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The pathophysiology of latent autoimmune diabetes in adults (LADA) is considered less understood than its
much better characterized counterparts of type 1 and type 2 diabetes (T1D and T2D), where its clinical presen-
tation exhibits some features of each of these two main diseases, earning it a reputation as being “type 1.5
diabetes”. The etiology of LADA remains unknown, but a genetic component has been implicated from recent
reports of T1D and T2D genes playing a role in its pathogenesis.

One way to shed much needed light on the classification of LADA is to determine the discrete genetic factors
conferring risk to the pathogenesis of this specific phenotype and to determine to what extent LADA shares
genetic similarities with T1D and T2D. For instance, no conclusive support for a role of the T1D-associated INS
gene has been reported in T2D; conversely, but similarly, no evidence has been found for the role of the
T2D-associated genes IDE/HHEX, SLC30A8, CDKAL1, CDKN2A/B, IGF2BP2, FTO, and TCF7L2 in T1D. However, and
somewhat at odds with current thinking, TCF7L2, the most strongly associated gene with T2D to date, is strongly
associated with LADA, a disorder considered by the World Health Organization to be a slowly progressing form
of T1D.

In this review, we address recent advances in the genetics of T1D and T2D and how such discoveries have in turn
shed some light on the genetics of LADA as being potentially at the “genetic intersection” of these two major
diseases. (Endocrine Reviews 31: 0000–0000, 2010)
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I. Introduction

Type 1 and type 2 diabetes (T1D and T2D) both result
from the metabolic consequences of suboptimal

insulin action, with similar complications, but appear to
be due to distinct biological mechanisms. An overlap in
genetic predisposition to these two diseases has been

previously proposed (1), but none of the genes identified
to date in each of these given disorders has been shown
to be associated with the other disease (2, 3).

The pathophysiology of latent autoimmune diabetes in
adults (LADA) is considered less understood than its much
better characterizedcounterpartsofT1DandT2D,where its
clinical presentation exhibits some features of each of these
two main diseases, earning it a reputation as being “type 1.5
diabetes” (2). Although LADA patients often present with a
clinical picture similar to T2D, with an adult age at onset and
insulin independence at diagnosis, they are characterized by
circulating isletautoantibodies similar to those found inT1D
(4). Indeed, on average, 8–10% of patients diagnosed with
T2D are in fact misdiagnosed LADA cases.

The recent development of high throughput single nu-
cleotide polymorphism (SNP) genotyping array technol-
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ogies has enabled investigators to perform high-density
genome-wide association (GWA) studies in search of T1D
and T2D loci. Combined with the well-established genes
known for many years, at least 20 loci each have now been
uncovered to date for T1D (5–11, 13) and T2D (14–26).
Conversely, non-hypothesis-driven genetic studies of
LADA are sorely lacking, with no novel loci described to
date; however, the newly gained knowledge of the genetics
of T1D and T2D does shed some much needed light on this
somewhat mysterious phenotype.

II. Epidemiology of Latent Autoimmune
Diabetes in Adults

To fully understand the epidemiology of LADA, one must
first put it in the context of diabetes in general. Diabetes
mellitus affects an estimated 194 million adults worldwide
and more than 18 million in the United States, with the
chronic complications including microvascular disease
and accelerated development of cardiovascular disease.
Approximately 90 to 95% of those affected with diabetes
have the T2D form of the disease. Typically T2D is a late-
onset disease (�40 yr), and it is on the increase due to an
aging population and increasing rates of obesity. Hyper-
glycemia is a key feature of T2D and occurs through the
combination and interaction of two mechanisms: 1) ab-
normal insulin secretion due to pancreatic �-cell defects;
and 2) insulin resistance in skeletal, muscle, liver, and ad-
ipose tissue.

