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An Ancient Fecundability-Associated
Polymorphism Creates a GATA2
Binding Site in a Distal Enhancer of HLA-F

Katelyn M. Mika,! Xilong Li,23 Francesco J. DeMayo,? and Vincent J. Lynch!.*

Variation in female reproductive traits, such as fertility, fecundity, and fecundability, are heritable in humans, but identifying and func-
tionally characterizing genetic variants associated with these traits have been challenging. Here, we explore the functional significance
and evolutionary history of a G/A polymorphism at SNP 152523393, which is an eQTL for HLA-F and is significantly associated with
fecundability (the probability of being pregnant within a single menstrual cycle). We replicated the association between the
152523393 genotype and HLA-F expression by using GTEx data and demonstrate that HLA-F is upregulated in the endometrium during
the window of implantation and by progesterone in decidual stromal cells. Next, we show that the rs2523393 A allele creates a GATA2
binding site in a progesterone-responsive distal enhancer that loops to the HLA-F promoter. Remarkably, we found that the A allele
is derived in the human lineage and that the G/A polymorphism arose before the divergence of modern and archaic humans and
segregates at intermediate to high frequencies across human populations. Remarkably, the derived A allele is has also been identified
in a GWAS as a risk allele for multiple sclerosis. These data suggest that the polymorphism is maintained by antagonistic pleiotropy

and a reproduction-health tradeoff in human evolution.
Introduction

Traits associated with female reproduction are heritable in
humans, " but identifying the genetic bases for these traits
had been challenging.' Several recent studies with large
sample sizes or innovative study designs, however, have
identified genetic variants associated with menarche,*”’
menopause,”’ ' gestation length,'' predisposition to pre-
term birth,'""'? severe nausea and vomiting during preg-
nancy,'” and fecundability (the probability of becoming
pregnant within a single menstrual cycle).'* Burrows
et al.,'* for example, performed an integrated expression
quantitative trait locus (eQTL) mapping and association
study to identify mid-secretory endometrium eQTLs
that influence pregnancy outcomes. Among the eQTLs
identified was a G/A polymorphism (rs2523393) that
was significantly associated with HLA-F (MIM: 143110)
expression and fecundability. Specifically, the G allele of
152523393 was associated with longer intervals to preg-
nancy and lower expression of HLA-F in mid-secretory-
phase (receptive) endometrium, whereas the A allele was
associated with shorter intervals to pregnancy and higher
HLA-F expression. The median time to pregnancy, for
example, was 2.3, 2.6, and 4.9 months among women
with the AA, GA, and GG genotypes, respectively.'*
Although the functions of HLA-F are enigmatic, it is
thought to regulate immune responses and could play an
important role in regulating maternal-fetal immunotoler-
ance during pregnancy.'>'® HLA-F is highly expressed, for
example, in placental villi, on the surface of invasive and

migratory extra-villus trophoblasts (EVTs) and decidual
stromal cells (DSCs).'”"'” Furthermore, HLA-F expression
increases during gestation and reaches a peak at term.'”%°
Like other major histocompatibility complex I (MHC-I)
molecules, HLA-F binds natural killer (NK) cell receptors
from the leukocyte immunoglobulin-like receptor (LIR)
and killer cell immunoglobulin-like receptor (KIR) families,
including LIR1 and LIR2,%"-?* KIR2DS4 and KIR3DL2,** and
KIR3DL1 and KIR3DS1.?*?%?° Uterine NK (uNK) cells,
which are essential for the establishment and maintenance
of maternalimmunotolerance and spiral artery remodeling,
express KIR3DL1 and LIR2, suggesting that HLA-F ex-
pressed by EVTs and DSCs mediates interactions with uNK
cells during implantation, trophoblast invasion, and estab-
lishment of the uteroplacental circulation. HLA-F expres-
sion level is also positively correlated with uNK abundance
in mid-luteal endometria and is predictive of achieving
pregnancy,'*?° consistent with an important role for
HLA-F in the establishment of pregnancy.

Here, we explore the functional and evolutionary history
of the rs2523393 G/A polymorphism. We first replicate the
association between the rs2523393 genotype and HLA-F
expression by using Genotype-Tissue Expression (GTEx)
data. We demonstrate that HLA-F expression increases dur-
ing the menstrual cycle and is upregulated by progesterone
during the differentiation of endometrial stromal fibro-
blasts (ESFs) into DSCs. Next, we show that 1s2523393 is
located within a cAMP/progesterone responsive enhancer
that makes long range regulatory interactions with the pro-
moter of HLA-F, and that the A allele creates a new binding
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site for the progesterone receptor (PGR) co-factor GATA2.
Remarkably the G/A polymorphism arose before the diver-
gence of modern and archaic humans, is segregating at in-
termediate to high frequencies across human populations,
and associated with a predisposition to several diseases.
These data suggest the G/A polymorphism is maintained
by antagonistic pleiotropy and that there is a reproduc-
tion-health tradeoff in human evolution.

