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Abstract

Background Sonographic cervical length is a powerful predictor of maternal risk for
spontaneous preterm birth (sPTB). Twin and family studies have established a maternal
genetic heritability for sPTB ranging from 13 to 20%, however, there is no corresponding
estimate for the heritability of mid-trimester cervical length, or an understanding of how
genetic factors contribute to cervical changes across pregnancy.
Methods This study was based on a prospective longitudinal cohort of (N = 5,160) Black/
African American women who underwent serial sonographic examination of the uterine
cervix during pregnancy and were genotyped via next-generation low-pass whole genome
sequencing.
Results Bivariate genetic correlations estimated using genome-wide complex trait analysis
(GCTA) indicated that a large proportion of the genes influencing cervical change across
pregnancy also influencedgestational duration. SNP-level associationswere observed near
genes involved in the progesterone, estrogen, and insulin signaling pathways.
Conclusions These results suggest that a large proportion of genetic loci for preterm birth
exert their influence through the process of cervical remodeling. Polygenic profiling of
maternal genetic liability to cervical shortening could aid in the development of clinical risk
assessment tools to identify high-risk women who may benefit frommore frequent cervical
length screening and earlier interventions to prevent preterm delivery.

The cervix undergoes carefully orchestrated compositional changes
throughout pregnancy, transitioning from a firm structure that protects
the in utero environment during pregnancy to a soft and pliable tissue
allowing for parturition1–3. In most pregnancies delivered at term, a
gradual decrease in cervical length (CL) is observed around 30 weeks of
gestation, shortening from approximately 35–45mm to complete effa-
cement by the first stage of labor4. However, this process of cervical
shortening begins earlier or happens more rapidly in some pregnancies.
A short cervix has been defined in different ways5 but a sonographic
cervical length of less than 25mm before 24 weeks of gestation is a
generally accepted definition, and is associated with a 6-fold increase in
the risk for preterm birth (i.e., birth before 37 completed weeks)4. The
faster cervix shortens, and the earlier in pregnancy that shortening
begins, the higher the risk for spontaneous preterm delivery.

There is a clear pathophysiological connection between cervical dys-
function and spontaneous preterm birth, and several maternal risk factors
are associated with both conditions, including maternal age, parity, pre-
pregnancy BMI, race, and previous abortion6–12. A recent study showed that
many maternal risk factors for preterm birth are mediated through their
effects on cervical change during pregnancy13. Yet, whether the previously
estimated genetic influences on spontaneous pretermbirth14–18 are related to
or operate throughmechanisms that affect cervical length remains unclear.
While genome-wide association studies (GWAS) have identified a handful
of loci associated with gestational duration19,20, there have been no reported
heritability estimates of cervical length and only limited efforts to identify
individual loci associated with cervical dysfunction21.

Meta-analyses of twin and family studies have established that nearly
all human complex traits are influenced by genetic factors22. An average
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This study lookedathowapregnantwoman’s
genes may affect the length of her cervix
duringpregnancy. A short cervix can increase
the risk of giving birth too early (pretermbirth).
Researchers studied over 5000Black/African
American women and found that some of the
same genes that affect how longa pregnancy
lasts also affect how the cervix changes.
These genes are linked to hormone pathways
like progesterone and estrogen.
Understanding these genetic links could help
doctors identify women at higher risk for early
delivery and provide care sooner to help
prevent it.
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heritability of 45.1% was observed across 64 traits in heritability studies
specifically related to female reproduction, indicating that nearly half of
interindividual variation in these traits could be attributed to genetic
factors22,23. Estimates for the heritability of spontaneous preterm birth range
from 14 to 40% based on twin and family studies24 and 13–21% based on
single nucleotide polymorphism (SNP) genotype data18,19. Heritability
estimates are often correlated within functional domains, suggesting that
traits related to a particular biological function share similar genetic influ-
ences. The extent to which changes in cervical length and gestational
duration share a genetic architecture (i.e., the number, location, frequency,
interactions, and effect sizes of genetic variants influencing each trait) can be
quantified by calculating their bivariate genetic correlation. A better
understandingof the genetic andmechanistic relationships between cervical
changes during pregnancy and gestational duration is needed to make
progress in predicting, preventing, and treating adverse maternal and
neonatal outcomes associated with preterm delivery.

Since there is currently no characterization of the genetic archi-
tecture of cervical length during pregnancy or how these genetic factors
relate to gestational duration, this study focused on the following fun-
damental questions: What aspects of cervical length change across
pregnancy are heritable (i.e., mid-pregnancy length, linear, and non-
linear change components)? To what extent do genetic influences on
cervical change reflect a polygenic pattern of inheritance? And how
much of this genetic contribution, if any, is shared with genes affecting
gestational duration?

