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Summary
Background Despite having the highest number of preterm births globally, no genomic study on preterm birth was
previously published from India or other South-Asian countries.

Methods We conducted a genome-wide association (GWA) study of spontaneous preterm birth (sPTB) on 6211
women from India. We used a novel resampling procedure to identify the associated single nucleotide
polymorphisms (SNPs) followed by haplotype association analysis and imputation.

Findings We found that 512 maternal SNPs were associated with sPTB (p < 2.51e-3), of which minor allele at 19 SNPs
(after Bonferroni correction) had increased genotype relative risk. Haplotypes containing six of the 19 SNPs
(rs13011430, rs8179838, rs2327290, rs4798499, rs7629800, and rs13180906) were associated with sPTB (p < 9.9e-4;
Bonferroni adjusted p-value <0.05). After imputation in regions around the 19 SNPs, 15 imputed SNPs were found to
be associated with sPTB (Bonferroni adjusted p-value <0.05). One of these imputed SNPs, rs35760881, and three
other SNPs (rs17307697, rs4308815, and rs10983507) were also reported to be associated with sPTB in women
belonging to European ancestry. Moreover, we found that GG genotype at rs1152954, one of the associated SNPs,
enhanced risk of sPTB and reduced telomere length.

Interpretation This is the first study from South Asia on the genome-wide identification of maternal SNPs associated
with sPTB. These SNPs are known to alter the expression of genes associated with major pathways in sPTB viz.
inflammation, apoptosis, cervical ripening, telomere maintenance, selenocysteine biosynthesis, myometrial
contraction, and innate immunity. From a public health perspective, the trans-ethnic association of four SNPs
identified in our study may help to stratify women with risk of sPTB in most populations.
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Introduction
Preterm birth (PTB), defined as birth before 37
completed weeks of gestation,1 being the leading cause
of neonatal and infant mortality, imposes enormous
burden on the family, and public health infrastructure.
Of all babies born annually in India, about 13% are born
preterm; accounting for 23.4% of PTBs globally.1
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Preterm infants suffer from various medical complica-
tions including delayed development and are at
increased risk of adult-onset diseases early in their
lives.2

Spontaneous preterm birth (sPTB), the major sub-
type of PTB, occurs either due to spontaneous early
onset of labour or due to preterm prelabour rupture of
, India.

titute, Faridabad, India.
nibmg.ac.in (P.P. Majumder), am1@nibmg.ac.in (A. Maitra).
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Research in context

Evidence before this study
Previous candidate–gene association studies as well as limited
genome-wide association study in European ancestral
population have provided evidence on maternal genetic
predisposition to spontaneous preterm birth (sPTB). The
largest genome-wide association study (GWAS) of preterm
birth, which used an additive model, found common variants
in three loci (EBF1, EEFSEC, and AGTR2) to be significantly
associated with spontaneous preterm birth. However, both
the discovery and replication datasets belonged to European
ancestral population. Information on other ancestral
populations and use of non-additive models of inheritance are
not available as on date. Despite having the highest number
of preterm births globally, no genomic study on preterm birth
was previously published from India or other South-Asian
countries.

Added value of this study
To our knowledge, this is the first GWAS from South Asian
ancestral population, which investigated the association of
maternal genotypes with spontaneous preterm birth. In
addition to the identification of 15 significantly associated
single nucleotide polymorphisms (SNPs) with sPTB, we also
identified four significantly associated transethnic SNPs
(rs35760881-A, rs17307697-T, rs4308815-C and
rs10983507-G) which showed association both in Indian
women as well as in the women belonging to the European
ancestral population. Interestingly, rs35760881 is a cis-eQTL
(cis-expression quantitative trait loci) of AKIP1 in blood, which
is known to activate the pro-inflammatory state by enhancing

the NF-κβ signalling. We were also able to identify 16 other
novel population-specific loci in our study, in which either
only the minor allele homozygotes or both the minor allele
homozygotes and heterozygotes showed enhanced risk for
sPTB compared to major allele homozygotes. Additionally, we
found that women with GG genotype at rs1152954, one of
the population-specific loci, which is in the enhancer region of
CCT2, was associated with increased risk of delivering preterm
as well as with reduced relative telomere length, a genomic
marker of cellular stress. Functional annotation and biological
process enrichment analysis based on our GWAS results,
revealed several previously known as well as novel yet relevant
biological processes that might culminate in spontaneous
preterm birth.

Implications of all the available evidence
Our study on Indian population adds to the existing limited
GWAS findings on sPTB, by identifying both trans-ethnic and
population specific maternal genomic variants, that might
affect different biological processes and molecular
mechanisms culminating in spontaneous preterm birth. The
SNPs showing trans-ethnic association requires further
investigation in other populations which will help us to
understand its global clinical relevance. From public health
perspective, the genomic markers either alone or in
combination with other clinical or biological variables could
be evaluated for their predictive abilities. This might help in
the early triaging of women at high risk of sPTB to
appropriate antenatal medical care.
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membranes.3 Environment as well as maternal and
foetal genomic factors influence the risk of PTB. The
heritability estimate of PTB in a Swedish twin study was
36% while in an Australian twin study, the heritability
varied from 17% in primigravidity to 27% in multi-
gravidity.4,5 Moreover, the enhanced risk of recurrent
sPTB in mothers suggests a genetic predisposition to
sPTB.6 Most epidemiological studies have shown that
sPTB is influenced more by the maternal genome than
the foetal or paternal genomes.7–10 However, to our
knowledge only two GWAS have investigated the asso-
ciation of maternal genomic variants with sPTB.11,12 Of
these, the study by Zhang and colleagues on women of
European ancestry, was able to discover and replicate
genomic associations with sPTB.12

