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B Abstract

The genomics revolution has raised more questions than it
has provided answers. Big data from large population-scale
resequencing studies are increasingly deconstructing classic
notions of Mendelian disease genetics, which support a sim-
plistic correlation between mutational severity and pheno-
typic outcome. The boundaries are being blurred as the
body of evidence showing monogenic disease-causing alleles
in healthy genomes, and in the genomes of individuals with
increased common complex disease risk, continues to grow.
In this review, we focus on the newly emerging challenges
which pertain to the interpretation of sequence variants in
genes implicated in the pathogenesis of maturity-onset dia-
betes of the young (MODY), a presumed monogenic form of
diabetes characterized by Mendelian inheritance. These
challenges highlight the complexities surrounding the as-
signments of pathogenicity, in particular to rare protein-

alerting variants, and bring to the forefront some profound
clinical diagnostic implications. As MODY is both geneti-
cally and clinically heterogeneous, an accurate molecular
diagnosis and cautious extrapolation of sequence data are
critical to effective disease management and treatment. The
biological and translational value of sequence information
can only be attained by adopting a multitude of confirmatory
analyses, which interrogate variant implication in disease
from every possible angle. Indeed, studies which have effec-
tively detected rare damaging variants in known MODY
genes in normoglycemic individuals question the existence
of a single gene mutation scenario: does monogenic diabetes
exist when the genetic culprits of MODY have been system-
atically identified in individuals without MODY?

Keywords: type 2 diabetes - MODY - HNF1A - GCK -
GWAS - variant causality - monogenic disease - mutant allele
- next generation sequencing

1. What is maturity-onset diabetes of
the young (MODY)?

Zgm aturity-onset diabetes of the young (MODY)

Wk (MIM606391) is a rare disorder that results
AU in nonketotic hyperglycemia in young adults
as a consequence of altered pancreatic beta-cell
function, primarily through reduced glucose-
stimulated insulin secretion [1, 2]. It is character-
ized by a Mendelian autosomal dominant mode of
inheritance, early age of onset (typically <25
years), and non-insulin dependency. It is esti-
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mated to comprise 1-2% of all diabetes cases. How-
ever, prevalence rates of MODY are inaccurate
and underestimated globally as it is frequently
undiagnosed or misclassified as type 1 diabetes
(T1D) or type 2 diabetes (T2D) because of overlap-
ping clinical features [3-6]. In terms of genetic eti-
ology, nearly 80% of all MODY cases are attribut-
able to highly penetrant heterozygous mutations
in one of three genes, namely the transcription fac-
tors hepatocyte nuclear factor-1 alpha (HNF1A)
and 4-alpha (HNF4A), and the glycolytic enzyme
glucokinase (GCK) (Table 1) [5-10]. Mutations in
another transcription factor gene, HNF1B, account
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for a minority of phenotypically distinct MODY
cases, characterized by profound renal complica-
tions which often progress to complete kidney fail-
ure demanding renal replacement [11] (Table 1).
Although more genes have been implicated in the
pathogenesis of MODY, most are either exception-
ally rare—reported once and detected only in a
handful of families—or are more commonly respon-
sible for neonatal diabetes, such as genes encoding
the Kir6.2 and sulphonylurea 1 (SUR1) subunits of
the pancreatic beta-cell ATP-sensitive potassium
channel, KCNJ11 and ABCC8 [5, 7, 8, 10, 12] (Ta-
ble 1).

MODY is classically defined as a monogenic
form of diabetes, although it is clinically, metaboli-
cally, and genetically heterogeneous as molecular
dysfunction of each presumed MODY-causal gene
manifests in a distinct clinical phenotype [8, 10,
13]. Each genetic subtype of MODY demands dif-
ferent management and treatment strategies.
Thus, an accurate genetic diagnosis is the key to
adequate treatment, and entails proper interpreta-
tion and assessment of known and novel variants
detected in both the research and clinical sphere.
In a post-next generation sequencing (NGS) age,
we are faced with the challenge of making mean-
ingful extrapolations and obtaining translational
value from the enormous pools of genomic data
that are being generated at an unprecedentedly
rapid pace. Mendelian and other presumed mono-
genic disorders, such as MODY, are no exception
to this challenge, despite their seemingly straight-
forward genetics, biology, and pathophysiology. In
this article, we highlight some of these challenges
in the context of MODY genetics as we review the
latest efforts in variant identification, interpreta-
tion, and functional annotation, which we believe
warrant a thorough re-evaluation of the existing
classification scheme of diabetes.

2. Who has MODY? Discovery of ge-
netic culprits and estimations of
prevalence

Since the first clinical case report that de-
scribed young-onset non-insulin dependent diabe-
tes in three families [1], a substantial amount of
progress has been made in defining the genetic ar-
chitecture of MODY. Early on, this was achieved
by linkage analysis in large multigenerational
pedigrees. In 1992, GCK was identified on chromo-
some 7p as the first MODY gene via linkage stud-
ies in British and French families [14-16]. Shortly
thereafter, microsatellite marker evaluation and
positional cloning identified HNF1A at chromo-
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Table 1. Genes implicated in the pathogenesis of maturity-onset diabetes of the young (MODY)

MODY sub- Distinguishing Other forms Other disease
type features of monogenic diabetes phenotypes
GCK-MODY  Heterozygous inactivating mutations result in asymp- Homozygous or compound heterozygous

tomatic mild hyperglycemia from birth (5.5-8
mmol/I). Small OGTT increment (< 3 mmol/I). No
insulin or pharmacological treatment required. Slight
alterations in glycemic control with age.

inactivating mutations cause permanent
neonatal diabetes (PNDM). Carries of het-
erozygous inactivating mutations are at risk
of developing gestational diabetes. Het-
erozygous activating mutations cause hy-
perinsulinemic hypoglycemia.