Material and Methods

rs2523393 Is an eQTL for HLA-F

We replicated the association between the G/A polymorphism at
152523393 and HLA-F expression levels by using data from GTEx
Analysis Release V6 (dbGaP: phs000424.v7.p2) for 35 tissues,
including the 101 uterus samples.””*® We also used GTEx data
to identify other genes for which rs2523393 was an eQTL. In brief,
we queried the GTEx Portal by using the “single tissue eQTLs
search form” for SNP 1s2523393.

HLA-F Expression

Using previously generated microarray expression data, we exam-
ined the expression of HLA-F in the endometrium across the men-
strual cycle (GEO: GSE4888%°) and in endometrial samples from
fertile women (n = 5), women who had implantation failure after
in vitro fertilization (n = 5), and woman with recurrent sponta-
neous abortions (n = 5) (GEO: GSE26787°°). These microarray
datasets were analyzed with the GEO2R analysis package, which
implements the GEOquery®' and limma R*? packages from the
Bioconductor project to quantify differential gene expression.
We also examined HLA-F expression in RNA-sequencing (RNA-
seq) data previously generated from ESFs treated with control
media or differentiated (decidualized) with 100 nM medroxypro-
gesterone acetate (MPA) and 1 mM 8-bromo-cAMP (all from
Sigma-Aldrich) into DSCs.***° We used previously generated
RNA-seq data to characterize the expression level of HLA-F in
human ESFs, DSCs, and DSCs treated with a small interfering
RNA (siRNA) to knock down PGR expression.*°

Isolation of Primary Human ESFs

Human endometrial samples were obtained from six healthy,
reproductive-age volunteers with regular menstrual cycles and
no history of gynecological malignancies under a human subject
protocol approved by the institutional review board of Baylor Col-
lege of Medicine. After receipt of informed consent from partici-
pants, an endometrial biopsy was performed during the follicular
phase of the menstrual cycle, and endometrial stromal cells were
isolated by enzymatic digestion and filtration, as described previ-
ously.>”*® ESFs were cultured in DMEM/F12 media with 10% fetal
bovine serum (FBS) (see below for greater details about specific
culture conditions for different experiments), and all experiments
were carried out within four cell passages. For both the primary
and the hTERT immortalized ESFs, progesterone and cAMP lasted
2-3 days, which is sufficient to induce decidualization and differ-
entiation into DSCs*’ yet short enough to maintain specific needs
of experiments (such as transient transfection).

GATA2 ChlP-Seq
ESFs were cultured in 150 mm culture dishes with ESF growth
media (DMEM/F12 containing 10% FBS and 1% antibiotic-anti-

mycotic). Cells were grown to approximately 90% confluency
and started on treatment with decidual media (Opti-MEM media
containing 2% charcoal-stripped FBS, 1% antibiotic-antimycotic,
1 uM MPA, 10 nM E2, and 50 uM cAMP). Decidual media were
changed every 48 hr. After 72 hr of treatment, cells were fixed.
Cells were fixed for 15 min with 1/10 volume of freshly prepared
formaldehyde solution (11% formaldehyde, 0.1 M NaCl, 1 mM
EDTA, and 50 mM HEPES). The fixation was stopped by the addi-
tion of 1/20 volume 2.5 M glycine for 5 min. Fixed DSCs were
collected and pelleted at 800 x g for 10 min at 4°C. Cell pellets
were washed twice with cold PBS-Igepal (0.5% Igepal and 1 mM
PMSF). DSCs from six individuals were pooled before genomic
DNA isolation. GATA2 immunoprecipitation and DNA library
generation were performed by Active Motif. Chromatin immuno-
precipitation (ChIP) and input DNA were amplified with the
[llumina ChIP-Seq DNA Sample Prep Kit. In brief, DNA ends
were polished and 59-phosphorylated with T4 DNA polymerase,
Klenow polymerase, and T4 polynucleotide kinase. 3'-adenine
was added to blunt ends with the Klenow fragment (3'-5' exo
minus), [llumina genomic adapters were ligated, and the sample
was size fractionated to 175-225 bp on a 2% agarose gel. After
amplification for 18 cycles with Phusion polymerase, the resulting
DNA libraries were tested by RT-qPCR at the same specific genomic
regions as the original ChIP DNA for quality assessment of the
amplification reactions. 36 nt sequence reads were identified by
the FastTrack Sequencing Services (with Illumina’s HiSeq). Reads
were mapped to the human genome (UCSC Genome Browser
hg19) with the Burrows-Wheeler Aligner. Only tags that mapped
uniquely, had no more than two mismatches, and passed
quality-control filtering were used in the subsequent analysis.
The number of unique alignments without duplicate reads
was totaled, and MACS analysis was performed at a p value of
1 x 1077, Raw and processed data are available under accession
numbers SRA: SRX3503584 and GEO: GSE108409.

