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HUMAN GENETICS

Sex-specific phenotypic effects and evolutionary
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The common deletion of the third exon of the growth hormone receptor gene (GHRd3) in humans is associated
with birth weight, growth after birth, and time of puberty. However, its evolutionary history and the molecular
mechanisms through which it affects phenotypes remain unresolved. We present evidence that this deletion was
nearly fixed in the ancestral population of anatomically modern humans and Neanderthals but underwent a re-
cent adaptive reduction in frequency in East Asia. We documented that GHRd3 is associated with protection from
severe malnutrition. Using a novel mouse model, we found that, under calorie restriction, Ghrd3 leads to the
female-like gene expression in male livers and the disappearance of sexual dimorphism in weight. The sex- and
diet-dependent effects of GHRA3 in our mouse model are consistent with a model in which the allele frequency of
GHRd3 varies throughout human evolution as a response to fluctuations in resource availability.

INTRODUCTION

Why does functional genetic variation remain polymorphic? This
question is fundamental to evolutionary biology. The complete de-
letion of the third coding exon of the growth hormone (GH) recep-
tor gene (GHR) in humans provides a compelling model to study
this question. This 2.7-kb deletion (GHRd3; esv3604875) is found
with allele frequencies between 10 and 80% among extant human
populations in the 1000 Genomes phase 3 (1) and Simon Genome
Diversity Project (2) datasets. In parallel, GHRd3 was found in
Neanderthal and Denisovan genomes (3). This observation is unex-
pected given that the receptor is highly conserved among mammals
and fundamental in various cellular processes, including cell divi-
sion, immunity, and metabolism (4), and a loss of function muta-
tion of this gene causes recessive Laron syndrome (5, 6). The GHRA3
allele generates a shorter isoform of this critical developmental gene
(4). Locus-specific studies consistently and reproducibly associate
GHRd3 with altered placental and birth weight (7), time of puberty
onset (8), life span (9), and metabolic activity (10). There have been
both positive and negative results about the effects of GHRd3 on the
response to GH treatments (11, 12). Despite the known relevance
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of GHRdA3 to human phenotypes that are likely crucial for human
evolution, the mechanisms through which GHRd3 affects cellular
and organismal function and the evolutionary forces that maintain
the GHRd3 allele in human populations remain mostly unknown.

RESULTS

GHRd3 has been a common allele since before
human-Neanderthal divergence

GHRd3 has a complex evolutionary history in humans. Our previ-
ous work determined that GHRd3 is one of 17 exonic deletions
polymorphic in extant humans and shared with the Altai Neanderthal
or Denisovan genomes (3). This study now extends this observation
to include the Vindija (13) and Chagyrskaya (14) Neanderthal ge-
nomes, for which coverage is high enough for read depth-based
deletion analysis (fig. SIA). The fact that this derived deletion is
shared with archaic humans suggests that the GHRd3 allele was
formed before the divergence of the human and Neanderthal lin-
eages. Further, while the deletion remains polymorphic in humans,
it was likely fixed in the Neanderthal and Denisovan lineages since
all of the four archaic human genomes with high coverage we ana-
lyzed carry the deletion allele homozygously. We dismissed Nean-
derthal introgression as a possible explanation for the allele sharing
since African populations have the highest allele frequency for this
deletion (3). The deleted coding sequence is conserved among mam-
mals (fig. S1B). On a broader scale, exon 3 is significantly more con-
served than randomly selected sites on the same chromosome (P =
1.3 x 10”%, Kolmogorov-Smirnov test), suggesting that this exon is
not evolving under neutral conditions (fig. S1C). Further, this exon
is expressed in all tissues where GHR is expressed unless the indi-
vidual has the deletion (fig. S2). The effect of GHRd3 at the tran-
script level was initially thought to be due to alternative splicing but
later corrected and described as a “novel mechanism accounting for
protein diversity” (15). When these data are observed in conjunc-
tion with the existing literature associating GHRd3 with multiple

1of 11


mailto:gokcumen@gmail.com﻿
mailto:xmu@buffalo.edu

SCIENCE ADVANCES | RESEARCH ARTICLE

human traits, it raises the possibility that adaptive forces may have
shaped the allele distribution of this variant among extant human
populations.