Most genomic studies on sPTB have been conducted
on European and African-American ancestral pop-
ulations.13 Although India contributes the highest
number of PTBs globally, there are no previous genomic
studies on sPTB from India or other South-Asian
countries. We hypothesized that maternal genetic vari-
ants are associated with sPTB and conducted GWAS in
a well-characterised cohort of pregnant women in
India14 using a nested matched preterm-term analysis to
identify maternal genotypes that are significantly asso-
ciated with sPTB.
Methods
Study participants
Pregnant women enrolled between May 2015 to April
2021 in a large single-centre prospective cohort14

(GARBH-Ini: interdisciplinary Group for Advanced
Research on BirtH outcomes - DBT India Initiative) in
Haryana, India, were followed up with written informed
consent till six months after delivery (cohort description
provided in Appendix). In this cohort, we identified the
subset of women who delivered preterm (<37 weeks)
and those who delivered at term (37+0 weeks–41+6

weeks). To minimise misclassification of preterm and
term delivering individuals, (i) we included those
women who were enrolled in the cohort before 14 weeks
of gestational age as per ultrasonography dating, and (ii)
from the individuals who were enrolled between 14+0

weeks and 19+6 weeks of gestational age, we included
those women whose gestational age at enrolment
www.thelancet.com Vol 14 July, 2023
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      6,211 women
(GARBH-Ini cohort)

   5,968 women

                    4,682 women
                    (521 cases; 4,161 controls)

                           1,563 women
                          (521 cases; 1,042 controls)

 Genotyping quality control

Sample selection criteria

Controls matched to cases
based on age, BMI, parity, 
and occupational status

Fig. 1: Overflow of sample selection criteria. 6211 women from the
cohort were genotyped and 5968 women passed the genotyping
quality control. We then applied the selection criteria (gestational
age at enrolment <14 weeks or difference between LMP dating and
USG dating <7 days, participant’s age ≥18 years, only spontaneous
singleton live birth without any complications) on these 5968
women and 4682 women were selected among which 521 had
spontaneous preterm delivery (<37 weeks) while 4161 had term
delivery (≥37 weeks – ≤41 weeks). Next, we matched preterm and
term delivering women in 1:2 ratio based on age, BMI, parity and
occupational status for the association analysis.

Articles
concurred within seven days between last menstrual
date-based dating and ultrasonography-based dating.
Women with age <18 years, having multiple pregnan-
cies, stillbirths, and care-giver initiated preterm de-
liveries were excluded from this study.

This study was approved by the institutional review
boards and ethics committees of Gurugram Civil Hos-
pital where the pregnant women were enrolled, Trans-
lational Health Science and Technology Institute where
the biospecimens were stored and DNA was extracted,
and National Institute of Biomedical Genomics where
the genotyping and analyses were conducted. Personal
identifiers of the participants were replaced with pseu-
donymised unique identifiers.

Genome-wide genotyping
Genome-wide genotyping assay of all 6211 mothers in
the cohort was carried out using Infinium Global
Screening Array (GSA) version 3.0 with multi-disease
drop-in panel which contains 700,604 markers (Illu-
mina Inc, USA). We performed genotype clustering
using custom cluster file, developed by us in house
(Appendix), in GenomeStudio 2.0 software (Genotyping
module 2.0.4, Illumina Inc, USA).

Genotype data quality control and imputation
PLINK15 version 1.9 was used for quality control of the
genome-wide genotype data. We excluded loci with call
rate <95% (numbers excluded, ne = 4551), minor allele
frequency <5% (ne = 348,443), loci that significantly
deviated from Hardy–Weinberg equilibrium [False dis-
covery rate Benjamini-Hochberg (FDR-BH) q-value
<0.05, ne = 2840], and loci for which the number of
individuals of any genotype was <10 (ne = 93,766), from
the autosomal and X-chromosomal biallelic single
nucleotide polymorphisms (SNPs; n = 677,695). We
removed individuals showing sex discrepancy (ne = 1),
having call rate <95% (ne = 47), cryptic relatedness
(Pihat >0.2) (ne = 117), high or low heterozygosity rates
(±3.84 SD from the mean) (ne = 78), and those who did
not meet our inclusion criteria described in the “Study
participants” section (ne = 1286).

Since samples were genotyped randomly in an ano-
nymised manner without knowing the delivery status
(preterm or term), we checked for the presence of batch
effect in the data. In PLINK, we tested for the frequency
of non-random missingness of genotype data between
individuals delivering preterm and term using Fisher’s
exact test and excluded 18,802 SNPs which showed
batch effect (unadjusted p < 0.1; strict cut-off to not
allow any SNP with batch-effect in the data). After
quality control, 209,293 biallelic SNPs and 4682 in-
dividuals were retained for analysis.

