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Abstract In recent years, technological and analytical
advances have led to an explosion in the discovery of genetic
loci associated with type 2 diabetes. However, their ability to
improve prediction of disease outcomes beyond standard
clinical risk factors has been limited. On the other hand,
genetic effects on drug response may be stronger than those
commonly seen for disease incidence. Pharmacogenetic
findings may aid in identifying new drug targets, elucidate
pathophysiology, unravel disease heterogeneity, help prioritise
specific genes in regions of genetic association, and contribute
to personalised or precision treatment. In diabetes, precedent
for the successful application of pharmacogenetic concepts
exists in its monogenic subtypes, such as MODY or neonatal
diabetes. Whether similar insights will emerge for the much
more common entity of type 2 diabetes remains to be seen. As
genetic approaches advance, the progressive deployment of
candidate gene, large-scale genotyping and genome-wide
association studies has begun to produce suggestive results
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that may transform clinical practice. However, many barriers
to the translation of diabetes pharmacogenetic discoveries to
the clinic still remain. This perspective offers a contemporary
overview of the field with a focus on sulfonylureas and
metformin, identifies the major uses of pharmacogenetics,
and highlights potential limitations and future directions.
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Abbreviations

AMPK AMP-activated protein kinase

DPP Diabetes Prevention Program

GoDARTS  Genetics of Diabetes and Audit Research
Tayside Study

GWAS Genome-wide association studies

OCT1 Organic cation transporter 1

SNP Single nucleotide polymorphism

TCF7L2 Transcription factor 7-like 2

Introduction

Pharmacogenetics is the discipline that studies the interaction
between genetic variation and drug exposure on modulating
therapeutic response. To the extent that a drug is more or less
effective in a specific genetic context, pharmacogenetic
information may be clinically useful, for example, in
medication selection or dose titration. Conversely, a drug that
attenuates the pathological consequences of a genetic defect
may ameliorate the clinical impact of the mutation it targets
(the reciprocal view of the same statistical relationship). As a
corollary, clinical response to a drug for which the mechanism
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of action in carriers of a specific variant is known can also be
informative with regard to the function of the gene affected by
the variant [1].

In recent years, pharmacogenetic studies have been greatly
facilitated by the growing catalogue of human genetic
variation, as well as parallel technological advances that
enable the high-throughput generation of genetic data in large
populations. These have taken the form of targeted
explorations of known genetic variants (e.g. in genes that
encode proteins known to affect the pharmacokinetic or
pharmacodynamic properties of a given drug), or of agnostic
searches that query the entire genome to search for variants
that influence drug response. Proof-of-concept approaches
have been immensely successful in oncology, where design
drugs have targeted unique somatic mutations that occur in the
patient’s tumour. Whether similar approaches are likely to
succeed for germline (inherited) genetic variation, particularly
for complex polygenic diseases such as type 2 diabetes, is the
topic of this review.

Goals of pharmacogenetic studies

Because of the richness inherent to pharmacogenetic data and
the diverse perspectives from which they can be interpreted, it
is crucial to clarify the purpose of each research exercise
upfront. Study design, analysis of results and biological
inference may vary depending on the goals and hypotheses
that guide a given experiment. Pharmacogenetic studies may
pursue one or several major objectives:

1. Patient stratification Genetic information may be used
to define subgroups of individuals more or less likely to
experience clinical response to the drug in question, or to
develop side effects. This is the hope articulated by precision
medicine, which aspires to administer the right medication to
the right patient at the right time.

2. Target identification Genetic studies may help with the
discovery of novel drug targets that illuminate mechanisms of
action and open new therapeutic avenues, particularly if their
scope is genome-wide and their approach is unbiased.

3. Functional characterisation Drugs can also be used to
perturb the human organism in vivo. If such a perturbation
generates a physiological response that differs depending on
genetic variation at a specific locus, insights may be gained
with respect to the mode of action of the gene product, or the
cell type in which it is expressed. In this manner, pharmaco-
genetic experiments can offer proof-of-concept evidence that
implicates a given gene in a molecular pathway and
strengthens the evidence suggesting that an observed associa-
tion is causal.