GATA2 Knockdown and Expression Profiling

Three ESF subcultures were transfected with siRNA and treated
with decidual media (see above) for 3 days for DSC differentiation.
Total RNA was extracted with the QIAGEN RNeasy RNA Isolation
Kit (QIAGEN). The RNA from three replicates (wells) was pooled
for each treatment per cell line. The integrity of all RNA samples
was tested with the 2100 Bioanalyzer (Agilent Technologies).
The concentration of RNA was quantified on the Nanodrop Spec-
trophotometer (Nanodrop Technologies). Samples with 260/280
ratios greater than 1.8 were used for microarray hybridization.
Microarrays were performed by the Genomic and RNA Profiling
Core of the Baylor College of Medicine with Affymetrix Human
Genome U133 Plus 2.0 arrays (Affymetrix). Microarray CEL files
were analyzed by dChip with the PM-MM model and quantile
normalization. Combat was used to normalize differences
and for batch correction. Two-sided t tests and fold changes
were used to define differentially expressed genes. Genes with
p = 0.05 and an absolute fold change of 1.4 were considered signif-
icant. Raw and processed data are available under accession
numbers SRA: SRX3503584 and GEO: GSE108409.

Luciferase Assays

A 1,000 bp region centered on rs2523393 (chr6: 29,705,520-
29,706,519; hgl19) was synthesized with either the A or G allele
(GenScript) and cloned into the pGL3-Basic luciferase vector
(Promega). A pGL3-Basic plasmid without the 1 kbrs2523393 insert
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was used as a negative control. GATA2 and PGR expression vectors
were also obtained from GenScript. ESFs (ATCC CRL-4003) immor-
talized with telomerase were maintained in phenol-red-free DMEM
(GIBCO) supplemented with 10% charcoal-stripped FBS (CSFBS;
GIBCO), 1x insulin-transferrin-selenium (GIBCO), 1% sodium
pyruvate (GIBCO), and 1% r-glutamine (GIBCO). Confluent ESFs
in 96-well plates in 80 pL of Opti-MEM (GIBCO) were transfected
with 100 ng of the luciferase plasmid, 100 ng of GATA2 and/or
PGR as needed, and 10 ng of pRL-null with 0.1 pL of PLUS reagent
(Invitrogen) and 0.25 pL of Lipofectamine LTX (Invitrogen) in
20 pL of Opti-MEM. The cells incubated in the transfection mixture
for 6 hr, and the medium was replaced with the phenol-red-free
maintenance medium overnight. Cell decidualization was then
induced by incubation in the decidualization medium: DMEM
with phenolred (GIBCO), 2% CSFBS (GIBCO), 1% sodium pyruvate
(GIBCO), 0.5 mM 8-Br-cAMP (Sigma), and 1 uM of the progesterone
analog MPA (Sigma) for 48 hr. Decidualization controls were incu-
bated in the decidualization control medium (phenol-red-free
DMEM, 2% CSFBS, and 1% sodium pyruvate; GIBCO) instead for
48 hr. After decidualization, we began Dual Luciferase Reporter As-
says (Promega) by incubating the cells for 15 minin 20 uL of 1 X pas-
sive lysis buffer. Luciferase and Renilla activity were then measured
with the GloMax-Multi+ Detection System (Promega). We stan-
dardized luciferase activity values by the Renilla activity values
and background activity values by measuring luminescence from
the pGL3-Basic plasmid with no insert. Each luciferase experiment
was replicated in at least four independent experiments.

LCL Promoter in Capture Hi-C Data

We also took advantage of the fact that 152523393 was an eQTL for
HLA-F in Epstein-Barr virus (EBV)-transformed lymphoblastoid
cell lines (LCLs) to determine whether this locus interacts with
the HLA-F promoter in capture Hi-C data generated from LCLs.
We used the Capture HiC Plotter (CHiCP),* a web-based tool for
the integrative and interactive visualization of promoter capture
Hi-C (PCHi-C) datasets, to identify long-range interactions in the
high-resolution capture Hi-C dataset of Mifsud et al. from the
LCL GM12878.*!