We imputed untyped SNPs ±500 Kbp around asso-
ciated SNPs, with IMPUTE216 using reference haplo-
types from both 1000 Genome Phase 317 and Genome
Asia Pilot project18 after phasing with SHAPEIT2.19
www.thelancet.com Vol 14 July, 2023
Apart from performing quality control of the imputed
loci as undertaken in genotyped data, SNPs with INFO
score <0.9 were excluded to enhance the accuracy of
imputed data.

Statistical analysis
Among 4682 individuals that passed quality control and
sample selection criteria, 521 women delivered preterm
while 4161 women delivered at term. For each preterm
delivering women, we randomly selected two term
delivering women matched for the age group (18–24
years, 25–30 years, 31–35 years, 36–40 years, >40 years),
BMI status (underweight, normal weight, overweight,
obese), parity (0, 1, 2, 3, ≥4), and occupational status
(unemployed, unskilled or semi-skilled, and skilled), to
avoid possible confounding effects of these variables on
birth outcomes. Thus, this study is a 1:2 matched nested
preterm-term association study with samples sizes of
521 preterm and 1042 term delivering women (Fig. 1).

To test for association with a SNP locus, we calcu-
lated the association statistic for the observed counts in
the 3 × 2 table of three genotypes and the two attributes
(preterm and term) as:

X =∑
i

∑
j

(Oij−Eij)2 /Eij,
3
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where Oij and Eij are the observed and expected (under
the hypothesis of independence of the genotypes and
the two attributes) number of individuals in the (i,j)-th
cell of the 3 × 2 table (i = 1,2,3; j = 1,2).

To test the significance of an observed association
value, we adopted a resampling technique. We did not
employ the standard method of deriving the p-value of
the association statistic using the chi-squared distri-
bution with appropriate degrees of freedom and then
correcting for multiple tests because (a) the assayed
loci are in linkage disequilibrium with variable
strengths of disequilibrium that result in the associa-
tion statistics being correlated, (b) there is no
community-accepted statistical method of taking such
correlations into account, and (c) correcting for mul-
tiple tests assuming that the tests are independent
leads to overcorrection, resulting in declaring signifi-
cant associations as non-significant. Some further
reasons are provided in the Appendix. To implement
our resampling (bootstrapping) strategy, we randomly
sampled, with replacement, 521 preterm delivering
women from our dataset. For each preterm delivering
women sampled, we included the corresponding pair
of mothers who delivered at term. In the bootstrap
replicate, we computed the association statistic for
each SNP. Thus, for one bootstrap replication we
calculated 209,293 association statistics, equalling the
total number of SNPs after curation. We replicated the
bootstrap procedure 500 times, thereby obtaining
209,293 × 500 = 104,646,500 values of the association
statistic. We sorted these values in increasing order of
magnitude and obtained an empirical bootstrap fre-
quency distribution of the values of association sta-
tistic, from which the value of the statistic
corresponding to the upper 5% tail of the distribution
was derived. We then compared our observed values
of the association statistics against this 5% threshold
value and declared those SNPs to be significantly
associated at 5% level whose association statistics
exceeded this threshold.

Relative risks (RRs) for both heterozygous and minor
allele homozygous genotypes compared to major allele
homozygous genotype were calculated with 95% CI per
internally validated SNP in R (version 4.0.1).20 We
identified significantly associated SNPs with increased
relative risk in either minor allele homozygotes, or both
minor allele homozygotes and heterozygotes compared
to major allele homozygotes using Bonferroni’s
correction.

The SNPs passing Bonferroni corrected p-value sig-
nificance threshold were retested for validation using a
logistic regression model to test for genotype effects
after adjusting for the covariates–age, BMI, occupational
status, and parity.

A subgroup analysis was performed to identify
whether any of the significant SNPs was associated
with early sPTB, i.e., birth before 33 weeks of
pregnancy. 62 women delivered before 33 weeks of
gestational age. For each early preterm delivering
women, two women who delivered at term were
randomly selected after matching for age group, BMI
group, parity and occupational status alike the previous
analysis. Thus, in this subgroup analysis, there were 62
early preterm delivering women and 124 term deliv-
ering women. After the association analysis, RR was
calculated for the SNPs.

Haplotype estimation
We estimated haploblocks ±500 kb around the validated
SNPs using Gabriel’s method of 95% CI in Haploview
4.121 and tested the association of haplotype frequency
with sPTB.

Evaluation of trans-ethnic association
SNPs which were common between our data and the
summary statistics of top 10,000 variants (p < 1e-3) from
a previous GWAS conducted on women of European
ancestry,12 were identified. Since this study12 had
assumed an additive model, we investigated whether
these SNPs were significantly associated under additive
model in our population using PLINK.

Functional annotation
We at first annotated the most significantly associated
SNPs from each imputed region based on their
position–exonic, intronic, or intergenic using ANNO-
VAR.22 We used CADD23 to predict the deleteriousness
of these SNPs under GRCh37-v1.6. Next, we used
FUMA24 to identify whether these SNPs overlap with
any cis-expression quantitative trait loci (cis-eQTL) or
enhancer region of any gene of utmost relevance to
sPTB.

