
communicationsmedicine Article
A Nature Portfolio journal

https://doi.org/10.1038/s43856-025-00750-9

Excess of rare noncoding variants in
several type 2 diabetes candidate genes
among Asian Indian families

Check for updates

A list of authors and their affiliations appears at the end of the paper

Abstract

Background Type 2 diabetes (T2D) etiology is highly complex due to its multiple roots of
origin. Polygenic risk scores (PRS) based on genome-wide association studies (GWAS) can
partially explain T2D risk. Asian Indian people have up to six times higher risk of developing
T2D than European people, and underlying causes of this disparity are unknown.
Methods We have performed targeted sequencing of ten T2D GWAS/candidate regions
usingendogamousPunjabi Sikh families and replication studiesusing unrelatedSikhpeople
and families from three other Indian endogamous ethnic groups (EEGs).
ResultsWedetect rare and ultra-rare variants (RVs) inKCNJ11-ABCC8 andHNF4A (MODY
genes) cosegregatedwith late-onset T2D.Wealso identify RVenrichment in twonewgenes,
SLC38A11 and ANPEP, associated with T2D. Gene-burden analysis reveals the highest RV
burden contributed by HNF4A (p = 0.0003), followed by KCNJ11/ABCC8 (p = 0.0061) and
SLC38A11 (p = 0.03). Some RVs detected in Sikh people are also found in Agarwals from
Jaipur, both from Northern India, but were monomorphic in other two EEGs from South
Indian people. Despite carrying a high burden of T2D and RVs, most families have a
significantly lower burdenof PRS. Functional studies show that an intronic regulatory variant
(RV) in ABCC8 affects the binding of Pax4 and NF-kB transcription factors, influencing
downstream gene regulation.
Conclusions The high burden of T2D in these families may stem from the enrichment of
noncoding RVs in a small number of major known genes (including MODY genes) with
oligogenic inheritance alongside RVs from genes associated with polygenic susceptibility.
These findings highlight the need to conduct deeper evaluations of families from non-
European ancestries to identify potential novel therapeutics and implement preventative
strategies.

Type 2 diabetes mellitus (T2D) is a multifactorial metabolic disorder
characterized by insulin secretory defects, insulin insufficiency, and resis-
tance. It involves complex interactions of environmental, lifestyle, and
genetic factors1. T2D has become one of themost severe health problems in
the world as the prevalence of T2D continues to rise significantly in non-
European ethnic populations. According to the International Diabetes
Federation (IDF), the global prevalence of diabetes will increase from
463 million people in 2019 to 700 million by 2045, with 90 percent of these
patients having T2D2. Due to rapid economic development and urbaniza-
tion, people from developing countries bear the highest burden of this
disease, accounting for more than 80% of T2D cases3. South Asian (SA)

people from the Indian subcontinent comprise approximately one-quarter
of the global population and are up to six times more likely to develop
T2D than European people4. The IDF estimates that in 2019, there were
77 million people with diabetes in India, which is expected to rise to over
134 million by 20455. Multiple studies have shown that the onset of T2D in
SA people occurs about 10–12 years earlier and at lower body mass index
(BMI) thresholds4,6. However, the underlying causes of this disparity are
currently unknown and are not explained by conventional risk factors of
T2D or by the currently available genetic studies7.

The people of India have a complex population genetic history, which
is further complicated by a deeply rooted caste system that has effectively
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Plain language summary

People with type 2 diabetes (T2D) have high
levels of sugar in the blood, which can cause
many health problems. T2D is a major global
health issue, with Asian Indian people being
up to six times more likely to develop it than
European people. Although inherited factors
contribute to this increased risk, they only
partially explain the high T2D prevalence in
Asian Indian families. In our study, we
sequenced known T2D-related genes in
Punjabi Sikh families. We found rare changes
in inherited genes known to increase the
incidence of T2D. Our findings emphasize the
importanceof investigating families fromnon-
European backgrounds to identify new treat-
ment and prevention strategies for T2D.
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prohibited inter-castemarriage for several generations and thus divided the
population into numerous endogamous groups8. Recent findings of the
Indian Genome Variation Consortium9 revealed a high degree of genetic
diversity between Indian ethnic groups, implying that pooling endogamous
populations without accounting for ethnolinguistic factors could lead to
false-positive disease associations. While genome-wide association studies
(GWAS) have identified over 400 common genetic variants or regions
linked to T2D, understanding their biological mechanisms and clinical
implications remains limited10–12. Together, these loci explain modest odds
ratios ranging between (1.05 to 1.30), per risk allele and, in the aggregate,
account for <10%of the total genetic variance forT2D13. Cumulative genetic
scores of common variants combined into a polygenic risk score (PRS) have
successfully predicted the risk for certain cancers, T2D, and other diseases in
people of European origin14–16. However, the lack of data on different ethnic
groups and the limited transferability into other non-European ethnic
groups still challenge the generalizability and clinical utility of PRS for
identifying high-risk individuals11,15,17.

Interestingly, the common variant signals we and others identified in
Asian Indian T2D GWAS studies were not replicated in Sikh families.
Despite having a high burden of T2D, some of these families had a very low
PRSderived fromextensiveT2DGWAS studies14,18. These results prompted
us to evaluate if the rare variants (RVs) underlying theGWAS regions could
contribute to T2D in these families, as such data are unavailable in popu-
lations from India19–22. Here, we present the targeted sequencing results of
ten T2D loci identified by GWAS studies in Asian Indian people23. The
objectives were to determine (1) if RVs underlying the GWAS regions may
influence T2D risk in Sikh families and validate the association in an
additional dataset of 4602 (unrelated) individuals of Punjabi people and (2)
to examine the extent to which they are transportable to families from other
Endogamous Ethnic Groups (EEGs) of people from India.

Our study reports the enrichment of noncodingRVs in a small number
of major known genes with polygenic susceptibility and genes causing
maturity onset of diabetes of the young (MODY) in some families with a
high burden of T2D. These families also revealed having modestly low
polygenic risk score (PRS) for T2D.

