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Natural Selection Has Differentiated
the Progesterone Receptor among Human Populations

Jingjing Li,12 Xiumei Hong,> Sam Mesiano,> Louis J. Muglia,® Xiaobin Wang,3* Michael Snyder,?
David K. Stevenson,!7.* and Gary M. Shawl7*

The progesterone receptor (PGR) plays a central role in maintaining pregnancy and is significantly associated with medical conditions
such as preterm birth that affects 12.6% of all the births in U.S. PGR has been evolving rapidly since the common ancestor of human and
chimpanzee, and we herein investigated evolutionary dynamics of PGR during recent human migration and population differentiation.
Our study revealed substantial population differentiation at the PGR locus driven by natural selection, where very recent positive
selection in East Asians has substantially decreased its genetic diversity by nearly fixing evolutionarily novel alleles. On the contrary,
in European populations, the PGR locus has been promoted to a highly polymorphic state likely due to balancing selection. Integrating
transcriptome data across multiple tissue types together with large-scale genome-wide association data for preterm birth, our study
demonstrated the consequence of the selection event in East Asians on remodeling PGR expression specifically in the ovary and deter-
mined a significant association of early spontaneous preterm birth with the evolutionarily selected variants. To reconstruct its evolu-
tionary trajectory on the human lineage, we observed substantial differentiation between modern and archaic humans at the PGR locus,
including fixation of a deleterious missense allele in the Neanderthal genome that was later introgressed in modern human populations.
Taken together, our study revealed substantial evolutionary innovation in PGR even during very recent human evolution, and its
different forms among human populations likely result in differential susceptibility to progesterone-associated disease conditions

including preterm birth.
Introduction

In mammalian species, the steroid hormone progesterone
plays a central role in the process of reproduction in fe-
males. Progesterone affects the estrus or menstrual cycle,
ovulation, pregnancy, parturition, and lactation.'> These
effects are mediated by the interaction of progesterone
with the intracellular progesterone receptor (PR) that, in
the human and most other species, exists as two major iso-
forms—the full-length PR-B and the truncated (by 164
N-terminal amino acids) PR-A—each encoded by single
gene, PGR (MIM: 607311), controlled by two pro-
moters.®® In humans and some higher primates, parturi-
tion is triggered by changes in PR isoform function such
that the capacity for progesterone/PR signaling to main-
tain pregnancy (mainly promotion of uterine quiescence)
is lost.”'" This functional progesterone/PR withdrawal
trigger for parturition appears to be unique to hominids,
and appropriate PR signaling is essential for the establish-
ment and maintenance of pregnancy and for successful
and timely parturition. Therefore, mutations interfering
with PGR function are associated with an elevated risk of
preterm birth (PTB), as well as of breast (MIM: 114480)
and ovarian (MIM: 167000) cancers.'>"!”

PGR arose early in the vertebrate lineage, resulting from
multiple rounds of expansions from an ancestral estrogen

receptor.'® Its early origin indicates conserved mecha-
nism(s) underlying female reproduction in vertebrates.
However, comparative genomic studies also identified
significant sequence divergence of PGR among species,
indicating potential evolutionary innovations in specific
species through altering PGR sequences. For example, com-
parisons across apes, Old World monkeys, New World
monkeys, prosimian primates, and other mammalian spe-
cies revealed that excessive amino acid replacements in
PGR were pronounced only in humans and chimpanzees,
a signature of adaptive evolution.'” These evolutionary
changes likely explain the unique features of the PGR-
mediated pathways involving pregnancy, gestation, and
parturition shared between humans and chimpanzees.
More importantly, diverging from the chimpanzee line-
age ~10 million years ago,”” human-specific evolution re-
sulted in a smaller birth canal (by remodeling the pelvis
during the emergence of bipedalism) and larger head (by
expanding cranium associated with encephalization).'??!
These structural changes are expected to be accompanied
by modifications on the genetic basis of these processes.
Indeed, the human PGR harbors unique sequence changes
distinct from chimpanzees as well as other primates, and
the human-specific amino acid replacements were clus-
tered in the inhibitory region of PGR that prevents
PGR from transcribing downstream target genes.'” This
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observation suggests a significant rewiring of the regu-
latory network to modulate human-specific progesterone-
signaling pathways and may underlie the apparently
unique form of PR-mediated functional progesterone with-
drawal that is thought to trigger human parturition.

These observed sequence changes in PGR were fixed on
the human lineage.'” However, what remains unknown
is its evolutionary dynamics in modern humans, especially
during human migration and population differentiation
(~75,000 years ago).”* Given the prime role of PGR in fe-
male reproduction, from an evolutionary perspective,
answering this question is fundamental to identifying
aspects of increased fitness for adaptation to challenging
environments during early human migration and particu-
larly in understanding the differentiation between modern
and archaic humans (e.g., Neanderthals). From an etiologic
perspective, given substantial disparity in female reproduc-
tive traits among today’s race/ethnic populations,* e.g.,
the PTB rate for East Asians is 7%, compared with 15%-
19% in Africans (WHO 2010 report), studying population
diversity of this critical gene, PGR, may reveal a biologic ba-
sis for such disparities, help identify risk loci, and could
inform personalized prevention and treatment.