Multiple reports of associations between genetic variants
and drug response for any one of the 12 drug classes currently
approved for the treatment of type 2 diabetes have been
published [2—4], although the degree of confidence in the
reported results varies greatly. To a large extent, this is due
to the limited sample sizes currently available for studies into
non-generic drugs, as most such studies are the province of
individual pharmaceutical companies, and firm executives
may be wary of limiting the marketability of a proprietary
compound by attaching a genetic indication. Similarly,
successful pharmacogenetic approaches for target
identification in the pursuit of drug discovery may remain
private until the new drug is brought to market. Thus,
academic investigators are often limited to working with
generic drugs, and perturbation trials that use novel agents
are typically restricted to sample sizes that are too small to
generate robust statistical confidence. Nevertheless, the
following sections offer examples that illustrate how these
three distinct approaches have been applied in type 2 diabetes.

Patient stratification: sulfonylureas in monogenic
and polygenic diabetes

Neonatal diabetes: mutations in ABCC8 or KCNJ11

The ability to clearly separate patients into responders
and non-responders is largely predicated on the magnitude
of the genetic effect on drug bioavailability or efficacy
(pharmacokinetics and pharmacodynamics), or on the clinical
phenotype the drug is meant to correct. Therefore, monogenic
syndromes (where a single mutation has a strong effect on
phenotype) constitute the natural theatre in which to attempt
clinical validation. In diabetes, the cleanest example is
provided by neonatal diabetes caused by activating mutations
in the genes that encode the sulfonylurea receptor (ABCCS) or
its associated ATP-dependent potassium channel (KCNJI1),
which lie adjacent to each other in chromosome 11.
Constitutively activating mutations that lead to hyperactivity
of this complex impair the ability of beta cells to depolarise in
response to a glucose stimulus, hindering insulin secretion
and causing insulin insufficiency [5, 6]. The resulting
hyperglycaemia is typically detected in the first year of life
and must be distinguished from the autoimmune destruction
of pancreatic beta cells that occurs in type 1 diabetes. Though
very early onset (<6 months) and the absence of
autoantibodies favour the diagnosis of neonatal diabetes,
genetic confirmation is typically required [ 7]. In many of these
cases, the genetic defect can be overcome by high doses of the
very same medication class (sulfonylureas) that targets the
sulfonylurea receptor/potassium channel complex [6, 8].
Patients with documented mutations in the relevant genes
can be safely transitioned to an oral regimen and shed multiple
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daily insulin injections; their sustained improvement in
glycaemic response demonstrates that the use of
pharmacogenetic information in patient care can improve not
only the quality of care but also the quality of life.

Type 2 diabetes: polymorphisms in KCNJ11 and ABCCS8

Other variants at the KCNJ1I-ABCCS gene locus that have
weaker effects increase risk of common type 2 diabetes.
The T allele at the common missense single nucleotide
polymorphism (SNP) rs5219 in KCNJ11, by which a
glutamate becomes a lysine at position 23 (E23K), raises the
odds of type 2 diabetes by ~15% [9]. Carriers also
demonstrate diminished insulin secretion in response to a
glucose challenge, though not to the extent seen in neonatal
diabetes [10]. However, the E23K polymorphism in KCNJ/1
is in near-complete linkage disequilibrium with another
missense polymorphism in the adjacent gene ABCCS
(rs757110), by which a serine becomes an alanine at position
1369 of the sulfonylurea receptor (S1369A). As a result,
virtually every carrier of the risk K allele at KCNJI/ carries
the A allele at ABCCS, making it impossible to distinguish the
source of the association signal on purely genetic grounds
[10]. To discriminate between the two variants experimental
manipulation is required, as human genetic evolutionary
history has not separated them via recombination. Potassium
currents can be measured in vitro by patch-clamp techniques
applied to human cells transfected with the recombinant
construct; the activation of the potassium current after
gliclazide administration is diminished in cells transfected
with the A1369/K23 haplotype, reflecting the human genetic
defect [11]. When the constructs are scrambled to generate the
four possible combinations at the two sites, the A1369/K23
and A1369/E23 constructs display reduced conductance when
compared with the S1369/K23 and S1369/E23 constructs,
demonstrating that, for gliclazide response, the likely culprit
variant is A1369 in ABCCS, and not K23 in KCNJ11.