Materials and methods
Study cohorts
Our study investigated 6,437 individuals comprised of 4,890 Asian Indian
people from India and theUS8,24,25; the family cohort for targeted sequencing
was part of the (Asian Indian Diabetic Heart Study/Sikh Diabetes Study
[AIDHS/SDS]). All study participants of AIDHS/SDS were from the
Northern part of India and were recruited from 2003 to 20098,24,26,27. The
Sikh people, a relatively young, inbred population of ∼26 million (~2% of
the Indian population), are from the northwestern province of India and
follow a distinct and unique religion born∼500 years ago in Punjab8. From
the AIDHS/SDS, we chose for targeted sequencing 32 families with large
pedigrees comprising 300 individuals (with an average family size of 10.5
and a family size range of 53 to 6). Sikh people are a non-smoking com-
munity, with 50% of individuals being teetotalers and life-long vegetarians8.
Diagnosis of T2D was confirmed as described previously27 by reviewing
medical records for symptoms, medication use, and fasting glucose levels
following the guidelines of theAmericanDiabetesAssociation (2004)28. The
diagnosis for normoglycemic controls was based on fasting glycemia
<110mg/dL or 2-h glucose <140mg/dL. BMIwas calculated as weight (kg)/
[height (m)2], and waist-to-hip ratio (WHR) was calculated as the ratio of
abdomen or waist circumference to hip circumference. Blood pressure (BP)
was measured twice after a 5-min seated rest period with the participant’s
feet flat on the floor. Coronary artery disease (CAD) was assigned when
there was a documented prior diagnosis of heart disease, electrocardio-
graphic evidence of angina pain, coronary angiographic evidence of severe
(>50%) stenosis, or echocardiographic evidence of myocardial infarction.
All blood samples were obtained at the baseline visit. Education, socio-
economic status, dietary, and physical activity data were recorded. Smoking
information was collected regarding past smoking, current smoking status,

and lengthof time, thenumber of cigarettes smoked/day.The individuals on
lipid-lowering medication, subjects with type 1 diabetes (T1D), or
those with a family member with T1D or secondary diabetes (e.g., hemo-
chromatosis or pancreatitis) were excluded from the study, as reported
earlier26.

Our validation dataset (as part of Phase II) of the AIDHS/SDS, a case/
control cohort (n = 4602; (2574 T2D cases and 2028 controls)), is primarily
from the same Punjabi ancestry and originated from the exact geographic
location (Punjab) where the families were collected and explained
previously8,24,26,27. An additional 1547 individuals from different EEGs from
India include 517 people fromChettiars (TamilNadu family diabetes study,
TNFDS), 530 people from Agarwals (Jaipur family diabetes study, JFDS),
and 500 people fromReddys (Nellore family diabetes study, NFDS) and the
pedigree, phenotypic (i.e., T2Dand its related traits) and covariate data from
these individuals were collected using standardized procedures as described
in detail earlier29. All participants provided written informed consent for
investigations. The study was reviewed and approved by the University of
Oklahoma Health Sciences Center’s Institutional Review Board (IRB) and
theHuman Subject ProtectionCommittee at the participating hospitals and
institutes in India. Details of the clinical and demographic characteristics of
all cohorts are described in Table 1.

Target sequencing (discovery/sequencing cohort)
Genomic DNA samples of 300 Sikh individuals (AIDHS/SDS) were
sequenced using Agilent’s SureSelectXT2 kits designed for targeted rese-
quencing of ten confirmed candidate gene regions for T2D. Targeted
sequencing was performed at the OklahomaMedical Research Foundation
(OMRF), Oklahoma City, Oklahoma, USA. A custom gene panel (Sur-
eSelect QXT, Agilent Technologies Inc.) was designed to investigate genetic
variation in ten T2D genes reported to be associated with diabetes in people
from SA (Supplementary Table 1). Genomic positions of the coding
sequence of all gene regions were obtained from the Consensus Coding
Sequence database (www.ncbi.nlm.nih.gov/CCDS.CcdsBrowse.cgi, Release
20). The coding regions and all exon-intron boundarieswere captured using
a custom capture assay (Agilent Technologies, Santa Clara, CA, USA).
Samples were fragmented using a Covaris ultrasonicator and prepared for
sequencing on an Illumina 3000HiSeq (20–30X) using a custom DNA
library preparation protocol described earlier30,31

Library production, targeted capture, sequencing
GenomicDNAwas extracted fromwhole blood or buffy coats usingQiagen
kits (Qiagen, Chatsworth, CA, USA) or salting-out procedures described
previously27,32,33. 1 µg of genomic DNA was sent to the Oklahoma Medical
Research Foundation (OMRF) for sequencing after target capture using
Agilent XT2 capture technology. The quality and integrity of theDNAwere
assessed using Agilent’s Analyzer and Tape Station reagents before target
capture and library preparation. Library construction and custom capture
were automated using the Perkin-Elmer Janus II system in a 96-well plate
format. The purified DNA underwent a series of shotgun library con-
struction steps, which included fragmentation via acoustic sonication
(Covaris), end-polishing, A-tailing, ligation of sequencing adapters, and
PCR amplification with eight-base pair barcodes for multiplexing. For the
capture of libraries, Roche/Nimblegen SeqCap EZ custom-designed probes
were employed. Before sequencing, the library concentrationwas quantified
using triplicate qPCR, andmolecularweight distributionswere verifiedwith
the Agilent Bioanalyzer. Barcoded libraries were pooled using liquid
handling robotics before clustering on the Illumina cBot and loading onto
the sequencer. Massively parallel sequencing-by-synthesis was performed
using fluorescently labeled, reversibly terminating nucleotides on the HiSeq
sequencer allowing for high-throughput analysis of the DNA libraries as
described earlier30.

Read processing, quality control (QC) analysis
We used Genome Analysis ToolKit [GATK], Picard, Burrows-Wheeler
Alignment (BWA), and SAMTools for base calling, sequence alignment,
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realignment, duplicate removal, quality recalibration, data merging, variant
detection, and annotation as previously described30. The BAM files were
aligned to a human reference using BWAAligner (v0.6.2). Read data from a
flow cell lane is treated independently for alignment and QC purposes in
instanceswhere themerging of data frommultiple lanes is required (e.g., for
sample multiplexing). The samples were sequenced using paired-end ~140
to 150 bp reads, and the insert sizeswere at least 100 bp in length. Therefore,
we expected to see ~240 to 250 bp on the Bioanalyzer. Read pairs not
mapping within ±2 standard deviations of the average library size
(~150 ± 15 bp for the targeted region) were removed. Lanes/samples that
failedQCwereflagged in the systemand could be re-queued for library prep
(<5% failure) or further sequencing. Duplicate reads were removed
using Picard Mark Duplicates; v1.70, indel realignment was performed
using GATK Indel Realigner; v1.6-11-g3b2fab9, and base qualities were
recalibrated using GATK Table Recalibration; v1.6-11-g3b2fab9 as
described30.

Variant detection and annotation
All sequence data underwent further QC protocol before performing
annotation and further processing. We assessed total reads, the ratio of
unique reads to total reads mapped to the target, capture efficiency ratio of
reads mapped to humans versus reads mapped to the target, the reads with
selected coverage distribution <80% at 20X were not included. We also
assessed capture uniformity and raw error rates. The Transition/Trans-
version ratio (Ti/Tv) was chosen to be 3 for known sites and ~2.5 for novel
sites as detailed previously30,31,34.

Variant detection and genotyping were performed using the Uni-
fiedGenotyper (UG) tool from GATK (v1.6-11-g3b2fab9). Variant data for
each samplewere formatted (variant call format [VCF]) and poor calls were
flagged using the filtration walker (GATK) to mark sites that were of lower
quality/false positives including low-quality scores (Q50), allelic imbalance
(ABHet 0.75), long homopolymer runs (HRun > 3) and low quality by read
depth (QD < 5).