Transcription
factor MODY

HNF1A- Typically presents in early adulthood/adolescence, Hepatocellular ade-
MODY though age of onset dependent on mutation position noma  (heterozygous
within the gene. High sensitivity to treatment with inactivating mutations)
low-dose sulphonylurea tablets. Progressive beta-cell
dysfunction and increasing penetrance with age.
Large glucose increments in OGTT (> 5 mmol/I).
Elevated high-density lipoprotein (HDL) cholesterol
levels.
HNF4A- Macrosomia (birth weight increase by 800 g com- ~10% heterozygous mutation carries pre-
MODY pared with non-carriers). Reduced HDL-cholesterol, sent with diazoxide-responsive congenital
triglycerides, apolipoproteins Al and A2, and in- hyperinsulinemic hypoglycemia in the first
creased low-density lipoprotein (LDL) cholesterol week of life
concentrations.
HNF1B- Requires early insulin therapy. Non-diabetic cystic Mutations may cause transient neonatal Renal cysts and diabe-
MODY renal disease. Abnormalities in renal structure and diabetes (TNDM) tes (RCAD) in het
development, and genital tract abnormalities in female erozygous mutation
carriers. Low birth weight. carries
IPF1-MODY  Very rare. Heterozygous mutation reported in a single Homozygous recessive mutations cause Pancreatic agenesis in
family. neonatal diabetes. homozygotes
NEUROD1- Rare. Heterozygous mutations reported in five fami- Two homozygous loss-of-function muta-
MODY lies to date. tions in two patients with PNDM and neu-
rological abnormalities have been reported.
Potassium
channel (K,..)
MODY
KCNJ11- Glycemic control achieved with high-dose sulphony- Heterozygous activating mutations are the
MODY lurea therapy. commonest cause of PNDM or TNDM.
Recessive loss-of-function mutations mani-
fest in congenital hyperinsulinism of in-
fancy (CHI).
ABCC8-MODY Glycemic control achieved with high-dose sulphony- Heterozygous activating mutations are the
lurea therapy. commonest cause of PNDM or TNDM
PNDM or TNDM. Recessive loss-of-
function mutations manifest in CHI.
Rare forms of
MODY
CEL-MODY Rare. Heterozygous single-base deletions in two fami- Fecal elastase defi-
lies and a short 3-repeat allele in one. ciency. Exocrine pan-
creatic insufficiency.
INS-MODY Rare. Heterozygous co-segregating missense variants Heterozygous missense and autosomal

identified in 6 European families.

dominant
PNDM.

misfolding mutations cause
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some 12g in MODY families [17, 18]. Similar ef-
forts also led to the discovery of HNF4A in several
MODY pedigrees [19-21]. The aforementioned
findings made by linkage mapping facilitated vari-
ant identification in those genes which seemed to
be responsible for familial MODY phenotypes.
Since then, >620 GCK mutations, >414 HNF1A
mutations, and >103 HNF4A mutations in over
1440, 1240, and 170 European Caucasian families,
respectively, have been reported [6, 22, 23].

Yet, the true population prevalence of MODY
remains ambiguous and geographically variable
because of varying methods of clinical ascertain-
ment and patient recruitment worldwide [4-6, 24].
For example, in Italy, France, and Spain, where
pediatric testing for fasting blood glucose is rou-
tine practice, mild hyperglycemia as a result of
GCK-MODY (5.4-8.3 mmol/l) is more frequently
detected resulting in higher reported prevalence
[6, 7, 25-29]. These reports are consistent with the
observation that the onset of GCK-MODY is much
earlier than other MODY subtypes, particularly
transcription factor MODY that is characterized
by progressive beta-cell dysfunction with onset be-
tween the second and fifth decade [4]. In contrast
to Southern Europe, HNF1A-MODY is more com-
monly diagnosed in the United Kingdom and
Scandinavia, where blood glucose tests are mainly
reserved for referred patients for whom a diagno-
sis of diabetes has already been made, but rarely
conducted in asymptomatic individuals [4, 5]. Ef-
forts have been made to approximate the mini-
mum population prevalence of MODY among
adults and children in European countries, albeit
inconclusively, as most were neither systematic
nor up to scale [3, 5, 30-33]. The most recent at-
tempt, a community-based cross-sectional study by
Kropff and colleagues, estimated the prevalence of
HNF1A-MODY in the UK to be 84 cases per mil-
lion (95% CIl 36-131). The study also estimated
that nearly 90% of HNF1A-MODY cases in the
UK, of which there are at least 5,000-6,000, re-
main undiagnosed, which was in close agreement
with a preceding study by Shields and colleagues
[5, 33].

However, to determine MODY prevalence accu-
rately, more large-scale population-based assess-
ments and molecular-genetic screens of patients
with diabetes are needed. Chakera and colleagues
have conducted such a study using a subset of
Euro-Caucasian female patients from the Atlantic
Diabetes in Pregnancy (Atlantic DIP) cohort (n =
5,500) [24, 34]. Based on their analysis, it was es-
timated that the prevalence of GCK-MODY would
be 1.1 in 1,000 (95% CI 0.03-0.29) among white
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Europeans [24]. Other groups have evaluated the
frequency of MODY in youth populations by ge-
netically screening individuals from large pediatric
diabetes cohorts. Some groups avoided classical
MODY presentations and selection based on refer-
ral patterns to offset ascertainment bias. Based on
such studies, the minimum prevalence rates of
MODY among children in Norway, Poland, Ger-
many, and the United States have been estimated
to be at 3.1/100,000, 4.2-4.6/100,000, 2.39/100,000,
and 2.1/100,000, respectively [9, 35-37]. Most com-
prehensive genetics-based assessments of MODY
frequency and etiology have been conducted in
white European and North American populations,
thus providing more accurate representations of
these specific experiences. In African and Asian
populations, for instance, where MODY has been
identified, it is not as well characterized. This dis-
parity is attributable to several factors that in-
clude limited access and high cost associated with
population-wide genetic analyses of diabetic co-
horts, variable levels of awareness, and variable
discriminatory clinical criteria in populations in
which common polygenic diabetes is astoundingly
high, as is the case among South Asians and Afri-
cans [6, 38-40].

3. Efforts to find the missed and mis-
diagnosed MODY cases

Apart from enhancing epidemiological data,
there is great therapeutic and prognostic value in
providing an accurate diagnosis of MODY. Geneti-
cally discriminating MODY from other types of
diabetes, as well as MODY subtypes from each
other, is of vital importance, as each is associated
with a discrete etiology and a unique set of compli-
cations with different implications for treatment
and management [8, 41, 42].

3.1 Why an accurate molecular diagnosis of
MODY matters

Patients with undiagnosed MODY often follow
glycemic control plans specific to either T1D or
T2D, including exogenous insulin, which could be
avoided with a proper clinical and genetic diagno-
sis [4, 43]. There are profound negative impacts on
quality of life associated with insulin administra-
tion, particularly from a psychosocial standpoint
[44]. Individuals prescribed insulin treatment ex-
press a number of concerns and fears, which in-
clude stress and anxiety related to self-
management, weight gain, stigma, and hindrance
to normal social functioning [44].

Rev Diabet Stud (2015) 12:330-348
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Individuals diagnosed with HNF1A-MODY are
highly responsive to the low-dose oral hypoglyce-
mic agent (OHA) sulphonylurea, and can avoid in-
sulin injections entirely [45]. In fact, early studies
testing the efficacy of sulphonylurea treatment re-
ported a five times greater glycemic control re-
sponse than metformin and a four times greater
response than insulin therapy as measured by
lowering fasting glucose in HNF1A-MODY sub-
jects using BMI- and glycemia-matched T2D con-
trols [45, 46]. The case, in terms of responsiveness
to low-dose sulphonylurea tablets, is similar for
patients with MODY as a result of mutations in
HNF4A [32]. Transcription factor MODY patients
are typically born normoglycemic, and develop
progressive beta-cell dysfunction in adolescence or
early adulthood (<25 years) [42, 43]. HNF1A-
MODY is associated with micro- and macrovascu-
lar complications similar to those developed by
T1D and T2D patients [47].