To take this finding into human populations, Chinese
investigators tested two cohorts of participants with type 2
diabetes of relatively recent onset [12]. All participants
responded to gliclazide treatment by improvements in fasting
glucose and HbA . levels after 2 months, but carriers of the
A1369 polymorphism had a significantly stronger response,
with an additional improvement in fasting glucose of
~0.67 mmol/l when compared with S1369 carriers, a finding
that is clinically significant. This result has been replicated
using HbA . as the response metric and KCNJI1 E23K as
the genetic marker [13]. It recapitulates the observation in
neonatal diabetes and suggests that sulfonylureas can be used
to overcome genetic defects in their molecular target. A small
study did not reveal higher incidence of hypoglycaemia
caused by this heightened sensitivity [ 14]; whether differences
in medication potency could be addressed by simply
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increasing the administered dose has not been tested.
Similarly, it is entirely possible that preferential effectiveness
of sulfonylureas may only manifest itself early in the disease
course, when beta cell function has not yet markedly
deteriorated. As discussed further (below), the particular
metabolic state of an individual may contribute additional
variability to gene x drug interactions.

Target identification: the elusive molecular target
of metformin

Metformin is the first-line agent in the treatment of type 2
diabetes [15—17]. Because of its effectiveness, low cost and
favourable side effect profile, metformin is recommended as
the first choice by all professional organisations (in the absence
of contraindications) and is used in this manner by healthcare
practitioners worldwide [18]. Nevertheless, hyperglycaemia
eventually progresses in a substantial number of patients, ne-
cessitating the escalation of therapy [19]. Of particular concern
are the number of young people who eventually fail metformin
[20] and our inability to predict in whom metformin will be
sufficient.

Molecular mechanisms of metformin action

Despite metformin being available for several decades and its
widespread use, the precise manner by which metformin
inhibits hepatic gluconeogenesis and improves insulin
sensitivity has not been elucidated [21]. It has been shown
to inhibit mitochondrial complex I [22, 23] and thereby
activate AMP-activated protein kinase (AMPK) [24, 25], but
it is not clear if such activation is dependent on a direct inter-
action between metformin and mitochondrial proteins or
AMPK, or if it occurs via the mediation of other signalling
molecules (Fig. 1). Recent loss-of-function experiments have
shown that AMPK is not essential for metformin activity [26],
indicating that much remains to be clarified about metformin’s
molecular interactions in the cell and its specific targets. A
recent study implicates cAMP signalling as a major target of
metformin, but this is also likely to be caused by indirect
effects [27]. Such a gap in our knowledge has precluded the
development of analogous therapies that might target the
relevant pathways.

The impact of genetic variants on metformin response

The genetic parsing of metformin responders remains
similarly underexplored [3, 28]. A few candidate gene studies
have attempted to identify genetic predictors of metformin
response.
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Fig. 1 Proposed molecular mechanisms of the blood-glucose lowering
action of metformin. Metformin is transported into the hepatocyte by
OCT!1 and inhibits mitochondrial complex I via unknown mechanisms.
As a result gluconeogenesis is impaired by: (1) decreased ATP and
increased AMP (direct inhibition caused by the energy/ATP deficit);
and (2) increased AMP, which interferes with cAMP—protein kinase A
signalling, thus inhibiting fructose-1,6-bisphosphatase activity

SLC22A1 In a small cohort, missense variants in the organic
cation transporter 1 (OCT1, encoded by SLC22A1) were
associated with a reduced response to metformin [29];
subsequent follow-up in a large clinical retrospective cohort
of patients with type 2 diabetes (the Genetics of Diabetes and
Audit Research Tayside Study [GoDARTS)]) failed to find
support for such an association [30]. On the other hand, when
combined with drugs that impair OCT1 function, loss-of-
function variants at this locus increase the incidence of
gastrointestinal side effects (Fig. 2) [31].