In this study, we demonstrate substantial population dif-
ferentiation of PGR, driven by natural selection, where
very recent positive selection had nearly fixed beneficial al-
leles in East Asians. Conversely, we observed that this gene
has experienced rapid haplotype decay in Europeans with
an elevated state of polymorphisms likely due to balancing
selection. Our integrated analysis further demonstrated
the effect of positive selection on remodeling PGR expres-
sion specifically in the ovary among East Asians for local
adaption. Comparisons between modern and archaic hu-
mans revealed substantial differentiation at the PGR locus,
including fixation of a known deleterious missense muta-
tion in Neanderthals associated with extant increased
risk of preterm birth and ovarian cancer. So, our study
has demonstrated substantial evolutionary innovation of
the human PGR, giving rise to different “forms” of PGR
in different human populations as well as in archaic hu-
mans. This observation allows us to reconstruct the evolu-
tionary trajectory of this gene during very recent human
evolution, and also contributes, at least in part, to the
observed biologic disparities in aspects of human preg-
nancy and parturition.

Material and Methods

Population Genetic Analysis

This study used the human genome build hg19/GRCh37. The
genomic coordinates of PGR were based on Ensembl annotation
(ENSG00000082175) at chr11: 100,900,355-101,001,255. Popula-
tion analyses were performed on CHB (Han Chinese in Beijing,
China), YRI (Yoruba in Ibadan, Nigeria), and CEU (Utah Residents
with Northern and Western European Ancestry) populations
sequenced by the 1000 Genomes Project. Test statistics for positive
selection were computed in 1000 Genomes Selection Browser,**

where we compiled XP-CLR, XP-EHH, derived allele frequencies
(DAFs), population nucleotide diversity m, extended haplotype
homozygosity (EHH), and Tajima’s D scores from the database.
For the analysis of XP-CLR and XP-EHH, we empirically deter-
mined the statistical significance based on the upper 5% percen-
tiles of the scores across the entire genome in each pairwise
comparison among the three populations. XP-CLR, nucleotide di-
versity m, and Tajima’s D were computed in sequence windows;
XP-EHH and DAFs were computed at each SNP locus. Fixation in-
dex (Fst) was also computed at each PGR-associated SNP site based
on Weir and Cockerham’s definition.”® Ancestral allele states were
obtained from Ensembl (GRCH37.p13) and were derived from
multiple alignment for primate species. In the linkage disequilib-
rium (LD) analysis, we identified 150 common SNPs (minor allele
frequency, MAF > 0.2) within the PGR gene body, and then
computed their pairwise LD (R?) in CEU YRI and CHB, respec-
tively. In CHB, 11 SNPs have reached complete fixation, which
were excluded from the LD analysis in CHB. LD calculation was
based on LDlink.”® When necessary, SNP allele frequencies were
also queried from ExAC?” and HGDP projects.”® To determine
the enrichment of HD-SNPs (SNPs with high-frequency derived al-
leles) in the PGR locus in CHB, a random permutation test was
used. Briefly, for a given population, we randomly sampled a
genomic region of the same size as that of the PGR locus (encom-
passing the same number of contiguous SNPs) and computed the
fraction of SNPs with high derived allele frequencies (DAF > 0.7)
in the random window. We repeated the randomized procedure
1,000 times and estimated the empirical p value for enrichment
of SNPs with DAF > 0.7 in the PGR locus, i.e., among 1,000
random permutations, how many times we could sample a region
with the fraction of HD-SNPs (those with DAF > 0.7) greater than
or equal to what was observed from the PGR locus. The random
permutation test was performed in YRI, CEU, and CHB, respec-
tively. To determine the increase in Tajima’s D in CEU, we per-
formed a random permutation test as follows: each time, we
randomly sampled from the genome the same number of contig-
uous windows of the same size as those in the PGR locus and tested
the null hypothesis that the windows covering the PGR locus had
no difference in their Tajima’s D distribution from a random
genomic locus of the same size (encompassing the same number
of contiguous variants). Therefore, a p value could be derived
from the comparison. We performed the same random sampling
1,000 times with p values corrected using q values based on the
method described previously.?’ Overall, from the random permu-
tation tests in CEU, 90% of the tests were at the false discovery rate
of g = 0.05, and the maximum false discovery rate across all sim-
ulations was less than q = 0.14.

Genetic Association Study

The association study was based on Boston Birth Cohort,
including 1,733 African American women, among which 698
were of preterm birth (PTB) and 1,035 term birth.*° In addition
to splitting the samples into PTB case and control subjects, we
further categorized the case samples into 461 with spontaneous
preterm birth (sPTB) and the remaining 237 with medically indi-
cated preterm birth (mPTB). From the sPTB group, we identified
115 case subjects that had less than 32 gestational weeks (early
sPTB). The GWAS model and calculation followed the standard
procedures in the SNPTEST package for dichotomous phenotypes
(with both Bayesian and Frequentists tests).”' We used the table
output directly from the software, including allele frequencies,
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Figure 1.

