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Abstract

Introduction We previously identified a genetic subtype (C4) of type 2 diabetes (T2D), benefitting from intensive
glycemia treatment in the Action to Control Cardiovascular Risk in Diabetes (ACCORD) trial. Here, we characterized
the population of patients that met the C4 criteria in the UKBiobank cohort.

Research design and methods Using our polygenic score (PS), we identified C4 individuals in the UKBiobank
and tested C4 status with risk of developing T2D, cardiovascular disease (CVD) outcomes, and differences in T2D
medications.

Results C4 individuals were less likely to develop T2D, were slightly older at T2D diagnosis, had lower HbA1c
values, and were less likely to be prescribed T2D medications (P <.05). Genetic variants in MAST and IGF2R, major

trends, Precision medicine, Polygenic score

components of the C4 PS, were associated with fewer overall T2D prescriptions.
Conclusion We have confirmed C4 individuals are a lower risk subpopulation of patients with T2D.
Keywords Type 2 diabetes, Alc level, Single-nucleotide polymorphism (SNP), Genomics, Subtypes, Prescribing
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Introduction

The Action to Control Cardiovascular Risk in Diabetes
Trial (ACCORD) sought to reduce cardiovascular disease
(CVD) risk in individuals with type 2 diabetes (T2D) by
lowering HbA1lc levels to<6% through intensive treat-
ment. An observed increase in CVD events and mortality
prematurely halted the intensive glycemia treatment arm,
which greatly influenced T2D treatment [1]. We identi-
fied a subtype of patients (C4) in the intensive glycemia
treatment arm that achieved and maintained the target
HbAlc of <6% and developed a polygenic risk score (PS
SCT) to classify these individuals. The C4 group had
significantly fewer CVD outcomes when treated inten-
sively [2]. Notably, C4 individuals in the standard treat-
ment arm of ACCORD did not display reduced CVD
risk, indicating that the risk reduction in C4 occurred
with intensive glycemia treatment [2]. The individuals
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in the C4 group had fewer years since their T2D diag-
nosis, slightly lower baseline HbAlc, and were less likely
to use biguanides, sulfonylureas and thiazolidinediones,
and insulin than non-C4 individuals [2]. In a genome-
wide association study (GWAS), variants in MASI and
IGF2R nearly reached genome-wide statistical signifi-
cance (P=4.34x1077) for association with C4 [2]. These
single nucleotide polymorphisms (SNPs) were incor-
porated into a polygenic score (PS) to identify C4 indi-
viduals, in which they materially contribute to predicting
C4 membership [2]. Notably, MASI and IGE2R play an
important role in cardiovascular function and glycemic
response [3—-6]. The UKBiobank has collected clinical
and genetic data from ~500,000 participants [7, 8]. We
sought to identify the C4 individuals in the UKBiobank
and characterize this cohort as it relates to T2D onset
and management.

Research design and methods

Polygenic score validation

The polygenic score (PS) for the identification of T2D
patients responsive to intensive treatment was previously
developed using ACCORD data [2]. Briefly, the stacking,
clumping and thresholding algorithm (SCT) was used to
derive scores from 178,674 SNPs [9]. Not all SNPs were
included on both ACCORD and UKBiobank arrays (Con-
cordance=_87.5%) (SNP N=156,505). The exclusion of
some SNPs from the arrays used on the ACCORD data
caused the PS distribution to shift, thus requiring model
threshold recalibration. We recalculated the threshold
for C4 prediction in ACCORD training set using only
the SNPs common in both ACCORD and UKBiobank.
We recalibrated the model in ACCORD training set by
identifying a new PS threshold (— 12.33) using only the
common SNPs between both cohorts. The PS weights
remained the same and only the threshold was changed
(additional details in Supplemental Methods). This
recalibrated model (UKB sctPS) was then applied to the
ACCORD test set, and the UKBiobank cohort. The accu-
racy metrics for the recalibrated model are listed in Sup-
plementary Table 1.