Evolutionary Analyses of the rs2523393 G/A
Polymorphism

To reconstruct the evolutionary history of the G/A polymorphism,
we used a region spanning 50 bp upstream and downstream of
152523393 from hgl9 (chr6: 32,814,778-32,814,878) as a
query sequence to BLAT search the chimpanzee (CHIMP2.1.4),
gorilla (gorGor3.1), orangutan (PPYG2), gibbon, (Nleul.0),
rhesus monkey (MMUL_1), hamadryas baboon (Pham_1.0),
olive baboon (Panu_2.0), vervet monkey (ChlSab1.0), marmoset
(C_jacchus3.2.1), Bolivian squirrel monkey (SalBol1.0), tarsier
(tarSyr1), mouse lemur (micMurl), and galago (OtoGar3) genomes.
For all other non-human species, we used the same 101 bp region as
a query for SRA-BLAST against high-throughput sequencing reads
deposited in the SRA. The top-scoring 100 reads were assembled
into contigs with the “map to reference” option in Geneious
v.6.1.2 and the human sequence as a reference. Sequences for the
Altai Neanderthal, Denisovan, and Ust-Ishim were obtained from
the Ancient Genome Browser. The frequency of the G/A allele
across the Human Genome Diversity Project (HGDP) populations
was obtained from the Geography of Genetic Variants Browser.
We inferred ancestral sequences of the 101 bp region by
using the ancestral sequence reconstruction (ASR) module of

Datamonkey,*” which implements joint, marginal, and sampled
reconstruction methods,*® nucleotide alignment of the 101 bp,
the best-fitting nucleotide substitution model (HKY8S5), a general
discrete model of site-to-site rate variation with three rate classes,
and the phylogeny shown in Figure 6A. The phylogeny was
retrieved from TimeTree.** All three ASR methods reconstructed
the same sequence for the ancestral human sequence at 1.0 sup-
port. Tajima’s D and Fu and Li’s F data for the CEU (Utah residents
with northern and western European ancestry from the CEPH
collection), YRI (Yoruba in Ibadan, Nigeria), and CHB (Han
Chinese in Beijing, China) populations were obtained from the
1000 Genomes Selection Browser 1.0.*° Data from the non-central
deviation (NCD) test were extracted from the supplemental mate-
rials accompanying the publication describing the method.*®

Results

rs2523393 Is an eQTL for HLA-F

It has been previously shown that the rs2523393 G/A
polymorphism is an eQTL for HLA-F in mid-secretory-phase
endometrium.'* To replicate this observation in an inde-
pendent cohort and in additional tissues, we tested whether
1s2523393 was correlated with HLA-F expression by using
GTEx data. Confirming the previous observation, we found
that rs2523393 was an eQTL for HLA-F in the uterus
(p = 0.028) as well as 22 other tissues (Figure 1). We also
used GTEx data to identify other genes for which
1s2523393 was an eQTL and found that it was an eQTL
for 15 other genes, including HLA-A (MIM: 142800) and
HLA-G (MIM: 142871) (Table S1). The observation that
1s2523393 was an eQTL for HLA-A and HLA-G in GTEx
data prompted us to explore whether it was an eQTL for
these genes in the mid-secretory endometrium data from
the original study.'* Indeed, we found that rs2523393 was
also an eQTL for HLA-G (p = 0.041), but not HLA-A, in
mid-secretory endometrium.

The rs2523393 G/A Polymorphism Occurs within a
GATA2 Motif

To infer the functional consequences of the G/A polymor-
phism, we used DeepSea,’’ a deep-learning-based algo-
rithm that infers the effects of single-nucleotide substitu-
tions on chromatin features, such as transcription factor
binding, DNase I sensitivity, and histone marks. DeepSea
predicted that the G allele would have a negative effect
on the binding of GATA2 (log, fold-change effect =
—2.07, E-value = 0.035) and GATA3 (log, fold-change ef-
fect = —1.00; E-value = 0.003) (Figure 2A). We next used
JASPAR transcription factor binding site (TFBS) motifs*®
to identify putative TFBSs in a 36 bp window upstream
and downstream of rs2523393. We identified a single
TFBS in this window, a GATA motif (matrix ID =
MAO0036.3, score = 8.70), and found that the G/A polymor-
phism occurs at an invariant A site in the motif (GATAA).
Similar to the DeepSea results, substituting the reference
A allele with the alternative G allele is predicted to abolish
GATA2 binding (Figures 2B and 2C). These results suggest
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Single-tissue eQTL

Single-tissue eQTL p-value

Tissue Samples Beta p-value  post-prob Effect Size (with 95% CI) versus Multi-tissue Posterior Probability

Brain - Cerebellar Hemisphere 125 0.386 2.7e-4 0.00 —— 30 :
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Pituitary 157 0.0944 0.3 0.00 ———
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Brain - Anterior cingulate cortex (BA24) 109 0.0507 0.5 0.00 ——

@ Artery - Tibial 388 00251 04 0.00 =

Muscle - Skeletal 491 0.0222 0.5 0.00 -

Brain - Amygdala 88 0.0198 0.9 0.00200 e — 25

Brain - Hypothalamus 108 0.0176 0.9 0.00 ——

Brain - Substantia nigra 80 0.00910 0.9 0.0460 ——

@ Artery - Aorta 267 0.00712 0.9 0.00 ==
@ Heart - Left Ventricle 272 0.00529 0.9 0.00 L ]
@ Heart - Atrial Appendage 264 -0.00508 0.9 0.00 ==
[ ] Adipose - Subcutaneous 385 -0.0110 0.7 0.00 .'