GCK-MODY is another example of how a ge-
netic diagnosis can spare affected individuals inef-
fective and burdensome treatment. Unlike tran-
scription factor MODY, GCK-MODY patients have
lifelong, asymptomatic mild fasting hyperglycemia,
usually present from birth, with only minor dete-
rioration with age [7, 8, 48] (Table 1). Glucose is
regulated in affected individuals, and insulin re-
sponse is maintained, at elevated set-points [49,
50]. Micro- and macrovascular complications are
rare in GCK-MODY patients, and according to re-
cent cross-sectional studies, are less frequent than
in T1D and T2D individuals, and comparable to
healthy controls [51].

As a result of this homeostatic control and lack
of severe complications associated with the GCK-
MODY subtype, patients usually require no treat-
ment [52]. A recent cross-sectional study evaluated
the impact of pharmacological treatment, either
insulin or oral hypoglycemic agents, on glycemic
control in 799 UK GCK-MODY patients, and found
no difference in HbAlc between patients on or off
treatment (48 vs. 46 mmol/mol; 6.5% vs. 6.4%; p =
0.11) [53]. Stride and colleagues performed a longi-
tudinal study to assess the pharmacotherapeutic
impact of stopping treatment in GCK-MODY pa-
tients, who had been receiving OHAs or insulin, on
glycemia. They found no significant alterations in
HblAc between treatment statuses as well (mean
change: -0.68 mmol/mol (95% CI: -2.97, 1.61)) [53].

The identification of mutations in GCK or
HNF4A also has important implications for preg-
nancy management. Inherited mutations in
HNF4A are associated with an 800 g increase in
birth weight. Therefore, babies of affected parents

Rev Diabet Stud (2015) 12:330-348

are 50% more likely to develop macrosomia [54].
Additionally, about 10% of HNF4A mutation carri-
ers experience diazoxide-responsive hyperinsu-
linemic hypoglycemia in the first week of life [55]
(Table 1). The opposite is true with respect to
macrosomia in the case of GCK-MODY, as babies
that do not inherit the heterozygous GCK allele
are at risk of excessive birth weight because of in-
creased fetal insulin secretion and insulin-
mediated growth in response to maternal hyper-
glycemia [56, 57]. Conversely, babies that have ei-
ther developed a de novo GCK mutation or inher-
ited only one allele paternally have a birth weight
reduced by nearly 500 g as a direct effect of re-
duced fetal insulin secretion [56, 57]. Babies that
do inherit heterozygous inactivating GCK muta-
tions from GCK-MODY-affected mothers are born
with a normal weight as they have the same ele-
vated set-point for glucose regulation [57].

3.2 Current MODY detection methods

Although the cost of high throughput genetic
sequencing is rapidly dropping, whole exome/whole
genome applications are still too expensive to se-
quence patients indiscriminately in the molecular
diagnostic setting. Mutation screening of known
MODY genes by Sanger sequencing is widely
available for patients selected with classic MODY
presentations, with 99% sensitivity for heterozy-
gous base mutations [4, 6, 12, 43]. These patients
are selected on the basis of clinical criteria, includ-
ing early age of onset, positive family history, en-
dogenous insulin secretion, non-obesity, and ab-
sence of pancreatic autoantibodies [6, 8, 12, 42].
Alone, these criteria are not reliable and sensitive
enough, as only 50% of European cases diagnosed
with MODY satisfy them, which means that we
are still missing a large proportion of cases [5].

Limitations associated with these selection cri-
teria were highlighted in a recent study in which
MODY genes, HNF1A, HNF4A, and GCK, were
sequenced in a large group of European patients
clinically diagnosed as having either T1D or early-
onset T2D [41]. This sequencing effort showed that
25% of the subjects with apparent T1D or T2D be-
fore the age of 30 were in fact MODY cases with
pathogenic variants in one of the three MODY
genes. Thus, Thanabalasingham and colleagues
concluded that broadening the current selection
criteria to include all patients diagnosed with C-
peptide-positive diabetes for molecular diagnostic
sequencing before the age of 30 increases sensitiv-
ity, potentially sparing more misdiagnosed indi-
viduals unnecessary treatment [41].

Copyright © by Lab & Life Press/SBDR
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Figure 1. Relationship between mutational severity in known Mendelian disease-causing genes and clinical phenotype. (A)
Traditional, deterministic understanding of Mendelian disease genetics based on biased modes of sample ascertainment. (B)
Spectrum-based understanding of Mendelian disease genetics, as revealed by large unbiased population-wide resequencing
efforts. This approach encompasses scenarios of incompletely penetrant, monogenic, disease-causing alleles in healthy indi-
viduals and, for example, monogenic disorders falsely attributed to a neutral variant in a known risk gene, while the disorder

is actually caused by an allele in a different gene.

3.3 How biomarkers help to find and classify
MODY

Efforts centered on biomarker utility have
emerged within the last 5 years, with the aim of
refining the imperfect MODY selection criteria
that qualify patients for genetic screening. Glucose
increments in oral glucose tolerance tests can be
used to discriminate between HNF1A and GCK-
MODY [6]. Patients with HNF1A-MODY show
larger glucose increments (>5 mmol/l) as a conse-
guence of a more compromised insulin secretory
capacity compared to GCK-MODY where glucose
increments are modest (< 3 mmol/l) [10]. In a re-
cent study, Pal and colleagues evaluated the dis-
criminatory capacity of serum 1,5 anhydroglucitol
(1,5 AG) levels in UK subjects with HNF1-MODY,
GCK-MODY, T1D, T2D, and latent autoimmune
diabetes in adults [58]. They found that 1,5 AG
levels were significantly higher in GCK-MODY
than in any other group (p < 0.0003), with greatest
discriminatory accuracy for GCK-MODY from
HNF1A-MODY subjects (C-statistic: 0.86; 86%
sensitivity and 84% specificity for 1,5 AG >7.5
pg/ml) [58].

www.The-RDS.org

Findings from genome-wide association studies
(GWAS) have inspired research into the potential
of another set of candidate biomarkers, namely
highly sensitive C-reactive protein (hsCRP) in se-
rum and glycan profiles, to discriminate HNF1A-
MODY from other types of diabetes [59-63]. Levels
of hsCRP were initially tested in a small UK co-
hort, and then replicated in two large European
studies, which included about 700 HNF1A-MODY
cases [60-62]. These studies showed that hsCRP
levels are significantly reduced in HNF1A-MODY
cases, which is consistent with the fact that the
CRP gene is under the regulation of HNF1A, and
that HNF1A-MODY cases could be discriminated
from other types of diabetes [60-62]. In fact, levels
of hsCRP discriminated HNF1A-MODY from T2D
with high sensitivity and specificity as studies
have shown that 70-80% of HNF1A-MODY pa-
tients have <0.5 mg/l hsCRP, whilst that was the
case in only <20% of type 2 diabetics [60, 61, 64].
GWAS efforts revealed that HNF1A also plays a
role in posttranslational glycoprotein modifica-
tions, in particular via upregulating fucosylation of
the antennary sections of these proteins [59]. This
generated the hypothesis that loss-of-function mu-

Rev Diabet Stud (2015) 12:330-348
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tations in HNF1A must be accompanied by altera-
tions in plasma glycan profiles, which can be used
as a discriminatory diagnostic marker [63]. In-
deed, a pilot study and a large replication, compar-
ing the DG9-glycan index (the ratio of fucosylated
to nonfucosylated triantennary glycans) of
HNF1A-MODY patients with other diabetes sub-
types, reported good discrimination from T1D and
T2D (C-statistic >0.90) [63].