Unlike T2D, T1D typically presents in childhood and
has a much stronger genetic component. It primarily arises
as a consequence of autoimmune destruction of pancreatic
�-cells, resulting in insufficient production of insulin; in
addition, syndromes of insulin-requiring �-cell failure in
the absence of clinically evident autoimmunity also fall
under the definition of T1D. This disorder accounts for
approximately 10% of all cases of diabetes and is most
prevalent in populations of European ancestry, with ap-
proximately 2 million people affected in total across Eu-
rope and North America. It is well recognized that there is
an approximately 3% increase in the incidence of T1D
globally per year (27), at least partly due to a decreasing
average age of onset, and it is expected that the incidence
will be 40% higher in 2010 than in 1998 (28). T1D in
children is mostly caused by an autoimmune process, char-
acterized by T cell-mediated destruction of pancreatic
�-cells. Common allelic variants at the human leukocyte
antigen (HLA) class II loci account for the major T1D
genetic risk in children and young adults.

In addition to T1D and T2D, maturity-onset diabetes
of the young is a relatively rare autosomal dominantly
inherited form of diabetes without insulin dependency

that is characterized by �-cell dysfunction and diagnosed
at a relatively young age (less than 25 yr old); it is made up
of subtypes defined on the basis of genetic etiology.

Glutamic acid decarboxylase antibodies (GADab),
along with islet cell antibodies, IA-2-protein tyrosine
phosphatase-like protein antibodies, insulin autoantibodies,
and ZnT8 antibodies, are well recognized autoimmune
markers of T1D; however, it remains unclear whether they
actually identify the same disease in both young and adult
diabetic patients (29–31). Indeed, a subgroup of patients
diagnosed with T2D have circulating levels of GADab (32–
34)and islet cell antibodies (35–38), so theyare in factLADA
cases; these individuals are generally considered indistin-
guishable from the early stages of T2D.

It is widely accepted that autoantibody-positive diabe-
tes in adults presents with no insulin requirements at the
point of diagnosis and has a slower progression toward
insulin deficiency than T1D. These observations led to the
definition of LADA (32, 39, 40) as its own subgroup in the
World Health Organization (WHO) criteria for diabetes
(4), but LADA is still considered a subdivision of T1D
based on the rate of disease progression. Despite the rec-
ognition of this specific phenotype, there is still little agree-
ment on the diagnostic criteria for LADA, including what
is considered the “adult” age of onset, which has varied
from 25 to 40 yr (34, 41). As such, this clinical phenotype
is still fraught with a lack of a clear definition; for instance,
older patients who appear to have a form of T2D but
present with circulating autoantibodies may have one of
several phenotypes, e.g., the more benign LADA pheno-
type that does not require insulin at presentation or the
more severely decompensated A-B� ketosis-prone diabe-
tes phenotype presenting with diabetic ketoacidosis (42).

Apart from the U.K. Prospective Diabetes Study (UK-
PDS) (34), studies on LADA have been small and under-
powered, with the majority of them based on data from
hospital outpatient clinics where more serious cases tend
to be selected. Despite these limitations, many of these
studies have shown that GADab (32–34, 43, 44) or islet
cell antibodies (29, 37, 38) positivity tracks strongly with
insulin deficiency and/or relative insulin requirement in
both Caucasians and the Japanese (45, 46). In one such
study, 50% of newly diagnosed GADab-positive patients
developed relative insulin deficiency after 10 yr compared
with only 3% of GADab-negative patients (44), whereas
the UKPDS reported that 52% of GADab-positive pa-
tients required insulin therapy after 6 yr (34).

One Finnish study investigated the prevalence of GADab-
positive patients among a cohort of local T2D patients (39).
Within this group, they observed that GADab-positive T2D
patients differed from patients with T1D in that they had
higher C-peptide concentrations and generally more meta-
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bolic syndrome symptoms. Because only 3% of the T2D
patients were diagnosed before the age of 35 yr, compared
with the fact that 70% of T1D patients are diagnosed before
thatageandonly5%ofLADApatientsarediagnosedbefore
the age of 35 yr (with the median age of diagnosis being 58.5
yr), they considered a reasonable definition of LADA to be
GADab positivity in patients who were older than 35 yr at
onset of diabetes and who do not require insulin at the least
in the first 6 months of diagnosis.