To understand the evolutionary forces that have maintained the
GHRdS3 allele in human populations, we resolved the linkage dis-
equilibrium (LD) architecture around GHRd3 (fig. S3). We identi-
fied 15 nearby single-nucleotide polymorphisms (SNPs) that have
* > 0.75 with GHRd3 deletions (table S1), a conservative threshold
given the genome-wide patterns (16). These variants help construct
a short haplotype block (hg19, chr5: 42625443 to 42628325) flanked
by known recombination hotspots [recombination rates were re-
trieved from the 1000 genomes selection browser (http://hsb.upf.
edu/)]. This specific haplotype tags the GHRd3 allele. On the basis
of these tag SNPs and direct genotyping of the deletion available
through the 1000 Genomes dataset, we found that GHRA3 is the
major allele in most African populations (Fig. 1A and fig. S4). How-
ever, the allele frequency decreases to less than 25% in most Eurasian
populations. The single-nucleotide variants with strong LD with the
deletion were allowed for the construction of a haplotype network
using PopART (version 1.7) (17) (see section S1.1) where one can
visualize the clear separation of haplotypes that carry the GHRd3
allele from those that do not (Fig. 1B). One unexpected observation
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is that the haplotypes that harbor the deletion are more variable and
cluster with the chimpanzee haplotype than those that do not (fig.
S5). That is, the ancestral nondeleted allele is harbored primarily by
recently evolved haplotypes. This observation raises the possibility
that GHRd3 was nearly fixed in the ancestral human lineage and
that the haplotypes that harbor the ancestral, nondeleted allele re-
bounded in frequency only recently.

Recent population-specific evolutionary trends have
shaped the geographic distribution of GHRd3

To test whether recent selection is acting on this locus, we used the
single-nucleotide variation data within the GHRd3 upstream haplo-
type block to calculate Tajima’s D (18) and cross population extended
haplotype homozygosity (XP-EHH) (19) values. These statistics mea-
sure deviations from expected allele frequency spectra (Tajima’s D)
and extended homozygosity differences between populations (XP-
EHH) under neutrality. We observed a significantly lower Tajima’s D
value for the GHR locus in the East Asian population when compared
to randomly selected regions on chromosome 5 [P < 0.05, Mann-Whitney
(MW) test; fig. S6A]. Moreover, the nondeleted haplotypes showed
lower Tajima’s D values when compared to the deleted haplotypes in
the Eurasian populations (P < 0.01, MW test; fig. S6B). Concordant with

B Denisovan -

Neanderthal -~

I > []GHRd3
Bl Nondeleted

Chimpanzee

20kaago  Present

40 ka ago

60 ka ago

Fig. 1. Evolutionary history of GHRd3. (A) The geographic distribution of the GHRd3 polymorphism. The deletion status is color-coded for the entire figure. (B) A net-
work of 2504 human haplotypes, the Altai Neanderthal genome, the Denisovan genome, and the chimpanzee reference genome calculated from variations within the
high LD region upstream of the GHRd3 location (hg19, chr5: 42624748 to 42628325; see fig. S1). (C) Estimation of the allele frequency of nondeleted haplotypes (and by
proxy that of GHRd3) and the date for the onset of selection in the Han Chinese (CHB) population based on the results of the approximate Bayesian computation simula-
tions. The x axis shows time, while the y axis represents allele frequency. This plot shows means of T and f; with 95% credible intervals. The dashed line indicates the dif-
ference in allele frequency between the present and t. (D) Inferred allele frequency trajectory using CLUES in three continental populations using Simons Genome

Diversity Project data. The ribbons around the lines represent 95% posterior intervals.
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the Tajima’s D analysis, when the GHRd3 locus of the Han Chinese
(CHB) population was compared with that of the West European
(CEU) and Yoruba (YRI) populations, we noted XP-EHH values
that were higher than genome-wide expectations (fig. S6C). Collec-
tively, these results are parsimonious with a relatively recent sweep
of the existing nondeleted haplotypes in the East Asian population.

