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Abstract
Ethnic  differences  in  pharmacogenomic  (PGx)  variants  have  been  well  docu-
mented  in  literature and could significantly  impact variability  in response and 
adverse events to therapeutics. India is a large country with diverse ethnic popu-
lations of distinct genetic architecture. India’s national genome sequencing ini-
tiative (IndiGen) provides a unique opportunity to explore the landscape of PGx 
variants using population- scale whole genome sequences. We have analyzed the 
IndiGen variation dataset (N = 1029 genomes) along with global population scale 
databases to map the most prevalent clinically actionable and potentially delete-
rious PGx variants among Indians. Differential  frequencies  for  the known and 
novel variants were studied and interaction of the disrupted PGx genes affecting 
drug responses were analyzed by performing a pathway analysis. We have high-
lighted  significant  differences  in  the  allele  frequencies  of  clinically  actionable 
PGx variants in Indians when compared to the global populations. We identified 
134 mostly common (allele frequency [AF] > 0.1) potentially deleterious PGx var-
iants that could alter or inhibit the function of 102 pharmacogenes in Indians. We 
also estimate that on, an average, each Indian individual carried eight PGx vari-
ants (single nucleotide variants) that have a direct impact on the choice of treat-
ment or drug dosing. We have also highlighted clinically actionable PGx variants 
and genes for which preemptive genotyping is most recommended for the Indian 
population. The study has put forward the most comprehensive PGx landscape 
of the Indian population from whole genomes that could enable optimized drug 
selection and genotype- guided prescriptions for improved therapeutic outcomes 
and minimizing adverse events.
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INTRODUCTION

Interindividual variability in therapeutic response is well- 
documented and genetic differences are suggested to be a 
significant contributor apart  from a variety of other  fac-
tors.1 Pharmacogenomics (PGx) is an emerging approach 
to optimize selection and dosage of therapeutics to mini-
mize adverse drug reactions (ADRs) and to maximize the 
drug efficacy.2,3 Several studies have correlated the varia-
tions  in genes associated with drug absorption, distribu-
tion, metabolism, excretion and toxicity with differential 
drug  responses.  The  US  Food  and  Drug  Administration 
(FDA)  has  included  PGx  markers  in  the  product  labels 
for  over  300  drugs  and  the  Clinical  Pharmacogenetics 
Implementation  Consortium  (CPIC)  have  issued  dosing 
guidelines for more than 80 drugs and over 20 genes based 
on curated scientific evidence encompassing a number of 
specialities and indications.4,5

The term ethnicity encompasses both genetic and envi-
ronmental factors with shared origins, social background, 

and culture, and is different from that of the race. Ethnic 
differences in PGx variants are now well- documented in 
literature.6  The  PGx  markers  related  to  therapeutic  re-
sponse  and  ADRs  for  some  molecules  vary  significantly 
in allelic frequency across populations.7 The advances in 
next- generation  sequencing  technologies  have  catalyzed 
a  remarkable  progress  in  the  study  of  population- scale 
genomes.  Such  large- scale  genome  sequencing  projects 
could provide interesting insights into the architecture of 
PGx variants8 and can potentially uncover significant dif-
ferences in population- wise distribution of PGx variants.6 
The evidence base for clinical translation of PGx for dis-
tinct populations can be enhanced significantly by incor-
porating multiple global populations.9 A study on genome 
and exome sequences of the Qatari population has found 
3579 potentially deleterious PGx variants  involving 1163 
genes which are associated with 1565 drugs, revealing 83 
highly prevalent variants associated with 629 drugs.9

India  is  a  country  with  extremely  diverse  cultural, 
social,  and  biological  behaviors  marked  with  notable 