Heritability estimates and the genetic correlations among traits were
estimated by conducting a GWAS alongside Genome-Wide Complex
Trait Analysis (GCTA) of low-pass whole-genome sequencing data in a
cohort of pregnant Black/African American women with serial cervical
length measurements obtained across pregnancy. Additional insight into
the biological mechanisms underlying cervical change during pregnancy
was gained by integrating GWAS results with functional and pathway
annotations, including tissue-specific gene expression data, epigenetic
marks, and chromatin accessibility.

Methods
Cohort description and phenotyping
The genotyped cohort was composed of self-identified Black/African-
Americanwomen from theDetroit,Michigan area enrolled in a prospective
study of pregnant women. Serial sonographic CL measurements between 8
and 40weeks of gestationwere available for 5160women carrying singleton
pregnancies. In this study, gestational duration was evaluated as both
gestational age at delivery (GAD) and spontaneous preterm birth (sPTB).
GADwasmeasured in weeks from the first day of a woman’s last menstrual
period (confirmedbyultrasound) to the dayof delivery. sPTBwere included
for uninduced deliveries before 37 completed weeks of gestation, including
births following both spontaneous preterm labor and preterm premature
rupture of membranes (PPROM). Patients treated with therapies expected
to alter the natural progression of cervical shortening during pregnancy
were excluded. Cervical change across gestation was quantified for each
pregnancy in a previous study using Latent Growth Curve Analysis
(LGCA)13,25, a cross-disciplinary analytic approach that leverages repeated
measurements to estimate how a trait changes within and between indivi-
duals over time. Interindividual differences in cervical change during
pregnancy were described by coefficients of the growth curve estimated
using LGCA methods corresponding to the model intercept, linear change
(i.e., slope), and nonlinear (i.e., quadratic) change. The model intercept was
centered at 17–20weeks so that the estimated value of this coefficient would
correspond to the midtrimester cervical length (MTCL). The cervical
change coefficients and gestational duration measures (i.e., GAD, sPTB)
were used as traits in the GCTA and GWAS analyses.

Whole-genome sequencing and quality control
Purified genomic DNA (gDNA)was extracted from buffy coat samples and
genotyped by BGIAmericas Corporation using paired-end low-pass, whole

genome sequencing.Gencove, Inc. performed the sequence alignmentusing
the GRCh37-hg19 human reference genome assembly, variant calling,
phasing, and imputation based on the loimpute v0.18 algorithm for low-
pass sequencing data26. A recombination map derived from the HapMap II
project was used to interpolate recombination rates across all sites in the
imputation reference panel. After imputation, genetic variant information
was available for 65 million SNPs.

Themean effective sequencing depth coverage of the samplewas 1.45x.
Variants with a genotyping rate of <5% (geno <0.05); a MAF of <0.5%
(MAF < 0.005); or that were found to be in extreme deviation fromHardy-
Weinberg equilibrium (HWE < 0.000001) were excluded. Approximately
19.8 million single-nucleotide polymorphisms (SNPs) remained after these
quality control filters. A principal component analysis (PCA) of genotypes
was conducted in Plink27,28 based on an external reference panel of known
ancestry reference (1000 Genomes Project, Phase 3)29. Samples were
excluded due to poor quality (n = 2); missing data (n = 15); duplicates
(n = 80); and population stratification concerns (n = 243). In total,
4423 samples passed all quality control measures for genetic ana-
lyses (Fig. 1).

Trait heritability and bivariate genetic correlation analysis
The SNP-based heritability of cervical change coefficients was estimated
using restricted maximum likelihood (REML) as implemented in GCTA
version 1.92.330. Covariates in the heritability analysis included
sequencing depth, batch number, maternal height, pre-pregnancy BMI,
parity, self-reported race/ethnicity, and the first 10 SNP-based ancestry
principal components (PCs). Both self-reported race/ethnicity and
ancestry principal components were included as covariates as they
capture different aspects of environmental and genetic factors that may
account for trait variance. SNP-based heritability was estimated for
maternal height, pre-pregnancy BMI, GAD, and sPTB to compare the
within-cohort estimates to SNP and twin-based heritability published in
the literature. Bivariate GCTA was used to decompose observed corre-
lations between traits into covariance components explained by genetic
and environmental factors. Bivariate GCTA methods were used to
estimate the genetic correlation between the cervical change coefficients
and gestational duration measures.