Defining covariates and outcomes

A modified version of the Eastwood et al. algorithm was
used to classify individuals with T2D in the UKBiobank
[10] (Supplementary Fig. 1, Supplementary Methods).
Other clinical variables were collected from surveys,
nurse interviews, first assessments from the UKBiobank,
ICD codes, and general practitioner prescription data
(Supplementary Methods, Supplementary Tables 2-4).
Seven SNPs within MASI and 30 SNPs IGF2R were
identified by UKBiobank whole exome sequencing with
MAF > 3%, a threshold which was found to appropriately
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control for genomic inflation [11]. These SNPs were
tested for associations with the outcomes.

Statistical tests

All statistical analyses was performed using R v.4.2.3
[12]. We tested for associations of C4 with T2D diag-
nosis using logistic regression, adjusting for BMI, age at
first appointment, and sex. To test for associations of C4
with the age at T2D diagnosis, we used a Cox propor-
tional hazard model, adjusting for BMI, and sex. Linear
regression was used to test for associations of C4 with
HbAlc mg/dL, adjusting for BMI, sex, and age at first
appointment.

Time to CVD event analysis was performed using a
Cox proportional hazard model and was used to test for
associations of C4 with cardiac outcomes, while adjusting
for BMI, age at time of event, and sex. We adjusted for
multiple hypothesis testing within each cardiac outcome
using a false discovery rate approach [13].

We used logistic regression to test for associations
between C4 and any T2D prescriptions and ordinal logis-
tic regression to test for associations with the number of
unique T2D prescriptions. We further tested for associa-
tions between C4 within each class of T2D prescriptions
using logistic regression followed by meta-analyzing the
associations of each class of T2D prescriptions using a
linear random-effects model. Each model was adjusted
for BMI, sex, and age at last prescription, and P-values
were adjusted for multiple hypothesis testing within each
T2D prescription class [13].

We tested SNPs in MASI and IGF2R for associations
with C4, T2D diagnosis, age at diagnosis, HbA1lc, cardiac
events, T2D medications and drug classes, and the num-
ber of unique T2D medications using the logistic regres-
sion, linear random-effects meta-analysis, ordinal logistic
regression, Cox proportional hazard model, and linear
regression tests described above, with the same adjust-
ments for multiple hypothesis testing. We adjusted for
the previously described covariates, and for population
substructure by incorporating the first 10 principal com-
ponents as covariates.

Results

C4 is associated with a favorable T2D phenotype

In the UKBiobank, 43.06% of the entire cohort
(C4=210,152/488,001), and 40.06% of individuals with
T2D (C4=9927/24,580), were classified as C4 using
the UKB sctPS (UKBiobank recalibrated sctPS). In
the UKBiobank, C4 individuals were less likely to be
diagnosed with T2D (P=1.89x107'%, OR=0.89, C4 with
T2D=9927(4.7%), non-C4 with T2D=14,653(5.3%)
(Fig. 1A). Among the 24,580 individuals with T2D, the C4
subgroup was diagnosed at a slightly later age than the
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Fig. 1 Associations of C4 with T2D Outcomes. A C4 compared to non-C4 using a generalized linear model to test associations with type 2 diabetes
(FDR P=5.7x107"8). B Time to T2D diagnosis was assessed using a Cox proportional hazard model (FDR P=1.2x 107"%). C HbA1c was compared
between C4 and non-C4 using linear regression (FDR P=1.4x 1 07%). D C4 individuals are less likely to be prescribed T2D medications (P=2.3x 1074

OR=0.82)

non-C4 group (FDR P=8.44x 107'%, HR=0.90) (Fig. 1B).
The C4 subgroup also had a lower HbAlc (mg/dL) (FDR
P=1.44x10"%, Beta=—0.05) at the time of their first
appointment (Fig. 1C).