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
The  pharmacogenomic  (PGx)  markers  related  to  therapeutic  response  and  ad-
verse drug reactions are known to vary significantly  in allelic frequency across 
populations. Several population- scale genome sequencing studies have attempted 
to identify ethnic differences in the distribution of PGx variants across the global 
human  populations,  including  South  Asian  populations.  However,  the  genetic 
diversity of  the Indian population  is not sufficiently represented  in  these stud-
ies. Previous Indian studies are limited to few drugs, variants, and samples using 
genotyping- based approaches.
WHAT QUESTION DID THIS STUDY ADDRESS?
India, the second most populous country in the world, is marked by distinct ge-
netic heterogeneity owing to its diverse culture, social, and biological behaviors. 
Previous studies have highlighted differences in drug response between Indians 
and other ethnic groups. In this study, we aim to provide an integrated knowl-
edge on the PGx landscape of diverse Indian populations using whole genome 
sequences which could be a center for pharmacotherapy in the future.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
A population- specific PGx landscape of Indian population has been cataloged by 
this  study,  which  highlights  clinically  actionable  PGx  variants  and  pharmaco-
genes for which preemptive genotyping could be prioritized specifically for the 
Indian population. This rich compendium of PGx markers include rare and com-
mon PGx variants  including single nucleotide variants,  indels, and haplotypes, 
including HLA alleles.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
The  insights  from this study can help  foster  future PGx validation studies spe-
cific to the Indian population, provide a new perception for clinicians in decision 
making,  and  inform  national  drug  policy  decisions  toward  ensuring  improved 
therapeutic outcomes for the population.
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genetic  heterogeneity.10  The  country  is  considered  a 
treasure for geneticists as it consists of more than 4500 
anthropologically  distinct  populations  representing 
different  caste,  tribe,  and  religious  groups  that  differs 
on the bases of cultural practices, linguistics, and their 
genetic architecture.11 Previous PGx studies have high-
lighted  disparities  in  drug  response  between  Indians 
and  other  ethnic  groups.12  An  integrated  knowledge 
about  genetic  information  of  diverse  Indian  popula-
tions  will  be  enormous  and,  if  utilized  properly,  can 
become  the  center  of  pharmacotherapy.12  India’s  own 
national  genome  sequencing  initiative  (IndiGen)  pro-
gram  had  sequenced  the  whole  genomes  of  1029  un-
related  Indian  individuals  representing  diverse  ethnic 
groups of India and has also mined the allele frequen-
cies of several clinically significant genetic variants  to 
estimate the population prevalence for diverse clinical 
applications.13

PGx  in  clinical  practice,  clinical  trials,  and  pharma-
covigilance  is still  in  its  infancy  in India. There  is a dire 
need  for  promoting  clinical  research  and  pharmacovig-
ilance  programs  that  can  help  establish  population- 
specific therapeutic strategies. In the absence of definitive 
country- specific  policies  and  PGx  guidelines  by  Indian 
drug  regulatory  agencies,  PGx  guidelines  issued  by  in-
ternational consortia, such as the CPIC, and labeling for 
approved drugs provide the much- required foundational 
evidence for prioritizing drug- gene candidates for promot-
ing population- specific PGx initiatives.

In  this  study,  we  have  utilized  the  IndiGen  variation 
dataset to compile a comprehensive catalog of pharmacog-
enomic variations in the Indian population by investigat-
ing the differential frequencies of known and potentially 
deleterious PGx markers in the population. We have also 
highlighted clinically actionable PGx variants, which are 
enriched among Indians that could provide a new percep-
tion for the clinicians in decision making and would also 
pave a way for improved therapeutic outcomes.

MATERIALS AND METHODS

Study population and datasets

The  genetic  variants  and  their  allele  frequencies  in  the 
Indian population were obtained from variation datasets 
in Variant Calling Format (VCF) of 1029 whole genome 
sequences  of  unrelated  Indian  individuals,  sequenced 
as  a  part  of  the  IndiGen  study.13  The  variants  were  an-
notated  according  to  the  GRCh38  human  reference  ge-
nome and the variant file includes genotype information 
of 55,898,112 variations, which includes single nucleotide 
variations (SNVs) and indels.

Quality control

We  performed  genotype  and  individual  level  missing-
ness tests (95%) and Hardy- Weinberg disequilibrium test 
(p < 5 × 10−7) using PLINK version 1.0914 and obtained 
53,672,515 variants.

Pharmacogenomic Variant 
Analysis workflow

Variant annotation

ANNOVAR15  was  used  to  annotate  variants  using 
database- single- nucleotide  polymorphism  version  150 
(dbsnp  v150)  and  RefGene  databases,  and  also  to  esti-
mate  the  variants  allele  frequencies  in  1000  Genomes 
Phase  3  (1KGP3- ALL),16  Genome  Aggregation  Database 
(gnomAD- ALL),17  and  Greater  Middle  East  (GME- ALL) 
variome18 databases. We also estimated the allele frequen-
cies  of  the  subpopulation  datasets,  such  as  East  Asian 
(EAS),  South  Asian  (SAS),  Admixed  American  (AMR), 
European  (EUR),  and  African  (AFR)  populations  of 
the  above  databases  to  compare  with  the  Indian  allele 
frequencies.

Prediction of potential deleterious variants

The  functional  impact of exonic variants were predicted 
using SIFT,19 PolyPhen2,20 and MutationTaster.21 The ex-
onic nonsynonymous variants that were predicted delete-
rious  (SIFT:  Damaging;  PolyPhen2:  Probably  Damaging 
and MutationTaster2: Disease_causing) by at least two of 
these tools were taken for downstream analysis.