XP-CLR Scan to Detect Positive Selection in the PGR Locus

The peaks indicate signatures of positive selection that has differentiated the multi-locus allele frequency spectrum in one population
from the other. Comparisons were performed for CHB-CEU, CHB-YRI, and CEU-YRI. Significance was empirically determined by the
upper 5% XP-CLR scores across the entire genome for each comparison (the gray horizontal line). XP-CLR scan was performed with

a maximum window of 0.1 cM.

genotype count, missing data fraction, minor allele frequencies,
risk allele odds ratios, and risk genotype odds ratios.*” Odds ratios
were computed at each SNP locus for the alternative allele; to stan-
dardize the odds ratios for derived alleles, the ancestral states of
alternative alleles were determined; in case an alternative allele
is not the derived allele, the reciprocal of its original odds ratio
will be used. Detailed sample description and information for

the genotyping platform can be found in the original study.*’

Functional Genomic Analysis

The 86 HD-SNPs were examined for their role in regulating PGR
expression in multiple human GTEXx tissues. Specifically, we exam-
ined association between all PGR-associated SNPs with PGR
expression in different tissues, and the significance of associations
was multiple-hypothesis corrected for the 86 HD-SNPs queried.
Loci with false discovery rate (FDR) < 0.1 were considered signif-
icant. SNP effect sizes on PGR expression were also examined,
where we considered their absolute values in our analysis. PGR
expression was also queried from GTEx. Happloinsufficiency
scores were obtained from DECIPHER (GRCH37), based on the
method described by Huang et al.** The ovary ATAC-seq data
were recently generated as part of the ENCODE project, and
the data have been deposited in ENCODE Data Portal
(ENCFF181UOS). Two-fold increase in ATAC-seq peak intensity
over control was considered significant.

Results

Differentiation of PGR among Human Populations

In the human genome, locus 11q22.2 encodes PGR
(Figure 1). We analyzed populations in the 1000 Genomes
Project,** including CEU (Utah Residents with Northern
and Western European Ancestry), YRI (Yoruba in Ibadan,
Nigeria), and CHB (Han Chinese in Beijing, China), and

determined the degree of population differentiation at
the PGR locus referenced with that of the genome back-
ground. Extreme population differentiation at a particular
genomic locus is usually indicative of positive selection re-
sulting from population-specific local adaptation.****
Since the conventional measure of population differentia-
tion, the fixation index (Fst) at a single locus, is of low
signal-to-noise ratio for detecting natural selection,*® we
employed an improved approach (the XP-CLR test: the
cross-population composite likelihood ratio test) to charac-
terize population differentiation based on differences of
multi-locus allele frequencies between populations.®’
This multiple-locus composite likelihood ratio method
has been shown to be robust against many factors
including ascertainment bias, recombination rate hetero-
geneity, as well as variation in underlying population dy-
namics and substructure.”” We scanned the entire human
genome with XP-CLR for pairwise comparisons involving
CHB versus YRI, CEU versus YRI, and CHB versus CEU,
and set YRI as the reference population given its ancestral
state to non-African genomes.*%>’

Referenced with the genome background, we observed
major XP-CLR peaks in the PGR locus (above the upper
5% of the genome background, the gray horizontal lines
in Figure 1) from the CHB-YRI and CHB-CEU comparisons,
but the signal was not apparent from the CEU-YRI compar-
ison (Figure 1). Importantly, these XP-CLR peaks were
distant from the neighboring genes surrounding PGR
(ARHGAP42 [MIM: 615936], TMEM133 [MIM: NA], and
TRPC6 [MIM: 603652]), precluding the possibility of a
hitchhiking effect from other proximal genomic loci.
Thus, these extreme XP-CLR peaks indicate differential
allele usage in PGR between populations. To confirm the
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observed population differentiation at the PGR locus, we
employed a complementary approach, XP-EHH (cross-
population extended haplotype homozygosity), to scan
the human genome, which is designed to identify genomic
regions with extended haplotype homozygosity in a given
population relative to a reference population.”’ Because
natural selection acts on haplotype blocks, loci with
extended linkage disequilibrium (LD) in one population,
but not the other, indicate recent positive selective sweeps
due to population-specific local adaptation.*’ Similar to
the XP-CLR scan (Figure 1), the XP-EHH scan recapitulated
the positive selection signals in the PGR locus, with
extreme XP-EHH peaks (above the upper 95% of the
genome background) in CHB-CEU and CHB-YRI compari-
sons, but not in the CEU-YRI comparison (Figure S1).
Moreover, studying XP-EHH peaks surrounding the PGR
locus excluded the explanation of a hitchhiking effect
from its neighboring regions (Figure S1). Because XP-CLR
and XP-EHH signals in the PGR locus were identified as
extreme outliers from genome-wide scans (the upper 5%
of the entire genome, Figures 1 and S1), the observations
were less likely to be simply explained by population de-
mographics (such as population bottlenecks) which pre-
sumably would affect the entire genome. Using the fully
sequenced 1000 Genomes data minimized the potential
impact from ascertainment bias, and, as demonstrated in
previous studies, the test methods we employed are robust
against ascertainment bias, heterogeneity in recombina-
tion rate, and population demography.®”** Thus, with
these cross-population comparisons, we established that
positive natural selection for local adaptation has differen-
tiated the human PGR among populations, showing
substantial genetic differences in the CHB-CEU and CHB-
YRI comparisons, but not significant in the CEU-YRI
comparison.

Different Forms of PGR Have Been Created by Recent
Natural Selection in Different Populations

A parsimonious explanation for these observations is local
adaptation acting on the PGR locus specifically in CHB,
i.e., one that drove the pattern of its genetic variation
away from that of other populations. Because both XP-
CLR and XP-EHH detect selections that have (nearly) fixed
derived beneficial alleles (e.g., the newly emerged alleles
during human evolution, as opposed to the ancestral
alleles also seen in other primate species) in a popula-
tion,”* we asked whether in CHB, SNPs with high-fre-
quency derived alleles (HD-SNPs) were enriched in the
PGR locus, which is an expected signal from a recent selec-
tive sweep. Across the human genome, the ancestral state
for each of the variants was identified from multiple pri-
mate species alignment (see Material and Methods), and
derived allele frequencies (DAFs) were computed as one
minus ancestral allele frequencies in CHB, CEU, and YRI
(see Material and Methods). For each population, we
considered HD-SNPs as those with DAF > 0.7 (in the upper
~10% across the genomes in three populations, Table S2)

and observed that 24.2% of variants in PGR have DAFs >
0.7 in CHB. We performed a random permutation test
(see Material and Methods) and observed that the fraction
was significantly higher than the CHB genome back-
ground at 12% (p = 0.037, Figure 2A). With the same pro-
cedure, the enrichment was not observed in YRI and CEU
(Figure 2A), confirming the CHB-specific selection acting
on this PGR locus.

