months of life and is caused by a single
gene defect in one of >25 genes implicated to date [11e14].
In the Exeter cohort, dominant INS gene mutations most commonly
result in diabetes diagnosed in the first 6 months of life (66% of cases),
with approximately 18% of patients diagnosed between 6 and 12
months of age (Figure 3A). In more than 60% of cases, the mutation
appears to be de novo in origin (Figure 4), but INS gene mutations have
also been identified in families with multiple affected family members
across generations [3]. The diabetes is usually permanent and non-
remitting. Dominant INS gene mutations are identified in 8% of pa-
tients diagnosed with diabetes before 6 months of age and they are the
second most prevalent cause of PNDM, after KCNJ11 and ABCC8
mutations (two genes that encode the Kir6.2 and the SUR1 subunit of
the ATP-sensitive potassium channel in the pancreatic beta cell that
together account for 38% of neonatal diabetes cases [14]).
Dominant INS gene mutations have been identified in children and adult
patients diagnosed with non-autoimmune diabetes outside of infancy.
The phenotype usually resembles type 1 diabetes with requirement for
insulin treatment but some patients have a milder phenotype with pre-
served beta-cell function where OHA or even diet treatment is sufficient
to achieve glycaemic targets [3,15e21]. The mutations in the latter
patients are frequently inherited and the patients have a phenotype
consistent with a diagnosis of maturity-onset diabetes of the young.
Recessive INS gene mutations were first described causing neonatal
diabetes with most mutations being homozygous mutations in
offspring of consanguineous parents [6]. The patients with NDM due to
loss-of-function recessive mutations are effectively functional insulin-
knockouts. Almost all diabetes caused by recessive INS gene muta-
tions presents close to birth with only a minority causing diabetes
outside the first 6 months (Figure 4) [6]. In consanguineous families,
recessive INS gene mutations cause ~9% of NDM cases (in the Exeter
cohort). While most recessive INS gene mutations cause PNDM, a
proportion of the patients with homozygous variants affecting the INS
promoter have transient diabetes (TNDM) that remits within the first 3
months of life [6]. In patients with TNDM due to abnormalities at 6q24
or mutations in KCNJ11 or ABCC8, diabetes relapse is seen in
approximately 50% of patients close to puberty, but this is not as well
described for recessive INS gene mutations [6,22]. The heterozygous
parents with a single null allele usually have normal glucose tolerance
but can present with gestational diabetes or diabetes later in life [23].
Further studies of these carriers could identify other genetic and non-
genetic factors that contribute to the development of diabetes.