Annotation of PGx variants from 
PharmGKB and drugbank

Clinical  Annotations  of  PGx  variants  (released  on 
December 5, 2020) were obtained from PharmGKB data-
base,22 which included 4559 annotations linked to SNVs 
and  haplotype  variants.  Clinically  actionable  variants 
with the highest level of evidence (level 1A/1B) from the 
above list were overlapped with the potentially deleterious 
variants in the Indian genomes to evaluate the prevalence 
of these variants in Indians. Population- specific allele fre-
quencies of the relevant PGx variants were estimated from 
the  IndiGen  database,  1KGP3  database,  gnomAD  data-
base, and GME variome database. A comprehensive list of 
pharmacogenes was downloaded from the DrugBank da-
tabase.23 The predicted deleterious variants in the Indians 



   | 869A PHARMACOGENOMIC VIEW OF INDIAN GENOMES

were  overlapped  with  this  list  to  generate  a  list  of  PGx 
variants in the Indian population.

Statistical analysis

Fisher’s exact test was used to compare the Indian allele 
frequencies  (IndiGen)  with  that  of  global  populations 
(1KGP3- ALL and gnomAD- ALL) to assess the frequency 
differences in the Indian population.

Annotation of pharmacogenomic 
haplotype variants

Toward generating an exhaustive compendium of PGx as-
sociated  haplotyping  results,  we  used  three  different  tools 
to  call  the  haplotype  variants  from  pharmacogenes  from 
IndiGen and the 1KGP3 datasets. (i) Stargazer,24 a tool for 
genotyping more than 50 PGx genes from next generation 
sequencing data, was used to call the star alleles in the PGx 
genes from the whole genome variation data (VCF file) of 
the IndiGen and 1KGP3 databases. (ii) Cyrius,25 a software 
tool that accurately genotypes CYP2D6 was used to call the 
star alleles in the CYP2D6 gene from the whole genome data 
(bam file) of the IndiGen and 1KGP3 database. (iii) xHLA,26 
an algorithm for HLA typing  that  refines  the mapping re-
sults at the amino acid level and accurately generates four- 
digit typing for both class I and II HLA genes was used to 
type PGx associated HLA haplotypes. Then, allele frequen-
cies  (AFs) of  these star alleles were calculated using a py-
thon script to evaluate the prevalence of these variants in the 
Indian population and the 1KGP3 database.

Construction of drug pathways and 
visualization

Pharmacogenes harboring PGx variants that are function-
ally disrupted in the Indian population with an allele fre-
quency of more than 10% (IndiGen: 0.1) were fetched. A 
Sankey  diagram,  depicting  the  drug  function  disruption 
pathway,  was  generated  using  flourish  studio27  by  map-
ping these genes to the associated drugs in the DrugBank 
database.

RESULTS

Summary of variants and variant 
annotations

The  genetic  variation  dataset  utilized  for  this  study  en-
compassed whole genomes obtained from 1029 unrelated 
Indian  individuals  (IndiGen  data)  aligned  to  the  latest 
GRCh38  human  reference  genome.  After  rigorous  qual-
ity control, we used 53,672,515 variants, which included 
SNVs and indels for our study. Genomic annotation using 
NCBI RefSeq identified 36,998 variants to cause nonsyn-
onymous  amino  acid  substitutions,  which  also  included 
variants  leading  to gain or  loss of  stop codon. A  total of 
15,917 variants were predicted to be deleterious by at least 
two  of  the  computational  prediction  tools  and  used  for 
further downstream analysis.

Clinically actionable pharmacogenomic 
variants among Indians

Single nucleotide variants

Of the 4559 clinical annotations in the PharmGKB data-
base, 114 SNVs and 69 haplotype variants had the highest 
level of evidence (level 1A/1B). These variants were then 
overlapped  with  the  variants  in  Indian  population  and 
their prevalence was evaluated based on  their allele  fre-
quencies in Indians and other global population datasets, 
which  included  gnomAD,  1KGP3,  and  GME  to  indicate 
the remarkable interpopulation differences (Table S1).

Eighteen  of  the  114  clinically  actionable  PGx  SNVs 
and 34 haplotype variants associated with 67 clinical an-
notations were found in Indian population (Figure 1a,b). 
We  derived  the  allele  frequencies  of  these  variants  in 
the  IndiGen  database,  1KGP3  database,  gnomAD  data-
base, and Greater Middle East (GME) variome database. 
Statistical analysis revealed 14 SNVs whose allele frequen-
cies in Indians are significantly different (p value <0.05) 
from  the  global  population  (gnomAD- ALL  and  1KGP3- 
ALL) averages (Figure 1a).