(OR)
N w ~ o

Risk of gastrointestinal side effects

0-. I

<1RA <1RA >1RA

Fig. 2 When combined with drugs that interfere with OCT1 function,
risk alleles (RA) at OCT! increase the incidence of gastrointestinal side
effects. Such drugs include tricyclic antidepressants, citalopram,
proton-pump inhibitors, non-dihydropyridine calcium channel blockers,
doxazosin, spironolactone, clopidogrel, rosiglitazone, quinine, tramadol
and codeine. Purple bars, without drugs; blue bars, with drug(s). Data
obtained from [31]

>1RA

LR

(a gluconeogenic enzyme). Increased AMP also leads to AMPK
activation, thus reducing lipid/cholesterol synthesis and promoting
beneficial long-term therapeutic effects. FBPase; fructose-1,
6-bisphosphatase; OCT]1, organic cation transporter 1; PKA, protein
kinase A. Figure redrawn from Rena et al [57], under the Creative
Commons Attribution 4.0 International (CC BY) license
(https://creativecommons.org/licenses/by/4.0)

SLC47A1 A pilot study in a small clinical retrospective
cohort from Rotterdam (the Netherlands) identified a
common polymorphism in the metformin transporter
multidrug and toxin extrusion 1 (MATE1; encoded by
SLC47A1, and responsible for disposing of metformin into
bile and urine) as being associated with metformin
response in patients with type 2 diabetes [32].
Accordingly, we found supportive evidence for a variant
highly correlated with the index variant in the Diabetes

Diabetes incidence
(cases/100 person-years)

Placebo Metformin Lifestyle

Fig. 3 Illustration of a gene x drug interaction. The genotype at
SLC47A1 (SNP rs8065082) interacts with metformin in modulating
diabetes incidence in DPP participants (p;,,=0.006). Genotypes: CC,
red bars; CT, purple bars; TT, blue bars. Data obtained from [33];
American Diabetes Association (Diabetes, American Diabetes
Association [2010]). Copyright and all rights reserved. Material from this
publication has been used with the permission of American Diabetes
Association
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Prevention Program (DPP), a randomised clinical trial that
allocated participants at high risk of developing diabetes to
placebo, lifestyle modification or metformin interventions
(Fig. 3) [33]. This finding has been replicated in one small
cohort [34] but not in a large-scale meta-analysis [35]. As
has been the case for many other phenotypes, candidate
gene studies have failed to produce a comprehensive
picture of the genetic determinants of metformin action.

ATM Genome-wide association studies (GWAS) offer the
opportunity to mine the entire genome for common variants
associated with metformin response in an unbiased manner. In
the first published GWAS for metformin response, the
GoDARTS investigators analysed 705,125 SNPs in 1024
individuals in their retrospective clinical database. Fourteen
SNPs in or near the gene encoding ataxia-telangiectasia
mutated kinase (ATM) were associated with categorical
metformin response (defined as HbA,. reaching <7%
[£53 mmol/mol] within 18 months of starting therapy) at
p<107°. Consistent results were obtained for change in
HbA,. as a quantitative trait. Replication was attained for
the top SNP (rs11212617) in 1783 additional GoDARTS
participants and 1113 participants in the UK Prospective
Diabetes Study (UKPDS) clinical trial [36], with joint analysis
exceeding conventional genome-wide statistical significance
(p=3x10""). Although this association has been replicated
elsewhere [37], we have not found support for such an
association in the DPP [38], using diabetes incidence or
change in quantitative glycaemic traits as endpoints.