Functional impact of minor allele at rs1152954 on
telomere length
We included relative telomere length [Telomere-to-
Single Copy Gene ratio (T/S ratio)] data25 which was
available for 220 individuals among 4682 individuals
that passed genotyping quality control and selection
criteria. A logistic regression model was used to test for
the association of T/S ratio at both the time points with
sPTB adjusting for age (years), BMI at enrolment (kg/
m2), parity, occupational status, and sex of the infant.

We also tested whether mean T/S ratio was signifi-
cantly smaller in individuals with minor allele homo-
zygous genotype than heterozygous genotype at
rs1152954 using t-test.

Biological process enrichment analysis
Variants having p < 0.001 were positionally mapped to
genes. Enrichment analysis of biological processes
was performed at Gene Ontology Resources (http://
geneontology.org/; release date: 16/05/2022) using
Fisher’s exact test.
www.thelancet.com Vol 14 July, 2023
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Role of funding source
Funder had no role in study design, data collection, data
analysis, data interpretation, or writing of the report.
Results
Association of maternal genomic variants with
spontaneous preterm birth
Demographic characteristics of 521 preterm and 1042
term delivering women are provided in Appendix
Table S1. From the genotype-based genome-wide asso-
ciation analysis with 209,293 maternal biallelic SNPs,
we found that the value of the association statistic cor-
responding to the upper 5% tail of the bootstrap fre-
quency distribution to be 11.98. Of the 209,293 observed
values of the association statistic, 512 exceeded the
threshold of 11.98 (Fig. 2); indicating that there were
512 SNPs associated with statistical significance
(p < 2.51e-3). Genomic inflation factor further indicated
that this result is not confounded by significant popu-
lation sub-structuring (λ0.5 = 1.004).

Genotype relative risk
We assessed the risk of delivering preterm due to the
presence of minor allele homozygous genotype (BB) and
heterozygous genotype (AB) compared to the major
allele homozygous genotype (AA) for each of the 512
statistically significant SNPs. We identified 149 SNPs, of
which, at 37 SNPs both BB and AB genotypes enhanced
sPTB risk, while at 112 SNPs only BB genotype
enhanced sPTB risk with statistical significance.

Among these 149 SNPs, where either BB, or both AB
and BB genotypes showed increased relative risk as
compared to AA, after applying Bonferroni correction
(p < 0.05/149, or 3.36e-4), 19 SNPs were prioritised
Fig. 2: Manhattan plot showing strength of association (negative loga
sPTB. Horizontal lines indicate strength of associations i.e. p = 1.02e-4 an
association statistic thresholds obtained from the empirical bootstrap fre

www.thelancet.com Vol 14 July, 2023
(Appendix Table S2). We used logistic regression model
to test genotype effects at a locus on the same data for
validation and found all these 19 SNPs to be associated
with sPTB with statistical significance. The four cova-
riates– age, parity, BMI at enrolment, and occupational
status– were also used as independent predictors of
sPTB; none of these turned out to be significant.

To ensure the quality of genotyping data of these 19
validated SNPs (rs4362135, rs2327290, rs13011430,
rs10026052, rs2070235, rs12208914, rs8179838,
rs10983328, rs4798499, rs7629800, rs13180906,
rs2689089, rs11696299, rs710702, rs10485983,
rs11727167, rs1799041, rs7645913, and rs16238), we
manually inspected their SNP graphs, generated by
joint-calling of the genotype data of all the 6211 in-
dividuals using GenomeStudio. We found that all
these 19 SNPs had three well-separated genotype
clusters (Appendix Fig. S1). These 19 validated SNPs
were considered for further downstream analysis.

On evaluation of the association of 19 validated SNPs
with early sPTB, we found that six SNPs were associated
with early sPTB at statistical significance (p < 0.05),
however, five of them (rs4798499, rs2689089,
rs7645913, rs10026052 and rs16238) significantly
conferred increased risk on early sPTB (Appendix
Table S3).

Haplotype association with sPTB
Among the 19 validated SNPs, ten were present in
haploblocks, and rs13011430 and rs8179838 were in the
same haploblock (Table 1). Upon evaluation of the as-
sociation of haplotype frequency with sPTB, we identi-
fied ten haplotypes from five haploblocks that showed
statistically significant association with sPTB after
Bonferroni correction (p < 9.9e-4).
rithm of p-value of association statistic) of the tested SNPs with
d p = 2.51e-3 corresponding to the 1% (red) and 5% (blue) upper tail
quency distribution, respectively.
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SNPs in haploblock Haplotypes
(>1%)a