Another Finnish investigation, from the Botnia study
group, found that 9.4% of their T2D patients were
GADab positive (47); however, GADab positivity was
substantially higher among diabetes patients with an age
at onset of diabetes between 28 and 45 yr (19%), whereas
it was stable at around 8.2% after 45 yr of age. These
proportions were similar in the UKPDS, where they re-
ported that for GADab positivity, 34% of patients were
diagnosed under the age of 35 yr, 14% were between 35
and 44 yr old, and approximately 8% were in the 45 yr and
older age bracket (34).

III. Evidence for a Genetic Component

Diabetes is a classic example of a set of complex traits
resulting from the interplay between behavioral, environ-
mental, and genetic factors influencing individual out-
come. There is now clear evidence of a strong genetic com-
ponent to diabetes.

With respect to a genetic component of T2D, evidence
comes from prevalence differences between ethnic groups,
the markedly higher concordance rate among monozy-
gotic twins compared with dizygotic twins, and family
studies demonstrating risk ratios among siblings of T2D
patients being approximately 3.5 (48).

T1D risk is also strongly influenced by multiple genetic
loci and environmental factors. Notably, T1D is most
prevalent in populations of European ancestry compared
with other ethnic groups. The disease is also highly heri-
table, with first-degree relatives of cases being at 15 times
greater risk than the general population and concordance
in monozygotic twins being as much as 50%. However,
the majority of new T1D cases arise from the general pop-
ulation, and therefore this group should remain a major
focus of predictive studies.

Maturity-onset diabetes of the young is a genetic dis-
ease and is considered a monogenic form of diabetes, with
seven genes already identified to date, the most common
forms resulting from mutations in the genes encoding the
glycolytic enzyme, glucokinase, and the transcription fac-
tor, hepatic nuclear factor-1�.

There is substantially less genetic epidemiology avail-
able for LADA, with the focus in the literature being pri-

marily on T1D and T2D. However, as outlined below, the
roles of both the T1D major histocompatibility complex
(MHC) locus and the T2D TCF7L2 gene have been
strongly implicated in the phenotype, suggesting that
LADA lies somewhere at the genetic intersection of these
two diseases.

IV. Previous Genetic Studies

The “candidate gene” approach was for many years the only
option to approach the genetics of complex disease and was
the most logical because it was grounded in biological rea-
soning. However, such studies have been plagued with the
“winner’s curse” (49), where an initial report of association
does not hold up under the rigor of subsequent replication
attempts by independent investigators.

Overall, linkage studies using family-based designs
have also only achieved very limited success in identifying
genetic factors underpinning complex disease primarily
because this approach is generally poor in identifying the
types of variants modern geneticists are now looking for,
i.e., common genetic variants with modest effects.

The International HapMap project, a large-scale effort
aimed at understanding human sequence variation, has
provided many new insights into genetic diversity in the
human genome (50, 51). This in turn has facilitated genome-
wide genotyping of over 500,000 prespecified tag-SNPs,
together with detecting variations in copy number (52)
throughout the genome that can now be readily assayed in
parallel using new technologies. Advances in single-base
extension biochemistry and hybridization/detection to
synthetic oligonucleotides now make it possible to carry
out these assays in a rapid and highly reliable fashion (53).
As a consequence, the GWA approach has served the crit-
ical need for a more comprehensive and unbiased strategy
to identify genes related to a given disease phenotype in the
last 4 yr. Already with this technology, compelling evi-
dence for genetic variants involved in many diseases has
been revealed; indeed, a catalog of these studies is now
available at the National Institutes of Health web site
(http://www.genome.gov/gwastudies).

T1D and T2D appear to be due to distinct biological
mechanisms, with none of the genes identified to date in
each of these given disorders having an association with
the other disease (2, 3). If we are indeed to consider LADA
as being at the genetic intersection of these two pheno-
types, one must have a comprehension of the discrete ge-
netic factors uncovered in either T1D or T2D (reviewed in
Sections IV.A and IV.B) and how they might also operate
in the other counterpart and in LADA. Some work has
already been carried out in this regard, as reviewed below;
however, to have a much better picture of any genetic
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commonality or specificity between and across the main
diabetes phenotypes and LADA, a full-scale GWA study of
LADA is still required.