The UKBiobank is comprised of 94% white individu-
als, whereas the ACCORD trial was 62% white. The UKB
sctPS was calibrated on the entire ACCORD cohort.
While 40.06% of individuals with T2D in the UKBiobank
were predicted to be C4, in the full ACCORD cohort,
only 31.71% of individuals were predicted to be C4. How-
ever, when the ACCORD cohort was subset by white race
and the UKB sctPS was applied, 42.48% of individuals
were predicted to be C4.

ACCORD and UKBiobank CVD outcomes using recalibrated
SCTPS

When the UKB sctPS was applied to the original
ACCORD cohort, among all C4 individuals, the
intensively treated test and training sets showed
decreased risk cardiac outcomes when compared to

those receiving standard care (Training P=2el07°,
Test P=0.002) (Supplementary Fig. 2) this decreased
risk was also observed in the white C4 cohort (Training
P=3el07% Test P=0.004) (Supplementary Fig. 3).
Among all the individuals in the standard glycemia
arm in ACCORD, there were no statistically significant
differences in adverse events between predicted C4
and non-C4 groups using the original PS [2]. However,
using the UKB sctPS, the predicted C4 group showed
marginal increases in coronary heart disease (P=0.03),
macrovascular events (P=0.002), and fatal myocardial
infarction (MI) (P=0.042) on standard glycemia
treatment (Supplementary Fig. 4).

In the UKBiobank, of the 23,067 individuals with
T2D and ICD codes available in the UKBiobank, 9332
were predicted to be C4. Within this subset, no associa-
tions were observed between the C4 subtype and time
to CVD event (Supplementary Table 5).
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C4 is associated with fewer prescriptions for T2D
medications

Medication data was available for 10,990 individuals diag-
nosed with T2D in the UKBiobank (C4=4524). Based
on these records, fewer C4 individuals were prescribed
T2D medications when compared to non-C4 individuals
(P=2.3x107% OR=0.82) (Fig. 1D). Of the individuals in
the C4 subgroup that were prescribed T2D medications,
there was no significant difference in the number of
unique medications prescribed, compared to the individ-
uals in the non-C4 group (Supplementary Table 6). There
were no significant differences between individual classes
of T2D medication, including insulins, biguanides, sulfo-
nylureas, AGIs, DPP4 inhibitors, GLP1 inhibitors, SGLT2
inhibitors or TZDs after multiple hypothesis correction
(FDR>0.05). However, a meta-analysis of these associa-
tions showed a significant decrease across the prescrip-
tion classes (P=0.017) (Fig. 1D).

A Gene SNP Allele P-Value OR B

IGF2R  rs8191725 G 1.94E-17 1.10

MAS1 rs220721 T 1.47E-70 1.09
& IGF2R  rs4709396 T 2.39E-17 1.09
Z IGF2R  rs1805075 G 2.46E-15 1.08
® IGF2R  rs3777420 G 1.45E-29 1.07
2 MAS1 rs170219 G 1.63E-46 1.07
§ IGF2R  rs4596512 c 2.17E-24 1.06
i IGF2R  rs9457795 G 1.10E-41 1.06
e IGF2R rs879862 T 8.90E-15 1.04
2 IGF2R  rs68168937 T 6.40E-14 1.04
§ IGF2R rs4709392 A 3.66E-08 1.03
O  IGF2R  rs77153348 G 3.69E-02 1.02

IGF2R rs998203 T 2.72E-02 1.01

IGF2R rs2297372 c 3.18E-02 1.01
® IGF2R  rs3798186 G 2.83E-02 0.99
F MAS1 rs910173 G 2.86E-02 0.99
K IGF2R rs642588 A 3.81E-07 0.98
S IGF2R  rs7750288 G 5.62E-13 0.97
§ IGF2R  rs6917747 A 1.53E-08 0.97
1 IGF2R  rs78425119 A 1.21E-05 0.96
®  IGF2R  rs80254170 G 1.25E-06 0.96
§ MAS1 15220725 A 2.02E-02 0.96
2  IGF2R  rs76667637 G 6.20E-03 0.96
3 IGF2R 1614754 c 1.31E-02 0.88
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MAS1 and IGF2R SNPs are associated with C4

Combined Annotation Dependent Deletion (CADD)
scores for the 37 SNPs assessed in this study ranged
from 0.001 to 22.5 (mean=3.84 and median=2.23)
(Supplementary Table 7). Four SNPs in MASI and 20
SNPs in IGF2R were significantly associated with C4
(P<0.05) (Fig. 2A, Supplementary Table 7). IGF2R and
MASI SNPs were not significantly associated with
T2D occurrence, time to T2D diagnosis, nor HbAlc
(FDR <0.05) (Supplementary Tables 8-9).