3.1. Characteristics of mutations

3.1.1. Dominant mutations
More than 90 different dominant mutations in the INS gene have been
identified in probands with PNDM and diabetes diagnosed outside of
infancy (Figures 1 and 2). In addition, three mutations have been found
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Diagram representing the amino acid sequence of human preproinsulin with signal peptide (green), B-chain (red), C-peptide (orange), A-chain (dark blue) with mutations
identified in patients with NDM (black e dominant; yellow e recessive), diabetes diagnosed after 10 years of age (purple), hyperproinsulinemia (green), and hyperinsulinemia
(blue). The dashed circles indicate the residues that are cleaved during the conversion of proinsulin to insulin. Novel mutations identified in the Exeter cohort are underlined.
in patients with familial hyperinsulinemia and four mutations in familial
hyperproinsulinemia. The dominantly acting mutations involve 48 of
the 110 amino acids of the preproinsulin molecule and include
missense (n ¼ 77 and n ¼ 7 in familial hyperinsulinemia and
hyperproinsulinemia), in-frame deletions (n ¼ 4), insertion (n ¼ 1),
nonsense (n ¼ 2), indels (n ¼ 3), frameshift (n ¼ 1) mutations, and
intronic pathogenic variants affecting the splicing of intron 2 (n ¼ 3;
Figures 1 and 2). The mutations affecting the coding sequence are
located in all regions of the preproinsulin molecule. However, the
majority are found in the A-chain and B-chain: Signal peptide (n ¼ 8),
B-chain (n ¼ 38 and n ¼ 2 in hyperinsulinemia and n ¼ 1 in
hyperproinsulinemia), A-chain (n¼ 35 and n¼ 1 in hyperinsulinemia),
C-peptide (n ¼ 5), B-chain/C-peptide junction (n ¼ 1), and C-peptide/
A-chain junction (n ¼ 1 in PNDM and n ¼ 3 in hyperproinsulinemia;
Figure 1) with 23 residues reported to be affected by more than one
different amino acid substitution. More than half of the identified
mutations are located at amino acid residues directly involved in
forming the three disulfide bonds of mature insulin or neighbouring
amino acids. Mutations at five codons (A24, G32, F48, R89, and C96)
together with the splice site mutation c.188-31G>A account for more
than half of the identified probands, and thus, these positions seem to
be mutation hotspots that affect proinsulin biosynthesis and function.
More than 30 mutations reported so far are private, with only one
proband identified with the specific mutation. Some mutations re-
ported here are novel, previously unpublished mutations were identi-
fied in patients from the Exeter cohort: Signal-peptide (n ¼ 1), B-chain
(n¼ 6), C-peptide (n¼ 4), A-chain (n¼ 8), and two intronic mutations
c.188-37T>A and c. 188-40C>A (Figures 1 and 2).
MOLECULAR METABOLISM 52 (2021) 101280 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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The majority of mutations are found in patients with a clinical
phenotype of NDM, whereas a smaller group of mutations are only
found in patients diagnosed with diabetes outside infancy and, in some
cases, after 10 years of age [24]. Both groups of mutations are
distributed across preproinsulin, but notably, mutations associated
with NDM seem to more commonly affect amino acids directly involved
in forming the three disulfide bonds of mature insulin. Interestingly,
mutations at some of the hotspot codons (A24, G32, C43, R89, C96)
are associated with some variation in diabetes severity, with pheno-
types ranging from NDM to diabetes diagnosed outside infancy [24].
These differences have been observed both within families with
several affected family members and between families with identical
mutations, suggesting that other factors may play a role in the severity
of the diabetes phenotype.
The diabetes-causing dominant INS mutations affect beta-cell viability
and interfere with biosynthesis and secretion of insulin through distinct
mechanisms. The mutations located in the signal peptide affect the
processing of preproinsulin to proinsulin, whereas the mutations in the
B-chain and A-chain negatively impact the structure of proinsulin, as
they impede the formation of one of the three disulfide bonds of mature
insulin. In many cases, the mutation leads to the insertion of an
aberrant cysteine residue or substitution of a cysteine residue with
another amino acid and directly compromises the correct formation or
location of the cysteineecysteine disulfide bonds between B7-A7,
B19-A20, or A6-A11. The three dominant intronic mutations identified
in NDM patients are all predicted to result in activation of a cryptic
acceptor splicing site and a frameshift that causes the synthesis of a
misfolded protein.
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 2: A schematic of the human INS gene showing the locations of homozygous and compound heterozygous mutations identified in patients with NDM. Mutations involving
non-coding regions are displayed below the gene, whereas those affecting coding regions are shown above the gene. Three mutations displayed below the gene are dominant
mutations affecting proinsulin folding (bold font). The protein-coding regions of the gene are shown in white, and the regions encoding the 50- and 30-untranslated regions of insulin
mRNA are shown in yellow. Novel mutations identified in the Exeter cohort are underlined.

Figure 3: A. Stacked bar chart representing age at diagnosis with diabetes in the Exeter cohort of patients with dominant INS gene mutations (age at diagnosis missing for 32
individuals). B. Stacked bar chart representing age at diagnosis with diabetes in the Exeter cohort of patients with recessive INS gene mutations (age at diagnosis missing for 11
individuals).