Genome-wide associations
Although identification of an appreciable set of individual SNP asso-
ciations was not deemed practical given the available sample size31,32, an
exploratory analysis of genome-wide associations was conducted to gain
insight into potential genetic mechanisms and biological pathways
associated with cervical change and pregnancy duration. The whole
genome association analysis toolset Plink (PLINK v2.00a3.3LM 64-bit
Intel)27,28 was used to test for genetic associations with cervical change
coefficients and gestational duration. PLINK dosages for the X chro-
mosome in the all-female samples were set to levels similar to regular
diploid chromosomes. Generalized linear models were used to test
associations for the quantitative traits (cervical length coefficients, and
GAD), while a logistic regression model was used for sPTB. Sequencing
depth, batch number, self-reported race/ethnicity, height, pre-pregnancy
BMI, parity, and the first 10 PCs from the PCA were variance-
standardized and included as covariates. Due to the shorter extent of
linkage disequilibrium (LD) in populations with African ancestry, indi-
vidual SNP associations in this cohort were evaluated using the more
conservative threshold for genome-wide significance (p < 1.6 × 10−8)
based on a Bonferroni correction for an estimated 3.0 million indepen-
dent LD blocks.

Annotation of GWAS findings
The integrative web-based platform FUMA33 was used to annotate variant-
level summary statistics from suggestive loci (p < 1.0 × 10−5) associatedwith
cervical change coefficients and gestational duration outcomes. Functional
annotation and the mapping of SNPs to nearby genes was performed using
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the SNP2GENE function, while GENE2FUNC was used to obtain insights
into putative biological mechanisms of mapped genes. Tissue specific
expression patterns for the genes mapped by SNP2GENE were assessed in
53 tissue types using RNA-seq data from the Adult Genotype Tissue
Expression (GTEx) v834. Gene-wise associations35 and Multi-marker Ana-
lysis of GenoMic Annotation (MAGMA) of the combined set of loci
associated with the cervical change coefficients was used for exploratory
gene-set enrichment analyses35 for a comprehensive test of genetic effects on
cervical length change.

Pre-registration
Analyses were pre-registered with the Center for Open Science using the
AsPredicted format (https://osf.io/km2cg).

Study approval
Participants were enrolled under the protocols for Biological Markers of
Disease in the Prediction of Preterm Delivery and for Preeclampsia and
Intra-Uterine Growth Restriction: A Longitudinal Study (WSU
IRB#110605MP2F and NICHD/NIH# OH97-CH-N067) between 2005
and 2017 at the Center for Advanced Obstetrical Care and Research
(CAOCR) at HutzelWomen’s Hospital. The Institutional Review Boards of
Wayne State University and the Eunice Kennedy Shriver National Institute
of Child Health andHumanDevelopment (NICHD)/National Institutes of
Health (NIH)/U.S. Department of Health and Human Services (DHHS)
(Detroit, MI, USA) approved the study. All participants provided written
informed consent for the collection of cervical length data and blood
samples for future genetic research studies.

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

Results
SNP-based heritability estimates for cervical length change
Cervical change during pregnancy was found to be highly heritable in the
cohort of 4,423 women retained for genetic analyses (Table 1). Cervical
length change trajectories were characterized by estimating the mid-
trimester cervical length (i.e., intercept), the linear (i.e., slope), andnonlinear
(i.e., quadratic) values for each pregnancy using longitudinal growth curve
analysis (LGCA) (Fig. 2). Genetic sources explained at least 50% of inter-
individual trait differences in cervical change during pregnancy
(h2Intercept = 0.509 [95% CI 0.327, 0.691]; h2Linear = 0.509 [95% CI 0.323,
0.695]; h2Nonlinear = 0.507 [95% CI 0.325, 0.689]) (Fig. 3, Supplementary
Table 1).The estimatedheritability ofGAD(h2GAD = 0.158 [95%CI−0.022,
0.338)] and spontaneous preterm birth (h2sPTB = 0.154 [95% CI −0.024,
0.332)] were consistent with previously reported values obtained by twin
and family methods18,19. For instance, the SNP-based heritability estimated
for GAD in this cohort was remarkably similar to the only twin and family
study16 that has estimated maternal heritability for GAD in African
American women (i.e., 15.8% vs. 13.8%). Heritability estimates for height
(h2Height = 0.675 [95% CI 0.506, 0.844]) and BMI (h2BMI = 0.576 [95% CI
0.400, 0.752]) were also consistent with published estimates for these traits
in other cohorts36,37. These results show that cervical changes during preg-
nancy are highly heritable, and that heritability estimates from this cohort
align with those reported in other studies.