We used an automated pipeline to annotate variants derived from
targeted sequencing data, the SeattleSeq Annotation Server (http://gvs.gs.
washington.edu/). These publically accessible servers return annotations,
including dbSNP and GnomAD rsID (or whether the coding variant is
novel), gene names and accession numbers, predicted functional effect (e.g.,
splice-site, nonsynonymous, missense, etc.), protein positions and amino
acid changes, PolyPhen predictions, conservation scores (e.g., PhastCons,
GERP), ancestral allele, dbSNP allele frequencies, and known clinical
associations. Based on the minor allele frequency (MAF) reported in gno-
mAD for the SA population, we defined RVs as ultra-rare, MAF < 0.1%;
rare, 0.1% to <1%; low-frequency, 1% to <5%; and common variants,
MAF ≥ 5% (Supplementary Table 3).

Replication studies
AIDHS/SDS replication cohort (unrelated). AIDHS/SDS cohorts were
genotyped on Illumina using a Human 660W Quad BeadChip panel;
Illumina’s Global Screening Arrays with multi-disease content
(GSA+ ); and GSA (Illumina, Inc., San Diego, CA) as explained in
Saxena et al.8,24. We performed pairwise identity-by-state clustering in
PLINK across all individuals to assess population stratification, and
outliers were removed. Related individuals with pi-hat 0.3 and samples
with <93% call rate were excluded, as were SNPs with call rate <95%.
Also excluded were SNPs with HWE p < 10−6 or MAF < 1%, as described
previously8,25. To increase genome coverage, imputation was performed
using Minimac435 (https://imputationserver.sph.umich.edu/) with
1000G Phase 3v5 multi-ethnic reference panel in NCBI Build 37 (hg19)
coordinates as described24,25. Quality control for the imputed SNPs
included the removal of variants with an imputation certainty info score
<0.8, and SNPs significantly deviated from HWE in controls
(p < 1 × 10−6). Replication studies for RV were performed in all available
variants with MAF < 1% and excluding variants with poor info
score (<0.8).T
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Endogamous ethnic groups (EEGs)
Theother replication cohort comprised 1547 individuals from families from
three different EEGs of people from India. These families were recruited for
genetic studies for T2D as part of the joint partnership of the US National
Institutes of Health and the Indian Council of Medical Research for per-
forming genetics studies of T2D. These EEG people include the TNFDS;
n = 517, Chennai, Tamil Nadu (South India); the NFDS; n = 500, Nellore,
Andhra Pradesh (South India); and the JFDS; n = 530, Jaipur, Rajasthan
(Northwest India). The recruitment and genetic research activities for these
cohortswere initiatedafter obtaining IRBapprovals from theUS and Indian
institutes for the protection of human subjects as well as institution-specific
collaborative research policies of the US and India project number 55/6/2/
Indo-US/ 2014-NCD-II jointly funded by National Institutes of Health and
the IndianCouncil ofMedical Research. All participants provided informed
consent for participating in research studies as described previously29.

Probandswere recruited randomly from theT2Dregistries, and at least
a 3–4 generation pedigree was drawn for each family. Anthropometric data
were collected, including weight, height, waist, and hip circumferences (i.e.,
an average of three values collected for a given trait). BMI was measured as
weight (kg) divided by height squared (m2). Systolic and diastolic BP and
heart rate (i.e., average of three values collected for a given trait) were
measured. Fasting (at least an 8-hovernight fast) andpost-prandial capillary
blood glucose levels were measured at the study sites, as described earlier29.
All the individuals were recorded for physical activity, disease-related his-
tory, and food habits. Biochemical phenotyping (HbA1c, lipid profile, hs-
CRP, blood/urine creatinine, and fasting insulin) was also performed, fol-
lowed by the genetic analysis.

For replication studies, EEG families were not available with
genome-wide genotypes but only selected variants could be genotyped
due to funding restrictions. The genotyping was performed at Med-
Genome Inc. using the Fluidigm technology in India. Of these 132 SNPs,
18 markers were found to be monomorphic in all three EEGs of people,
and six markers with poor call rate or quality were omitted. After
excluding 12 of the 118 SNPs that could not be designed for Fluidigm.
The genotypic data were cleaned for Mendelian inconsistencies by
blanking the genotypes in error using the PLINK program, and 106
variants were available for replication analysis. The markers that required
less than 5% blanking were retained for the analysis. In addition, the
program PEDSYS was used to infer missing genotypes from the geno-
types of relatives, when possible, without any ambiguity. Using the
SOLAR program, the allele frequencies and minor allele counts were
calculated for each of the three EEGs, and SNPs were tested for HWE.

Functional studies using DNA in a pull-down assay
Weamplified the region surrounding the (rs117727754C>G) variant found
in theABCC8 gene (located at Chr 11:17415057 position) by PCR.Using 5′-
biotin-labeled forward primer (AGTAACGCCAGCCTAACATATAA),
the region of ABCC8 containing the RV was immobilized to streptavidin
beads. Nuclear fraction (100 μg) was extracted from HCT-116 cells using
NE-PER™Nuclear andCytoplasmicExtractionReagentsKit. Proteins in the
nuclear fractionwere incubatedwith 5′-biotinylatedDNAprobes (1 μg) and
the streptavidin beads on a rotating shaker at 4 °C for 2–4 h with gentle
rocking. Following this incubation, tubes were placed on a magnet stand,
and after 3min of incubation at room temperature, the supernatant was
removed. Lastly, the beadswerewashed three timeswith cold PBS. After the
last wash, the pull-downmixture was resuspended in a 4X Laemmli buffer.
The eluted transcription factors (TFs) from the beads were detected by
Western blot analysis using monoclonal antibodies of Pax4 (1:500) (Invi-
trogen, MA, USA; catalog # PA1-108) and Nf-kβ (1:1000) (Cell Signaling
Technology, MA, USA; catalog # D14E12) as described previously36. The
band intensity was quantified using ImageJ software37.

Statistical analysis and reproducibility
RVswere screened from the ten targeted gene regions. Theywere looked up
for detection in the Punjabi Sikh people replication cohort (N = 4602),

which is available with genome-wide genotypes and imputations, as dis-
cussed. Logistic regression was used to test the association of T2Dwith each
RV in the replication cohort with adjustment for covariates age, gender, and
BMI using SPSS software version 29. In families, we performed likelihood-
based probability statistics and analyzed RV association with T2D in each
family using a 2 × 2 chi-square inR.To further assess the cumulative burden
of RVs on T2D, we performed gene/locus-centric analysis using combined
multivariant and collapsing (CMC)methods with theHotelling T2 test and
CMC with regression tests38. We used the variance-component-based
sequence kernel association test (SKAT) that tests for association by eval-
uating the distribution of genetic effects for a group of variants instead of
aggregating variants39. We then tested the association of this RV in our
unrelated case-control as part of replication studies adjusting for age, gen-
der, and BMI. The power of RV association with T2D for the replication
cohort was calculated using the Genetic Power Calculator40. These analyses
were performed using SVS version 8.9.1 (Golden Helix, Bozeman, MT,
USA) as described previously30,41.