Brain - Hippocampus 1M -0.0147 0.8 0.00 ——
® Esophagus - Gastroesophageal Junction 213 -0.0173 0.7 0.00 = 201

Nerve - Tibial 361 -0.0213 0.6 0.00 - ’;

Breast - Mammary Tissue 251 -0.0541 0.2 0.00 —_ 3 “
@ Thyroid 399 -0.0571  0.07 0.00 = §

Adipose - Visceral (Omentum) 313 -0.0658  0.06 0.00 b j'

Esophagus - Muscularis 335 -0.0697 0.08 0.00 - 'a

Artery - Coronary 152 0.0849 0.2 0.00 _—— °

Colon - Sigmoid 203 -0.0865 0.1 0.00 ——t % 154

Lung 383 -0.103 1.6e-4 0.00 - £

Minor Salivary Gland 85 -0.116 0.4 0.336 ——— %

Uterus 101 -0.136 0.03 0.148 e £

(7]

Prostate 132 -0.158 0.03 0.493 ——| s “

Brain - Putamen (basal ganglia) M -0.159 0.08 0.516 —— >
® Vagina 106 0190  0.009 0.830 —— 2 (o]
@ skin - Not Sun Exposed (Suprapubic) 335 0201  46e-5  1.00 -

Brain - Caudate (basal ganglia) 144 -0.215 0.01 0.889 —— 10 8

Stomach 237 -0.216 6.0e-5 1.00 —_

Brain - Spinal cord (cervical c-1) 83 -0.226 0.07 0.871 —— o
@ Esophagus - Mucosa 358 0227  21e-10  1.00 L g o
® Adrenal Gland 175 0269  1.6e-3  0.995 i

Ovary 122 -0.269 5.5e-4 1.00 ——
® Cells - EBV-transformed lymphocytes 117 -0.269 3.4e-7 1.00 il o

Brain - Nucleus accumbens (basal ganglia) 130 -0.274 7.6e-5 1.00 e

Colon - Transverse 246 -0.276 2.0e-9 1.00 - 5+
@ Small Intestine - Terminal lleum 122 -0.280 3.3e-4 1.00 i
® Spleen 146 -0.290 1.4e-4 1.00 e
@ Skin - Sun Exposed (Lower leg) 414 0.353  23e-13  1.00 - =

Testis 225 -0.382 9.0e-9 1.00 ——
® Pancreas 220 0402  24e12  1.00 = o ° (o]

@ Whole Blood 369 0429  35e-19  1.00 - = % o
Liver 153 -0.566 8.6e-11 1.00 —— 0o
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Figure 1. GTEx Multi-tissue eQTL Plot for rs2523393

(Left) Tissue type, sample size, beta value, p value, and posterior probability that 152523393 in each tissue tested is also an eQTL across

other tissues.
(Center) Single-tissue effect size and 95% confidence interval.

(Right) Single-tissue eQTL p value versus multi-tissue posterior probability.

that the G/A polymorphism alters binding of GATAZ2,
a transcription factor that plays an essential role in
mediating the transcriptional response to progesterone in
DSCs. """

HLA-F Is Upregulated by Progesterone and GATA2

in DSCs

Previous studies have shown that HLA-F is expressed
in placental villi, EVTs, and DSCs."”"'?*? To determine
whether the expression of HLA-F varies in the endome-
trium across the menstrual cycle, we used previously
generated microarray expression data.”> We found that
HLA-F expression reached peak expression in the late secre-
tory phase of the menstrual cycle and was significantly
differentially expressed throughout the menstrual cycle

(Figure 3A). To test whether HLA-F is upregulated by pro-
gesterone, we examined its expression in RNA-seq data
from ESFs treated with control media or differentiated
with cAMP and progesterone into DSCs treated with either
a PGR-specific siRNA or a scrambled control siRNA,**3%5?
We found that HLA-F was upregulated 2.11-fold
(p = 3.59 x 10~%; Figure 3B) in DSCs and that knockdown
of PGR downregulated HLA-F 1.67-fold (p = 6.15 x 107%;
Figure 3B). Next, we used a siRNA to knock down the
expression of GATA2 in DSCs and assayed global gene
expression with an Agilent Human Gene Expression
8x60K Microarray. Consentient with our previous results,
we observed a 2.20-fold downregulation of HLA-F
(p = 0.02) upon GATA2 knockdown (Figure 3C). We
also observed that HLA-F expression was lower in the
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endometria of women with implantation failure (1.38-
fold, p = 1.54 x 10~%) or recurrent spontaneous abortion
(1.35-fold, p = 0.011) than in fertile control individuals
(Figure 3D). Thus, we conclude that HLA-F expression
increases as the menstrual cycle progresses and is upregu-
lated by progesterone, PGR, and GATA2 during the
differentiation of ESFs into DSCs and that dysregulation
is associated with implantation failure and recurrent
spontaneous abortion.