IGF2R SNPs are associated with an increased risk for CVD
outcomes

IGF2R SNPs rs635551 C and rs8191871 T were asso-
ciated with an increased risk of CVD (FDR P=0.02,
OR 1.068) and an increased risk of MI (FDR P=0.04,
OR=1.15), respectively (Supplementary Table 10).

Any T2D RX OR[95% ClI] P Value
IGF2R rs117727234 A —— 0.74[0.57,0.97]  0.026
IGF2R rs76667637 G —O— 0.8[0.61, 1.06] 0.109
IGF2R rs8191725 G —— 0.86[0.7, 1.05] 0.133
IGF2R rs68168937 T - 0.9 [0.82, 0.99] 0.033
IGF2R rs77153348 G — 0.91[0.8, 1.05] 0.204
IGF2R rs3777420 G O 0.92[0.83,1.02] 0.12
IGF2R rs1479355 C i 0.93[0.85,1.02]  0.106
MAS1 rs220725 A —— 0.93[0.68,1.31]  0.682
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IGF2R rs642588 A il 0.94[0.86,1.03] 0.175
IGF2R rs9457795 G Y 0.94[0.87,1.02]  0.157
IGF2R rs635551 C il 0.94[0.85,1.05]  0.281
IGF2R rs4709396 T —— 0.95[0.8,1.14]  0.58
IGF2R rs1805075 G —— 0.95[0.8, 1.14] 0.59
IGF2R rs879862 T L 0.96[0.87,1.05]  0.335
IGF2R rs998203 T O 0.96[0.89, 1.04]  0.301
MAS1 rs220722 A —— 0.96[0.82,1.13]  0.623
IGF2R rs4709393 G L 3 0.96[0.88,1.05]  0.395
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IGF2R rs4596512 C i 0.99[0.89,1.11]  0.886
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IGF2R rs3798186 G L2 1.01[0.93,1.09] 0.819
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Fig. 2 Associations of MAST and IGF2R SNPs with C4 and T2D Prescriptions. A IGF2R and MAST SNPs significantly associated with C4, colored
by the odds ratio. B Odds ratio describing the likelihood of being prescribed any T2D medications for each SNP colored by the association

with the C4 subtype
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MAS1 and IGF2R SNPs are associated with T2D prescription
patterns
Four IGF2R SNPs associated with C4 were significantly
associated altered likelihood of being prescribed T2D
medications (P<0.05) (Fig. 2B). Furthermore, of the
individuals who were prescribed T2D medications, two
MASI SNPs and six IGF2R SNPs were also significantly
associated with differences in the number of unique T2D
medication prescriptions. (Supplementary Table 11).
Those with T allele for MASI rs220721 were less likely
to be prescribed sulfonylureas (FDR P=0.04, OR=0.91)
and those with the G allele of IGF2R rs8191754 were
more likely to be prescribed biguanides (FDR P=0.04,
OR=1.15) (Supplementary Table 12).

Discussion

We characterized the PS-predicted C4 subtype in the
UKBiobank. While the ACCORD cohort was comprised
of individuals who were high risk for CVD outcomes, the
UKBiobank cohort is healthier than the general popula-
tion [14].