Fig. 1 |Quality control pipeline for genomic analyses.Purified genomicDNA from
5023 patients with available samples were sent for low-pass whole-genome
sequencing. Approximately 9.8 million single-nucleotide polymorphisms (SNPs)
remained after variant level filtering for genotyping rate (geno <0.05), minor allele

frequency (MAF < 0.01), and deviation from Hardy-Weinberg equilibrium
(HWE < 0.000001). Samples from 4423 women remained after excluding samples
for poor nucleic acid quality (n = 2), missing data (n = 15), duplicates (n = 80), and
population stratification (n = 243).
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Genetic correlations between cervical length change and
gestational duration
Bivariate GCTA analysis of cervical change coefficients and gestational
duration suggest that genetic factors significantly contribute to the observed
phenotypic correlations between these traits. The observed correlations
between the intercept, linear, and nonlinear cervical change coefficients
(rIntercept-Linear = 0.850 [95% CI 0.846, 0.854], rIntercept-Nonlinear =−0.658
[95% CI −0.670, −0.646], rLinear-Nonlinear =−0.642 [95% CI −0.654,
−0.629]) indicated that a shorter midtrimester cervical length (i.e., inter-
cept)was associatedwith amore rapid rate of cervical shortening that begins
earlier in pregnancy (Fig. 3). There was significant overlap between the
genetic factors influencing cervical change coefficients and gestational age at
delivery rg, Intercept-GAD = 0.714 [95% CI 0.419, 0.873]; rg, Linear-GAD = 0.982
[95% CI 0.951, 0.993]; rg, Nonlinear-GAD =−0.490 [95% CI −0.766, −0.062]
(Fig. 3, Supplementary Table 2). Moreover, the genetic correlation between

measures of gestational duration, GAD, and sPTB (rg, GAD-sPTB =−0.600
[95%CI−1.114,−0.086]),was similar to another reported estimate20. These
results confirm a genetic correlation between changes in cervical length and
gestational age at delivery, suggesting they share underlying biological
mechanisms.

Genome-wide associations with gestational duration
An exploratory genome-wide analysis was conducted to identify potential
geneticmechanisms associatedwithgestational duration.Twovariantswere
found to be significantly associated with GAD using a genome-wide sig-
nificance threshold of 1.6 × 10−8 (Fig. 4D). SNPs rs75296056 and
rs185443461onChromosome 18 (p = 1.85 × 10−9) are located near the gene
encoding the Ras Like Without CAAX 2 (RIT2) protein (Supplementary
Fig. 1). RIT2 is a calmodulin-binding GTPase that belongs to the RAS
superfamily, and is thought to play a role in cellular signaling, calcium
dynamics, dopamine trafficking, and autophagy38,39. While the relationship
between RIT2 and gestational duration is not clear, it may promote
the maintenance of pregnancy by regulating the autophagy-lysosomal
pathway, a cellular process of protein degradation that provides energy and
nutrients to maintain cellular homeostasis under stressful environmental
conditions39. Autophagic activity is essential to the processes of embryonic
development, implantation, and placental development in the hypoxic and
low-nutrient intrauterine environment of early pregnancy.Dysregulation of
placental autophagy has been linked to several pregnancy complications,
including miscarriage, gestational hypertension, gestational obesity,
gestational diabetes, intrauterine growth restriction, and preterm birth39,40.
In total, 4410 candidate SNPs, 400 independent lead SNPs, 329genomic risk
loci, and 950mapped genes were identified using a “suggestive” association
threshold of 1 × 10− 5 (Fig. 4D). The QQ plots for the GWAS and gene-
based testing (Fig. S2) show an acceptable level of genomic inflation
(λSNP = 1.32). These results are consistent with a polygenic architecture,
wherein many genes each contribute a small amount to interindividual
variation in gestational duration. Genome-wide analysis in this cohort
identified two novel loci significantly associated with gestational age at
delivery, which were mapped to genes with functions relevant to the
maintenance of pregnancy.

Genome-wide associations with cervical change
Exploratory genome-wide analyses were also performed to identify genetic
associations with measures of cervical change during pregnancy. While no
associations met the estimated threshold for genome-wide significance in
populationswithAfrican ancestry (p < 1.6 × 10−8), associationswith twodid
surpass the standard Bonferroni correction for multiple testing in GWAS
(p < 5.0 × 10−8). Using this threshold, rs148405652 on Chromosome 4
(p = 3.85 × 10−8) showed a strong association with estimated mid-trimester
cervical length (i.e., intercept coefficient) (Fig. 4A). This variantmaps to the
Trypsin-like serine protease gene (TMPRSS11D), a Type II transmembrane
serine protease that is involved in regulating many cellular processes rele-
vant to cervical remodeling, including activation of metalloproteases,
degradation of extracellular matrix components, fibroblast-to-
myofibroblast differentiation, epithelial-mesenchymal transition, micro-
vascular angiogenesis, mobilization of intracellular Ca2+, and activation
latent growth factors, cytokines and hormones41,42.