A. Type 1 diabetes
Before the era of the GWA approach, a handful of ge-

netic regions for T1D had already in fact been established
through the candidate gene and linkage methodologies;
the relative success of these classical approaches in T1D
could be put down partially to the relatively high genetic
component to the disease compared with other complex
disorders. The major locus is at 6p21, where variation in
the region accounts for approximately half of the genetic
risk for T1D; this region coincides with the HLA class II
genes (primarily HLA-DRB1, -DQA1, and -DQB1 genes)
which encode the highly polymorphic antigen-presenting
proteins. The other established loci confer more modest
effects: the insulin locus (INS) VNTR on 11p15 (54–56),
the cytotoxic T-lymphocyte-associated protein 4 (CTLA4)
locus on 2q31 (57–60), and the protein tyrosine phospha-
tase-22 (PTPN22) gene on 1p13 (61, 62). More recently, a
fifth T1D susceptibility locus has been uncovered at the IL-2
receptor � (IL2RA) locus on chromosome 10p15 utilizing
noncoding SNPs (63).

The sixth T1D gene, interferon-induced with helicase C
domain 1 (IFIH1) on chromosome 2q24, was the first locus
uncovered using an early genome-wide SNP genotyping ap-
proach leveraging just 6500 nonsynonymous SNPs (5).
However, the first full-scale GWA studies published for T1D
came later from both our group (8) and the Wellcome Trust
Case-Control Consortium (WTCCC) (6, 15).

Our GWA study was published in Nature (8) where we
described a scan of a large pediatric cohort of European
descent. In addition to clearly observing the previously
identified loci, we found and replicated highly significant
association with noncoding variants in the KIAA0350
gene. The nomenclature of the gene indicated that its protein
product was not assigned a function at the time; however,
public annotations based on predictive models suggest that
this gene encodes a protein with a C-type lectin binding do-
main structure with a sugar binding function; as such, the
gene has recently been renamed “C-type lectin domain fam-
ily 16, member A” (CLEC16A). The WTCCC (6, 15) study
also reported the 16p13 signal, along with other loci on
12q24, 12q13 [also described by our group (7)], and 18p11.

To ensure maximum use of the GWA data we had gen-
erated, we elected to carry out a meta-analysis approach to
uncover additional novel loci impacting the risk of T1D
(11). By leveraging a combination of our genotyping data
generated on our cases and controls plus T1D family trios,
we took forward 1000 SNPs that met the criteria of both
not residing in the MHC and being at least nominally
significantly associated with T1D, i.e., P � 0.05. Through

subsequent rounds of testing in an independent cohort of
nuclear T1D families from Montreal, Children’s Hospital
of Philadelphia and the Type 1 Diabetes Genetic Consor-
tium, followed by the WTCCC dataset and the Diabetes
Control and Complications Trial (DCCT)/Epidemiology
of Diabetes Interventions and Complications (EDIC)
study cohort, signals were consistently observed in the
genes encoding ubiquitin-associated and SH3 domain-
containing protein A (UBASH3A) (an association signal
that reached genome-wide significance in its own right
when all data were combined) and broad complex-
tramtrack-bric-a-brac (BTB) and cap ‘n’ collar (CNC) ho-
mology 2 (BACH2). Because such a large sample was re-
quired to detect such signals, it is of no surprise that the
risks conferred by these loci were very modest compared
with those described in the first studies (11). Independent
of our finding, association was also recently uncovered
between the UBASH3A locus and T1D through the utili-
zation of SNP genotyping data from a linkage study of
affected sib pairs in nearly 2500 multiplex families (9).