To further these observations, we examined nucleotide
diversity (m) across genomes of the different populations,
which is a statistical measure to quantify the degree of
polymorphism within a population.*' As expected, the
PGR locus exhibited a significantly reduced 7 among
CHB relative to the genome background (p = 0.03, Wil-
coxon rank-sum test, Figure S2), a signature of selective
sweep that had eliminated genetic diversity as a conse-
quence of promoting the frequencies of derived beneficial
alleles. YRI exhibited a similar level of « at the PGR locus,
compared with the genome background (p = 0.43, Wil-
coxon rank-sum test, Figure S2), whereas a substantial
increase of w in PGR was significant in CEU (p = 3.19e-4,
Wilcoxon rank-sum test, Figure S2), indicating an excess
of highly polymorphic sites at the PGR locus. To test
whether the increased genetic diversity was potentially
driven by selection forces (e.g., heterozygote advantage),
we examined Tajima’s D scores.*” Consistent with the
signature from positive selection, the PGR locus in CHB
displayed a negative Tajima’s D, showing a substantial
reduction from the genome background (Figure 2B). The
same locus in CEU displayed the opposite trend with pos-
itive Tajima’s D values (Figure 2B). To confirm this observa-
tion, we performed a random permutation test, where the
PGR locus was compared against 1,000 sets of randomly
sampled genomic regions encompassing the same number
of contiguous SNPs, and the PGR site consistently dis-
played increased Tajima’s D (Material and Methods). This
observation, together with the increased nucleotide diver-
sity, revealed that the PGR locus has been promoted to a
highly polymorphic state during evolution in CEU.
Although a significant positive Tajima’s D could be ex-
plained by either balancing selection or a substantial
change in population size, the PGR locus is likely attribut-
able to balancing selection, given its increased Tajima’s D
compared with the genome background (population
demography influences the entire genome). The PGR locus
in YRI has remained negative (Figure 2B, close to zero).
Taken together, natural positive selection has reshaped
the PGR locus in East Asians (represented by CHB) by elim-
inating its genetic diversity to fix beneficial derived alleles
for local adaption. In contrast, the PGR locus in Europeans
(represented by CEU) has been promoted to a highly poly-
morphic state, likely resulting from balancing selection.

As a direct consequence of these differential selection
forces, the PGR locus is expected to display differential
haplotype structures among populations. For example,
haplotypes with extended length (long-range association
with other alleles), without having been broken down by
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Intra-population Analysis Identified Differential Evolutionary Dynamics in the PGR Locus

(A) Enrichment of SNPs with high-frequency derived alleles (frequencies > 0.7, HD-SNPs) in CHB but not in other populations (YRI and
CEU). For each comparison, HD-SNP distribution was compared between the PGR locus and the genome background estimated from
random permutation tests. Error bars indicate standard deviation, and the asterisk indicates statistical significance p < 0.05.

(B) Tajima’s D analysis for the PGR locus. This locus received a negative D score less than the genome background in CHB (a signature of
positive selection), but the opposite trend in CEU (suggesting balancing selection)..

(C) The spatial distribution of the selected common SNPs for haplotype analysis.

(D-F) Linkage disequilibrium (LD, R?) analysis in the PGR locus for YRI (D), CEU (E), and CHB (F) based on the selected common SNPs.
(G) Distribution of R? in each population, where CHB displayed increased LD, indicating long-range haplotypes, where the reduced R? in
CEU indicates rapid LD breakdown in CEU. Comparisons were referenced with YRI.

recombination, are a typical signature of very recent posi-
tive selection, whereas a region with promoted sequence
polymorphism is expected to exhibit rapid haplotype
decay. To reveal haplotype structures, we identified 150
loci in PGR with common SNPs (minor allele frequency,
MAF > 0.2, Figure 2C, also see Material and Methods,
Table S2), and computed their pairwise linkage disequilib-
rium (LD, R?) in YRI, CEU, and CHB (Figures 2D-2F). Note
that these SNPs cover the major gene body of PGR
(Figure 2C), and thus a complete genetic linkage map in
the PGR locus could be revealed. Referenced with YRI
and CEU, the PGR locus in CHB exhibited exceptionally
strong LD even between distant loci (p < 1e—20, Wilcoxon
rank-sum test, Figures 2F and 2G), demonstrating a strong
effect from positive selection. Such long-range haplotype
associations indicate that the selection event should be
very recent (having not been significantly interfered with
by recombination). However, the distribution of pairwise
LD (R?) among loci in CEU showed a significant reduction

relative to YRI (Figures 2E and 2G, p = 9.8e—20, Wilcoxon
rank-sum test), reflecting a rapid LD decay in CEU due to
increased polymorphism in PGR. We additionally per-
formed the EHH (extended haplotype homozygosity)
test’® and confirmed that the long haplotypes in the PGR
locus indeed resulted from positive selection in CHB but
not in CEU and YRI (Figure S3). Taken together, our LD an-
alyses demonstrate differential haplotype structures of PGR
in different human populations, resulting from differential
evolutionary forces.