Until we are financially, technically, and ana-
lytically equipped to interpret both coding and
noncoding sequence variants identified in patients
unselected for extreme phenotypes, diagnostic
clinical biomarkers appear to be the most attrac-
tive and cost-effective adjuncts for patient prioriti-
zation. When high-throughput, next-generation
sequencing technologies are affordable and widely
applied in clinics, these biomarkers will likely
serve more as complementary validation, and aid
in sequence interpretation and assessments of
variant-level pathogenicity.

4. The challenge: when does a se-
guence variant cause MODY?

Focusing on the ‘functional genome’, the subset
of the human genome enriched for rare, highly
penetrant, protein-altering variants, has helped to
unravel the pathogenesis of humerous monogenic
disorders, and to understand the impact of rare al-
leles on complex disease risk [65-67]. Sufficiently
powered positional cloning studies have been
highly successful in identifying protein-coding
variations in genes underlying inherited mono-
genic diseases. Nowadays, in the research setting,
targeted exome sequencing has become the pri-
mary approach for readily and cost-effectively de-
tecting rare coding variants with large effect sizes
in the human genome [68, 69]. A large fraction of
nonsynonymous variants detected by exome se-
qguencing are functionally significant, and likely to
be harmful as reflected by their low frequency
which is due to purifying natural selection [69-71].
However, one of the major challenges associated
with exome-based efforts has been to distinguish
between disease-causing alleles and those that im-
pact protein function, and between potentially
functional alleles and the vast majority of neutral
variants [68, 72]. Another layer of complexity is
added when considering that most detected muta-
tions are novel, i.e., neither previously reported
nor characterized. In fact, 60-65% of MODY vari-
ants identified in GCK, HNF1A, and HNF4A are
novel, and many tend to cluster geographically,
making it ever more challenging to assign patho-

Rev Diabet Stud (2015) 12:330-348

genicity with confidence to individual variants [6,
73].

4.1 Incomplete penetrance: monogenic disease
variant, no monogenic disease

Data from whole exome-sequencing studies are
increasingly blurring the genetic boundaries pre-
viously thought to be discrete between rare, Men-
delian, monogenic disorders and common, complex,
polygenic ones, as well as between genomes of
healthy and diseased individuals (Figure 1) [72,
74, 75]. Empirical data from large-scale, high
throughput resequencing studies have unmasked
the presence of nearly 100 classic loss-of-function
(LoF) variants (splice site single nucleotide vari-
ants (SNVs), insertions/deletions (indels), non-
sense truncating mutations) per typical healthy
human genome, mostly in the heterozygous state
[68, 75]. Additional resequencing efforts have es-
timated up to 400 damaging mutations per indi-
vidual; a number that is expected to rise as meth-
ods of rare variant ascertainment continue to im-
prove [72].

Rare coding MODY variants in _normoglycemic in-
dividuals. To date, the majority of genetic sequenc-
ing studies have drastically overestimated the
penetrance  of rare  protein-coding  vari-
ants—especially in the context of monogenic disor-
ders—by employing inherently biased methods of
sample ascertainment [74, 76]. Most variant effect
size estimates have been based on analysis of the
exomes of either exceptionally high-risk individu-
als or those who lie on the extreme ends of a phe-
notypic distribution (Figure 1A) [69, 74, 76]. Al-
though this approach has been instrumental in
identifying disease variants, it is misleading as, by
default, it dismisses every scenario that does not
involve full penetrance of disease alleles, i.e., it
fails to capture events along the phenotypic spec-
trum (Figure 1B) [68]. Consequently, erroneous
or exaggerated assignments of variant pathogenic-
ity are made, especially in the clinical diagnostic
setting, which may result in prescribing treatment
and intervention regimens to an increasingly high
number of low-risk individuals [74]. By studying
well-phenotyped, population-based, case-control
cohorts, in which cases are not preselected on the
basis of satisfying classical MODY diagnostic cri-
teria, for example, we could mitigate the upward
bias, and remedy inflated effect size estimations,
as has been demonstrated in the cases of BRCAl
and BRCAZ2 in breast cancer studies [74, 77].
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A very recent study showed that following these
design guidelines is helpful in characterizing the
spectrum of low-frequency alleles in the genes un-
der investigation in the general population [74]. By
targeted sequencing of the three MODY-causing
genes (GCK, HNF1A, HNF4A), in addition to four
of the rarer genes implicated in MODY (PDX1,
INS, NEUROD1, and HNF1B), in well pheno-
typed, randomly ascertained individuals from
population-based cohorts, Flannick and colleagues
found that presumed MODY-causing mutations
are incompletely penetrant in normal euglycemic
carriers. The variants in the healthy individuals
were either annotated as causing MODY, and clas-
sified as pathogenic in the Human Gene Mutation
Database (HGMD) [65], or met strict criteria for
ascribing de novo pathogenicity by being rare, con-
served, and predicted to be protein-damaging
based on in silico tools [74].

Studies like this, which have reliably exposed
putative disease-causing or harmful alleles in the
genome of normal healthy humans, impose many
challenges on variant interpretation and patho-
genicity assignments. Most notably, such findings
refute the notion that Mendelian disease variants
are simpler to interpret—particularly in the medi-
cal sequencing setting—because of their determi-
nistic nature. On the contrary, classic Mendelian
single gene mutations are as likely to exert mild or
neutral effects as common polymorphisms that in-
fluence phenotypic diversity or, collectively, com-
mon complex diseases (Figure 1B). As has been
shown, rare, protein-altering, and possibly patho-
genic variants in HNF1A, for instance, do not nec-
essarily give rise to a MODY phenotype; they can
also either contribute to T2D predisposition or ex-
ist innocuously in the genomes of healthy indi-
viduals.