Frequency in preterm
delivering women

Frequency in term
delivering women

p Adjusted pb

rs13011430 | rs8179838 CT 0.67 0.74 2.66e-5 7.98e-5

TC 0.29 0.22 2.62e-5 7.86e-5

CC 0.03 0.03 0.91 ns

rs10775437 | rs4798497 |rs2889405 | rs4798499 GACC 0.4 0.39 0.89 ns

GAAT 0.31 0.26 0.0015 0.0075

AAAC 0.23 0.27 0.008 0.04

GGCC 0.04 0.06 0.09 ns

GAAC 0.02 0.01 0.68 ns

rs11727167 | rs114981738 AT 0.49 0.51 0.21 ns

GT 0.35 0.33 0.35 ns

AC 0.16 0.16 0.62 ns

rs2689089 | rs182107462 AA 0.73 0.76 0.14 ns

CA 0.19 0.18 0.35 ns

CC 0.08 0.07 0.28 ns

rs12669058 | rs1799041 | rs740209 AGG 0.29 0.30 0.34 ns

CGT 0.28 0.28 0.82 ns

AGT 0.24 0.25 0.53 ns

AAT 0.19 0.16 0.06 ns

rs16237 | rs16238 | rs16968617 TCG 0.33 0.36 0.15 ns

GAG 0.36 0.32 0.06 ns

GCA 0.23 0.22 0.57 ns

GCG 0.08 0.09 0.10 ns

rs7629800 | rs11129012 TC 0.42 0.36 0.003 0.009

CC 0.31 0.34 0.09 ns

CT 0.27 0.29 0.15 ns

rs75603134 | rs13180906 | rs10078386 | rs77414036 ACTT 0.48 0.41 8.44e-5 3.38e-4

ATTT 0.30 0.35 0.0074 0.03

ATGT 0.14 0.15 0.74 ns

GTTC 0.07 0.09 0.07 ns

rs2327290 | rs6039882 | rs6131083 | rs6074125 CTTG 0.34 0.37 0.04 ns

CCTA 0.22 0.26 0.0099 0.04

ACTG 0.26 0.22 0.0094 0.04

ACGG 0.18 0.14 0.0069 0.03

“SNPs of interest” are marked in bold. ns means not significant. aHaplotypes with more than 1% frequency among the study participants were considered. bBonferroni-
adjusted p-values have been enlisted. P-values have been adjusted for the number of tests within each block.

Table 1: Association of haplotypes of the SNPs of interest with spontaneous preterm birth.
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Imputation to identify significant SNPs in
proximity to the SNPs of interest
Genotype imputation ±500 kb of the 19 validated SNPs
led to the detection of 15 SNPs (twelve SNPs in chro-
mosome 20, and three in chromosome 11) that showed
statistically significant association with sPTB, after
Bonferroni correction (p < 2e-6). In chromosome 20,
rs6032870 [16.18 kbp downstream of the genotyped
SNP rs2327290 (r2 = 0.6 and D’ = 1)] and in chromo-
some 11, rs35760881 [153 bp downstream of the geno-
typed SNP rs4362135 (r2 = 0.8 and D’ = 1)] showed the
most statistically significant associations (p = 3.058e-8
and 1.475e-6, respectively).

Regional plots showed that, in most of the imputed
regions, the imputed SNPs showed higher association
signals than the genotyped SNPs of interest (Appendix
Fig. S2). Among 19 validated SNPs, rs13011430 and
rs8179838 in chromosome 2, as well as rs7629800 and
rs7645913 in chromosome 3 were located in the same
regional plots respectively, and hence, there were 17
imputed regions.

Trans-ethnic association analysis
Among the 10,000 strongly associated variants from a
previously published GWAS of sPTB, conducted on the
women of European ancestry,12 we found 218 SNPs in
our data.

Out of these, eight SNPs (rs35760881, rs2999572,
rs12293813, rs16949470, rs17307967, rs4308815,
rs10983508, and rs10983507) were associated with sPTB
with statistical significance of p < 0.01; the ORs of seven
SNPs except for rs12293813, were in the same direction
www.thelancet.com Vol 14 July, 2023
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of effect as in the European population. Interestingly,
four SNPs (rs35760881, rs17307967, rs4308815, and
rs10983507) showed statistically significant trans-ethnic
association with sPTB after Bonferroni correction
(p < 0.05/218 or, 2.3e-4) (Appendix Table S4).

Further analysis of rs35760881, which showed sta-
tistically significant association with sPTB in GARBH-
Ini cohort, as well as in the European dataset, revealed
that both BB and AB genotypes enhanced risk of sPTB
[RR (95% CI) for BB: 2.05 (1.49–2.81) and for AB: 1.39
(1.2–1.61)]. After assaying individuals with TaqMan
assay, we found a genotype concordance of 98.05% be-
tween the imputed and assayed genotypes at rs35760881
(Appendix) which was within expectations.

Functional annotation of the associated SNPs
Of the index SNPs from the 17 imputed regions, 13
were intronic while four were intergenic. Several of
these index SNPs showed regulatory features. Interest-
ingly, one of the associated SNPs, rs2070235 (CADD
score: 17.80) is a missense variant on Myb-related pro-
tein B (MYBL2) gene that leads to Ser427Gly amino acid
change26 (Table 2).