Functional Implication of Positive Selection on PGR

in CHB

Positive selection implies a significant increase in organ-
ismal fitness by rapidly fixing evolutionarily novel alleles
(derived alleles) in a population. We investigated the func-
tional role(s) of the derived alleles that had risen to high
frequency in CHB. In total, 86 loci in PGR have derived
allele frequencies above 0.7 in CHB (the HD-SNPs,
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Figure 2A), constituting the signature of positive selection
(Figure 2A). These SNPs (Table S1) are localized in the in-
tronic and 3’ untranslated regions (3' UTRs) of PGR, and
thus we hypothesized their regulatory role in regulating
PGR expression. We retrieved data from the Genotype-Tis-
sue Expression project (GTEx, v7 release),** which iden-
tifies genomic variants (by whole-genome sequencing)
that influence gene expression (by RNA-seq) in 53 different
human tissue types sampled from 714 donors (11,688 tis-
sue samples in total). A regression model was built by the
GTEx consortium to correlate genotypes of each SNP site
with mRNA expression of its associated genes (the cis-ef-
fect, expression quantitative trait loci), taking into account
many other co-variates, such as sex, age, tissue quality, and
experimental platforms.** For each SNP locus, the degree
of contribution to gene expression was quantified by its
effect size, where greater effect size indicates stronger
expression alterations by varying genotypes of this SNP
across individuals in the GTEx cohort. The comprehensive
transcriptome data provided a global view of PGR expres-
sion across multiple human tissues, and its strong tissue-
specific gene expression pattern was immediately revealed.
PGR was most pronounced in the cervix, fallopian tube,
ovary, uterus, and vagina, moderate in the artery and
breast mammary tissue, and depleted in all others (e.g.,
the brain, whole blood, etc., Figure S4). We analyzed the ef-
fect sizes of the HD-SNPs on PGR expression in the uterus,
vagina, ovary, as well as in the breast mammary tissue (data
from the cervix and fallopian tube were unavailable in the
current GTEx release). Interestingly, 23 among the 86 HD-
SNPs (27%, Table S3) exhibited statistically significant ef-
fect size on modulating PGR expression in the ovary
(FDR < 0.1, Figure 3A), whereas none showed significance
in all the other tissue types, including the uterus, vagina,
and breast mammary tissue (FDR > 0.1, Figure 3A).

We then computed the degree of population differentia-
tion (Fst) for each of the HD-SNPs (CHB versus CEU and
CHB versus YRI): the high-Fst sites are those with high
derived allele frequencies only in CHB, but low in others,
whereas low-Fst sites indicate that the status of high
derived allele frequencies is shared among human popula-
tions (compared with ancestral alleles in other primate spe-
cies). Interestingly, for these HD-SNPs, we observed a
strong positive correlation between Fst and the effect size
on modulating PGR expression in the ovary (R = 0.75,
p = 1.75e—15, Figures 3B and S5), indicating that, for these
HD-SNPs, if their status of high derived allele frequencies is
more specific in CHB, they tend to have stronger effects on
PGR expression in the ovary. Therefore, positive selection
in CHB on PGR was to remodel PGR expression specifically
in the ovary. One extreme example is the SNP 1511224580
(in the 3™ intron, upstream of the 4" exon) with a strong
effect size on PGR ovary expression (FDR = 0.02, Figure 3B)
and substantial population differentiation (Fst > 0.6 for
both CHB-CEU and CHB-YRI comparisons, Figure 3B).
Examining its derived allele frequencies across worldwide
indigenous populations,”® we observed the strong popula-

tion differentiation of 1511224580 as illustrated in
Figure 3C, where East Asia and the neighboring regions
preferentially use the derived allele T, while the ancestral
form, C, is dominant in African and European populations.
This integrative analysis determined the regulatory role of
the evolutionarily novel alleles in PGR that had been
promoted to high frequencies in East Asians. The detected
positive selection signal thus suggested regulatory innova-
tions for local adaptation.

To determine the physiological importance of altering
PGR expression, we investigated dosage sensitivity data
across all human genes (haploinsufficiency scores)** and
observed extreme dosage sensitivity of PGR, ranking at
the top 3% of the human genome (Figure S6). This obser-
vation confirmed the functional consequences of altering
PGR expression. Therefore, remodeling PGR expression in
East Asians by rapidly fixing the regulatory derived alleles
substantially contributed to selective advantages for local
adaptation. This observation predicts that, because of
PGR dosage sensitivity, the remodeled PGR expression is
only advantageous in East Asians, not compatible with
other populations. In other words, the regulatory alleles
specifically expanded in East Asians (the high-Fst HD-
SNPs) would be expected to be deleterious in other
populations.