Figure 4: Stacked bar chart representing inheritance of the dominant INS gene mutations in the Exeter cohort (inheritance could not be assessed for 106 individuals as DNA from
both parents was not available).

Review
The mutant proinsulin accumulates within the beta-cell ER and leads to
activation of the unfolded protein response (UPR), including suppres-
sion of synthesis of wild-type insulin and, ultimately, beta cell
4 MOLECULAR METABOLISM 52 (2021) 101280 � 2021 The Author(s). Published by Elsevier GmbH. T
apoptosis [25e27]. Beta-cell death may be preceded by an early
event of reduced insulin secretion due to complex formation between
mutant and wild-type proinsulin with retention in the ER [28], and ER
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stress may develop as a consequence of both accumulation of wild-
type and mutant proinsulin [26,29e33].

3.1.2. Recessive mutations
25 different homozygous or compound heterozygous mutations in the
INS gene have been identified in probands with PNDM, TNDM, and in
rare cases in patients diagnosed with diabetes outside infancy
(Figure 2) [6,22,23,34e39]. The pathophysiology of the recessive
mutations is distinct from the dominantly acting mutations, as they
lead to diabetes through reduced or no insulin biosynthesis. The
specific disease mechanism is determined by the specific location of
the mutation (see Figure 2). The mutations in the INS promoter (n ¼ 7)
reduce the transcription of the gene and may result in PNDM, TNDM,
and diabetes diagnosed outside infancy. Other mutations result in
loss of the translation initiation site (n ¼ 4) and are predicted to alter
mRNA translation or lead to no translation of that allele. Nonsense
mutations (n ¼ 3) lead to truncation of the protein. Three larger de-
letions involving variable stretches of the promoter, signal peptide, and
B-chain have been reported (Figure 2) in patients with PNDM. Finally, a
group of mutations (n ¼ 6) in the terminal intron of the INS gene and
30UTR affect mRNA stability.
Interestingly, mutations at three codons (R6, R46, and L105) have been
identified in the heterozygous state in patients with a clinical diagnosis
of NDM (p. L105P) or MODY (p. R46Q, p. R6C/H) and in the homo-
zygous state in NDM (p. R6C, p. R46*, p. L105V) [6,23,34].