Previously known as human airway trypsin-like protease (HAT),
TMPRSS11D/HAT is highly expressed in cervical and vaginal tissue sam-
ples and has been detected in the proteome of cervical-vaginal fluid34,43,44.
This versatile, membrane-anchored serine protease is linked to a pro-
inflammatory immune response and increasedmucus production in tissues
of the respiratory, lymphoid, and gastrointestinal systems41 and has been
shown to modulate the pathogenicity, spread, and tissue-specificity of viral
infections45. TMPRSS11D/HAT may therefore play a crucial role in sup-
porting the adaptive immune and innate barrier functions of mucosal
surfaces in the female reproductive tract46–48.

The midtrimester cervical length estimate was also associated with
rs73591716 on Chromosome 10 (p = 4.63 × 10−8) (Fig. 4A). This variant

Table 1 | Cohort Demographic Table for the n = 4422 women
with low-pass whole-genome sequencing data who were
included in the GCTA and GWAS genetic analyses

Variable Overall
N = 4222

Preterm
N = 563

Term
N = 3859

p valuea

Age,Median (IQR) 23.0
(20.0–27.0)

23.0
(20.0–28.0)

23.0
(20.0–27.0)

0.036

Self-Reported Race/Ethnicity, n (%)

Black 4127 (93) 531 (94) 3596 (93)

Other 295 (6.7) 32 (5.7) 263 (6.8)

Maternal Height
(in), Median (IQR)

64.0
(62.0–66.0)

64.0
(62.0–66.0)

64.0
(62.0–66.0)

0.21

Pre-Pregnancy
BMI,
Median (IQR)

27 (23–33) 27 (22–33) 27 (23–33) 0.47

Parity, n (%)

0 1917 (51) 234 (51) 1683 (51)

1 1182 (31) 141 (31) 1041 (31)

2+ 694 (18) 87 (19) 607 (18)

Unknown 629 101 528

Previous Preterm Deliveries, n (%)

0 3904 (89) 407 (75) 3497 (91) <0.001

1 397 (9.1) 102 (19) 295 (7.7)

2+ 83 (1.9) 31 (5.7) 52 (1.4)

Unknown 38 23 15

Previous Abortions (SAB+ TAB), n (%)

0 2293 (58) 275 (56) 2018 (58) 0.68

1 1161 (29) 151 (31) 1010 (29)

2+ 531 (13) 64 (13) 467 (13)

Unknown 437 73 364

MTCL,
Median (IQR)

36 (33–40) 34 (30–39) 36 (33–40) <0.001

Unknown 352 72 280

Gestational Age
at Delivery,
Median (IQR)

39.1
(38.0–40.1)

35.0
(32.3–36.3)

39.3
(38.6–40.3)

<0.001

Short Cervix (sCL), n (%)

Normal CL 3917 (96) 428 (87) 3489 (97)

Short CL 153 (3.8) 63 (13) 90 (2.5)

Unknown 352 72 280

MTCL observed midtrimester cervical length measurement, sCL short cervix (defined as
CL < 25mm before 24 weeks gestation).
aWilcoxon rank sum test; Pearson’s Chi-squared test1Wilcoxon rank sum test; Pearson’s Chi-
squared test.
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Fig. 2 | Serial measurements of CL within individuals across pregnancy.Marginal
plots show distribution of CL data across gestational ages and birth outcome classes.
Average trajectories of CL change during pregnancy estimated by LGCA are shown
for four classes of clinical birth outcomes (extremely preterm births delivered before
28 weeks gestation, very preterm births delivered before 32 weeks gestation, late
preterm births delivered before 37 weeks gestation, and full term births delivered

after 37 completed weeks of gestation) are shown in color. The trajectory and rate of
cervical change during pregnancy varies by gestational age at delivery. Inter-
individual differences in cervical change during pregnancy were described by
coefficients of the growth curve estimated using latent growth curve analysis (LGCA)
methods corresponding to the model intercept, linear change (i.e., slope), and
nonlinear (i.e., quadratic) change.

Fig. 3 | Matrix of heritability estimates and genetic and trait correlations esti-
mated between trait pairs in the cohort. Values in the upper triangle represent
observed phenotypic correlations between traits, while values in the lower triangle

represent genetic correlations between traits. Values along the diagonal represent a
trait’s SNP-based heritability. Note that negative genetic correlations occur when an
increase in trait 1 corresponds with a decrease in trait 2.
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maps to the gene encoding calcium voltage-gated channel auxiliary subunit
beta 2 (CACNB2), a subunit of a voltage-dependent calcium channel pro-
tein that controls the influx of calcium ions in cardiomyocytes, regulating
the rate and contractile force of cardiomyocytes49. This gene has been pre-
viously associated with Brugada syndrome, an inherited condition that
predisposes patients to fatal cardiac arrhythmias50–52, and risk for severe
psychiatric disorders53. Calcium ion (Ca2+) signaling plays a fundamental
role in regulating uterinemyometrial activity during labor and delivery, and
calcium channel blockers are used clinically as tocolytic drugs to suppress
uterine contractions and delay preterm labor54–57. Notably, a candidate gene
study of in myometrial samples from PPROM patients reported that the
expression of several beta subunits of the L-type calcium channel CACNB
was significantly higher in patients who deliveredpreterm compared to full-
term deliveries58.