SLC2A2 Sample size is essential for genetic discovery. The
Metformin Genetics (MetGen) Consortium has recently
coalesced to assemble the largest resource of samples with
DNA and information relevant to metformin response [39];
the majority of participants include patients with type 2
diabetes who have received metformin in the course of
routine clinical care, and for whom glycaemic profiles are
available in the form of serial HbA ;. measurements. In a
recent report [40], the original genome-wide screen from
the previous publication was extended to 1373
participants, with suggestive association signals undergo-
ing three replication stages totalling nearly 14,000
participants. In this cohort, SNP rs8192675 in an intron
of the gene SLC2A2 (encoding the glucose transporter
GLUT2) was associated with reduction in HbA,. at
genome-wide significance. This variant has both a primary
effect on pre-metformin HbA,. and an effect on post-
treatment HbA ;. levels when adjusted for the baseline
measurement. The same variant influences GLUT2
expression in the human liver, the tissue in which it is
primarily expressed (though it is also present in beta cells)
[41]. The genotype-driven difference approaches 0.33%,
with 0.50% typically used as a marker of glycaemic
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response that merits regulatory approval for a new drug. The
effect translates to a dose difference of 550 mg of metformin,
again suggesting that perhaps differences in potency can be
compensated by higher doses in the poorer responders.
Similarly, we have not found evidence that this variant affects
the ability of metformin to prevent diabetes in DPP partici-
pants with impaired glucose tolerance at baseline, indicating
that perhaps genetic influences on drug response are also
dependent on the metabolic state of the individual, with
differential interactions occurring at diverse stages of disease
progression. In this sense, pharmacogenetic findings for
diabetes treatment may not overlap perfectly with those for
diabetes prevention [42].

Functional characterisation: TCF7L2
and pharmacogenetics as a discovery tool

The end-result of a GWAS, per se, is the identification of
a genomic region harbouring a polymorphism in which a
given allele is seen more frequently in disease than in
health. If it is not clear how the polymorphism in question
affects the expression or function of a nearby gene, the
association signal may fail to point to a specific gene. Out
of several possible candidate genes, one may be favoured
if its pattern of expression is most consistent with the
observed pharmacogenetic response (e.g. to an insulin
secretagogue but not to an insulin sensitiser). Even if a
gene is implicated via fine-mapping or expression studies,
the mechanism by which changes in expression or func-
tion of its protein product cause type 2 diabetes is seldom
obvious.

A case in point is TCF7L2. Discovered in 2006 as a
gene containing a common intronic variant with a
relatively strong effect on type 2 diabetes risk [43], it was
not until 2010 that fine-mapping and functional studies
conclusively proved that the rs7903146 variant was causal
in influencing 7CF7L2 expression in islets [44], although a
recent report suggests that it may act via another effector
transcript [45]. Physiological studies in the DPP first
demonstrated that this type 2 diabetes-associated variant
diminishes beta cell function [46], but the precise
molecular mechanisms by which the protein encoded by
TCF7L2 (transcription factor 7-like 2 [TCF7L2]) does so
have proven elusive. Depending on the experimental
model, TCF7L2 has been posited to influence beta cell
proliferation early in development [47], proinsulin
processing [48, 49], insulin vesicle docking [50] or incretin
response [51, 52], although extra-pancreatic effects have
also been suggested recently [53]. Given its proposed role
in beta cell function, differential response to an insulin
secretagogue might be expected in carriers vis-a-vis non-
carriers of the type 2 diabetes risk allele: whether the drug
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improves response in carriers of the risk allele depends on
its point of entry into the insulin secretion pathway relative
to that of the gene. If the gene product acts downstream of
the sulfonylurea receptor, for example, a sulfonylurea may
still encounter the genetic block in inducing insulin secre-
tion and carriers would show a worse clinical response; on
the other hand, if the gene product acts upstream of the
sulfonylurea receptor, a sulfonylurea drug may rescue the
ability of the beta cell to secrete insulin and carriers would
display a greater benefit.