Several important differences in allele frequency were 
identified. For example, SLCO1B1 variant rs4149056 asso-
ciated  with  simvastatin  toxicity  occurs  at  a  considerably 

F I G U R E  1  (a) Comparison of Indian allele frequencies of clinically relevant PGx single nucleotide variants with populations in 1KGP3 
dataset, gnomAD database, and GME database. PGx variants in Indians which yielded significant p value (p < 0.05) in Fisher’s exact test 
comparing Indian allele frequency with other databases are highlighted in green outer circle. (b) Comparison of Indian allele frequencies 
of clinically relevant PGx haplotype variants with populations in the 1KGP3 dataset. AFR, African/African American; AMI, Amish; AMR, 
Admixed American/Latino; ASJ, Ashkenazi Jewish; CA, Central Asia; EAS, East Asian; EUR, European; FIN, Finnish; GME, Greater 
Middle East; gnomAD, Genome Aggregation Database; IKGP3, 1000 Genomes Phase 3; NEA, Northeast Africa; NWA, Northwest Africa; 
OTH, Other (population not assigned); PGx, pharmacogenomic; SAS, South Asian; SD, Syrian Desert; TP, Turkish Peninsula
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lower  frequency  (IndiGen:  0.05)  compared  to  the  global 
populations  (gnomAD- ALL:  0.12).  Notably,  three  vari-
ants  in  the  VKORC1  gene  (rs9923231  [IndiGen:  0.18], 
rs9934438  [IndiGen:  0.18],  and  rs7294  [IndiGen:  0.71]) 
associated  with  warfarin  dosage  and  efficacy  was  found 
to  be  most  common  among  Indians.  The  prevalence  of 
rs7294  variant  in  the  South  Asian  population  is  signifi-
cantly  higher  when  compared  to  the  global  populations 
(IndiGen:  0.71;  gnomAD- SAS:  0.72;  1KGP3- SAS:  0.75; 
gnomAD- ALL: 0.40; and 1KGP3- ALL: 0.42).

We also observed that the DPYD variant rs3918290 as-
sociated with fluoropyrimidine- based chemotherapy drug 
toxicity  showed  increased  prevalence  in  India  (IndiGen: 
0.005)  among  the  South  Asian  populations  (gnomAD 
SAS: 0.001). Similarly, NUDT15 variant rs116855232 asso-
ciated with azathioprine and mercaptopurine dosage and 
toxicity showed highest prevalence in Asian populations 
(IndiGen:  0.08;  gnomAD- SAS:  0.07;  1KGP3- SAS:  0.07; 
gnomAD- EAS: 0.1; and 1KGP3- EAS: 0.09) and lowest in 
African  populations  (gnomAD- AFR:  0.001;  and  1KGP3- 
AFR: 0.0008). The intronic variant rs12979860 associated 
with the efficacy of peginterferon based regimens showed 
a significantly different prevalence among the Asian pop-
ulation,  i.e.,  the prevalence was 20%  in  the South Asian 
populations, including Indians (IndiGen: 0.20) whereas it 
was less than 10% in the East Asian populations.

Haplotype variants

CYP2B6 haplotypes comprising CYP2B6*2 (IndiGen: 0.03), 
CYP2B6*4 (IndiGen: 0.07), CYP2B6*6 (IndiGen: 0.31), and 
CYP2B6*9  (IndiGen:  0.05)  that  are  associated  with  the 
metabolism/dosage/toxicity  of  antiretroviral  medication 
efavirenz are found to be prevalent among Indians. This 
suggests  that  a  striking  60%  of  Indians  require  a  lower 
dose of efavirenz as they carry at least one copy of the de-
creased function allele CYP2B6*6 or CYP2B6*9 as per the 
CPIC  dosing  guidelines.28  The  prevalence  of  the  variant 
UGT1A1*28 associated with the toxicity of the antiretro-
viral  drug  atazanavir/ritonavir  and  antineoplastic  drugs 
(FOLFIRI/irinotecan)  is  higher  in  Indians  compared  to 
the  global  population  (IndiGen:  0.40;  and  1KGP3- ALL: 
0.32). We have also noticed that the prevalence of the vari-
ant  UGT1A1*6  associated  toxicity  of  the  antineoplastic 
drugs (FOLFIRI/irinotecan) is significantly higher among 
East Asians in comparison to the South Asian populations 
(IndiGen: 0.05; 1KGP3- SAS: 0.02; and 1KGP3- EAS: 0.1).

In comparison to global populations, CYP2C19*2 vari-
ant  associated  with  metabolism  or  efficacy  of  one  anti-
platelet  drug,  three  proton- pump  inhibitor  drugs,  one 
antifungal drug, and seven antidepressant drugs is found 
in higher allele frequency in Indians (IndiGen: 0.36; and 

1KGP3- ALL: 0.22; Table S2). This translates to key action-
able guideline recommendations in 13% of Indian patients 
who are CYP2C19 poor metabolizers  (*2/*2),  such as al-
ternate  antifungal  therapy  in  case  of  voriconazole,  dos-
age reduction for citalopram and escitalopram, alternate 
antiplatelet  therapy  in  case  of  clopidogrel,  and  dosage 
reduction  for  the  selective  serotonin  reuptake  inhibitor 
sertraline.