Multiple bioinformatics tools were used to assess the pathogenicity of
the identified missense mutations in the present study, including HOPE42

and varCards43, to predict the functional consequences of variants through
23 in silico predictive algorithms.The variantswith a damaging score of four
of 23 defined by these algorithms were considered potentially damaging.
The 3Dmodels forwildtype and deleterious nonsynonymousmissense RVs
were generated using the Swissmodel44. Multiple sequence alignment was
performed to understand the evolutionary conservation of the amino acid
residue across species using Clustal omega45. The allele frequencies of RVs
among other populations were taken from GnomAD v2.1.146.

To explore the role of RVs in the intronic or splice regions in affecting
gene regulation, we used various bioinformatics tools. The effect of these
RVs onTF binding sites (TFBS) was analyzed using the atSNP search47. The
atSNPSearch is a comprehensivewebdatabase that evaluatesmotifmatches
to the human genome with both reference and variant alleles and assesses
the overall significance of the variant alterationson themotifmatches. It also
enables convenient interpretation of regulatory roles of noncoding genetic
variants by statistical significance testing and composite logo plots, which
are graphical representations of motif matches with the reference and var-
iant alleles. The pathogenic impact of intronic or splice-site RVs was pre-
dicted using RegSNP-intron software. The algorithm is based on a
supervised learning random forest classifier that integrates RNA splicing,
protein structure, and evolutionary conservation features48. Chromatin
loops (or chromatin interactions) are important elements of chromatin
structures, and their disruption can lead tomany diseases. ChromLoops is a
comprehensive, multispecies, and specific protein-mediated chromatin
loop database that integrated ChIA-PET, HiChIP, and PLAC-Seq datasets
from 13 species and documented high-quality chromatin loops. This
database identifies genes with high-frequency chromatin interactions in the
collected species49.

Genome-wide PRS
We constructed an Asian Indian ancestry-specific PRS (PRSAI) for T2D
using candidate variants derived from genome-wide genotypes derived
from our AIDHS/SDS people and variants from people from other SA
studies8,24,25,50,51. We also built a European PRS (PRSEU) using summary
statistics from GWAS meta-analyses from people of seven European
cohorts52.

The selection criteria of SNPs from 46,985,978 (common and rare) for
constructing Sikh-specific PRSAI were used as described previously41,53.
Briefly, we selected all significant SNPs (p < 10−2) following the regression
analysis for T2D. After excluding INDELs, duplicate and multiallelic SNPs
and SNPs with info score <0.80 and including SNPs with MAF > 0.01 and
MAF < 0.45, SNPs with p < 10−4 were chosen. After linkage disequilibrium
(LD) pruning using R2 (LD) = 0.50, a total of 2921 significant SNPs were
used for the construction of the PRSAI

54. The individual-level regression
coefficientsweremultipliedby thenumber of risk alleles to compute thePRS
in training and test sets as described previously41,53,55. The weighted PRSwas
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calculated using the following equation 1:

PRSj ¼
XN

i

βi � dosageij

where N is the number of SNPs in the score, βi is the effect size (or beta) of
variant i, and dosageij is the number of copies of SNP in the genotype of
individual j56. To constructPRSEU,weused the summary statistics data from
O’Connor et al.57, which comprised datasets frompeople of seven European
cohorts (n = 312,646) containing 33,122,978 variants and available for both
additive and recessive models. The SNP information of these seven cohorts
was obtained from Supplementary information from O’Connor et al.57,
available online. We used similar SNP selection criteria and QC for con-
structing PRSEU as described above for PRSAI and selected a total of
1847 significant SNPs for the construction of thePRSEU.Next, we compared
the distribution of PRSAI andPRSEU inT2Dand controls between the entire
pedigree cohort of 32 families (discovery) in selected five pedigrees carrying
a high burden of rare and ultra RVs and in unrelated cases and controls
(n = 4602). Significant differences were analyzed using a two-tailed t-test.

Results
Punjabi Sikh discovery and replication analysis
Of 6437 individuals studied, targeted sequencing of candidate genes for ten
T2D loci (harboring 48 genes and intergenic regions) was performed on
300 subjects, and validation studies included 6137 subjects. As reported
previously, these participants were part of the AIDHS/SDS and INDI-
GENIUS consortium29,31,32. Details of candidate gene regions selected for
target sequencing are provided in Supplementary Table 1. Of the 300 Sikh
individuals who underwent targeted sequencing, 288 remained after
sequencing QC. To identify RVs associations spanning ethnicities, we
extended the replication of 118 SNPs in the other three EEG people (543
cases and 1004 controls) by denovo genotyping. Our study detected several
RVs cosegregating with the T2D phenotype in some families. Many RVs
were found in genes associated with T2D and knownMODY genes, such as
the ATP-sensitive inward rectifier potassium channel 11 gene (KCNJ11,
MODY-13) on chromosome 11, the sulfonylurea receptor gene (ABCC8,
MODY-12) also on chromosome 11, and the hepatocyte nuclear factor 4
alpha gene (HNF4A, MODY-1) on chromosome 20.

Our study identified both coding and noncoding RVs matching the
patient’s phenotype, and some of the RVs were in the highly conserved
coding regions. The MAF of some of these RVs differed among Sikhs, SA,
and European people (Supplementary Table 3). Strong evidence for mul-
tiple ultraRVs associationwithT2Dwas found in the segregationofHNF4A
variants in Ped 36 of AIDHS/SDS showing different RVs in different sib-
ships (Fig. 1). All carriers ofHNF4A (rs150373196;G>A) hadT2D, and this
variant was only found in Ped 36 (Fig. 1). Despite being an intronic variant,
this variant was predicted to be damaging. The additional 5 of 9 (56%)
carriers of this variant in our unrelated people of Punjabi cohort were
diabetic (Supplementary Table 4). A rare missense variant in the KCNJ11
(rs41282930; Ser385Cys) was found in four families: Ped 99, 36, 277, and
278. The two non-T2D carriers of this variant, both in Ped 278, had
impaired glucose tolerance (Fig. 2A); these individuals were ages 32 and 34
in a pedigree with the age of onset ranging from 40 to 60 years, suggesting
that these two may yet be diagnosed with T2D. An ultra-RV in the ABCC8
gene (rs376706487; A>G) appeared to be in complete linkage dis-
equilibrium (LD) with the KCNJ11 (rs41282930 (Ser385Cys)) (D’ = 1,
R2 = 0.99) in this and two other families (Supplementary Fig. 1). Addi-
tionally, 41 unrelated individuals carried the ABCC8 rs376706487 variant,
and 63% of carriers had T2D. While 78.5% of compound heterozygous
carriers of rs376706487 (ABCC8A>G)and rs41282930 (KCNJ11C>T)were
diabetic. In Ped 99, all individuals whowere carriers ofABCC8 rs376706487
also carried the mutant allele of the KCNJ11 (rs5219; Lys23Glu), and the
majority of members had an RV from the 3’UTR (rs149998598; C>T)
encoding HNF4A (Supplementary Fig. 2A); indicating the RV enrichment
frommultiple MODY genes. We also detected a high prevalence ofABCC8
rs376706487 in people of Agarwal families from Jaipur. Of the 24 carriers
from three families, 7 of the 10 (70%) parent carriers and one young off-
spring (24 years) had T2D; the remaining rare allele carriers were below 40
or younger offspring without T2D phenotype (Supplementary Fig. 3).