We tested this prediction at the phenotypic level, allow-
ing us to associate phenotypic traits with these evolution-
arily selected alleles. Given the pivotal role of PGR in
maintaining pregnancy, we examined subjects enrolled
in the Boston Birth Cohort, including 1,733 African Amer-
ican women, 461 of whom had spontaneous PTB (sPTB),
237 had medically indicated PTB (mPTB), and 1,035 had
term births.>® From the sPTB group, we identified 115
that occurred at less than 32 gestational weeks (early
sPTB). Genome-wide association studies (GWASs) were
then performed by comparing sPTB, mPTB, and early
sPTB groups against the term control group. SNPs with
low allele frequencies in this cohort (minor allele fre-
quency less than 10%, estimated from the term control
group) were excluded from analysis due to their numerical
instability in estimating risk odds ratios, and GWAS odds
ratios were standardized on derived alleles. Referenced
with the African population (YRI), among the 86 HD-
SNPs, we identified 20 with derived allele frequencies
specifically high in East Asians (CHB, Fst > 0.5, see the dis-
tribution in Figure S7), and 42 SNPs with high derived
allele frequencies common in both CHB and YRI (Fst <
0.1, Figure S7). African American women carrying these
CHB-specific derived alleles exhibited a significant increase
in the odds ratio for early sPTB, relative to all the derived
alleles in the PGR locus (p = 4.01e—8, Wilcoxon rank-
sum test, Figure 3D). This observation supports our predic-
tion that remodeling PGR expression by expanding the
derived regulatory alleles is advantageous only in East
Asians for local adaptation (given positive selection sig-
nals), but is deleterious in other populations. Note that
the risk increase was only significant in the early sPTB
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Figure 3.

early sPTB

Functional Analysis of the Loci Affected by Positive Selection in CHB

(A) The effect size of the 86 HD-SNPs on modulating PGR expression in the uterus, breast mammary tissue, vagina, and ovary, where 23
loci showed statistical significance (FDR < 0.1) only in the ovary. Multiple-hypothesis correction was performed with the Benjamini-
Hochberg procedure across the query SNPs.

(B) A significant correlation between the effect size and population differentiation (Fst, CHB versus YRI) for the HD-SNPs, where
1511224580 represents an exemplar site with a strong effect on modulating PGR in the ovary, and its high derived allele frequency is
specific in CHB but not in CEU and YRI.

(C) Allelic distribution of rs11224580 across the world populations. Allele frequency data were obtained by the Human Genome Diver-
sity Project (HGDP).”® The ancestral and derived alleles were also labeled.

(D) Distribution of odds ratios for spontaneous preterm birth (sPTB), early spontaneous preterm birth (<32 gestational weeks, early
sPTB), and medically indicated preterm birth (mPTB) for all the variants in the PGR locus, as well for the subsets of HD-SNPs with
high derived allele frequencies specific in CHB, or shared among all populations. Odds ratios were all standardized on the derived alleles.

Statistical significance was determined by Wilcoxon rank-sum test, where the asterisks indicate p values less than 0.01.

group (Figure 3D), suggesting a strong fitness consequence
associated with early sPTB. In the meantime, we also exam-
ined variants with derived alleles at high frequencies across
all human populations. These high-frequency derived
alleles exhibited significantly reduced risk for early sPTB
(p = 1.71e—6, Wilcoxon rank-sum test, Figure 3D) and
mPTB (p = 2.26e—8, Wilcoxon rank-sum test, Figure 3D).
Because the derived alleles were evolutionarily novel on
the human lineage, this observation suggests evolutionary
innovations in the PGR locus, prior to population differen-
tiation, that had increased organismal fitness by reducing
early sPTB and mPTB risk.

The Neanderthal Form of PGR
Our population and functional genomic analyses have re-
vealed substantial evolutionary plasticity of PGR in mod-

ern human populations. To reconstruct its evolutionary
trajectory on the human lineage, it is necessary to examine
PGR in archaic humans, represented by Neanderthals that
diverged from anatomical modern humans 520,000-
630,000 years ago.”> We examined the PGR sequences in
two female Neanderthals, whose genomes were sequenced
with high coverage and quality. One Neanderthal, identi-
fied in the Altai Mountains in southern Siberia, lived
~122,000 vyears ago (the Altai Neanderthal, 50x
coverage),”® and the other was found in Vindija Cave in
Croatia and lived ~52,000 years ago (the Vindija 33.19
Neanderthal, 30x coverage).*

The Neanderthal PGR locus (spanning 100.9 kb) dis-
played extended sequence homozygosity. For example,
the Vindija 33.19 genome even had no heterozygous sites,
in contrast with hundreds of highly polymorphic sites in
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Figure 4. Genetic Differentiation between Modern Humans and Neanderthals at the Missense Site (rs1042838) of the Well-Known

PROGINS Alleles in the PGR Locus

(A) Sequenced reads surrounding the missense site in Altai and Vindija (Vi33.19) Neanderthals (both females), where the missense mu-

tation, A, were in a homozygous state in the Neanderthals.

(B) Validation on two additional Neanderthal genomes (Vi33.16 and Vi33.25, both females, with low sequencing coverage) confirmed

the prevalence of the missense mutated base, A, in Neanderthals.