The  variant  CYP3A5*3  associated  with  dosing  of  the 
commonly  used  immunosuppressant  drug  tacrolimus  is 
less  prevalent  in  African  populations  who  are  therefore 
known to require higher tacrolimus dosage compared to 
all the other populations (IndiGen: 0.7; 1KGP3- AFR: 0.18; 
1KGP3- EUR:  0.94;  1KGP3- SAS:  0.66;  1KGP3- EAS:  0.71; 
and 1KGP3- AMR: 0.79). We also observed that TPMT*3A 
and  TPMT*3C  variants  associated  with  the  dosage  re-
duction  and  toxicity  of  immunosuppressant  drugs,  such 
as  azathioprine  and  mercaptopurine,  is  found  to  be  less 
prevalent in Indians (IndiGen: 0.003 and 0.018) compared 
to  the  global  population  (1KGP3- ALL:  0.012  and  0.026), 
respectively.

The  variant  CYP2C9*3  is  associated  with  the  metab-
olism  and  response  to  NSAIDs,  such  as  the  widely  pre-
scribed drug ibuprofen. The prevalence of this variant  is 
10% (IndiGen: 0.1) among Indians and South Asian popu-
lations. As per the CPIC guidelines,29 our analysis shows 
that at least 10% of Indians carrying the variant would be 
possibly  poor  or  intermediate  metabolizers  thereby  re-
quiring a lower dose.

About 25% of clinically used drugs, such as antidepres-
sants, antipsychotics, and opioids, are mostly metabolized 
by the CYP2D6 enzyme and their activity is highly variable 
from poor metabolism to ultrarapid metabolism.30 There 
are around seven clinically actionable CYP2D6 haplotype 
variants present in the Indian population associated with 
two antipsychotics, four opioids, and nine antidepressants 
(Table S2). The reduced functional allele CYP2D6*41 was 
found to be  the most common allele among the Indians 
and is associated with the intermediate metabolizer phe-
notype.31  Our  analysis  confirms  that  the  prevalence  of 
this variant is higher among Indians (IndiGen: 0.11; and 
1KGP3- ALL: 0.06).

HLA haplotype variants

The  prevalence  of  HLA- A*31:01:02  (IndiGen:  0.2)  and 
HLA- B*15:02:01  (IndiGen:  0.3)  variants  associated  with 
severe  cutaneous  adverse  drug  reactions  (SCARs)  like 
Stevens- Johnson syndrome of anticonvulsant drugs, car-
bamazepine,  oxcarbazepine,  and  phenytoin  (Table  S2) 
are  2%  and  3%  in  the  overall  Indian  population,  respec-
tively. Similarly, the HLA- B*58:01 variant associated with 
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the  toxicity  of  allopurinol,  a  xanthine  reductase  inhibi-
tor  drug,  is  found  to  be  prevalent  in  3.7%  of  the  Indian 
population  (IndiGen:  0.37).  The  variant  HLA- B*57:01:01 
associated with the hypersensitivity to abacavir, an antiret-
roviral drug found to be present in 4% of the overall Indian 
population  (IndiGen:  0.4).  However,  the  allele  frequen-
cies of these variants seem to be immensely higher in the 
South Indian states Kerala, Andhra Pradesh, Karnataka, 
and Tamil Nadu, as per the allele frequencies given in the 
Allele Frequency Net Database.32

Actionable pharmacogenomic variants in 
individual genomes

We  analyzed  the  carrier  status  of  clinically  actionable 
variants  (PharmGKB  level  1A/1B)  in  each  of  the  1029 
genomes. Of the 18 SNVs and 34 haplotypes identified in 
the Indian population, we observed that, on average, each 
Indian  individual  carries  eight  actionable  PGx  variants 
(SNVs)  that have a direct  impact on  the choice of  treat-
ment or drug dosing.

Potentially deleterious variants in 
pharmacogenes among Indians

To  capture  a  comprehensive  overview  of  the  extent  of 
pharmacogene  disruption  among  Indians,  we  analyzed 
overlap  between  the  putative  deleterious  variants  in 
IndiGen  data  with  2411  pharmacogenes  associated  with 
4015 drugs, as listed in DrugBank. The analysis revealed 
14,752 PGx variants, including 4366 novel variants (dbsnp 
v150) potentially hampering  the  function of 2184 genes, 
including  145  transporter/carriers,  156  enzymes,  and 
984 targets associated with 1740 drugs across therapeutic 
areas.  We  also  estimated  the  allele  frequencies  of  these 
variants  in  the  Indian  population  and  the  global  popu-
lation  to  compare  their  prevalences.  We  observed  that 
14,078 of 14,752 variants were rare (AF < 0.01) and 218 
variants among them were common (AF > 0.05). We then 
carried out our analysis with the most common 134 vari-
ants which show an AF of more than 10% among Indians 
(Figure 2, Table S3).