An association was also observed between the linear coefficient and
rs139045636 on Chromosome 3 (p = 7.67 × 10−8) which is located within
the gene encoding Interleukin 12 A + Antisense RNA (IL-12A-AS1) and
near the gene encoding Interleukin 12 A (IL12A) (Fig. 4B). Interleukin-12 is
a pro-inflammatory cytokine produced primarily by myeloid cells, such as
dendritic cells and macrophages, which induces interferon-γ (IFNγ)
expression and promotes T helper 1 (Th1) differentiation, among other
functions59,60. During pregnancy, there is a shift from the pro-inflammatory
microenvironment associated with pregnancy establishment to a homeo-
static state that persists for most of gestation to promote maternal-fetal
immune tolerance61. A breakdown of such maternal-fetal tolerance has
therefore been associated with adverse pregnancy outcomes, including
preterm labor61,62. Molecular studies suggest that IL-12 concentrations in
cervical secretions are predominantly the result of local cytokine
production63. Interestingly, cervical concentrations of IL-12 have been
associated with many maternal risk factors for a short cervix and preterm
labor, including age, parity, genital tract infection, andahighvaginal pH64–66.

A threshold of 1 × 10−5 was then used to identify “suggestive” SNPs for
exploratory analyses. In total, 150 independent genomic loci containing 300
genes were identified at this threshold across all three cervical length

coefficients describing cervical change during pregnancy (Fig. 4A–C). Of
these, several suggestive SNPs were mapped to genes involved in key hor-
monal pathways for pregnancy; namely, Low Density Lipoprotein (LDL)
Receptor Related Protein 1B (LRP1B) (rs141249340, p = 9.81 × 10−8),
Relaxin 2 (RLN2) (rs35460272, p = 1.06 × 10−7), RAS like estrogen regulated
growth inhibitor (RERG) (s11056394, p = 7.45 × 10−7), the Progesterone
Receptor (PGR) (rs147395300, p = 7.73 × 10−7), Growth Regulating Estro-
gen Receptor Binding 1 (GREB1) (rs13431344, p = 3.64 × 10−6), and
pregnancy-associated plasma protein A (PAPPA) (rs7865534,
p = 7.14 × 10−6). Suggestive associations were also identified between cer-
vical change coefficients and several proteins involved in connective tissue
organization, including SPARC-RelatedModular Calcium-Binding Protein
2 (SMOC2)(rs571424410, p = 5.36 × 10−8), ADAM metallopeptidase with
thrombospondin type 1(ADAMTS1)(rs113157601, p = 3.14 × 10−8), Lysyl
Oxidase Like 3 (LOXL3) (rs6546907, p = 3.46 × 10−7), Matrix Metallo-
peptidase 17 (MMP17) (rs74495243, p = 8.92 × 10−6), Fibulin 1 (FBLN1)
(rs115293381, p = 9.37 × 10−6), and fibrillar collagens COL3A1 and
COL5A2 (rs9776810, p = 9.74 × 10−6).

Functional annotation and gene-set enrichment results
Functional annotations and enrichment analyses were performed on the
variants associated with cervical change. Genes mapped to suggestive
hits showed downregulated expression in GTEx v8 endocervical tissue
(Supplementary Fig. 3). Gene-set enrichment profiling of all genes
mapped to suggestive SNPs for cervical change resulted in significant
enrichment of molecular and functional domains based on a false dis-
covery rate (FDR) of 5% (Supplementary Tables 4–12). Identified Kegg
and Gene Ontology (GO) pathways corresponded to biological pro-
cesses and molecular functions related to growth factors, energy meta-
bolism, hormonal signaling, immune response, and inflammation
(Supplementary Tables 8–13), including the Interleukin-2 pathways
(p = 6.56×10−6) and the Interleukin-20 (p = 9.12 × 10−6), Interferon
(p = 1.97 × 10−5), and Vascular Endothelial Growth Factor (VEGFA,
p = 4.88 × 10−4) signaling pathways. Glucose and lipid metabolism
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(p = 1.57 × 10−4) are vital for fetal development and energy homeostasis
during pregnancy, and alterations in these metabolic pathways could
negatively impact fetal growth and development, affecting gestational
length67,68. Estrogen signaling (p = 1.91 × 10−4) plays a significant role in
preparing the body for labor and delivery by promoting the production
of prostaglandins, lipid compounds that mediate cervical ripening and
stimulate myometrial contractions to initiate labor69. Likewise, activa-
tion of immune cells and the release of cytokines contributes to an
inflammatory response in the uterus that is conducive to the onset of
labor70,71.