The rs2523393 A Allele Creates an Enhancer that Loops
to HLA-F

Our observations that rs2523393 is an eQTL for HLA-F
and that progesterone and GATA2 upregulate HLA-F in
DSCs suggest that rs2523393 could be located within or
linked to a progesterone responsive enhancer. To identify
such a regulatory element, we generated new GATA2
ChIP-sequencing (ChIP-seq) data from DSCs and used
previously published ChIP-seq data from DSCs for
the transcription factors PGR,*>*%** FOX01,>* FOSL2,**

Figure 2. The rs2523393 G Allele Is Pre-
dicted to Disrupt a GATA2 Binding Site
(A) DeepSea plot showing predicted effects
A of the G allele on chromatin features.
The G allele is predicted to negatively
N y - affect GATA2 and GATA3 binding. GATA1
MAQ036.3 binding is shown in blue, GATA2 and
GATA3 binding is shown in red.
- A (B) JASPAR GATA2 motif.

B m

e A==

(C) GATA2 motif at rs2523393.

rs2523393 .
and NR2F2 (COUP-TFII),*” H3K27ac

(which marks active enhancers),>®

and H3K4me3 (which marks active

promoters),”” as well as DNase I hy-
persensitive site sequencing (DNasel-seq) and formalde-
hyde-assisted isolation of regulatory elements sequencing
(FAIRE-seq), to identify regions of open chromatin.®> We
also took advantage of the fact that rs2523393 is an
eQTL for HLA-F in multiple tissues, including EBV-trans-
formed LCLs, to identify additional TFBSs with ChIP-seq
data generated by ENCODE and PCHi-C data generated
from LCLs. We found that rs2523393 was located in a re-
gion of open chromatin and within a GATA2 ChIP-seq
peak in DSCs, 170 bp upstream of a FOSL2 ChIP-seq peak
in DSCs, and nearby a cluster of TFBSs, including a binding
site for GATA2, in ENCODE data (Figure 4). Finally, we
found that this region looped to the HLA-F promoter
located ~14.5 kb upstream of rs2523393, suggesting that
this region is an enhancer for HLA-F. (This region also
looped to the HLA-G promoter.)

To test whether this locus has regulatory potential, we
synthesized a 1,000 bp region spanning 500 bp upstream
and downstream of rs2523393 (Figure 4) with either the
reference A allele or the alternate G allele and cloned
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+ siRNA PGR
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Figure 3. HLA-F Is Regulated by Upregulated Progesterone and GATA2 during the Menstrual Cycle and in Human DSCs

(A) Relative expression of HLA-F throughout the menstrual cycle. Abbreviations are as follows: P, proliferative phase; ES, early secretory
phase; MS, mid-secretory phase; LS, late secretory phase. n = 3-8 (t test).

(B) Expression level of HLA-F in ESFs, DSCs, and DSCs treated with siRNA to knock down PGR expression.

(C) Relative expression level of HLA-F in DSCs and DSCs treated with siRNA to knock down GATA2 expression. n = 3 (t test).

(D) Relative expression level of HLA-F in endometrial fertile women and women with implantation failure (IF) or recurrent spontaneous

abortion (RSA). n = 5 (t test).
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Figure 4. The rs2523393 G/A Polymorphism Is Located in a Distal Enhancer of HLA-F

Location of the rs2523393 polymorphism (vertical red line) with respect to histone modifications that characterize promoters (H3K4me4
ChIP-seq) and enhancers (H3K27ac ChIP-seq), open chromatin (DNasel-seq and FAIRE-seq), and GATA2 and NR2F2 ChIP-seq binding
sites in human DSCs. ENCODE TFBSs are shown in gray, and intrachromosomal loop (PCHiC) data from LCLs is shown in purple.

them into the pGL3-Basic luciferase reporter vector, which
lacks an enhancer but encodes a minimal promoter.
Next, we transiently transfected either the pGL3-Basic-
1s2523393A or the pGL3-Basic-rs2523393G luciferase
reporter along with the pRL-null internal control vector
into DSCs and quantified luciferase and Renilla activity
by using a dual luciferase assay. We found that luciferase
activity was significantly lower in DSCs transfected
with either pGL3-Basic-1s2523393A (Wilcox test p
3.80 x 107* or pGL3-Basic-rs2523393G (Wilcox test
p = 3.82 x 10°) than in DSCs transfected with empty-vec-
tor pGL3-Basic controls (Figure 5). Next, we co-transfected
pGL3-Basic-rs2523393A or pGL3-Basic-rs2523393G along
with either a GATA2 expression vector or a PGR expression
vector. Although co-transfection of neither the GATA2
expression vector nor the PGR expression vector
enhanced luciferase expression above that of empty-
vector controls, there were significant differences between
alleles (Figure 5). Finally, we co-transfected pGL3-Basic-
1s2523393A or pGL3-Basic-rs2523393G  with both
GATA2 and PGR expression vectors. Consistent with coop-
erative interaction between GATA2 and PGR, we observed
significantly more luciferase expression from both the
pGL3-Basic-rs2523393A (Wilcox test p = 3.00 x 10'0)
and pGL3-Basic-1s2523393G (Wilcox test p = 3.61 X
1077) vectors than from empty-vector controls. We also
observed that the pGL3-Basic-1s2523393A vector drove
significantly higher luciferase expression than the pGL3-
Basic-1s2523393G vector (Wilcox test p = 3.65 X 1073).
Thus, we conclude that rs2523393 is located within
a GATA2 binding site in a progesterone-responsive