We  identified  nine  common  variants  (AF  >  10%) 
among Indians that are rare (AF < 1%) in other global pop-
ulations. The  variant  rs116201358  in  C8A  gene  is  found 
to be  strikingly higher  in  frequency among South Asian 
populations  in  comparison  with  other  subpopulations 
(IndiGen: 0.13; gnomAD- ALL: 0.007; and gnomAD- SAS: 
0.12) and is associated with the better treatment outcome 
of imatinib mesylate, a drug used to treat chronic myeloid 
leukemia.33  Similarly,  another  potentially  deleterious 

variant  rs11568367  in  the  ABCB11  gene  showing  high 
prevalence  in  the Indian population (IndiGen: 0.11; and 
gnomAD- ALL: 0.003) is associated with significantly im-
paired  function  of  taurocholate  transport.34  The  variant 
rs202242769 in the CYP21A2 gene is found to be extremely 
higher  in  the  Indian  population  in  comparison  with  all 
the  other  subpopulations,  including  other  South  Asian 
populations  (IndiGen: 0.227; gnomAD- ALL: 0.0053; and 
gnomAD- SAS: 0.0221) and is associated with the change 
in hormone levels in the patients with congenital adrenal 
hyperplasia as well as in some healthy individuals.35 The 
variants  in  GLRA4  gene  are  associated  with  a  negative 
response  to antipsychotic  treatment  in  the patients with 
schizophrenia.  We  have  found  a  potentially  deleterious 
variant  rs182137906  in  the GLRA4  gene with  the higher 
allele frequency among Indian population and could not 
be found in some of the other populations (IndiGen: 0.114; 
gnomAD- ALL:  0.0034;  gnomAD- AMI:  0;  and  gnomAD- 
EAS:  0).  The  variants  in  the  HLA- B  gene  are  associated 
with  adverse  reactions  to  a  wide  range  of  pharmaceuti-
cals  and  are  also  susceptible  and  resistant  to  a  number 
of  diseases.  A  potentially  deleterious  variant  rs1050538 
in the HLA- B gene, which is associated with the severity 
of human respiratory syncytial virus infection and its di-
agnostics,  and  it  is  found  to  be  highly  prevalent  among 
Indians in comparison with global populations (IndiGen: 
0.159;  and  gnomAD:  0.0059).36  We  also  found  four  po-
tentially deleterious variants in three HLA class II genes, 
which occur very  rarely  in global populations compared 
to  the  Indian  population:  HLA- DQB1  variant  rs9274387 
(IndiGen:  0.16;  and  gnomAD- ALL:  0.000009);  HLA- 
DQB1  variant  rs9274395  (IndiGen:  0.17;  and  gnomAd- 
ALL: 0.0002); HLA- DRB5  variant  rs147669022  (IndiGen: 
0.32; and gnomAD- ALL: 0.004); and HLA- DQA2  variant 
rs79517313 (IndiGen: 0.12; and gnomAD- ALL: 0.0076).

In  addition  to  these,  we  also  observed  that  14  of  134 
variants  are  associated  with  64  clinical  annotations  in 
PharmGKB  irrespective  of  the  levels  of  evidence.  The 
rs1799971 variant in the OPRM1 gene associated with the 
number  of  opioids  dosage/efficacy/toxicity/ADR  (level 
3)  was  highly  prevalent  among  Indians  (IndiGen:  0.44; 
and gnomAD ALL:0.12).  Interestingly,  the MTHFR  vari-
ant rs1801133 associated with antineoplastic drugs, such 
as  methotrexate,  carboplatin,  and  cyclo- phosphamide 
(level 2A), was less prevalent in Indians (IndiGen: 0.145), 
which had global average frequency of 27%. But, the FLT3 
variant  rs1933437,  which  is  associated  with  toxicity  of 
anticancer drug sunitinib (level 3), was found to have in-
creased  prevalence  among  Indians  (IndiGen:  0.675;  and 
gnomAD  ALL:  0.5251).  In  addition,  the  ATP7A  variant 
rs2227291, associated with toxicity of chemotherapy drugs 
docetaxel, thalidomide (level 3) was found to be in higher 
allele frequency in Indians (IndiGen: 0.361; and gnomAD 
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ALL:  0.2468).  The  EPHX1  variant  rs1051740  associated 
with dosage or efficacy of anticonvulsant drug carbamaze-
pine (level 2B) is comparatively in higher allele frequency 
in  India  (IndiGen:  0.366;  and  gnomAD  ALL:  0.2735). 
Alternatively,  PON1  variant  rs854560  was  less  prevalent 
in  Indians  (IndiGen:  0.188;  and  gnomAD  ALL:  0.2889), 
which was associated with efficacy and toxicity of the an-
tiplatelet drug clopidogrel (level 4).