Unlike the monogenic inheritance of MODY diabetes, some Sikh
families showed a load of variants from multiple MODY genes, the most
extreme being Ped 36 (AIDHS/SDS), with 31 RVs detected in multiple
genes, and the majority of these were noncoding RVs detected in
untranslated regions or introns (Fig. 1). Different families showed different
RV loads. Highest correlation of RV with T2D was observed in HNF4A in
Ped 36 (r = 0.59; p = 0.002) followed by ABCC8 (r = 0.46; p = 0.01) and

PED36

Genes
ABCC8

1 rs190889435
2 rs186443061
3 rs117727754
4 rs180928243
5 rs73423040
6 rs12279699
7 rs77330420
8 rs552031113

KCNJ11
15 rs191682072
16 rs41282930
17 rs1800467
18 rs5216
19 rs5219

HNF4A
20 rs138442211
21 rs150373196
22 rs73909506
23 rs376287515
26 rs11574734
27 rs577364935

SLC38A11
30 rs567135916

ANPEP
31 rs573368873

Fig. 1 | The burden of rare variants of multiple MODY genes (ABCC8, KCNJ11,
and HNF4A) in Ped 36 of Sikh families. Highlighted fonts depict polygenic risk
scores using Asian Indian (PRSAI) and European (PRSEU)models. Details of the rare
variants from ABCC8, KCNJ11, HNF4A, SLC38A11, and ANPEP detected in this

family are listed on the right side. Detection of heterozygous variant alleles in each
family member is indicated by the numerical code for the listed SNPs under the
individual’s ID.
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(r = 0.42, p = 0.04) in families180 and 36, respectively (Fig. 3). The enrich-
ment of RVs in MODY and other genes was also observed in Ped 99, but
their correlation with T2D could not be computed because none of the
participantswas nondiabetic.Wehypothesize that the number ofRVs in the
knownMODY genes, rather than specific RVs,may increase the burden for
T2D in these families. Contrastingly, Ped 332, with 12 living members
affected with T2D, showed no variant in the MODY genes associated with
T2D. However, the T2D-associated C allele in a known common variant
(rs5219/ Lys23Glu) did show suggestive evidence of associationwithT2D in
this family (with %T2D in carriers: 100%, LOD score 0.52 at p = 0.001)
(Fig. 4). RVs rs373044286 in HK1, rs148713144 in DDX50, and
rs148567888 inANPEPwere also segregated in this family; however, noneof
these variants showed evidence for association with T2D.

Lastly, several RVs in the solute carrier family 38 members 11
(SLC38A11) correlated with T2D in these pedigrees (i.e., AIDHS/SDS). A
RV (rs548846751,G>T)was found in pedigrees 99 and 160 (Supplementary
Fig. 2), and two new missense variants, rs140708593 (Arg116Gln) and
rs139693718 (Phe47Ser) in six members of Ped 180, and 100% of carriers
had T2D (Fig. 5). These individuals also had RV burdens from ABCC8,
HNF4A, and the common variant rs5219 (Lys23Glu) of the KCNJ11 gene.
The new missense variants detected in SLC38A11 were prevalent in these
families and a few sporadic cases of this Punjabi population. In total, 28 RVs
were associated with an increased risk for T2D in first-degree relatives,
showing incomplete penetrance in other sibships (Figs. 1, 4, Supplementary
Fig. 2, Supplementary Table 5). Of the 28 variants, 20 RVs were from
MODY genes.

Fig. 3 | Bar graph representing the number of rare variant carriers in each family.
The correlation coefficient (r) shows the correlation of rare variants with T2D. *(r)
and p-value could not be determined due to the absence of controls in these

pedigrees. ^Rare variant burden calculated excluding variants rs5216 and
rs376706487 in PED36 and PED99.

* = Fully conserved; : = all pyrimidines or purines at position; . = some matching

Population Allele Number Allele Count Allele Frequency
European 63852 2810 0.002

African/African American 75046 1870 0.025
East Asian 44856 5 0.0001

South Asian 90926 488 0.005
Sikhs 4890 169 0.017

SER385

SER383 SER383
ILE384

CYS385

A

C

D

B

PED277

PED278

Fig. 2 | Segregation and in silico functional characterization of amissense RV in a
MODY gene (KCNJ11) in four Sikh families. A Pedigrees of Sikh families show the
representation of a new rare damaging variant rs41282930 (Ser385Cys) in KCNJ11
gene segregating with T2D; mutant carriers of this variant are shown in red squares;
B Sequence alignment reveals absolute conservation of rs41282930 at position

Ser385Cys of the KCNJ11 gene across species; C Allele frequency of Ser385Cys
among different populations; D The wildtype residue (blue) forms hydrogen
bonds with Serine at position 383. However, the mutant residue (red) Cysteine
forms hydrogen bonds not only with Serine 383 but also with Isoleucine at posi-
tion 384.
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Some RVs were not found in people of other Indian ethnic groups;
these are private variants restricted to a few Punjabi families like
rs2063404685 (HNF4A; a 5’UTR variant that is prevalent in Ped 160 and no
one else carried this variant (Supplementary Fig. 2B and Supplementary
Table 4)). However, a rare intronic variant in the ABCC8 gene
(rs376706487) correlated strongly with the T2D phenotype of people in the
Punjabi family (Ped 99) (with 100% penetrance) and was also in people of
Ped 50 from Jaipur and associated with T2D except for three T2D case and
also found in people of 3 more families from Jaipur with 24 total carriers,
more than 30% were diabetic while 69% of the remaining carriers were
below age 40 and did not have T2D (Supplementary Fig. 3). Additionally,
the population-specific missense RV in the ANPEP (rs148567888;
Gln467His) identified in individuals of one Sikh family (Ped 332) was
detected in 59 individuals in the Jaipur families, and 36% of carrier parents
had T2D; however, the young offspring carriers (n = 4) were nondiabetic
(Supplementary Fig. 5). Incidentally, the other two EEG people were
monomorphic or had one or two carriers. We also performed the single
variant association analysis of all RVs found to be segregated with T2D in
the family (discovery) cohort in the unrelated replication cohort of 4602
individuals (2574 cases and 2028 controls). Of the 28 most interesting
variants, 24 were found in the replication case-control cohort. However, no
significant association was detected with T2D in any of the variants (Sup-
plementaryTable 2). Becausemost of these variants are ultra rare or rare, we
would need 25,877 to 94,658 cases at alpha 0.05 to identify RV association
with T2D with MAF ranging from 0.001 to 0.0005, respectively, with
80% power.