Low-frequency-coding MODY variants associated
with increased T2D risk. A recent study by the
SIGMA consortium also nicely demonstrated the
complexities outlined above. This study was
among the first systematic, high-resolution screens
for sequence variation in protein-coding regions in
a large population unselected for an extreme
monogenic clinical phenotype. The consortium re-
ported the detection of a low-frequency missense-
coding variant in HNF1A (c.1522G>A (p.E508K))
after sequencing whole exomes of Mexican and US
Latino T2D cases (n = 1794) and diabetes-free con-
trols (n = 1962) [78]. This variant was observed in
2.1% of cases and 0.36% non-diabetic controls (OR
5.48; 95% CI 2.83-10.61; p = 4.4 x 107); it was sig-
nificantly associated with a 5-fold increase in T2D
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prevalence for carriers, and a frequency of 1% in
the population [78]. The association of the
p.E508K variant in HNF1A with a T2D phenotype
was replicated in the T2D-GENES (Type 2 Diabe-
tes Genetic Exploration by Next-Generation Se-
quencing in Multi-Ethnic Samples) Latino group
and in a de novo genotyping data set from self-
identified indigenous Mexicans (DMS2) (OR 4.16;
95% CIl 2.93-8.38). There was no evidence of
p.E508K in exomes from large multi-ethnic data
sets, other than in Latino samples from these con-
sortia cohorts, confirming its exclusivity to Mexi-
can/Mexican American ethnic groups [78].

Taken together, these findings showcase the
genetic complementarity between rare and com-
mon disorders. Indeed, well-studied Mendelian ge-
netics (as in MODY) can invaluably inform and ac-
celerate our understanding of common complex
disorders (such as T2D), for which genome-wide
association efforts have provided extensive cata-
logues of common variants with low to modest ef-
fect sizes. Importantly, the above study addresses
some of the past limitations associated with evalu-
ating the implication of variants in disease. For in-
stance, we could not have concluded that the role
of the p.E5S08K HNF1A allele in the pathogenesis
of MODY is minor (i.e. not sufficient to cause
MODY in isolation) without the detection of this
allele in a state of incomplete penetrance in indi-
viduals with elevated T2D risk and the biological
follow-up provided by the study group [78].

With respect to allelic penetrance, it is also
worth mentioning that the identified variant lies
in exon 8 which is only present in the longest of
the three HNF1A genetic isoforms, termed
HNF1A(A). Harries and colleagues have shown
that the HNF1A isoforms exhibit differential ex-
pression, with HNF1A(A) (exons 1-10) being the
major isoform in liver and kidney, but the minor
one in the pancreatic islet, where expression of the
two shorter isoforms, HNF1A(B) (exons 1-7) and
HNF1A(C) (exons 1-6), dominates [79]. The same
study revealed variation in age of onset of HNF1A-
MODY as a consequence of mutation position. In-
dividuals with mutations in exons 8-10, present
exclusively in HNF1A(A), developed MODY about
7 years later than those with mutations harbored
by the first 6 exons present in all three isomers
[79]. The penetrance of the p.E508K Latino vari-
ant could be influenced by this isomeric expression
trend, which poses an additional challenge to the
interpretation of the functional relevance and
clinical significance of HNF1A alleles. For exam-
ple, a protein-altering variation in HNF1A(A) may
not necessarily translate to a beta-cell effect, yet it
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may nonetheless show clear effects on liver bio-
markers, such as hsCRP and glycosylation, which
have a unique discriminatory capacity for HNF1A-
MODY. In such instances, it is important to con-
sider mutation position and isoform-specific ex-
pression patterns alongside biochemical pheno-
types for making well-informed evaluations of
variant pathogenicity.

4.2 Assessing variant causality: contextualize
with caution

In the light of these and other emerging chal-
lenges, MacArthur and colleagues have recom-
mended a set of guidelines to assist investigators
in cautiously and reliably defining the role of se-
guence variants in human diseases [68]. In es-
sence, these guidelines call for applying more sys-
tematic and unbiased approaches to identification,
molecular characterization, and definition of the
clinical relevance of sequence variants implicated
in disease, in particular those of large effects, in-
fluencing both severe monogenic disorders and
complex disease risk (Figure 1) [68]. As previously
mentioned, acquiring translational value from se-
guencing studies requires the random recruitment
of a large number of participants. ldeally, the
study cohorts consist of multiple ethnicities with
matched controls for whom clinical phenotypic
data are available. This procedure enables a de-
creased impact of population stratification. Fur-
thermore, a rigorous assessment of conservation,
novelty, and frequency should be performed on the
variant. Family-based segregation data and detec-
tion of the same de novo mutation in multiple in-
dividuals from the same cohort are necessary cri-
teria for determining causality, but they should
not be considered as definitive [68]. The latter are
rare in the known MODY-causal genes, GCK,
HNF1A, and HNF4A, but expected to increase
considerably as more and more individuals unse-
lected for a positive family history and classic
MODY phenotype are sequenced in the research
and clinical diagnostic settings [73]. Of note, a pri-
ori functional and clinical information is problem-
atic as it is rife with false positive findings; it is
thus inconclusive and often misguiding. Therefore,
with each investigation, researchers should con-
duct a host of complementary functional and sta-
tistical analyses, explicitly report results by high-
lighting limitations and ambiguities, and update
relevant mutational catalogues and variant data-
bases (Figure 2) [68]. Transparency in data shar-
ing, critical evaluation of variant-level implication
in disease, confirmatory experimental assays, and
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an evaluation of pharmacotherapeutic targetabil-
ity of variant-harboring proteins, will help to ac-
celerate annotation efforts and to realize the trans-
lational potential of population-sequencing en-
deavors [68, 80].

5. Establishing the functional conse-
qguences of variants in known MODY
genes

Our ability to identify disease-relevant se-
quence variants exceeds our ability to interpret
their true biological effects by far. This so-called
interpretative gap is a major roadblock in the path
bridging basic research to the clinical arena [81].
Genetic findings are rife with false positives, vari-
ants of unknown clinical significance, and sloppy
assessments of disease liability. Proper annotation
and functional follow-up of identified sequence
variants, in ways that allow us to experimentally
validate disruption and phenotypic recapitulation,
is paramount to closing the gap (Figure 2) [68,
81]. Defining the actionable potential of sequence
alleles and making accurate assignments of patho-
genicity require employment of comprehensive and
scalable molecular characterization pipelines.
These must be meticulously designed and custom-
ized to the disease genes and disease phenotype
under interrogation. For example, it would be fu-
tile to assess the function of naturally occurring
HNF1A-MODY variants in a mouse model, be-
cause heterozygous HNF1A mutations have no ef-
fect on glycemic status in mice (in contrast to hu-
mans) as their insulin-secretory function and glu-
cose tolerance are normal [82]. Even within the
mouse, there are inconsistencies with phenotypic
consequences in humans when comparing global
and tissue-specific genetic manipulations [83]. As
such, decisions regarding the most suitable model
systems—cell lines or animals—depend primarily
on which most effectively recapitulate human dis-
ease pathology.