Drug pathway analysis of disrupted PGx 
genes in the Indian population

In order  to understand  the  interaction of  the disrupted 
PGx genes affecting drug responses among Indians, we 
performed  a  pathway  analysis  of  708  drugs  associated 
with 118 genes that have been disrupted in at least 10% 
of the population (Figure 3, Table S4). The pathway map 
has  been  represented  as  a  Sankey  diagram,  which  pro-
vides  an  overview  of  the  drug  pathway  disruption  cat-
egorized  into  different  levels  of  gene  function,  such  as 
drug  transport/carriers,  enzymes,  and  targets.  We  ob-
served that 182 drugs show a minimum of 50% function 
disruption  of  its  associated  genes,  which  is  involved  in 
transport/carrier, enzymes, or targets. Of these, 91 drugs 
show complete disruption of at least one of the functions: 
transport, metabolism, or targeting. For example, an an-
tineoplastic drug trastuzumab with the sole target gene 
ERBB2 has a potentially nonfunctional variant in 65% of 
the  Indians and  it  is  reported  to be associated with  the 
number of serious cardiac  function adverse reactions.37 
Of the 118 disrupted genes, four genes (CYP2D6, CYP4F2, 
HLA- A, and HLA- B) were associated with 22 drugs that 
are  mentioned  in  the  FDA  table  of  PGx  biomarkers  in 
drug labeling.

DISCUSSION

To  date,  several  population- scale  genome  sequencing 
studies have attempted to characterize the ethnic dispari-
ties  in  the  distribution  of  PGx  variants  across  different 
global human populations,  including South Asian popu-
lations.  However,  these  studies  had  a  limited  sampling 

of  the  remarkable  genetic  diversity  represented  by  the 
Indian  population.  Most  of  these  studies  also  failed  to 
comprehensively  characterize  PGx- associated  SNVs  and 
indels  along  with  haplotype  variants  using  a  systematic 
approach.  Previous  genotyping- based  studies  have  high-
lighted drastic differences in the prevalence of the selected 
PGx variants among Indians associated with widely pre-
scribed drugs like warfarin and clopidogrel.38,39

In  the  present  study,  we  have  analyzed  large- scale 
Indian  population  genomic  data  to  identify  the  most 
prevalent clinically actionable and potentially deleterious 
PGx variants among Indians. We established the presence 
of  18  SNVs  and  34  haplotype  variants,  including  HLA 
alleles  associated  with  85  clinical  annotations  among 
Indians, which has relevant guidelines for drug dosing or 
ADRs. We  have  also  estimated  the  AF  of  these  variants 
in  Indians  (IndiGen  database)  and  other  global  popula-
tion  datasets  and  their  superpopulations  (gnomAD  and 
1KGP3  databases).  Three  variants  in  the  VKORC1  gene 
(rs9923231,  rs9934438,  and  rs7294)  were  most  common 
among Indians and found to be well studied to alter the 
warfarin pharmacodynamics.40 These polymorphisms can 
significantly  alter  the  warfarin  pharmacodynamics  and 
hence  dose  maintenance  is  required.41 This  seems  to  be 
great evidence for incorporating VKORC1 genotype infor-
mation  to  select  the  optimal  dose  for  the  individual  pa-
tient at the start of the warfarin therapy in India. Of the 
seven  actionable  CYP2D6  haplotype  variants  present  in 
the Indian population, four variants were found to be in 
comparatively higher allele frequency with the global pop-
ulation. Of these, the reduced function allele CYP2D6*41 
has remarkably higher prevalence among Indians and is 
associated with a number of  commonly prescribed anti-
psychotics, opioids, and antidepressant medications.