Differentially expressed gene sets from 54 tissue types (GTEx v8)
suggested that many of the mapped genes are differentially expressed in
endocervical cells (Supplementary Fig. 3). In contrast to the ectocervix,
which protrudes into the vagina and is covered by stratified squamous
epithelial cells, the endocervix is composed of the columnar epithelial
cells that line the cervical canal and internal os and may be influenced by
molecular and hormonal signaling from the chorioamniotic
membranes69,72,73. Although these results suggest that many of the
mapped genes could be expressed in endocervical tissue, the differential
regulation results should be interpreted with caution as the 10 cervical
tissue samples included in GTEx V8 were collected from non-pregnant
donors, many of whom were likely postmenopausal, and thus do not
reflect gene expression changes that occur during pregnancy.

Discussion
Proper cervical length remodeling throughout pregnancy is integral to
successfully maintaining a pregnancy and preparing for delivery. While
there are many suspected factors that can precipitate early labor74,75,
pathological shortening and effacement of the cervix during pregnancy
provides a clear mechanism of preterm birth4,76. This study was designed to
provide the first assessment of the genetic architecture of cervical length and
quantify its genetic relationship to gestational duration. Low-pass sequen-
cing experiments allowed for the estimation of the number, effect size, and
population frequency of genetic variants essential for heritability studies of
cervical length and its rate of change across pregnancy.

The findings of the current study have contributed two fundamental
insights. First, genetic factors accounted for approximately 50% of inter-
individual differences in cervical change during pregnancy. These herit-
ability estimates are consistent with a highly polygenic, complex trait
influenced by both genetic and environmental factors74,75. The estimated
heritability of gestational duration outcomes and other biometric mea-
surementswere consistent with published estimates for these traits obtained
by twin and family and SNP-based estimates in other studies18,19,36,37. Spe-
cifically, the estimated SNP-based maternal heritability of GAD from this
study of self-identified African American women (h2SNP = 15.8%) was
similar to the only estimate available from an African American twin and
family cohort (h2Twin = 13.8%)16. The tendency for SNP-based heritability
estimates to be lower than their twin-based counterparts77 was not observed
andpreliminarily suggests that commongenetic alleles, in contrast to rare or
structural variants, accounted for the majority of genetic variation in
gestational age at birth.

Second, the robust genetic correlations estimated among cervical
change and gestational duration traits suggested that a large proportion of
the genetic factors contributing to cervical change also influenced gesta-
tional duration. Estimates of the genetic correlation along with the trait-
specific heritability can be used to provide an approximation of the observed
bivariate trait correlations expected to be due to correlated genetic factors78.
For example, the observed trait correlation between GAD and the MTCL
(i.e., intercept) measures was 0.232 of which 87.1% was estimated to be due
to sharedgenetic factors. Similarly, theGAD-linear (rGAD-Linear = 0.246) and
GAD-nonlinear (rGAD-Nonlinear =−0.148) trait correlations were estimated
to be almost entirely due to genetic factors, near 100% and 93.9%, respec-
tively. A meta-analysis of genetic correlations across human diseases and
traits confirms that a genetic correlation (rg) of 0.30 or higher is a reasonable
expectation for two traits with a robust epidemiological association, such as

cervical length and gestational duration79. A pointworth notingwas that the
replication of the GAD-sPTB genetic correlation in the current study
(rg =−0.600 [95% CI−1.114,−0.086]), which was first described by Solé-
Navais et al. (rg =−0.62 [95% CI −0.72, −0.51])20, does not confirm the
genetic similarity of these traits but rather indicates the loss of genetic
information after dichotomizing GAD15.

The gene set enrichment and pathway analysis of GWAS summary
statistics have shed light on biological mechanisms involved in cervical
changes during pregnancy and gestational duration. Pathway enrichment
analysis of suggestive variants in this cohort revealed an increased burden in
molecular processes related to hormone and growth factor signaling, energy
metabolism, tissue remodeling, inflammation, and immune regulation.
These biological pathways have been previously implicated in the onset of
labor in both preterm and term birth. Genomic signals near genes involved
in insulin, progesterone, and estrogen signaling, and various cytokines and
growth factors like IL-2, IL-20, VEGFA, and interferon signaling were also
identified. These results align with current knowledge regarding hormonal
influences and responses in cervical tissue, and could offer a potential
mechanistic explanation for why intervention with vaginal progesterone
might help prolong gestation and prevent preterm birth in women with a
short cervix.