Next, we performed the gene-centric analysis to estimate the joint
effects of the RV burden on T2D in the entire dataset of the people from the
Punjabi cohort. Gene-burden analysis revealed the highest RV burden
contributed by the HNF4A variants (CMC with T2 test (p = 0.0003) and
CMC regression p = 0.0002) and SKAT-O (p = 0.0012) followed by
KCNJ11/ABCC8 (CMC with T2 test (p = 0.0061) and CMC regression
p = 0.0055). At the same time, a marginally significant burden on T2D was

observed in CMC T2 and CMC regression analysis in the new gene
SLC38A11 (Table 2).We further evaluated the RV burden by each pedigree
discussed above. The highest RV burden of multiple genes was observed in
Ped 36 (F = 22.07, p = 2.36E-06), followed by Ped 160 (F = 5.71; p = 0.0012)
and Ped 180 (F = 4.44; p = 0.0028) of AIDHS/SDS (Table 3).

We also evaluated the impact of intronic RVs on gene function and
regulation using bioinformatic analysis. The RVs in the HNF4A were the
most associated with T2D in family 36, showing the highest correlation
(r = 0.59; p = 0.002) (Fig. 3). The rs376287515 splice-site variant in the
HNF4A was predicted to be damaging with a pathogenicity probability of
73% using RegSNP-intron48. The intronic RV in ABCC8 (rs117727754)
represses the activity of TFs Pax4, Sp1, and Nf-κβ with scores of −10.52;
p = 3.0 × 10−7; −4.90, 1.9 × 10−4; and −2.91; p = 5.3 × 10−4, respectively
(Fig. 6A). DNA-RNA binding of mutant (mut1 and 2) and wildtype (WT)
carriers of the rs117727754 using the DNA pull-down assay and immu-
nostaining revealed reduced binding of TF (Nf-kβ) from 2.6-fold to 4.2-fold
and of Pax4 from 2.1 to 2.3-fold in heterozygous mutation carriers com-
pared to the homozygous WT carriers (Fig. 6C, D). Because these are RVs,
no homozygous mutant carriers were found in our cohorts. Interestingly,
the same variant results in the interaction of ABCC8 with the NCR3LG1
gene by forming a chromatin loop (Fig. 6B). Another intronic RV
rs150373196 in HNF4A gene represses the activity of two TFs (Nfatc1
(−3.64; p = 3.7 × 10−4) and Irf4 (−3.37; p = 1.2 × 10−3)), and enhances the
activity ofCreb1 (2.10; p = 1.9 × 10−4), andMef2d (2.26; p = 2.1 × 10−3). The
HNF4A variant also forms a chromatin loop with TTPAL, SERINC3, and
PKIG genes (Supplementary Fig. 6A, B).

Lastly, we evaluated if the families with a high prevalence of T2D and
high RV burden also have high PRS. Interestingly, most members of these
families showed a low burden of PRS both in PRSAI and PRSEU models.
With a few exceptions, the patients carrying a high load of RVs had a low
PRS score in these families (Figs. 1, 4, and Supplementary Fig. 2). However,
the average PRS (mean ± SE) in this Punjabi population (n = 4602) was
(61.7 ± 2.8 in T2D cases and 12.0 ± 0.8 in non-T2D controls) using the

Fig. 4 | A Sikh family (PED332) showing rare variants burden inANPEP,DDX50, andHK1 genes.Despite having a high load of T2D, no rare variant was detected from
MODY genes in this family. Highlighted fonts depict polygenic risk scores using Asian Indian (PRSAI) and European (PRSEU) models.
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PRSAI. It was (37.3 ± 1.6 in T2D cases and 7.4 ± 0.3 in non-T2D controls)
using the PRSEU

53. Despite having a high prevalence of diabetes, patients in
the family cohort had significantly lower PRSAI (20.3 ± 7.0 vs. 61.7 ± 2.8;
p = 4.4 × 10−12) and PRSEU (12.5 ± 4.3 vs. 37.3 ± 1.6; p = 8.2 × 10−12) com-
pared to T2D cases from the unrelated cohort. Even in the subset of families
with high RV load, the average PRS in cases was substantially lower com-
pared to cases from the unrelated cohort PRSAI (16.8 ± 11.4 vs. 61.7 ± 2.8;
p = 3 × 10−6) and PRSEU (14.2 ± 9.3 vs. 37.3 ± 1.6; p = 1 × 10−3) in both PRS
scores driven from people of Asian Indian and European studies (Fig. 7).

Discussion
This study examined ten genetic regions of interest (identified by positional
cloning orGWAS approaches) to determine if the low frequency or RVs are
associated with T2D in Sikh families because the common variants of
GWAS signals did not show a strong association with T2D. Independent
replication/validation was conducted using data from other Sikh people

(unrelated) and families from three other EEGpeople. These candidate gene
regions were chosen based on the GWAS and association studies in people
fromSA8,23. Of all the genes analyzed,most RVs found in three known genes
(i.e., HNF4A-MODY-1, ABCC8-MODY-12, and KCNJ11-MODY-13)
showed association with T2D in a handful of families. Previous studies have
suggested that MODY genes may overlap with the adult T2D phenotype.
However, the role of these genes in T2D is not well characterized and has
been underreported, particularly in families with a high prevalence of
diabetes23,58.MODYdiabetes is a dominant formof a group of non-immune
diabetes subtypes, each caused by dysfunction in a single gene. MODY
phenotype presents in teens or early adulthood, and mutational changes
affect the development or the function of β-cells59. There are 14 classified
MODYgenesknown tocausedifferent formsofMODYdiabetes.This study
did not aim to investigate all MODY genes but to screen RVs under the
selected GWAS/candidate genes identified in people from SA GWAS and
meta-analysis studies. Incidentally, the common variant signal (rs4812829)

PED180

* = Fully conserved; : = all pyrimidines or purines at position; . = some matching

rs139693718 (Phe47Ser)

Population Allele Number Allele Count Allele Frequency
European 1179608 908 0.0008

African/African American 74942 29 0.0004
East Asian 44800 0 0

South Asian 90386 323 0.004
Sikhs 4890 20 0.002

PHE47ASN44

SER47
ASN44

LYS328

A

B

* = Fully conserved; : = all pyrimidines or purines at position; . = some matching

Population Allele Number Allele Count Allele Frequency
European 1175516 1109 0.0009

African/African American 74686 8 0.0001
East Asian 44566 2 0.00004

South Asian 90108 21 0.0002
Sikhs 4890 3 0.0003

rs140708593 (Arg116Gln)
C

Fig. 5 | Detection and characterization of two missense RVs in SLC38A11 gene
segregating with T2D. A Pedigree of a Sikh family (PED180) shows the repre-
sentation of new rare damaging variants rs139693718 (Phe47Ser) and rs140708593
(Arg116Gln) in SLC38A11 gene; B Sequence alignment reveals absolute conserva-
tion of rs139693718 at position Phe47Ser of the SLC38A11 gene across species; allele
frequency of Phe47Ser among different populations and the wildtype residue (blue)
forms hydrogen bonds with Asparagine at position 44. However, themutant residue

(red) Serine forms hydrogen bonds not only with Asparagine 44 but also with Lysine
at position 328.C Sequence alignment reveals absolute conservation of rs140708593
at position Arg116Gln of the SLC38A11 gene across species; allele frequency of
Arg116Gln among different populations and the wildtype residue (blue) forms
hydrogen bonds with Alanine at position 119. However, the mutant residue (red)
Glutamine forms hydrogen bonds with Alanine119 and an additional hydrogen
bond with Phenylalanine at position 261. Only Ped#180 was carrying these variants.