(C) Allelic distribution of this missense SNP (rs1042838) in modern human populations. Allele frequency data were obtained by the Hu-
man Genome Diversity Project (HGDP).?® Note that the mutated base, A, is a derived allele.

the same region in modern humans (Figure 2C). This
observation is consistent with substantial inbreeding and
small population size in Neanderthals*>*® and suggests
that deleterious mutations likely had been fixed in the
Neanderthal population. Among many variants identified
in PGR, the PROGIN:S alleles are the most extensively stud-
ied, characterized by one missense mutation, V660L
(rs1042838, exon 4), one synonymous mutation, H770H
(rs1042839, exon 5), and one 320-bp Alu insertion be-
tween exon 7 and 8.**® Specifically, for the missense
variant (rs1042838), its minor allele (A) has been associ-
ated with ovarian cancer’””" and preterm birth.”' This
risk allele reduces the responsiveness of PGR to progester-
one,” consistent with the predicted deleteriousness of
this missense mutation at the top 1% of the human
genome by CADD.**

By analyzing the diploid genomes of the two female
Neanderthals, we observed a homozygous state of this
risk allele (A) in both Neanderthal individuals
(Figure 4A). To confirm this observation, we further
examined the low-coverage genome sequences of three
additional female Neanderthals in an earlier study

(Vi33.16, Vi33.25, and Vi33.26 from Vindija Cave in
Croatia),”* where only Vi33.16 and Vi33.25 had
sequenced reads covering this locus. Again, the risk allele
A was observed in these Neanderthals, with the absence
of the reference allele C at this locus (Figure 4B). Given
the geographical distance between the Altai Mountains
and Vindija Cave, as well as the temporal distance
(~130,000—145,000 years ago) between the Altai and
Vindija Neanderthals,** it is likely that the risk allele of
the missense PROGINSs site had been fixed in Neander-
thals. Therefore, fixation of the risk allele in this preg-
nancy-associated gene in Neanderthals likely posed a
significant selective disadvantage.

To trace the evolutionary origin of this risk allele, we first
determined the derived status of this allele by referencing
with other primate species. In modern humans, this
derived risk allele is underrepresented (Figure 4C, data
from Human Genome Diversity Project”®), with increased
frequencies in European (18%, the 1000 Genomes esti-
mate) and South Asian (7%, the 1000 Genomes estimate)
populations, compared with its absence in African popula-
tions (Figure 4C). Given the fixed status of this allele in
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Neanderthals, this allele frequency pattern in human pop-
ulations suggests a potential Neanderthal origin of this risk
allele that was later introgressed in modern human’s
genome. This notion is confirmed by the Neanderthal
introgression map’° as well as by a more recent study using
rigorous criteria to identify alleles of Neanderthal origin in
modern human’s genome.>® We further investigated the
sequence of the high-coverage Denisovan genome,”’ an
extinct archaic human who lived 72,000 years ago,*> but
did not observe the risk allele from Denisovans, confirm-
ing its specific Neanderthal origin. Given its biochemical
effect on progesterone responsiveness®”> and its pheno-
typic consequences on preterm birth>' and ovarian can-
cer,””*? introgression of this archaic Neanderthal allele in
modern humans likely contributes to phenotypic vari-
ances underlying these conditions.

Discussion

We performed population and functional genomic ana-
lyses for the human PGR, a gene critical for female preg-
nancy and reproduction. Our study revealed substantial
evolutionary influence on the PGR locus during human
migration and population differentiation, where rapid
fixation of derived alleles by positive selection was
evident in East Asians. On the contrary, a substantial in-
crease in sequence polymorphisms was identified in Eu-
ropean populations, likely driven by balancing selection.
Therefore, different “forms” of PGR have been shaped by
natural selection for local adaption, and thus its func-
tional diversity is anticipated among modern human
populations, which may constitute the biologic basis of
many disparities associated with the progesterone-medi-
ated pathways.

We performed cross-population comparisons and identi-
fied a positive selection signature acting on the PGR locus
in East Asians (CHB). The selection signals in the PGR locus
were identified as outliers across the genome: for example,
the strongest XP-CLR signal at PGR for CHB-CEU compar-
ison was ranked at the 9,453™ position across the ~1.2
million XPCLR windows examined, representing the top
0.79% across the genome. Notably, the XP-EHH test for
CHB-CEU comparison indicated that the signal at PGR
was ranked at the 42" position across ~15 million SNPs
examined, representing an extreme outlier of the genome
(the 0.00028% upper percentile). In addition to these
cross-population analysis, we independently confirmed
the signals with complementary test statistics in robust
intra-population analyses. Most notably, LD analysis
revealed a long haplotype range of this locus in CHB, sug-
gesting that the selection force was recent in human his-
tory. Given the different patterns observed from the Afri-
can and European populations (Figures 1 and 2), the
positive selection likely occurred after the population split
between Europeans and Asians. Interestingly, examining
sequences of a 40,000-year-old individual from Tianyuan

Cave, China,*® several high-frequency derived alleles
observed only in CHB were also identified in the Tianyuan
individual, dating the selection event back to at least
40,000 years ago. Because East Asians are genetically
related to American Indians,>”®° it is interesting to further
test the selection signature in native Americans. We exam-
ined the admixed American populations in the 1000 Ge-
nomes database (data not shown), and indeed observed
similar allele usage at the PGR locus in PEL (Peruvians
from Lima, Peru, although the signal is much attenuated),
but not in PUR (Puerto Ricans from Puerto Rico) and CLM
(Colombians from Medellin, Colombia). However, the ob-
servations could also be attributed to recent population
admixture since the 19" century. Therefore, these observa-
tions await further confirmation when more indigenous
American Indian genomes are available.