4. CLINICAL CHARACTERISTICS AND TREATMENT OF
PATIENTS WITH INS GENE MUTATIONS

4.1. Neonatal diabetes
In keeping with the expression of insulin in the developing pancreatic
beta-cells, the phenotype of patients with NDM due to both dominant
and recessive INS gene mutations is restricted to low birth weight due
to intrauterine insulin deficiency and postnatal hyperglycaemia. The
phenotype is more severe in patients with recessive INSmutations with
diabetes onset within the first week of life and severe growth retar-
dation compared with median diabetes onset after 4 months of age
and less pronounced growth retardation in patients with dominant
mutations (Table 1). This difference in phenotype is explained by the
different genetic defects and associated pathophysiological events that
lead to diabetes. In the developing fetus homozygous for null INS gene
mutations, the total absence of insulin is likely present from the onset
of endogenous insulin secretion during development, and therefore, all
insulin-mediated growth of the fetus will be absent. Conversely, the
negative impact of a dominant mutation on endogenous insulin
secretion and beta cell viability is gradual and progressive, as it is an
effect of the accumulation of mutant proinsulin in the beta cells ER,
with a variable period of time before leading to a reduction in insulin
secretion.
It is currently unclear which other factors may contribute to the vari-
ation of the diabetes phenotype. An early report of 29 parent-sibling
pairs with dominant INS gene mutations suggested that diabetes
was diagnosed at a younger age when there was paternal, rather than
maternal, inheritance of the mutation [40]. However, this effect was
not replicated in the large Exeter cohort, in which 72 subjects had
inherited the mutations from an affected parent. The median age of
diabetes onset was not significantly different in individuals who had
inherited the mutation from an affected father (14 weeks, IQR 7e34)
versus an affected mother (20 weeks, IQR 12e52, p-value ¼ 0.406).
Gender has been reported to influence the phenotype in the Akita
mouse model (C96Y) of NDM due to a dominant INS gene mutation as
MOLECULAR METABOLISM 52 (2021) 101280 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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the phenotype is markedly more severe in male mice than in females
[32]. A gender dimorphism was also observed in the patients in the
Exeter cohort, with lower birth weights in males than in females
(median z score �1.26 (IQR �2 to �0.79) versus �0.88 (IQR �1.55
to �0.3), p ¼ 0.001). However, the age of diagnosis was not signif-
icantly different between the two sexes (median age at onset of dia-
betes 13 weeks [IQR 7e23] in males versus 17 weeks [IQR 8e26] in
females, p ¼ 0.124).
There are few other clinical features associated with INS gene muta-
tions other than the direct role of insulin on fetal growth and postnatal
glucose. Premature development of cataract is a feature of the Munich
pig (C95S) and this has also been reported in a minority of patients with
dominant INS gene mutations [33,41].
Though the treatment of the large group of patients with NDM due to
either a mutation in KCNJ11 or ABCC8 has changed fundamentally
from mainly insulin to treatment with sulfonylurea, the genetic diag-
nosis in patients with NDM due to INS gene mutations has not led to a
change in treatment. Patients are treated with insulin in replacement
doses, with variable regimens starting with basal insulin alone, basal-
bolus insulin using insulin pens, and treatment with insulin-pump with
or without sensor augmentation [3,42e46].
Even though the genetic diagnosis is not currently associated with a
change in treatment, identifying the causative mutation at an early
stage is essential for genetic counselling and could also be essential
for future treatments of this form of diabetes. It is speculated that
early and aggressive insulin treatment could suppress endogenous
insulin biosynthesis and minimise the toxic effect on the beta cells of
mutant proinsulin. This could in turn support preservation of a pool of
viable beta cells that would allow for, and be the fundament for future
treatments with agents supporting the expression and biosynthesis of
insulin from the healthy allele of the INS gene [47].

4.2. Diabetes diagnosed outside infancy
The phenotype of patients with diabetes onset outside infancy due to a
dominant INS gene mutation is variable with associated clinical phe-
notypes that reflect minimal endogenous insulin secretion and relative
early-onset diabetes in some patients, and in other patients, a milder
phenotype with more modest treatment requirements and diabetes
onset well beyond 10 years of age.
The group of patients diagnosed in early childhood has phenotypes
resembling the features of patients with NDM due to an INS gene
mutation, with the exception that beta-cell failures becomes manifest
later in life. Consistent with this, some of the patients carry the same
mutations as identified in patients with NDM [41,44,48e52]. The
reason for the delay in diabetes onset is not well understood but it
could be influenced by other genetic or non-genetic factors such as
genetic mosaicism. Genetic testing of all patients with diabetes onset
before 6e9 months of age is well established in most centres
worldwide, enabling INS mutations to be easily detected in this age
group, but this is not the case for those diagnosed later. These patients
with dominant INS mutations often have no family history of early-
onset diabetes, as in the majority of cases, they harbour de novo
mutations and present with diabetes after 9 months. Therefore, the
decision to perform genetic testing heavily relies on the lack of
diabetes-associated autoantibodies, and the patients will frequently be
misclassified as having early-onset autoimmune, polygenic type-1
diabetes [53].
A small group of mutations (Figure 1) are associated with diabetes
diagnosed after 10 years of age. There is considerable phenotypic
variation within this group of patients, both between mutations and
among patients carrying the same mutation. The mutation p. R55C is
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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associated with diabetic ketoacidosis at presentation, requiring insulin
treatment. However, further studies of patients with this mutation
could lead to new approaches for treating patients with this specific
mutation. Other mutations, such as p. R46Q, are associated with
preserved beta cell function and treatment requirements that range
from diet intervention to insulin treatment [16,17,21]. There are
insufficient data to document whether non-insulin regimens can
sustain acceptable glycaemic control in the long term or if beta-cell
function progressively declines, necessitating insulin treatment at
some point. Treatments that aim to reduce the demand for endoge-
nous insulin secretion could reduce the toxic effect of the mutant
proinsulin on beta-cells and potentially postpone the development of
manifest beta-cell failure. Interestingly, a novel case report suggested
a marked response to metformin treatment in a sib-pair with the p.
R46Q mutation [21]. This finding warrants replication in additional
patients. In theory, treatment with selective sodium glucose co-
transporter-2-inhibitors (SGLT2i) could be beneficial for these patients
by reducing the glucose load to the beta cells. However, it remains to
be tested in patients, and the risk of ketoacidosis in insulin-deficient
patients may limit its usefulness. Conversely, treatment with medi-
cations that work through stimulation of endogenous insulin secretion,
such as sulfonylurea, is unlikely to benefit this group of patients, as
treatment may increase the secretion of the misfolded mutant insulin
and accelerate the destruction of beta-cells. Treatment with GLP1-
analogues has been suggested as a way of targeting beta cell stress
following in vitro studies and studies in mice that suggest that this
group of medications may inhibit beta cell apoptosis and alleviate beta
cell stress [54e56]. However, GLP-1 analogues stimulate glucose-
dependent insulin secretion, and the joint effect of these mecha-
nisms on patients with dominant INS mutations has not been reported
in patients.
INS gene mutations in diabetes diagnosed after 10 years of age are likely
to be underdiagnosed as the phenotype is subtler than the phenotypes of
patients with other subtypes of monogenic diabetes. Furthermore, the
INS gene is not routinely tested in all centres testing for MODY, and the
correct diagnosis could be missed on this basis [23,51].