enhancer and that the G/A polymorphism affects
enhancer function.

The rs2523393 A Allele Is Derived in Humans
To reconstruct the evolutionary history of the G/A poly-
morphism, we identified a region spanning 50 bp up-
stream and downstream of rs2523393 from 37 primates,
including species from each of the major primate lineages,
multiple sub-species of African apes (Homininae), and
modern and archaic humans (Altai Neanderthal and
Denisova). Next, we used maximum-likelihood methods
to reconstruct ancestral sequences for this 101 bp region.
We found that the G allele was ancestral in primates and
that the A variant was found only in Neanderthal, Deniso-
van, and modern human populations (Figure 6A). Next, we
examined the frequency of these alleles across the HGDP
populations and found that the derived and ancestral al-
leles segregated at intermediate to high frequencies in
nearly all human populations (Figure 6B). These results
indicate that the derived A variant at rs2523393, which
creates a new GATA2 binding site in an enhancer of
HLA-F expression, arose before the population split be-
tween archaic and modern humans between 550,000 and
765,000 years ago.>>

We previously found that a derived allele in an enhancer
of TAPZ2 also arose before the divergence of archaic and
modern humans and has signatures of long-term
balancing selection, suggesting that the 152523393 G/A
polymorphism might also be the target of balancing selec-
tion. Long-term balancing selection leaves characteristic
signatures in the genome, such as an increased local
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Figure 5. The rs2523393 G/A Polymorphism Alters the Function of a Progesterone Response Enhancer

Luciferase assay results testing the regulatory potential of the G (pGL3Basic-1s2523393G) and A (pGL3Basic-rs2523393A) alleles in DSCs
treated with cAMP and MPA for 48 hr. Data are shown as luciferase activity from the pGL3Basic-rs2523393G or pGL3Basic-1s2523393A
reporter in relation to Renilla activity (pRL-null and empty-vector [pGL3Basic] controls). Abbreviations are as follows: +GATA, relative
luciferase activity from pGL3Basic-rs2523393G or pGL3Basic-rs2523393A in DSCs co-transfected with GATA; +PGR, relative luciferase
activity from pGL3Basic-1s2523393G or pGL3Basic-1s2523393A in DSCs co-transfected with PGR; +GATA+PGR, relative luciferase
activity from pGL3Basic-1s2523393G or pGL3Basic-1s2523393A in DSCs co-transfected with GATA and PGR. n = 14; p values from
Wilcox test.

density of polymorphisms and an excess of alleles segre- Li's F values and was among the human genomic regions
gating at intermediate frequencies, which can be detected identified from the NCD test as under balancing selec-
by methods such as Tajima’s D, Fu and Li’s F, and NCD tion (Figure 7). Indeed, the 1s2523393 polymorphism is
tests.*® Consistent with the action of balancing selection, only 2 kb away from one of the significant regions
we found that the region encoding HLA-F has high (p < 0.0001) identified by the NCD test (Figure 7), suggest-
nucleotide diversity and positive Tajima’s D and Fu and ing that it is a target of balancing selection.
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Figure 6. Evolutionary History of the G/A Polymorphism at rs2523393

(A) 152523393 genotype across primates and ancestral reconstructions. Genotypes in extant species are shown as circles next to species
names at terminal branches. Genotypes at internal nodes based on ancestral reconstruction are shown as circles. A is shown in purple,
and G is shown in green.