5.1 Using in vitro assays to uncover the func-
tional impact of mutant alleles

For MODY genes, HNF1A and GCK, there are
sets of well-established, multi-tiered, reproducible
assays to functionally characterize mutations iden-
tified in diabetic patients. For transcription factor
MODY, experiments designed to interrogate the
capacity for DNA binding and transactivation are
most valuable. In the case of the gene encoding
glucokinase enzyme, taking identified variants
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through a series of kinetic analyses is the most
relevant approach for making sound extrapola-
tions regarding function and protein stability [22,
84].

A study by Galan and colleagues showed the
various in vitro techniques that can be utilized to
characterize the molecular function of HNF1A pro-
teins. They also characterized HNF1A variants de-
tected in MODY probands; these variants exhib-
ited co-segregation with the disease phenotype,
and were absent in healthy controls [85]. They
identified a number of missense variants from an
HNF1A-specific mutation screen in patients who
were selected for familial early-onset hyperglyce-
mia. These variants were recreated via site-
directed mutagenesis, and transfected along with
wild-type HNF1A cDNA constructs into cell lines,
Min6 (mouse insulinoma-derived pancreatic beta-
cells) and Cos7 (monkey kidney-derived). Since
HNF1A regulates the expression of transcripts in
pancreatic islets and hepatocytes, they co-
transfected different tissue-specific target promot-
ers in each cell line to test the ability of the mu-
tants to drive reporter gene expression [85]. These
were either promoters expressed exclusively in
pancreatic beta cells (HNF-4A P2 promoter and
insulin), liver (beta-fibrinogen), or in both tissue
types (GLUT-2). The direct impact of the clinical
variants on HNF1A protein expression, stability,
and function was thoroughly evaluated using im-
munoblot (protein expression), luciferase reporter
(transactivation) analyses, and electrophoretic
mobility shift assays (EMSA) (DNA binding) [85].

There is much value in performing complemen-
tary assays and testing multiple variables in par-
allel, in particular when the aim is to acquire an
objective and systematic understanding of the
functional consequences of sequence variants. For
example, although Min6 cells, which express en-
dogenous HNF1A protein, are more physiologically
similar to pancreatic beta-cells, the endogenous
protein may mask the effect of transfected mu-
tants in a way that would not naturally occur in
carriers [85]. For this reason, it is also worth as-
sessing the mutants in a system that is less noisy,
such as Cos7 cells, which lack endogenous HNF1A,
thereby providing an opportunity for more
straightforward interpretations of mutant effects.
Galan and colleagues found that DNA binding and
transactivation analyses correlated across differ-
ent promoters and cell types. However, the HNF1A
variants exerted differential, often unexpected ef-
fects, which led to speculation that these effects
might underlie the complex and progressive na-
ture of the HNF1A-MODY phenotype.
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The study which identified the rare nonsyn-

onymous missense HNF1A allele, p.E508K,
through exome sequencing of a large Mexi-
can/Mexican American case-control cohort, ex-

ploited similar methods to annotate the variant
functionally [78]. As p.E508K lies within the
transactivation domain of HNF1A, investigators
from the SIGMA Type 2 Diabetes consortium per-
formed a thorough set of transcriptional activation
assays. These assays compared the transfected
mutant’s ability to induce luciferase reporter gene
expression via multiple promoter sites (HNF-4A
P2, GLUT-2, rat albumin) and two different cell
lines (HeLa and Min6), against wild-type HNF-1A,
three known HNF1A-MODY mutations (p.P447L,
p.R229Q, p.P379fsdelCT), and a wild-type-like-
functioning HNF1A mutant reported in a single
patient with T2D (p.M490T) [78]. Consistently,
across all promoters and cell types, they found that
the variant was less transcriptionally active than
the wild-type protein (p < 0.0001) and p.M490T.
However, the variant showed much greater trans-
activation than the three variants previously iden-
tified in HNF1A-MODY families [78]. In their
EMSA DNA-binding analysis, the ability of the
p.E508K mutant protein to bind rat albumin pro-
moter was indistinguishable from that of the wild-
type protein. A third complementary approach to
characterize the function of the mutant protein
was to assess the intracellular localization in the
cell lines, using a previously reported cytosol-
retained variant, p.Q466X, as control [78]. Based
on these experimental and statistically evaluated
data on a single variant, along with phenotypic
characteristics of the p.E508K carriers from a
large population, a more confident assessment of
pathogenicity is possible. Another benefit of this
study is the specification of limitations, including
imperfect exome coverage, and avoidance of an as-
certainment bias which allowed for a reliable as-
sessment of allelic penetrance (Figure 2) [78].
Overall, the authors were able to conclude that
p.E508K impacts protein function, albeit not as
severely as other bona fide HNF1A-MODY muta-
tions. This is in line with the association of the
variant with T2D risk elevation in the studied
population, rather than MODY causation.

There is also a well-established series of bio-
chemical assays for Kkinetically characterizing
variants identified in GCK-MODY cases. Of the
620 MODY mutations which have been identified
and reported in GCK, about 80 of them have been
functionally characterized [22]. For MODY-specific
heterozygous inactivating mutations in GCK, the
enzyme’s maximal specific activity (K_,) is usually

cat.
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Figure 2. Recommended guidelines for a systematic and objective approach to identifying, characterizing, and assessing the

pathogenicity of rare protein-coding genetic variants.

decreased accompanied by various trends in S0.5
(glucose affinity at half maximal activity), ATP
Km (ATP concentration at half maximal activity),
and Hill coefficient values [22]. The phosphorylat-
ing capacity of the glucokinase enzyme is normally
diminished in proteins harboring MODY-
associated variants. This is a functional defect re-
flected by the mild hyperglycemia in GCK-MODY
patients, which is due to reduced glucose process-
ing [86]. However, kinetic dysfunction in vitro does
not directly correlate with the clinical phenotype,
as the wild-type GCK allele in mutation-carrying
GCK-MODY patients plays a compensatory role,
and is upregulated by glucose at a posttransla-
tional level [87]. Other enzyme characteristics
such as thermostability and binding with glu-
cokinase regulatory protein (GKRP) often explain
mutational mechanisms in cases where Kkinetic
data are inconsistent [84, 88-90]. GCK-MODY mu-
tations have been catalytically assessed in physio-
logically relevant cell lines such as Min6 [90], and
the enzyme’s kinetics have been characterized in
pancreatic islets as a function of glucose concen-
tration [87]. Moreover, unlike HNF1A-MODY mu-
tations, global and beta-cell-specific heterozygous
knockouts of GCK in mice recapitulate the moder-
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ate early-onset diabetic phenotype and reduced
glucose-stimulated insulin secretory response in
GCK-MODY patients [91-93].