An additional meta-analysis (10) involving the datasets
generated on the WTCCC (15) and the Genetics of Kid-
neys in Diabetes (GoKinD) study (65, 66) plus control
data derived from the National Institute of Mental Health
reported strong nominal significant association with the
previously observed loci PTPN22, CTLA4, MHC, IL2RA,
12q13, C12orf30 on 12q24, CLEC16A and PTPN2 on
18p11 but less compelling evidence for the IFIH1 and INS
loci. Although they found no evidence of new T1D loci
reaching the threshold for genome-wide significance, they
did find additional evidence for the role of the IL2-IL21
locus, which was suggestive in the original WTCCC fol-
low-up study (6). They took forward the most associated
SNPs by genotyping them in an independent British cohort
of approximately 6000 cases, 7000 controls, and 2800
families. In addition to the IL2-IL21 association strength-
ening further, they found compelling evidence of four ad-
ditional loci, namely BACH2 [as we had described previ-
ously (11)], 10p15 harboring the “protein kinase C, theta”
gene (PRKCQ), 15q24 harboring nine genes including ca-
thepsin H (CTSH), and 22q13 harboring the C1q and
TNF-related protein 6 (C1QTNF6) and somatostatin re-
ceptor 3 (SSTR3) genes.

The latest, largest meta-analysis reported to date (13)
again involved samples derived from the WTCCC (15), the
GoKinD study (65), and the National Institute of Mental
Health study (67) but also brought in a further large set of
cases, controls, and trios from the T1DGC families. In ad-
dition to uncovering previously observed loci, they reported
novel association to 1q32.1 (which harbors the IL genes
IL10, IL19, and IL20), Glis family zinc finger protein 3
(GLIS3) [also suggested by us (11)], CD69, and IL27.

4 Grant et al. Genetic Studies of LADA Endocrine Reviews, April 2010, 31(2):0000–0000



In summary, approximately 20 T1D loci have now
been established, with approximately 50% of the genetic
contribution coming from the MHC. However, the genet-
ics of T1D has not been completely solved, with a com-
ponent still to be explained that may well be due to rare
single base and copy number variants.

B. Type 2 diabetes
T2D has been the focus of more GWA studies than any

other disorder studied to date. Indeed, the repertoire of
genes already established for a number of years in the
pathogenesis of T2D, primarily PPARG (68), CAPN10
(69), and KCNJ11 (70), now have new bedfellows as a
consequence of results from recent GWA studies of the
disease. The first batch of such studies, published in
Nature (14, 15) and Science (16–18), revealed an addi-
tional nine genes [CDK5 regulatory subunit associated
protein 1-like 1 (CDKAL1), solute carrier family 30 (zinc
transporter), member 8 (SLC30A8), homeobox hemato-
poietically expressed (HHEX), LOC387761, Exostosin 2
(EXT2), IGF-II mRNA-binding protein 2 (IGF2BP2), cy-
clin-dependent kinase inhibitor 2A/B (CDKN2A/B), and
an intragenic region on 11p12], with the strongest asso-
ciation by far being with a gene established in 2006 by Dr.
Struan F. A. Grant as playing a role in the disease, namely
the Wnt-signaling pathway member, transcription factor
7-like 2 (TCF7L2) (71). The variant within the TCF7L2
gene is approximately 1.5 times more common in patients
than in controls; this corresponds to an approximately
50% increase in risk of T2D per copy carried. Other in-
vestigators have already independently replicated the as-
sociation of variation in TCF7L2 with T2D in individuals
of European, Asian, and African descent; a recent meta-
analysis of published studies of the TCF7L2 association
with T2D worldwide estimated a pooled odds ratio of
1.46 (P � 5.4 � 10�140) (72); this is now considered the
most significant genetic finding in T2D to date (73), and
functional studies are beginning to suggest that it exerts
its primary impact on T2D in the pancreatic islet (74,
75).

Obesity is also an important risk factor for T2D. The
discovery of the fat mass and obesity associated gene
(FTO) (76) was made indirectly as a consequence of T2D
GWA studies but turned out to be operating through in-
sulin resistance and has been consistently observed by oth-
ers (77–80).