The impact of sulfonylurea therapy by T7CF7L2 genotype
was retrospectively examined in the GoDARTS cohort.
Treatment with sulfonylurea was less likely to achieve
glycaemic goals in carriers of the TCF7L2 risk genotype, an
effect not seen for metformin [54]. Similar effects were seen in
a smaller cohort [55]. The tentative conclusion from these
studies is that TCF7L2 impacts the insulin secretory pathway
distal to the sulfonylurea receptor, as the drug seems less
effective in risk allele carriers.

However, an alternative explanation could be considered.
If variants in TCF7L2 reduce beta cell mass through either
decreased proliferation or accelerated degeneration (leading
to lower insulin secretion, a high proinsulin: insulin ratio
and diminished efficacy of incretins), when used in patients
with long-standing disease who have a reduced beta cell com-
plement, sulfonylureas might be less effective; this difference
would not be seen in non-diabetic individuals. We have con-
ducted the Study to Understand the Genetics of the Acute
Response to Metformin and Glipizide in Humans (SUGAR-
MGH), a pharmacogenetic resource in which 1000 partici-
pants who were naive to antihyperglycaemic medications
were given a single dose of glipizide followed by a short
course of metformin, and glycaemic responses were measured
in the acute setting (Fig. 4) [56]. In addition, incretin hor-
mones were measured after an OGTT. This cohort replicates
the known association of the T risk allele at TCF7L2
rs7903146 with fasting glucose, and can be used to ascertain

= SUGAR-MGH

=

whether the differentially worse response to sulfonylureas in T
allele carriers with chronic type 2 diabetes observed by the
GoDARTS investigators holds in the acute setting.
Preliminary results suggest that this is not the case, again
indicating that the metabolic state of the individual along the
path of disease progression may modulate pharmacogenetic
responses. On the other hand, indirect evidence confirms the
potential role of incretin resistance in T allele carriers. Taken
together, these findings do confirm that TCF7L2 exerts its
effect on type 2 diabetes risk via its action on the beta cell,
possibly by modulating incretin sensitivity (J.C. Florez,
unpublished observations).

Conclusions

In pharmacogenetic studies, investigators should clarify a
priori what the purpose of the research is, be it patient strati-
fication, target identification or functional characterisation.
Monogenic diabetes (neonatal diabetes and MODY) provides
proof-of-concept that genetic information can guide therapy.
Effect sizes in type 2 diabetes are much smaller but could be
clinically meaningful, particularly if aggregated in genetic risk
scores; whether this leads to a wider dosing range vs alterna-
tive drug choices needs to be tested. Furthermore, determi-
nants of response may be contingent on the metabolic/
disease state of the individual or on their developmental stage.
As an approach to discovery, agnostic genome-wide studies
can help identify drug targets and modulators of drug
response; additional benefits include the potential to assess
likelihood of side effects and estimate heritability where
family studies are unavailable or impractical. Given the small
effects observed, whether genetic information improves
clinical outcomes and is cost-effective needs to be studied:
the strategy will only be viable if comprehensive genotyping
for all clinically actionable variants is done prospectively by
streamlining testing on a single, once-in-a-lifetime chip.

Participants
Day 1 Days 6 and 7 Day 8
n = 1000 y y y
4 ) 4 N\ [/ )
Naive to diabetes Vital signs Metformin orally (500 mg) Fourth dose of metformin
medications
DNA sample Twice daily 759 OGTT

Targeted individuals at

higher risk Glipizide orally (5 mg), with Three doses Glucose, insulin and incretin
subsequent measurement of measurements over 2 h
glucose, insulin and glucag- Food log
on at 0, 30, 60, 90, 120, 180
\ y @nd 240 min ) )\ )

Fig. 4 Design of the Study to Understand the Genetics of the Acute Response to Metformin and Glipizide in Humans (SUGAR-MGH) [56]
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