Adopting careful and comprehensive ap-
proaches that combine clinical, statistic, bioinfor-
matic, and experimental validation, as illustrated
in Figure 2, is key to ascribing sequence-level
pathogenicity with high accuracy. Transparent re-
porting of findings is equally pivotal, as this allows
medics and researchers to make independent in-
terpretations and assessments of the published
data and the way in which they were generated.
Recent familial/functional studies on glucokinase
have shown that analyzing variants, which were
previously reported and characterized as patho-
genic in this combinatorial manner, sometimes
showed the opposite effect [94, 95]. Steele and col-
leagues found that a heterozygous GCK missense
variant, p.T342P, which was previously reported
as pathogenic loss-of-function, neither demon-
strated impaired catalytic activity nor co-
segregation with the disease phenotype in the two
families in which it was identified [95]. The vari-
ant was also classified as benign by three different
in silico prediction tools, SIFT, Polyphen, and Mu-
tation Taster [95]. The p.T342P substitution was
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not inherited by relatives with an overtly diabetic
or elevated fasting glucose phenotype, and other
relatives in whom the allele was identified were
euglycemic (<5.5 mmol/I fasting glucose) [95].

Another molecular and functional effort, which
aimed to characterize 6 heterozygous missense
variants identified in combination in 3 individuals
referred for GCK-MODY genetic testing, also re-
futed some classically held notions regarding in-
terpretation and pathogenicity assignment of het-
erozygous inactivating missense GCK variants
[94]. Beer and colleagues found that two muta-
tions, p.R43H and p.G68H, present in trans and
independently reported to be GCK-MODY causal,
were associated with a moderate hyperglycemic
phenotype rather than permanent neonatal diabe-
tes mellitus (PNDM), the disease phenotype typi-
cally associated with trans GCK-inactivating mu-
tations [94]. A range of functional assessments, in-
cluding kinetic and thermostability tests as well as
evaluations of the behavior of mutation-harboring
GCK in the presence of glucokinase activators and
GKRP, revealed that R43H-GCK instability ac-
counted for the pathogenic effect, although the ef-
fect was catalytically wild-type-like. Whereas,
p.G68D, which was inherited from an unaffected
mother, neither displayed instability nor abnormal
kinetics other than mild activation [94]. The famil-
ial and functional evidence of p.G68D neutrality
challenges previous reports of p.G68D pathogenic-
ity. In sum, these studies emphasize the need for
thorough and critical evaluation of identified mu-
tations before defining and reporting these as
clinically significant and likely to be disease-
relevant.

5.2 A new dawn for molecular characteriza-
tion of mutant alleles

Human-derived cellular systems. The human pan-
creas remains largely inaccessible, and researchers
continue to rely primarily on organ donation and
transplantation systems. Therefore, human pan-
creatic beta-cell lines [96, 97] and patient-derived
induced pluripotent stem cells (iPS) [98-100], are
by far the most informative models for studying
MODY and the human-specific phenotypic mani-
festations. Cellular phenotyping in patient-derived
iPS cells provides the necessary and highly sought
after contextual information (e.g. haplotypes and
genetic background) which are otherwise absent
from other systems or difficult to access from a
technical and analytical point of view. Patient-
derived stem cells also allow for reliable assess-
ments of pharmacological drug targeting and re-
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sponse, in addition to the opportunity to perform
genetic rescue experiments which provide unparal-
leled insight into molecular mechanism and cau-
sality. In the context of MODY, most disease-
causing genes play critical regulatory and devel-
opmental roles in more than one tissue type, such
as HNF1B in the kidney and GCK, HNF1A, and
HNF4A in the hepatocyte. Therefore, patient-
derived iPS cells provide an opportunity for simul-
taneous investigations of tissue-specific effects via
unique maturation switches [101]. The insulin-
producing pancreatic beta-cells, recently developed
in vitro from human pluripotent stem cells
(hPSCs), also provide an ideal genetic and physio-
logical setting for such interrogations, not to men-
tion their immense potential in cell replacement
therapy [102, 103].

Hua and colleagues recently published a study
demonstrating the utility of patient-derived iPS
cell systems [100]. They were able to successfully
generate iPS cells from skin fibroblasts of two
GCK-MODY patients heterozygous for hypomor-
phic missense variants (p.G299R and p.E256K). In
this study, late differentiation and maturation of
these cells into a C-peptide-positive human pan-
creatic beta-cell lineage, expressing all of the ap-
propriate genetic markers, was achieved in vivo by
transplanting them under the kidney capsules of
immune-deficient mice [100]. Intraperitoneal glu-
cose tolerance tests (IGTT) were performed on the
transplanted mice and, as observed in humans,
mice with GCK-MODY patient-derived beta-cells
demonstrated lower responsiveness to elevated
glucose levels, with otherwise normal insulin re-
sponse to other secretagogues, and normal produc-
tion and processing of insulin. Interestingly, cells
that did not undergo maturation in vivo (only dif-
ferentiated in vitro) failed to secrete insulin in re-
sponse to elevated ambient levels of glucose, hint-
ing at the importance of replicating a physiologi-
cal, three-dimensional environment [100]. The
GCK locus in the GCK-MODY patient-derived cells
was rescued by homologous recombination, effec-
tively restoring glucose responsiveness to that ob-
served in controls. These findings shed light on the
molecular mechanism by which glucokinase defi-
ciency specifically contributes to a defective beta-
cell phenotype. Further gene dosage analyses un-
der the same conditions, looking at homozygous bi-
allelic GCK mutations, yielded a markedly low
number of beta-cells, suggesting an important role
in beta-cell proliferation.

Teo and colleagues also describe the in vitro de-
velopment of human iPS cells derived from skin
biopsies of MODY patients, each with a mutation
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in HNF1A, HNF1B, HNF4A, GCK, or CEL. These
were morphologically and functionally identical to
human embryonic stem cells and other human
pluripotent stem cells, expressing pluripotency
markers OCT4, SOX2, NANOG, SSEA-4, and
TRA-1-60 [101]. Since then, a study was published
in which investigators performed a thorough char-
acterization of reprogrammed human iPS cells de-
rived from primary fibroblasts of patients with
HNF1A-MODY [98]. As more findings emerge
from these unique pre-clinical disease-modeling
systems, we will be able both to confirm and en-
hance our knowledge of the pathophysiological ba-
sis of MODY and the precise biological mecha-
nisms underlying beta-cell dysfunction in the vari-
ous subtypes.