With a recent meta-analysis of T2D genome-wide SNP
genotype data (24) producing another six loci [juxtaposed
with another zinc finger gene 1 (JAZF1), cell division cycle
123homolog/calcium/calmodulin-dependentproteinkinase
ID (CDC123-CAMK1D), tetraspanin 8/leucine-rich repeat-
containing G protein-coupled receptor 5 (TSPAN8-LGR5),
thyroid adenoma associated (THADA), ADAM metal-

lopeptidase with thrombospondin type 1 motif, 9
(ADAMTS9) and NOTCH2], there are now more than 15
genes established in the disease, plus most recently potas-
sium voltage-gated channel, KQT-like subfamily, member 1
(KCNQ1) from T2D GWA studies specifically in China and
Japan (25, 26).

In addition, multiple GWA studies of fasting glucose
concentrations have revealed the melatonin receptor 1B
gene (MTNR1B) as a key locus for this trait, which has
also gone on to be associated with T2D (20–22). Even
more indirectly, a GWA study of prostate cancer revealed
transcription factor 2 (TCF2) as a key locus, and the same
study went on to establish this gene as a key player of T2D
as well (23).

In summary, there are now in excess of 20 T2D loci
established; however, collectively they explain less than
10% of the genetic component to the disease, so further
work is required to uncover the other 90%, which is most
likely going to be primarily made up of rare single base and
copy number variants.

The more recent loci uncovered for T2D through con-
sortia-based analyses have revealed them all to have very
small effect sizes (24); however, the fact that such a study
did not account for LADA cases, which will invariably be
present in the study populations, begs the question: could
some of these association signals be due to the genetics of
LADA rather than the genetics of T2D?

C. Role of T1D genes in T2D and vice versa
An overlap in genetic predisposition has been proposed

for T1D and T2D (1). No conclusive support for a role of
the insulin gene (INS) has been reported in T2D (81); more
data are required on more recently uncovered T1D loci in
the context of T2D. Conversely, but similarly, no evidence
has been found for the role of the major T2D gene,
TCF7L2 (71), in T1D (82, 83). We went on to investigate
other T2D loci uncovered in GWA studies in the context
of T1D: IDE/HHEX, SLC30A8, CDKAL1, CDKN2A/B,
and IGF2BP2; again, no evidence of association with T1D
was found (3).

Raj et al. (84) subsequently went further by testing 12
T2D-associated gene regions in T1D, namely PPARG,
CDKAL1,HNF1B,WFS1,SLC30A8,CDKN2A–CDKN2B,
IGF2BP2, KCNJ11, TCF7L2, FTO, HHEX–IDE, and
THADA. Apart from an association with the PPARG
Pro12Ala variant (85), which came of no surprise due its
known function in inflammation, no convincing genetic link
between T1D and T2D was made in this study.

FTO has been shown to exert its influence through
body mass index (76) as opposed to insulin secretion, and
because it has been suggested that childhood weight gain
accounts for the trend toward an earlier age of onset ob-
served in T1D (86), it is highly notable, despite what one
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would anticipate, that we and others do not observe associ-
ation to variation at this locus with respect to T1D (3, 87).

As such, there has been very little overlap in the genes
identified to date in each of these given disorders.

D. Latent autoimmune diabetes in adults
One way to shed light on the classification of LADA is

to determine to what extent LADA shares genetic similar-
itieswithT1DandT2Dwith respect to theothergenes that
have been uncovered previously from candidate gene and
large-scale association studies.

It iswidelybelieved thatLADAshares susceptibility genes
with T1D; however, there are only a small number of studies
that have been powered enough to sufficiently address this
issue (39, 88–90), with two further studies supporting the
conclusions drawn (91, 92). The HLA locus, which confers
approximately50%ofthegenetic susceptibility toT1D(93),
has also shown similar associations with LADA (88, 90), but
with some specific differences, e.g., DQB1 *0201/*0302 is a
more common genotype in T1D than in LADA, whereas the
protective genotypes *0602/X and 0603/X are more com-
mon in LADA than in T1D (39). However, the INS short
class I variable number of tandem repeats has been shown to
confer equally strong susceptibility to both T1D (94) and
LADA (89).