Several variants were found to be associated with cervical change
and gestational duration. RLN2 is an ovarian hormone that promotes
loosening of connective tissues in the pelvic ligaments and the cervix to
allow for easier passage of the infant during labor and delivery80. Similar
to progesterone, relaxin is thought to promote pregnancy maintenance
and uterine quiescence to prevent spontaneous abortions and the pre-
term onset of labor81. Although studies addressing the specific functions
of RERG andGREB1 in pregnancy are limited, these proteins are thought
to play a role in regulating hormone-responsive pathways in reproduc-
tive tissues82–85. Other hormonally-responsive genes identified herein
include LoxL3, which is shown to be physiologically regulated by
estrogen in mice86–88, and FBLN1, a calcium-binding secreted glycopro-
tein with repeated epidermal-growth-factor-like domains that is also
regulated by estrogen89–91.

A number of other genes identified herein are implicated in tissue
remodeling processes in the context of pregnancy, including MMP17, a
membrane-typematrix metalloproteinase that degrades components of the
extracellular matrix during tissue remodeling related to embryonic devel-
opment and reproduction92. Fibulins are associated with the formation and
rebuilding of extracellular matrices and elastic fibers, including connective
tissue disorders in humans93, and FBLN1 has been associated with HPV
infection leading to cervical precancerous lesions and cervical carcinoma94.
COL3A1 and COL5A2 produce alpha chains for a low abundance fibrillar
collagens, and mutations in these gene are associated with Ehlers-Danlos
syndrome, types I and II, which themselves are associated with an increased
risk for cervical insufficiency, sPTB, and PPROM74,95. While its specific
functionduringpregnancy is not understood, LRP1Bhas been implicated in
modulating inflammatory responses and and may interact with extra-
cellularmatrix proteins or cell surface receptors to regulate cell adhesion and
migration in the uterus and placenta during pregnancy96,97. Finally, PAPPA
encodes a metalloproteinase that regulates the Insulin-like Growth Factor
(IGF) pathway98, and low serum levels of PAPPA in the first trimester have
been associated with an increased risk of many adverse pregnancy out-
comes, includingpretermbirth, lowbirthweight, preeclampsia,miscarriage,
and stillbirth99,100.

The current study was designed to characterize several features of the
genetic architecture of cervical change during pregnancy, but was not
designed to identify a comprehensive set of common SNP effects. Larger
sample sizes will be needed to detect robust statistical associations for
individual genetic variants. This study did not address the influence of fetal
genes, the vaginal microbiome, or the broader set of environmental and
sociodemographic factors thatmayalso contribute to cervical changeduring
pregnancy. Additionally, further study is required to understand the
mechanisms behind the generation of genetic correlations between these
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traits, which could be due to different forms of pleiotropy, linkage dis-
equilibrium, or uncontrolled sources of bias101.

Previous genetic studies of pretermbirthhave focusedon individuals of
European ancestry in Scandinavia and the Americas, limiting the general-
ization of findings across diverse global populations. This project was the
first large genomic study of birth outcomes in a cohort of US-based women
with African ancestry, who are underrepresented in genomic studies, and
suffer disproportionately higher rates of sCL and sPTB. Conducting
research in ahigh-risk andunderrepresentedpopulation could contribute to
more effective, personalized prevention strategies for patients froma similar
genetic and sociodemographic background.

Collectively, the data herein provide evidence for a substantial genetic
influence on changes in cervical length throughout pregnancy. Moreover,
such genetic factors are highly correlated with those influencing pregnancy
duration, implying shared causal loci between these traits. By undertaking
functional and pathway annotation of the observed genetic variants, mul-
tiple individual genes and signaling pathways were identified that may be
implicated as determinants of cervical changes and gestational duration.
Although genetic correlations have not been widely applied to birth out-
comes research, they have been extensively used in the fields of psychiatric
genetics and endocrinology/cardiology to predict genetic liability for cor-
related outcomes, enhance causal and mediation analyses, and increase
statistical power for multi-trait genetic association studies79. Thus, estab-
lishing the shared genetic risk between cervical shortening and gestational
duration may improve the utility of cervical length as a screening tool,
provide targets for future pharmacogenetic studies, and encourage broader
screening programs to identify women with a short cervix who would
benefit from clinical interventions, with the goal of preventing preterm birth.

Data availability
Deposition of whole genome sequencing data in a public repository is
prohibited due to ethical and legal constraints however GWAS summary
statistics have been uploaded to the NHGRI-EBI GWAS Catalog
(GCST90623790, GCST90623791, GCST90623792, GCST90623793).
These include the SNPrsnumber, chromosomeposition, effect allele,minor
allele frequency, test statistic, standard error, and pvalue.

Code availability
Scripts for processing whole genome sequencing data, GWAS, and GCTA
analysis are available at the Open Science Framework (https://osf.io/5cngs).
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