Another successful patient-derived stem cell
endeavor was described, although it recapitulated
specifically the phenotype of a rare syndromic form
of diabetes known as Wolfram syndrome
(MIM222300) [99, 104]. Autosomal recessive or
compound heterozygous mutations in the wolf-
ramin gene, WFS1, which encodes an ER trans-
membrane protein, give rise to Wolfram syndrome
[104]. The most prominent clinical features of
Wolfram syndrome include juvenile insulin-
dependent diabetes, optic atrophy, and deafness
[105, 106]. Shang and colleagues created insulin-
producing C-peptide-positive beta-cells from skin
fibroblasts of patients with Wolfram syndrome and
control subjects [99]. After differentiation, the mu-
tations in WFS1 inducing the insulin-dependent
diabetic phenotype in the Wolfram patients
yielded characteristically low insulin content and
increased activity of the unfolded protein response
(UPR) [99]. Upon exposing the cells to the chemi-
cal chaperone, 4-phenyl butyric acid (4PBA), UPR
pathway activity was reduced and insulin content
was adjusted to levels similar to those in control
cells, suggesting 4PBA as a novel therapeutic can-
didate [99]. Moreover, Shang and colleagues per-
formed sophisticated WFS1 locus rescue experi-
ments in patient-derived beta-cells by introducing
wild-type WFS1 cDNA via lenti-viral transduction
and antibiotic selection of cells expressing stably
integrated sequence. This procedure restored insu-
lin levels and maintained normal insulin response
to secretagogues, even under conditions of endo-
plasmic reticulum stress, in which cells otherwise
demonstrated impaired insulin processing [99].

High-throughput mutation screening and genome-
editing _applications. The patient-tissue-based
techniques outlined above are indeed ideal for
candidate gene and variant analyses. However, we
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are still in the early stages of exploiting these
methods efficiently, and they remain at low
throughput and limited in scale. Until they are op-
timized, scalable, and better understood, high-
throughput screens currently represent the most
attractive approach for functionally interrogating
large numbers of alleles at once [68]. Melnikov and
colleagues have reported on multiple validated
methodologies for massively parallel high-
throughput mutational scanning of single-
substitution libraries of tens of thousands of regu-
latory and protein-coding variants [107, 108]. A re-
cent study on rare nonsynonymous missense vari-
ants identified in PPARG from exome sequencing
of a large multi-ethnic case-control type 2 diabetes
cohort implemented a novel quantitative high-
throughput differentiation assay [109].

Majithia and colleagues combined bioinformatic
prediction, systematic molecular characterization,
drug response, and clinical phenotypic data to aid
the interpretation of variants in PPARG, and ac-
curately determine their association with type 2
diabetes risk. The variants identified in this study
were packaged into lenti-viral constructs to ensure
efficient integration by transduction, and were
evaluated on the basis of their ability to rescue dif-
ferentiation of human preadipocytes in vitro [109].
The investigators evaluated the impact of the
variants on differentiation by combining high-
content microscopy and customized image analysis
[109]. Interestingly, they found that individuals
from their cohort who were heterozygous carriers
of variants in PPARG, which showed significantly
reduced function in their characterization pipeline,
had a sevenfold increase in T2D risk. In contrast,
when the investigators analyzed all of the rare
variants identified in PPARG, without filtering for
in vitro dysfunction, they did not observe a signifi-
cant association with elevated T2D risk [109].

A study published earlier this year employed
similar techniques for characterizing variants in
low-density lipoprotein receptor (LDLR) [110].
Thormaehlan and colleagues leveraged the exomes
of a large European cohort of early-onset mycocar-
dial infarction (MI) cases and MI-free controls to
identify rare missense variants in LDLR associ-
ated with premature MI. Their aim was to dis-
criminate disruptive, functional, and potentially
pathogenic alleles from the majority of neutral
missense variants [110]. This was achieved by an
approach that involved correlation between multi-
ple complementary datasets: in silico prediction,
locus-specific a priori clinical information, system-
atic cell-based functional profiling of identified al-
leles, and available phenotypic information. The
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impact of naturally occurring missense alleles on
LDLR protein function was assessed in vitro via
uptake of fluorescently labeled LDL using micros-
copy coupled with a customized quantitative mul-
tiparametric image analysis pipeline [110].

While these large-scale, high-throughput func-
tional studies are still in a proof-of-concept stage,
requiring rigorous validation from phenotypic, fa-
milial co-segregation and bioinformatic data, most
investigators rely on high-resolution microscopy
coupled with multi-parametric, automated image
analysis tools [109, 110]. Looking ahead, and scal-
ing up to thousands of in silico-designed variant
libraries [108], we predict enormous potential for
cell-sorting techniques optimized to discriminate
on the basis of mutational severity coupled with
next-generation sequencing technology of tagged
libraries. This is especially promising for tran-
scription factor MODY, which can be easily inter-
rogated based on the intensity of fluorophore re-
porters in biologically relevant cell lines.

The future is even brighter for genome-scale ed-
iting and functional screening via RNA-guided
CRISPR (clustered regularly interspaced short pal-
indromic repeat)-associated Cas9 nuclease tech-
nology [111-113]. CRISPR-Cas9-mediated screens
allow for a wide variety of targeted, sequence-
specific perturbations to achieve unbiased com-
plementary cellular phenotype readouts with in-
credibly high efficiency, including knockdown,
knockout, and activation [113]. Indeed, current in
vitro methods limit biological interrogations that
pertain to systemic variability. Genomic editing by
Cas9 provides an opportunity to answer some of
the most crucial experimental and clinical ques-
tions, such as whether the cellular phenotype from
a patient-derived sample, for instance, is solely at-
tributable to the effect of a sequence variant, or
perhaps influenced by regulatory modifiers or the
greater genetic background upon which the vari-
ant is located. Moreover, with CRISPR-Cas9 tech-
nology, in vivo levels of gene dosage and expres-
sion can be easily and efficiently replicated unlike
the majority of artificial cell-based manipulations,
which generally involve overexpression or partial
silencing of the gene(s) of interest.

Another layer of variant-level inquiry via Cas9
could potentially involve parallel comparisons of
mutation rescue between a mutation-harboring,
patient-derived system and an artificial CRISPR-
engineered replica. The seemingly unlimited appli-
cation of Cas9-mediated genome editing is indeed
able to substantially accelerate translational ef-
forts on the genomic and precision medicine front,
though not without simultaneously unraveling a
host of new and unexpected molecular and func-
tional genomic phenomena.

6. Conclusions

The rapid reduction in the cost of high-
throughput genomic technologies is inevitably go-
ing to be associated with increased application and
data generation in the research and clinical arena
alike, uncovering a host of new analytical and
ethical obstacles. Already, genetic sequencing data
have refuted the longstanding notion that Mende-
lian disease variants pose less of an interpretive
challenge than variants in polygenic diseases. The
genetics of MODY perfectly exemplify the extent to
which variant-phenotype mapping is more complex
and nuanced in the monogenic disease context
than previously assumed.

Careful interpretation of sequence data by ac-
counting for demographic variables, molecular
function in relevant experimental systems, clinical
and biochemical phenotypes, and allelic pene-
trance, collectively assist in making more reliable
assessments of variant pathogenicity. Developing
such a contextual understanding of mutation be-
havior will better position scientists and clinicians
to evaluate the implication of novel and inciden-
tally detected variants in known disease genes, es-
pecially in the medical sequencing setting.
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