Table 2 | Gene-centric analysis showing high RV burden on T2D in the selected candidate genes

Method SLC38A11 KCNJ11/ABCC8 HNF4A

P Permuted P P Permuted P P Permuted P

CMC with Hotelling T squared test 0.029 0.037 0.006
0.003*

0.005
0.002*

0.0003 0.0002

CMC with regression 0.030 0.044 0.005
0.002*

0.007
0.002*

0.0002 0.0002

SKAT-O 0.140 – 0.068
0.025*

– 0.001 –

*Rare variant burden calculated excluding less common variants rs5216 and rs376706487.
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in theHNF4A (MODY-1) was associated with T2D GWAS in SA people23.
However, this association could not be verified in our families (p = 0.76).On
the other hand, multiple ultra RVs in HNF4A were commonly present in
selectedSikhpedigrees, particularly inPed36,whichalsohad thehighestRV
burden (F = 22.07, p = 2.36 × 10−6) in multiple MODY genes (HNF4A,
KCNJ11-ABCC8) and ANPEP associated with T2D.

ABCC8 and KCNJ11 genes are located next to each other on chro-
mosome 11p15.1. The encoded proteins of both KCNJ11 (Kir6.2) and
ABCC8 (SUR1) are subunits of the ATP-sensitive potassium (KATP)
channel. Earlier studies suggest that T2D patients with ABCC8 mutations
respond better to sulphonylurea treatment than other antidiabetic drugs or
insulin60. A rise in glucose affects ATP levels and leads to the closure of the
KATP channel, which activates the voltage-dependent calcium channel,
stimulating the influx of calcium and releasing insulin. Mutations in these

genes influence the regulation of the KATP channel to cause hypo- or
hyperglycemia by channel activating anddeactivating effects in transitory or
permanent neonatal diabetes61. Thus, similar effects on insulin secretion or
dysfunction may be expected in these families carrying RV load of the
KCNJ11 and ABCC8 genes in which two variants (rs376706487 in ABCC8
and rs41282930 in KCNJ11) were in complete LD (Supplementary Fig. 1).

The rs41282930 (KCNJ11) is a population-specific rare missense var-
iant that segregated with T2D in four families of Sikh people (Ped 99, 36,
277, and 278), supporting the enrichment of very rare SNPs due to
inbreeding and no other people from non-SA study has reported this var-
iant. However, we could not confirm the prevalence or association of
rs41282930 with T2D in the other three EEG people because of the lack of
genotype data for this variant. The rs41282930 results in an amino acid
change from Ser to Cys at codon 385, which would create a more hydro-
phobic residue (cysteine), whichmakes an additional bondwith ILE384 that
would disturb correct folding as predicted by bioinformatic analysis
(Fig. 2D). Thephosphorylation of the Ser385 residueof theKir6.2 subunit of
the KATP (potassium channel) by AMPK (AMP-activated protein kinase)
may play a role in insulin secretion by disrupting the activation of the
calcium channel62,63. A Glu227Lys variant in KCNJ11 was detected in a
MODY family from people of France with incomplete penetrance64.
Another variant in KCNJ11 at codon 42 (Cys42Arg) was associated with
MODY and the later onset of T2D in Japanese people; both variants were
not found in our population65.We also did not detect theVal169Ile found in
South Indian people and Arg114Trp in European people associated with
MODY 1 diabetes (HNFA4) in our families66,67. However, those families
carrying RVs frommultiple MODY genes (HNFA4,KCNJ11-ABCC8) may
manifest T2D due to insulin secretory defects68 and may suggest an oligo-
genic model of inheritance of rare forms of T2D caused by MODY or
other genes.

Table 3 | Rare variant burden by each pedigree

Family Genes F P

PED36 SLC38A11, KCNJ11, ABCC8,
ANPEP, HNF4A

22.07
20.63*

2.36E-06
6.25E-05*

PED99 SLC38A11, HK1, KCNJ11,
ABCC8, HNF4A

2.15
1.82*

0.0004
0.0002*

PED160 SLC38A11, ANPEP, HNF4A 5.71 0.001

PED180 SLC38A11, ABCC8 4.44 0.003

PED332 DDX50, HK1 2.96 0.025

PED324 ABCC8 2.73 0.114

PED277/278 KCNJ11 0.03 0.858

*Rarevariantburdencalculatedexcluding lesscommonvariants rs5216and rs376706487 inPED36
and PED99.

Transcription factor binding sites Chromatin looping
ABCC8 (rs117727754C>G)

A
B

Fig. 6 | The rare intronic variant rs117727754 detected in the ABCC8 gene was
present in the transcription factor binding site. A Rare variant represses the
activity of transcription factors Pax4, Sp1, and NF-kβ with scores of−10.52,−4.90,
and −2.91, respectively, and enhances the activity of Ap1 (Score = 4.46). B The
ABCC8 variant also forms a chromatin loop with NCR3LG1 gene. C The Pax4-
ABCC8 and NF-kβ-ABCC8 pull-down assay using biotinylated probes: DNA-

transcription factor (RNA) binding inWestern blots showing the binding ofNF-kβ -
ABCC8 and Pax4-ABCC8 among two mutant (CG) human carriers vs. wildtype
(CC) carriers.D Bar graphs representing the decreased intensity (2.6-fold) for Mut1
and (4.2-fold) Mut2 for Nf-kβ, and (2.3-fold) for Mut1 and (2.1-fold) for Mut2
compared to the WT band for the Pax4 transcription factor. The bands were
quantified and analyzed using ImageJ.
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In addition,we identifiedRVs in twonewgenes,SLC38A11 andANPEP,
which could be potential new candidates for T2D in these populations. The
presence of two very rare LoF RVs in SLC38A11 was only detected in one
family (Ped180)matchingwithT2Dphenotype (Fig. 5), and intronicvariants
showing a strong correlationwithT2D in families 99, 160, and 36 support the
role ofSLC38A11 inT2D.Notably, theSLC38A11 falls under theT2DGWAS
locus GRB1423 and is an amino acid transporter predicted to be involved in
aminoacid transmembrane transporter activity.Recent studieshave reported
common variants in the SLC38A11 association with BMI, waist-to-hip ratio,
and triglycerides, but its contribution to T2D pathophysiology is currently
unknown69. The association of ANPEP with T2D has been reported in the
Gene Expression Omnibus database of pancreatic beta cells70, and plasma
levels ofANPEP increased inpatientswith prostate cancer71. Interestingly, the
detection of ultra-rare missense variant in the ANPEP (Gln467His;
rs148567888) identified inpeople fromoneSikh familywasmoreprevalent in
people fromAgarwal (Jaipur) families (SupplementaryFig. 4); both Sikhs and
Agarwals are from Northern India. At the same time, this variant was
monomorphic in people from the other two EEGs from Southern India
(Chettiars andReddys).OurT2Dfamilies came fromfourgeographically and
ethnically distinct EEGs: North (Punjab and Rajasthan) and South (Tamil
NaduandAndhraPradesh) India.As expected, several differences in theT2D
phenotype and other traits were identified in these families from different
EEGs (Table 1), as reported earlier8,29.