Cystic  fibrosis was  initially considered  to be nonexis-
tent in India, but later reports suggested that cystic fibrosis 
occurs in India but its precise magnitude is not known.42 
It has also been reported that the frequency of  the com-
mon  cystic  fibrosis  mutation  rs113993960  in  the  CFTR 
gene  is  lesser  in  the  Indian  population  compared  with 
other  populations.43  Our  analysis  also  revealed  a  com-
bined  carrier  frequency  of  0.7%  involving  three  variants 
in  the  CFTR  gene  associated  with  cystic  fibrosis  disease 
and its therapeutic efficacy (rs78769542, rs115545701, and 

F I G U R E  2  Allele frequencies of most common potentially deleterious nonsynonymous variants (AF > 0.1) in Indians involved drug 
transport, metabolism and target. Allele frequencies are compared with 1KGP3 database, gnomAD database, and GME database. Y- axis 
represents the variant [gene name] and X- axis represents the population and subpopulation. Gene function category is color coded on 
the left with the number of drugs associated with each gene. AF, allele frequency; AFR, African/African American; AMI, Amish; AMR, 
Admixed American/Latino; AP, Arabian Peninsula; ASJ, Ashkenazi Jewish; CA, Central Asia; EAS, East Asian; EUR, European; FIN, 
Finnish; GME, Greater Middle East; gnomAD, Genome Aggregation Database; IKGP3, 1000 Genomes Phase 3; NEA, Northeast Africa; NFE, 
Non- Finnish European; NWA, Northwest Africa; OTH, Other (population not assigned); PGx, pharmacogenomic; SAS, South Asian; SD, 
Syrian Desert; TP, Turkish Peninsula
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rs113993960)  in  the  Indian  population  in  concordance 
with earlier findings.

We  have  also  analyzed  the  clinically  actionable  PGx 
variants in individual genomes and observed that, on av-
erage, each Indian individual carries eight actionable PGx 
variants that could impact the choice of treatment or drug 
dosing  in  many  circumstances.  Additionally,  our  study 
identified 14,752 potentially deleterious PGx variants, in-
cluding 4366 novel variants that could potentially alter or 
inhibit  the  function  of  2184  pharmacogenes  in  Indians. 
Our analysis revealed 134 variants and categorized them 
as the most common variants among Indians as they show 
AF of more than 10%. These included nine variants which 
are more prevalent among Indians (AF > 10%) and rare 
among the other global populations (AF < 1%). We also 
observed  that  14  of  134  variants  are  associated  with  64 
clinical annotations in the PharmGKB database irrespec-
tive of their levels of evidence.

HLA genes are well known to have associations with 
various  types  of  SCARs  when  exposed  to  certain  drug 
treatments.44  We  discovered  four  potentially  deleterious 
variants in three HLA class II genes that were widely prev-
alent in Indians and not in other global populations. HLA 
alleles are standard biomarkers  for abacavir, carbamaze-
pine, and allopurinol and are associated with ADRs.45 Our 
analysis revealed increased prevalence of three clinically 
actionable  HLA  haplotype  variants  and  one  potentially 
deleterious variant in the HLA- B gene that are associated 
with these drugs among Indians. Genotyping of HLA al-
leles prior to the phenytoin, abacavir, carbamazepine, and 
allopurinol therapies could prevent toxicity and improve 
patient outcomes.

Furthermore,  we  also  analyzed  the  drug  categories  as-
sociated with  the most commonly disrupted PGx genes  in 
the  Indian  population  by  performing  a  pathway  analysis. 
We observed 91 drugs that show complete disruption in its 

F I G U R E  3  Sankey diagram. Drug pathway map representing the pharmacogenes functionally disrupted in more than 10 percent of the 
Indian population. The first column represents the broad drug category associated with the potentially deleterious variants in the Indian 
population. The second, third, and fourth columns represent the pharmacogenes belonging to the classes: transporter/carriers, enzymes, and 
targets, respectively. The link width represents the degree of functional loss of the given drug in terms of the pharmacogene classes
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transport, metabolism, or targeting functions. This analysis 
has revealed 22 drugs that were associated with four of the 
FDA  specified  PGx  biomarkers  (CYP2D6,  CYP4F2,  HLA- 
A, and HLA- B) for dosage and administration. The Sankey 
analysis can potentially enable selection of alternate drugs 
with fewer population- level pathway disruptions.

There  are  a  lot  of  highly  differentiated  SNPs,  indels, 
and haplotypes which have not been assigned a high level 
of evidence for association with drug response or toxicity. 
PGx validation studies for these variants are required for 
the implication of these variations. Implementing dosing 
guidelines based on variation in the PGx genes in Indian 
population would lead to positive outcomes.46

In  conclusion,  we  have  put  forward  the  population 
specific  PGx  landscape  of  Indian  population  by  investi-
gating differential frequencies of PGx markers in the ge-
nomic data. We have highlighted clinically actionable PGx 
variants and the genes for which preemptive genotyping 
should be specifically recommended in Indians. We fore-
see  that  this  study  could  provide  a  rich  resource  for  de-
signing  future validation  studies and enabling  improved 
therapeutic outcomes by providing enhanced drug selec-
tion and dosing guidelines.
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