To investigate the physiological significance of the selec-
tion event in East Asians, we specifically examined the
evolutionarily novel alleles (i.e., derived alleles) rising to
high frequencies in CHB (i.e., the HD-SNPs), particularly
the ones whose high derived allele frequencies were spe-
cific in CHB, an indicator of targets of positive selection.
We leveraged the GTEx dataset and determined the molec-
ular function of these selected alleles in remodeling PGR
expression in the ovary. With the Boston Birth Cohort,
we were able to associate the early sPTB risk with these
evolutionarily novel alleles. Because the identified variants
were primarily localized in intronic regions, their regulato-
ry role is presumably achieved by perturbing regulatory
elements in the PGR introns. We recently generated
ATAC-seq data in the ovary (as part of the ENCODE
project®), which mark all potential regulatory elements
in the ovary genome. Indeed, we identified abundant reg-
ulatory elements in PGR introns (Figure S8), which will
help identify the causal variants driving the observed adap-
tive selection in East Asians.

Because of strong dosage sensitivity, we showed that re-
modeling PGR ovary expression was advantageous only
in East Asians for local adaptation but was deleterious
in other populations (Figure 3D). We particularly note
that although East-Asian-specific alleles are at low fre-
quencies in other populations, such as the derived allele
of SNP rs11224580 (Figure 3C), they likely constitute the
biologic basis for disparate PTB risk in a population.
These observations revealed a significant association be-
tween PGR expression in the ovary and the clinical
outcome of preterm birth. Therefore, future study is war-
ranted to identify the molecular mechanisms for the
regulation of gestational timing and preterm birth risk
by the ovary-specific PGR expression. Further, studying
derived alleles in the PGR locus with high frequencies
common in human populations, they displayed strong
effects in reducing early sPTB and mPTB risk, strongly
suggesting evolutionary innovations on the human line-
age to confer additional selective advantage since the
divergence from chimpanzees. On the other hand, it
also indicates strong effects of early sPTB and mPTB on
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organismal fitness, but not late PTBs (>32 gestational
weeks), which is consistent with the clinical outcomes
of early sPTB and mPTB. For example, without appro-
priate medical care, early sPTBs would be associated
with a high infant mortality rate. The majority of mPTB
in modern times is a consequence of preeclampsia.®*
Induced delivery, often preterm, is the only medical mea-
sure that can fully ameliorate such pregnancy-associated
hypertension. Short of medically induced preterm deliv-
ery, the mother and baby will die. Thus, in historical pe-
riods, such a pregnancy complication was synonymous
with maternal and fetal mortality. Taken together, during
early human population differentiation, reducing early
sPTB and mPTB risk would be expected to have a signifi-
cant impact on enhancing organismal fitness.

In the European population, we observed an opposite
trend, where the PGR locus had been highly diversified,
likely driven by balancing selection given its positive
Tajima’s D substantially increased from the genome back-
ground (Figure 2B). An increase in polymorphisms is
usually required by the immune system,°*®* which is
also an important component to the parturition trigger
mechanism,® and PGR itself also modulates IFN-y in
CD4™ T cells.°® As such, susceptibility to inflammation-
induced PTB might be affected by PGR, and its diversifica-
tion might very well reflect a need for local adaptation
when migrating to the European continent.

We also examined Neanderthal genomes and identified
the fixation of the risk allele at the missense PROGINS
site (rs1042838) in the Neanderthal population. This risk
allele interferes with the responsiveness of PGR to proges-
terone,>” and thus likely posed a significant selective disad-
vantage to Neanderthals, perhaps contributing to their
extinction 38,000 years ago.®” Intriguingly, we examined
genome-wide data for alleles of Neanderthal origin>°°
and confirmed the introgressed status of this risk allele in
modern human populations from the Neanderthal
genome. Therefore, our observation provides new evi-
dence for the contribution to human diseases from Nean-
derthal alleles.®®*”

Our study allowed us to reconstruct a more complete
evolutionary trajectory of PGR (Figure 5). This gene evolved
from an ancestral estrogen receptor after multiple rounds of
duplication on the vertebrate lineage.'® In primate species,
positive selection had accelerated its evolution since the

EastAsians  Figure 5. Reconstruction of the Evolu-

tionary Dynamics of PGR

Arrows are colored by evolutionary events,
and the dashed lines indicate relatively
long-time window with no sufficient num-
ber of species sampled. The length of the
arrows is not scaled by evolutionary time.

Europeans

common ancestor of human and
chimpanzee'? and fixed human-spe-
cific amino acid replacements specif-
ically in the IF domain of the protein product of this
gene.'? These alterations likely established human-specific
traits by rewiring the PGR-mediated regulatory network.
During early human evolution, substantial inbreeding
and population bottleneck likely fixed novel deleterious al-
leles in archaic humans, exemplified by the PROGINs-
derived allele that were specific in Neanderthals (Figure 4),
and this allele was subsequently introgressed in the modern
human genome. In modern humans, prior to population
differentiation, many derived alleles in PGR had risen to
high frequencies, which substantially reduced the rate of
early sPTB and mPTB (Figure 3D), thereby contributing to
organismal fitness. After population migration and differ-
entiation, positive selection had acted on PGR in East
Asians for local adaptation, whereas the PGR locus had
been diversified in European populations (Figure 5).
Overall, in this study, we presented our evolutionary
analysis for a critical human reproductive gene, PGR, dur-
ing human population differentiation. Even within such
a short time window, natural selection has significantly
differentiated this gene among human populations for
local adaptation, highlighting the unique role of this
gene in increasing human fitness during migration to
and settlement in new challenging environments. We
have shown that PGR has presented different forms among
different populations with presumably differential molec-
ular functions, likely resulting in differential disease sus-
ceptibility associated with progesterone, such as preterm
birth and ovarian cancer.

Supplemental Data

Supplemental Data include eight figures and three tables and can
be found with this article online at https://doi.org/10.1016/j.ajhg.
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