Intronic RV in the ABCC8 gene (rs117727754) in the Ped 36 family
represses the activity of three TFs (Pax4, Sp1, and Nf-κβ), and the highest
score was found in the Pax4 (score −10.52). The significantly reduced
binding of TFs (Pax4 andNf-kβ) withABCC8 in the DNApull-down assay
further supports the functional role of this RV in T2D. The Pax4 or Paired
Box 4 is a key TF involved in the embryonic development of the pancreatic
islets of Langerhans and thus has an essential role in insulin-secreting β cell
lineage. Knockout of Pax4 in animal models leads to the absence of β cells,
resulting in a significant increase in glucagon-producing α cells, leading to
neonatal deaths72. TheNf-κβ is known to play a key role in the pathogenesis
of vascular complications of diabetes. Persistent hyperglycemia in T2D
activates Nf-κβ and triggers the expression of various cytokines, chemo-
kines, and cell adhesion molecules73. Additionally, the NCR3LG1 gene
(located upstream of ABCC8 and KCNJ11) controls their activity and helps
in the insulin secretion pathway. However, the chromatin loop interaction
due to RV rs117727754 in the ABCC8 (Fig. 6B) could be repressing the

insulin secretion pathway impacted by NCR3LG174, which agrees with our
hypothesis of defects in insulin secretion in these families. The intronic RV
(rs150373196) in theHNF4A gene in thePed36 family enhances the activity
of a known TF-Creb. The Creb phosphorylation triggers the cascade for the
expressionof enzymes involved ingluconeogenesis. Studieshave shown that
Creb is over-activated by glucagon and many other factors contributing to
the elevation of fasting glucose levels in diabetes75,76. Most of the TFs
enhanced or repressed by the intronic RVs have a role in T2D. Similarly,
most of the carriers of these variants in the Ped 36 family have T2D, which
might suggest the role of these variants in dysregulating T2D-based TFs.

Most of the identified RVs have only recently been added toGnomeAD.
The role of these variants with T2D is currently unknown in any population
except three RVs (rs41282930, rs1800467, and rs5216) have been reported in
two small studies published in Asian Indians and Indo-Trinidad
populations77,78. The highest rate of RV prevalence occurred in families with
a strong history of T2D, showing dominant transmission patterns like that of
Mendelian genes. The most intriguing finding of this study was that, despite
carrying a high prevalence of T2D and high RV burden, most members of
these families showeda loweraverageburdenof commonvariant-derivedPRS
models (PRSAI and PRSEU) constructed from extensive T2D GWAS meta-
analysis studies (Fig. 7). The lack of a commonvariant burdenmay suggest an
oligogenicoriginofT2D,which thePRSdoesnot explain.TheRVenrichment
ofSLC38A11,ANPEP, and threeMODYgenes calls for an in-depthevaluation
of these families through whole-genome sequencing.

Lastly, as we know, the T2D etiology is highly heterogeneous due to its
multiple roots of origin; population heterogeneity due to genetic back-
ground and environmental differences poses further challenges in under-
estimating the complexity of the T2D phenotype79,80. Such families from
genetically homogenous EEGs can provide additional insights into the
molecular mechanism by identifying different molecular subtypes of T2D,
as suggested by this study. The limitations include the genetic information
reported in this study being limited to only a few GWAS loci, the RVs
information from the remaining part of the human genome, and other ~400
confirmed GWAS genes missing. Based on the observed RV load of three
MODY genes in T2D families, investigations of other MODY genes are
warranted and may identify rare subtypes of T2D. Moreover, the RVs of
these target gene regions were primarily available in the discovery cohort of
Sikh EEG people, and only 118 variants were genotyped in the people of the
remaining EEGs.Also,we used imputedSNPs for replication analysis in our

Fig. 7 | Bar charts representing the distribution of polygenic risk scores. PRSAI
(A) and PRSEU (B) showing significant differences between family cohort (Dis-
covery) (N = 288), families with high rare variant burden from the selected GWAS

candidate genes (N = 82) vs. the unrelated individuals of AIDHS/SDS (N = 4602)
among T2D cases. Errors bars represent the standard error and individual data
points are added.
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case-control cohort, which could have resulted in the poor replication of
these RVs. The imputation algorithmshistoricallywork poorly for RVs and,
more specifically, in populations like ours due to the absence of a
population-based reference panel81. Besides, the high prevalence of RVs in
the family pedigrees is not unexpected, as the offspring inherit 50% of the
genome from each parent. However, the enrichment of the RVs from gene
loci already implicated in causingMODY diabetes is intriguing, specifically
in those T2D pedigrees with low PRS. Moreover, this study shows an
enrichment of intronic variants with functional consequences, which
necessitates deeper evaluations of such families from understudied popu-
lations for potential novel therapeutics. Further, our data revealed the pre-
sence of a north-south gradient in the RV association for ANPEP and
ABCC8 genes with T2D in people of Punjabi and Agarwal (Jaipur) families,
both from the northern region. These findings support earlier published
genetic studies on Indian populations reflecting founder effects due to the
endogamous nature, multiple cast groups, or separation due to geographic
distance among the Indian communities9,82.

In summary, our data indicates that the abundance of noncoding RVs
from various MODY and other new genes contributes significantly to the
development of T2D in certain families with a low common variant burden,
as indicated by PRS, suggesting an oligogenic mode of inheritance. It is also
possible that RVs frompolygenic susceptibility genes play a role in causing a
high genetic burden for T2D. Since these families were only sequenced for a
limited number of target gene regions, a thorough evaluation using whole-
genome sequencing is needed to clarify the genetic factors contributing to
the high burden of T2D in these families. These efforts will improve disease
classification and assist with developing personalized medicine approaches
to advance risk prediction and treatment options.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The sourcedata forFig. 7 is in SupplementaryTable 6.Datafileswith variant
information for constructing the genome-wide PRS are available in the
supplementary data files as Table 7 for Asian Indian people and Table 8 for
European people. The additional information on PRS is available through
our previous manuscript (Rout et al.53). The genome-wide genotype data
associatedwith thePunjabi Sikh studywithphenotypedata has alreadybeen
submitted toDbGaphttps://www.ncbi.nlm.nih.gov/gap/advanced_search/?
TERM=sanghera. The data from these family studies containing sensitive
participant information for further analysis will be made available at rea-
sonable request through collaborations through the corresponding author.
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