Minor allele homozygotes at rs1152954 have
shorter telomere length
Since rs1152954 lies within the enhancer region of
Chaperonin Containing T-Complex Polypeptide 1,
Subunit 2 (CCT2) gene, which is involved in telomere
maintenance, we evaluated the effect of genotypes at
rs1152954 on telomere length. First, we assessed
whether telomere length measured as T/S ratio at 18–20
weeks and 26–28 weeks was associated with sPTB after
controlling for age, BMI at enrolment, parity, occupa-
tional status, and sex of the infant. We found that
decrease in the T/S ratio at 26–28 weeks showed sta-
tistically significant association with sPTB (p = 7.74e-7,
β = −2.96) (Appendix Table S5). As the minor allele
homozygotes at rs1152954 had enhanced risk of sPTB
(RR: 1.96 [1.51–2.55]), we postulated that they might
have shortened telomere. Interestingly, we found that
one copy of major allele (A) in rs1152954 is sufficient for
telomere maintenance while two copies of minor allele
(G) results in shortened telomere length (Fig. 3).
Discussion
This is the first GWAS report from South Asia on the
identification of maternal genotypes associated with
sPTB. In addition to performing a traditional logistic
regression analysis, we also performed a preterm-term
birth analysis. For both analyses, we considered a 1:2
matched set of preterm-to term-delivering women,
matched by age, BMI, and occupation. If we considered
the entire data set, then the number of mothers deliv-
ering at term would be almost an order of magnitude
www.thelancet.com Vol 14 July, 2023
greater than the number of preterm delivering mothers
and the results of the analyses would likely be adversely
affected by such unbalanced data. We found that either
the minor allele homozygotes, or both the minor allele
homozygotes and heterozygotes conferred enhanced
risk of sPTB compared to major allele homozygotes at
these loci. This not only showed the importance of
considering genotypes in the association test, but also
indicated that different SNPs affect phenotype in
different manners.

On investigation of the association of these validated
SNPs with early sPTB, we found that six of 19 SNPs
were associated, of which five SNPs (rs4798499,
rs2689089, rs7645913, rs10026052, and rs16238)
showed increased relative risk of early sPTB as
compared to sPTB. This suggests that these five SNPs
influence both early sPTB and sPTB.

After imputation and Bonferroni correction, 15 SNPs
in two chromosomes (chromosome 20, chromosome
11) were found to be associated with sPTB. One of the
associated SNP in our cohort, rs35760881 in chromo-
some 11, exhibited trans-ethnic association in European
population along with three other intronic SNPs
(rs17307967, rs4308815, and rs10983507) in Astrotactin-
2 (ASTN2) gene in chromosome 9. We also found
population-specific association of 16 unique genomic
loci with sPTB in Indian women. Functional annotation
of most of these risk loci revealed that they are either
located on or regulate genes which belong to biological
pathways with considerable relevance to parturition.
Thus, our findings indicate the existence of both trans-
ethnic as well as population specific maternal loci
associated with preterm birth outcome.

The trans-ethnic SNP, rs35760881, is a cis-eQTL of
A-kinase-interacting protein 1 (AKIP1) gene in blood.
AKIP1 encoded protein enhances nuclear factor kappaB
(NF-кβ) dependent transcription26 of matrix metal-
loproteinases, cyclooxygenase-2 (COX-2), and pro-
inflammatory cytokines which results in cervical
ripening, myometrial contraction, and rupture of foetal
membranes.27,28 Our finding thus suggests a funda-
mental role of early activation of these phenomena
which may result in sPTB in population independent
manner. However, the biological role of the transethnic
SNPs located in the intronic region of ASTN2 gene is
not yet clear. Recent findings indicate the existence of
population specific enrichment of disease-associated
genes. Further, a significant variation of disease pre-
disposition background across the worldwide pop-
ulations for common diseases, have been found.29 The
identification of SNPs associated with sPTB, and the
predicted biological processes which might be modu-
lated by them, in our cohort, but not reported in other
populations, might indicate the preponderance of these
in sPTB outcome in Indian population. Targeted studies
are required to be undertaken to illuminate such
7
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SNPs Variant type CADD score Index SNPa Relevant Geneb Gene mapping