5. FUTURE PERSPECTIVES FOR DIAGNOSIS AND TREATMENT
OF INS GENE MUTATIONS

The detection of patients with INS mutations is likely to increase as
molecular genetic testing becomes cheaper and part of routine clinical
management. In patients diagnosed in the first 6 months of life, mo-
lecular genetic sequencing guiding management is already estab-
lished, as routine care and most centres already sequence the INS
gene routinely [57]. The major change will come in the increased
detection of late-onset cases with dominant INS gene mutations,
both de novo and inherited from an affected parent. This change will
occur as it becomes routine to perform molecular genetic testing on all
children, adolescents, and young adults diagnosed with diabetes when
they are negative after being tested for 3 or 4 islet autoantibodies. This
trend for testing all antibody-negative patients is supported by recent
findings that 1 in 8 of these islet autoantibody negative patients will
have monogenic diabetes [58].
The treatment of most patients with INS gene mutations, in which there
is no or minimal insulin secretion, will include exogeneous insulin, and
it will need to be accurately matched to glycaemia, food, and exercise.
This treatment will increasingly occur, using novel technology to sense
glucose and deliver insulin appropriately. An exciting future prospect
includes the delivery of insulin by cell therapy potentially by beta-cells
6 MOLECULAR METABOLISM 52 (2021) 101280 � 2021 The Author(s). Published by Elsevier GmbH. T
derived from stem cells. When these methods are available, patients
who have absolute insulin deficiency due to recessive INS mutations
will be ideal candidates for this therapy, as they are unlikely to suffer
from an autoimmune attack of the beta-cell therapy, unlike patients
with type 1 diabetes.
For the dominant INS mutations, it is likely that a specific molecular
silencing of the mutant allele leaving a functioning normal allele
would be sufficient to prevent diabetes developing. While appearing
an attractive therapeutic option there are many barriers to this
being implemented: there is not a safe way established to silence a
mutant INS allele in animal models. Insulin injections offer a well-
established alternative and risks for novel treatments will need to
be known to be very low. Furthermore, this approach requires intact
beta-cells, but currently most patients only present with diabetes
when there is already considerable damage caused to the beta-cell.
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