(B) Distribution of the G and A alleles of rs2523393 across HGDP populations.
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Figure 7. Genomic Signatures of Balancing Selection at the HLA-F Locus

Recombination rate scores, nucleotide diversity (pi), Tajima’s D, and Fu and Li’s F statistics for 1000 Genomes CEU (Utah residents with
northern and western European ancestry from the CEPH collection; green), CHB (Han Chinese in Beijing, China; blue), and YRI (Yoruba
in Ibadan, Nigeria; red) populations are shown at the HLA-F encoding region of chromosome 6. The locations of windows with signif-
icant evidence of balancing selection from the NCD test are shown above for 1000 Genomes GBR (British in England and Scotland), TSI
(Toscani in Italia), YRI, and CHB populations. The location of rs2523393 is shown with a vertical red line.

rs2523393 G/A Variants Are Associated with Disease

Our observation that the 152523393 G/A polymorphism
shows evidence of balancing selection suggests that pro-
cesses such as frequency-dependent or antagonistic pleiot-
ropy could maintain the polymorphism.*® Intriguingly, a
previous genome-wide association study (GWAS) found
that the 152523393 A allele is associated with multiple scle-

rosis (MIM: 126200) with an odds ratio of 1.28 [1.18-1.39]
(p = 1.04 x 10"),>” suggesting that antagonistic pleiot-
ropy maintains both alleles. To explore whether other dis-
eases are associated with 152523393, we took advantage of
the UK Biobank GWAS results of ~2,000 phenotypes
(Figure 8). We found that the 152523393 G allele is most
significantly associated with malabsorption and celiac
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Figure 8. PheWAS Plot of Phenotypes Associated with rs2523393 in the UK Biobank

Associations are shown for 3,870 ICD10 (10™ revision of the International Statistical Classification of Diseases and Related Health
Problems) codes, ICD10 code groups are shown in color, associations with p < 0.05 are shown are triangles, and those with p > 0.05
are shown as circles. The most statistically significant phenotype associations are labeled. The horizontal red line indicates the false-
discovery-rate threshold.
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disease (p = 8.8 x 10724, beta = —0.0016; MIM: 212750),
multiple sclerosis (p = 2.7 x 107'°, beta = —0.0009;
MIM: 126200), and hyperthyroidism and thyrotoxicosis
(p = 1.2 x 107®, beta = —0.0012; MIM: 188580).

Discussion

The mechanisms that underlie maternal tolerance of the
antigenically distinct fetus are complex® and have been
the subject of intense study since Medawar proposed
that tolerance is achieved by maternal immunosuppres-
sion and immaturity of fetal antigens.’” It is now clear
that rather than being suppressed at the maternal-fetal
interface, the immune system plays an active role in estab-
lishing a permissive environment for implantation,
placentation, and gestation. Among the diverse immune
cells that contribute to the successful establishment
and maintenance of pregnancy are maternal regulatory
T cells and 3 T cells,®*-%? uNK cells,®*°* uterine dendritic
cells,® uterine macrophage,®® and DSCs themselves.®” %’
DSCs, for example, recruit uNK cells to the endome-
trium via IL-15 expression,”””® stimulate the migra-
tion of macrophages into the endometrium via CSF1
expression,”’’*7?8% and suppress cytokine secretion by
allogenic CD4" T cells via PD-1 ligand interactions,®®
which are all essential for establishing maternal-fetal
immunotolerance. These data indicate that DSCs directly
regulate local immune responses through multiple
mechanisms, potentially also through HLA-F.

MHC genes play an important role in the rejection of
non-self-tissues but also contribute to maternal tolerance
of the fetus.'*®'"%7 Although the precise functions of
HLA-F are unclear, our observations that its expression level
in the endometrium during the window of implantation is
associated with fecundability'* and that it is upregulated by
progesterone implicate it in the establishment of preg-
nancy. HLA-F binds LIR and KIR NK cell receptors,”*'*° sug-
gesting that HLA-F expressed by DSCs directly signals to
ulNK cells, which are essential for the establishment of
maternal immunotolerance and spiral artery remodeling.
Consistent with this hypothesis, HLA-F expression is posi-
tively correlated with uNK abundance in mid-luteal endo-
metria and is predictive of achieving pregnancy.'*2°

Our observation that the G/A polymorphism is shared
among modern humans, Neanderthals, and Denisovans
indicates that it is relatively ancient and shows genetic sig-
natures characteristic of balancing selection. We found
that although the derived A allele creates a new GATA2
binding site and augments the function of a progesterone
responsive enhancer of HLA-F, a previous GWAS found
that it is also associated with multiple sclerosis,”” and the
G polymorphism is also associated with malabsorption
and celiac disease, multiple sclerosis, and hyperthyroidism
and thyrotoxicosis in the UK Biobank. These data are
consistent with maintenance of the polymorphism
through antagonistic pleiotropy. We have previously

shown that another fecundability-associated variant that
switches a repressor into an enhancer of endometrial
TAP2 (MIM: 170261) expression is also shared among
modern humans, Neanderthals, and Denisovans.”®
Remarkably, whereas the ancestral T allele in the TAP2
cis-regulatory element is associated with shorter time to
pregnancy and ulcerative colitis,*” the derived C allele is
associated with longer time to pregnancy and Crohn
disease (MIM: 266600),*" suggesting that these alleles are
also maintained by antagonistic pleiotropy. Collectively,
these data raise the intriguing possibility that there is a
reproduction-health tradeoff in recent human evolution.
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