rs35760881 Intergenic 1.31 rs35760881 AKIP1 Cis-eQTL

rs4362135 Intergenic 5.79

rs6032870 Intergenic 2.30 rs6032870 TMX4 Enhancer

rs2327290 Intronic (SNAP25-AS1) 0.29

rs10211311 Intronic (MTA3) 1.34 rs10211311 MTA3 Cis-eQTL; Positional

rs13011430 Intronic (MTA3) 0.03

rs8179838 Intronic (MTA3) 7.22

rs2135743 Intronic (LINC01060) 1.68 rs2135743 — NA

rs10026052 Intronic (LINC01060) 4.52

rs3818215 Intronic (MYBL2) 0.50 rs3818215 MYBL2 Cis-eQTL; Positional

rs2070235 Missense (MYBL2) 17.80

rs12208914 Intronic (UST) 0.09 rs12208914 UST Positional

rs10983328 Intronic (ASTN2) 0.43 rs10983328 — NA

rs4798499 Intronic (ARHGAP28) 7.05 rs4798499 ARHGAP28 Positional

rs1379490 Intronic (ZNF385D) 1.27 rs1379490 KCNH8 Enhancer

rs7629800 Intronic (ZNF385D) 9.47

rs7645913 Intronic (ZNF385D) 3.78

rs11743963 Intergenic 0.20 rs11743963 ZNF608 Cis-eQTL

rs13180906 Intergenic 9.13

rs2689089 Intronic (ANKS1A) 10.40 rs2689089 RPL10A Cis-eQTL

rs11696299 Intronic (TRIB3) 5.08 rs11696299 RBCK1 Cis-eQTL

rs1152954; Intronic (MYRFL) 15.55 rs1152954 CCT2 Enhancer

rs710702 Intronic (MYRFL) 4.80

rs9969211 Intronic (DNAH11) 2.17 rs9969211 CDCA7L Cis-eQTL

rs10485983 Intronic (DNAH11) 6.35

rs7670046 Intronic (MAEA) 2.11 rs7670046 SPON2 Cis-eQTL

rs11727167 Intronic (MAEA) 2.70

rs61045241 Intergenic 0.23 rs61045241 SDHAF3 Enhancer

rs1799041 Intergenic 1.89

rs9908136 Intronic (PLXDC1) 2.66 rs9908136 GSDMB Cis-eQTL

rs16238 Intronic (PLXDC1) 2.67

Genotyped array SNPs are marked in bold. If the index SNP in the imputed region is the imputed one, then both imputed SNP and genotyped SNP of interest are
mentioned otherwise, genotyped SNP of interests are mentioned only. CADD: Combined Annotation Dependent Depletion — No relevant genes. NA: not applicable. aSNP
with the lowest p-value in each of the 17 imputed regions. bGene playing major role in pathways reported to be involved in spontaneous preterm birth.

Table 2: Functional annotation of the significant SNPs from 17 imputed regions.
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population specific predisposition and the role of
nutritional, environmental, and other lifestyle related
factors which might be unique to this region and pop-
ulation. Some of the biological processes which might
be modulated by these SNPs are discussed below.

The most significantly associated SNP in this study,
rs6032870, is an enhancer of Thioredoxin-Related
Transmembrane Protein 4 (TMX4) gene in
trophoblast-like cells. Although TMX4 possesses
disulphide-reductase activity,26 however, investigations
are required to be undertaken to understand its bio-
logical pathways.

60S ribosomal protein L10a (RPL10A) gene takes
part in selenocysteine synthesis by interacting with a
complex formed by Selenocysteine-specific elongation
factor (EEFSEC), Selenocysteine insertion sequence-
binding protein 2 (SECISBP2), Sec-tRNASec, and
GTP.30 Selenoproteins not only maintain the redox and
anti-inflammatory state but also play important role in
reproduction.31 A previous study identified maternal
EEFSEC variants to be associated with sPTB.12 Inter-
estingly, Selenium is an essential trace mineral and has
been implicated in PTB by previous epidemiological
studies. A recent study found statistically significant
associations between maternal Selenium concentration
and PTB in some, but not all, geographical sites.32

Whether population-specific genetic predisposition ex-
plains such heterogeneity and whether use of Selenium
as a micronutrient in pregnant women reduces the risk
of preterm birth, warrant further investigation.

T-complex protein 1 subunit beta, encoded by CCT2,
is a member of T-Complex protein 1 ring complex
(TRiC) which regulates telomere maintenance by pro-
moting the folding of telomerase cofactor Telomerase
Cajal body protein 1 (TCAB1).26 Shortened telomere
length promotes cellular senescence which triggers pro-
www.thelancet.com Vol 14 July, 2023
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Fig. 3: Mean and standard error of Telomere-to-Single Copy Gene ratio (T/S ratio) at 26–28 weeks of each genotype at rs1152954. A is the major allele and G is the
minor allele. Mean value for each genotype is indicated in red. p values for testing the null hypothesis of equality of the mean T/S ratio between genotypes are also
provided. Number of individuals with AA genotype: 164, AG genotype: 51, and GG genotype: 5.
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inflammatory responses.33 Alike previous studies,25,34 we
found that women with shorter telomere length in pe-
ripheral blood at 26–28 weeks have enhanced risk of
sPTB. Moreover, women with GG genotype compared
to AA and AG genotypes at rs1152954, an enhancer of
CCT2 gene, have shorter telomeres as well as higher
risk of sPTB. Our results might indicate that women
who are genetically predisposed to reduced telomere
length, ultimately leading to enhanced cellular senes-
cence, might be at enhanced risk of preterm delivery.
This also raises the interesting prospect of whether such
at risk women can be triaged early on in pregnancy and
provided interventions which can reduce such risk.

Metastasis-associated protein encoded by Metastasis
Associated 1 Family Member 3 (MTA3) gene, maintains
epithelial architecture by positively regulating E-cad-
herin expression35 and negatively regulating Wingless-
Type MMTV Integration Site Family, Member 4
(WNT4) signalling.36 Altered E-cadherin expression and
WNT4 signalling in cervix37 and endometrium38

respectively have been reported to culminate in sPTB.
MYBL2 codes for MYB-related protein B which

transactivates the expression of the anti-apoptotic gene
www.thelancet.com Vol 14 July, 2023
clusterin (CLU).26 Altered expression of CLU might
result in apoptosis of placenta, leading to sPTB.

Uronyl-2-sulfotransferase (UST) gene participates in
dermatan sulfate biosynthesis.26 Loss of cervical der-
matan sulphate makes the cervix soft and swollen
resulting in cervical ripening39 which is an important
feature that triggers parturition. Early loss of dermatan
sulfate might culminate in sPTB.

Rho GTPase activating protein 28 (ARHGAP28)
gene inhibits Ras Homolog Family Member A
(RHOA).40 A previous study found significantly
increased GTP-bound RHOA in myometrium in
women having spontaneous preterm labour,41 which
might be a consequence of altered expression of
ARHGAP28.