Importantly, among C4 individuals in ACCORD, only
those treated intensively for glycemia (target HbAlc < 6%)
exhibited a decreased risk of CVD events, demonstrating
a beneficial interaction between this subtype and inten-
sive treatment. Individuals in the ACCORD cohort on
standard glycemia treatment even displayed marginal
increases in coronary heart disease (P=0.03), and fatal
MI (P=0.042), after classification using the UKB sctPS.
In the UKBiobank cohort, we also observed increased
risk of CVD (FDR P=0.02) and an increased risk of MI
(FDR P=0.04) for those with IGF2R SNPs rs635551 C
and rs8191871 T alleles, respectively.

It is unlikely that the individuals in the UKBiobank
were treated intensively for glycemia, and the mean
HbA1lc value at the time of the first appointment was
6.9% mg/dL in this cohort. Therefore, it is not surprising
that modified risk of cardiac events was not observed in
C4 individuals in the UKBiobank. These results support
that belonging to the C4 subtype alone does not decrease
risk for CVD outcomes, highlighting the need for inves-
tigation into the interaction of intensive treatment in the
C4 subtype in order to reduce cardiac events.

MASI and IGF2R SNPs positively associated with C4
were also most often associated with favorable T2D pre-
scription patterns. Of the two MASI and 12 IGF2R SNPs
that were significantly associated with C4 membership,
IGF2R rs68168937 T was associated with a decreased
likelihood of being prescribed T2D medication, IGF2R
rs3777420 G, MASI rs220721 T, MASI rs170219 G were
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associated with being prescribed fewer unique T2D
medications, and MASI rs220721 T was associated with
decreased likelihood of being prescribed sulfonylureas
(Fig. 2B). Only IGF2R rs998203 was associated with being
prescribed a greater number of unique T2D medications.

CADD scores estimate the deleteriousness of SNPs.
Four IGF2R SNPs had CADD scores greater than 10,
indicating that they were in the top 10% of deleteri-
ous SNPs. Two of these were associated with T2D pre-
scribing patterns: missense variant /GF2R rs8191754 G
(CADD=22.5) and SNP IGF2R rs68168937 T, which is
located in an intronic regulatory region. Five IGF2R SNPs
and one MASI SNP had CAD scores greater than five. Of
these, three were significantly associated with T2D pre-
scription patterns (IGF2R rs117727234 A, rs3777420 G,
rs78423775 A) and one was associated with increased
risk of MI (IGF2R rs8191871 T).

IGF2R and MASI function at the intersection of car-
diac and metabolic health and may play a role in response
to T2D treatment. IGF2R encodes a receptor for insulin-
like growth factor type 2 (IGF2) and mannose 6-phos-
phate. Circulating IGF2R is associated with insulin
resistance [6] and the rs416572 C allele has been previ-
ously shown to be associated with T2D diagnosis [6]. In
addition to playing a role in glucose homeostasis, IGF2R
protein expression was upregulated under high glucose
conditions in hearts of a diabetic rat model, resulting in
activation of cardiac hypotrophy and apoptosis proteins,
resulting in cardiomyocyte apoptosis [8]. As part of the
Renin-Angiotensin System, MASI is the receptor for
Ang-(1-7), a cleaved product of angiotensin I. Ang-(1-7)
has been shown to promote vasodilation through AKT
and the release of nitric oxide [3, 15]. In rodent models,
Ang-(1-7) has been shown to improve cardiac function
after cardiac events [16—18]. MaslI is also implicated in
metabolic disorders, and a knockout mouse model dis-
plays impaired glucose tolerance and increased body
weight [4, 5, 19].

Overall, we have characterized a previously identi-
fied genetic subtype of T2D from the ACCORD clinical
trial. In the broader real-world data from the UKBiobank
population, this subtype was 11% less likely to be diag-
nosed with T2D and were diagnosed at a slightly later age
(HR=0.90). Among those with T2D, individuals in this
genetic subtype had lower HbAlc, and were less likely
to be prescribed T2D medication, indicating they may
require less treatment to maintain glucose homeostasis,
and IGF2R and MASI variants may contribute to this
phenotype. These findings confirm opportunities for pre-
cision medicine to define treatment of T2D.
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