Another study attempted to compare genetic variation
within the HLA locus, the INS VNTR, plus the PTPN22
and TCF7L2 genes among patients with T1D, LADA, or
T2D and healthy control subjects (95) [the relatively re-
cent identification of the TCF7L2 gene as the strongest
locus for T2D (71) has allowed, for the first time, the
possibility to test whether LADA also shares genetic fea-
tures with T2D]. Interestingly, they found association to
all the tested variants in LADA, including, oddly to the
TCF7L2 gene that has conclusively not been shown be
associated with T1D (83). The PTPN22 association with
LADA was substantially weaker with LADA than with
T1D, but the LADA patients showed the same magnitude
of increased frequency of the TCF7L2 risk allele as in T2D
patients. They, therefore, concluded that the data from
this study positions LADA genetically as an admixture of
T1D and T2D, rather than as a subgroup of T1D. Added
to this, they later showed that they could leverage the
TCF7L2 observation to distinguish middle-aged anti-
body-positive patients from young antibody-positive pa-
tients (64).

More recently, in a Polish study of 68 newly diagnosed
patients with LADA and 195 healthy controls, it was
found that the TCF7L2 risk allele was again overrepre-
sented in LADA patients compared with controls but also
found that fasting C-peptide serum concentration was sig-
nificantly lower in the group of patients with LADA ho-
mozygous for the T2D risk allele (12).

V. Summary

Despite a large body of data supporting the role of genetic
factors in T1D and T2D, there is still relatively little
known about the genetics of LADA, which has been con-
sidered to be at the genetic intersection of these two dis-
orders. The key issues that still need to be fully resolved in
the genetics of LADA are: does LADA represent 1) a late
manifestation of T1D; 2) the genetic intersection of T1D
and T2D;or 3) a unique disease entity?

Although the findings are highly notable, it is clear that
GWA studies have not uncovered the entire genetic archi-
tecture of either T1D or T2D. As such, further attempts
and finding the missing pieces are under way through copy
number variation and sequencing approaches plus larger
and larger meta-analyses.

One obvious way to approach the challenge in this
review would be to carry out a GWA study of LADA
itself. However, the reason such approaches have not
already been carried out is due because LADA is rela-
tively difficult to empirically ascertain, involving ex-
pensive GADab-related assaying, with the definition of
the phenotype varying considerably between investiga-
tors. However, such a study would uncover major ge-
netic factors involved in the pathogenesis of LADA. We
already predict from previous studies that at least
TCF7L2 and the MHC will be significantly associ-
ated with LADA in any such study; however, it is likely
that additional signals would be novel, as has been the
case with the outcome of GWA studies of other complex
phenotypes. These genetic variants could then be cross-
referenced in publicly available genome-wide geno-
typed datasets for both T1D and T2D to figure out
what is common to these phenotypes and what is dis-
crete. Genes that are uncovered in any such association
studies could be fundamental to diabetes biology and
would define key molecular pathways that influence
LADA.

Irrespective of the technique used, better understanding
of the genetic basis of LADA is needed to more accurately
place this disorder in the spectrum of diabetes phenotypes.
Such characterization would shed light on how to more
specifically treat this sizeable fraction of the diabetes com-
munity and also aid in identifying “true” T1D and T2D
cases. In addition, diabetes genetics has not been totally
resolved, with additional breakthroughs in T1D and T2D
becoming increasingly hard to come by and more expen-
sive to uncover after the initial rush of high-profile pub-
lications describing the “low-hanging fruit.” Therefore,
more detailed genetic studies of LADA could also help
further unravel the genetic etiology of its two larger cous-
ins as well.
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Grubin CE, Sundkvist G, Petersen JS, Boel E, Dyrberg T,
Lernmark A 1993 Quantitative assay using recombinant
human islet glutamic acid decarboxylase (GAD65) shows
that 64K autoantibody positivity at onset predicts diabetes
type. J Clin Invest 91:368–374

34. Turner R, Stratton I, Horton V, Manley S, Zimmet P,
Mackay IR, Shattock M, Bottazzo GF, Holman R 1997

8 Grant et al. Genetic Studies of LADA Endocrine Reviews, April 2010, 31(2):0000–0000



UKPDS 25: autoantibodies to islet-cell cytoplasm and glu-
tamic acid decarboxylase for prediction of insulin require-
ment in type 2 diabetes. UK Prospective Diabetes Study
Group. Lancet 350:1288–1293