The protein encoded by Ubiquitin Conjugating
Enzyme 7 Interacting Protein 3 (RBCK1) gene is a
component of LUBAC (linear ubiquitin chain assembly
complex) which ubiquitinates inhibitor of kappaB ki-
nase gamma (IKKgamma), thus activating NF-кβ sig-
nalling pathway.26 Altered expression of RBCK1 might
promote sPTB due to upregulation of pro-inflammatory
state.
9
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Spondin-2 (SPON2) gene, plays a key role in initi-
ating innate immune response.26 Innate immune cells
(neutrophils, macrophages, and mast cells) initiates la-
bour by releasing pro-inflammatory factors like cyto-
kines, chemokines, and matrix metalloproteinases.42

Interestingly, a previous study on gene expression
revealed that SPON2 was highly expressed in idiopathic
preterm placenta.43

The protein encoded by Cell Division Cycle Associ-
ated 7 Like (CDCA7L) gene represses the gene expres-
sion and activity of monoamine oxidase A (MAOA)26

which was previously reported to be downregulated in
preterm placentas and to have a negative correlation
with placental Interleukin-6 (IL6) gene expression.44

Increased expression of CDCA7L in the presence of
rs9969211-T, thus suggests an enhanced pro-
inflammatory state which might result in sPTB.

Succinate Dehydrogenase Complex Assembly Factor
3 (SDHAF3) gene encodes for the protein which is
involved in the assembly of mitochondrial respiratory
complex II, Krebs cycle, and electron transport chain.26

Altered expression of SDHAF3 might affect these bio-
logical processes resulting in increased reactive oxygen
species (ROS) generation45 which might culminate in
sPTB.46

Potassium Voltage-Gated Channel Subfamily H
Member 8 (KCNH8) gene participates in voltage-gated
potassium channel activity. Altered expression of this
gene in myometrial smooth muscle cells may result in
aberrant uterine activity resulting in sPTB.47

Gasdermin-B (GSDMB) gene triggers pyroptosis, an
inflammatory type of apoptosis.26 Pyroptosis has been
previously reported to occur in women who experienced
spontaneous preterm labour.48

The encoded protein of Zinc Finger Protein 608
(ZNF608) gene is a transcription factor which represses
the transcription of ZNF609, and thus represses tran-
scription of Recombination Activating Gene 1 (RAG1).26

In the presence of rs13180906-C, as the expression of
ZNF608 increases in blood, the expression of RAG1
might be decreased. Previous study has reported that
Rag1 knockout mice were deficient in both T cells and B
cells and had enhanced risk of preterm delivery.49

Moreover, enrichment analysis also revealed similar
biological processes that were identified by dissecting
the biological relevance of the above-mentioned indi-
vidual genes, which added further value to this study.
Additionally, several other relevant biological processes
were identified viz. calcium-release channel activity,
negative regulation of circadian sleep/wake cycle,
chaperone-mediated autophagy, cellular responses to
molecule of fungal origin, magnesium ion, prosta-
glandin E stimulus, and caffeine (Appendix Table S6)
which merits further attention.

Our haplotype-based association analysis revealed
that haplotypes containing six validated SNPs
(rs4798499, rs13011430, rs8179838, rs7629800,
rs13180906, and rs2327290) were significantly associ-
ated with sPTB. This suggests that the association of
these SNPs is strong enough to influence the associa-
tion of their respective haplotypes with sPTB.

The main strength of our study is a well-phenotyped
cohort. Being a prospective single-centre cohort with
ultrasound-based gestational age estimation done in
early pregnancy, the enrolled women were stringently
phenotyped into preterm and term delivering women.
Moreover, we ensured the quality of genotype data by
using strict thresholds. Regarding limitations of the
study, although the Infinium Global Screening Array
with multi-disease drop-in panel is the most relevant
array for genome-wide genotyping of South Asian pop-
ulation (as it contains polymorphic markers from 26
populations of 1000 Genomes Phase III), 12.38% of the
markers present in the array were found to be mono-
morphic in our study population and 40.31% of the
markers were found to be rare variants, i.e. have minor
allele frequency <5%. This resulted in a reduction of the
total number of available loci for association testing.
Moreover, because of lack of samples from the same
ethnic background, we were unable to replicate our re-
sults. However, we have undertaken a comparative
evaluation of the associated SNPs with a previously
published study,12 in which the participants were of a
different ancestry.

Overall, our findings provided evidence of the ge-
netic heterogeneity of sPTB in Indian women. Identifi-
cation of both trans-ethnic and novel genetic loci in the
cohort might reflect the fundamental or predisposing
nature of the underlying biological processes. Further
functional investigations on the modulation of gene
expression under the presence of different genotypes
might provide new insights into biological mechanism
of sPTB. From public health perspective, it would be
interesting to evaluate the ability of these genomic
markers to predict sPTB. If they are found predictive
either by themselves, or in combination with other
clinical and biological predictors, they will add value to a
risk stratification algorithm to be used in clinical set-
tings. Such a tool will enable early triaging of at-risk
women to appropriate level of antenatal medical care.
The identification of significant trans-ethnic association
of four SNPs (rs35760881-A, rs17307967-T, rs4308815-
C, and rs10983507-G) with sPTB in women belonging
to India and European ancestral population is inter-
esting, and further investigation is warranted to under-
stand its clinical relevance globally.
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