35. Irvine WJ, McCallum CJ, Gray RS, Duncan LJ 1977 Clin-
ical and pathogenic significance of pancreatic-islet-cell
antibodies in diabetics treated with oral hypoglycaemic
agents. Lancet 1:1025–1027

36. Groop LC, Bottazzo GF, Doniach D 1986 Islet cell anti-
bodies identify latent type I diabetes in patients aged 35–75
years at diagnosis. Diabetes 35:237–241

37. Landin-Olsson M, Nilsson KO, Lernmark A, Sundkvist G
1990 Islet cell antibodies and fasting C-peptide predict in-
sulin requirement at diagnosis of diabetes mellitus. Diabe-
tologia 33:561–568
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Höfels S, Propping P, Satagopan J, Detera-Wadleigh SD,
Hardy J, McMahon FJ 2008 A genome-wide association
study implicates diacylglycerol kinase � (DGKH) and sev-
eral other genes in the etiology of bipolar disorder. Mol
Psychiatry 13:197–207

68. Altshuler D, Hirschhorn JN, Klannemark M, Lindgren CM,
Vohl MC, Nemesh J, Lane CR, Schaffner SF, Bolk S, Brewer
C, Tuomi T, Gaudet D, Hudson TJ, Daly M, Groop L,
Lander ES 2000 The common PPAR� Pro12Ala polymor-
phism is associated with decreased risk of type 2 diabetes.
Nat Genet 26:76–80

69. Horikawa Y, Oda N, Cox NJ, Li X, Orho-Melander M,
Hara M, Hinokio Y, Lindner TH, Mashima H, Schwarz PE,
del Bosque-Plata L, Horikawa Y, Oda Y, Yoshiuchi I,
Colilla S, Polonsky KS, Wei S, Concannon P, Iwasaki N,
Schulze J, Baier LJ, Bogardus C, Groop L, Boerwinkle E,
Hanis CL, Bell GI 2000 Genetic variation in the gene en-
codingcalpain-10 is associatedwith type2diabetesmellitus.
Nat Genet 26:163–175

70. Gloyn AL, Weedon MN, Owen KR, Turner MJ, Knight BA,
Hitman G, Walker M, Levy JC, Sampson M, Halford S,
McCarthy MI, Hattersley AT, Frayling TM 2003 Large-
scale association studies of variants in genes encoding the
pancreatic �-cell KATP channel subunits Kir6.2 (KCNJ11)
and SUR1 (ABCC8) confirm that the KCNJ11 E23K variant
is associated with type 2 diabetes. Diabetes 52:568–572

71. Grant SF, Thorleifsson G, Reynisdottir I, Benediktsson R,
Manolescu A, Sainz J, Helgason A, Stefansson H, Emilsson
V, Helgadottir A, Styrkarsdottir U, Magnusson KP, Walters
GB, Palsdottir E, Jonsdottir T, Gudmundsdottir T, Gylfason
A, Saemundsdottir J, Wilensky RL, Reilly MP, Rader DJ,
Bagger Y, Christiansen C, Gudnason V, Sigurdsson G,
Thorsteinsdottir U, Gulcher JR, Kong A, Stefansson K 2006
Variant of transcription factor 7-like 2 (TCF7L2) gene con-
fers risk of type 2 diabetes. Nat Genet 38:320–323

72. Cauchi S, El Achhab Y, Choquet H, Dina C, Krempler F,
Weitgasser R, Nejjari C, Patsch W, Chikri M, Meyre D,
Froguel P 2007 TCF7L2 is reproducibly associated with
type 2 diabetes in various ethnic groups: a global meta-anal-
ysis. J Mol Med 85:777–782

73. Zeggini E, McCarthy MI 2007 TCF7L2: the biggest story in
diabetes genetics since HLA? Diabetologia 50:1–4

74. Lyssenko V, Lupi R, Marchetti P, Del Guerra S, Orho-
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