To summarize these results, a plausible model is that GHRd3 was
nearly fixed in the human-Neanderthal lineage and remained the
major allele throughout most of human history but only recently
reduced in allele frequency potentially due to a sweep of the existing
haplotypes harboring the nondeleted allele. To investigate this
model, we used the Fc method that combines site frequency spec-
trum analyses with LD calculations (20) and found a significant de-
viation of the Fc value from the simulated neutral expectations in
the East Asian population, showing selection starting approximately
27 thousand years (ka) ago (P < 0.01, Kolmogorov-Smirnov test; see
section S1.4). This analysis did not detect selection in African or
Western European populations. To strengthen this analysis, we used
an approximate Bayesian computation method that compares the
fit of different evolutionary models to the site frequency spectrum
and haplotype structure variation data of a given locus (fig. S8 and
section S1.5) (21). This approach selected a model that fits our hy-
pothesis and suggested a recent sweep of the nondeleted haplotypes
in East Asia but not in Africa or Europe. Specifically, it dated the
onset of this sweep to 29,811 years ago (95% confidence interval
between 5103 to 46,710 years ago) while putting the frequency of the
nondeleted allele at ~11% before the sweep [log;o-scaled approxi-
mate Bayes factor, log;o(aBF) = 5.250 against neutral; log;o(aBF) =
13.257 against hard-sweep] (Fig. 1C).

Collectively, both Fc and Bayesian inferences show similar re-
sults, suggesting recent population-specific adaptive forces in shap-
ing the extant allele frequency distribution. Given the ancient origin
of the GHRd3 deletion and this recent selection, we then attempted
to infer its allele frequency trajectory over time. First, we searched
the Allen Ancient DNA Resource (https://reich.hms.harvard.edu/
allen-ancient-dna-resource-aadr-downloadable-genotypes-present-
day-and-ancient-dna-data; accessed 15 May 2021) to investigate the
presence or absence of GHRA3 in ancient samples. We found that
1$4590183 (R* = ~0.9 in extant populations) was genotyped in 1888
ancient samples. Assuming that the LD between this SNP and the
GHRd3 deletion is similar in the ancient genomes, we found that
the extant allele frequency distribution of GHRd3 is roughly similar
to that constructed from ancient genome data (fig. S7). However,
virtually, all of these ancient genomes are younger than 30,000 years
old (median age of ~10 ka) and do not inform us about the deeper
evolutionary history of this allele, which is critical to understand the
recent selection in Asia and allele frequencies.

Second, we reconstructed the genealogical history at the GHRA3
locus using RELATE (22). This approach identifies phylogenetic re-
lationships between all modern sequences in the GHRd3 locus and
maps the individual mutations onto this phylogeny. To infer allele
frequency through time, we calculated the proportion of lineages
that carry the GHRAS3 allele (as tagged by rs6873545, R* = 1 in YRI,
CEU, and CHB) (see section S1.6). We conducted this analysis using
both 1000 Genomes phase 3 data (fig. S9A) (1) and Simons Genome
Diversity project data (fig. S9B) (2) with encouragingly similar out-
comes. In parallel, we used CLUES (Fig. 1D and fig. S9C) (23),
which is an important sampling approach that reweights each sam-
pled genealogical history (obtained from RELATE) according to

Saitou et al.,, Sci. Adv. 2021; 7 : eabi4476 24 September 2021

its likelihood under selection and infers a maximum-likelihood
selection coefficient and allele frequency trajectory. We found, in
agreement with our earlier predictions, that the allele trajectories of
GHRd3 vary among continental populations, most notably due to
the marked decrease in allele frequency in Asian populations that
started between 20 and 40 ka ago and to a lesser extent a similar, but
potentially older, decrease in European populations. The allele fre-
quency in African populations seems to remain stably high (~60 to
70%) in the past 100,000 years. We detected observable (but weak)
evidence of selection in East Asians (s ~ 0.002) between 0 and 40 ka
ago (log-likelihood ratio = 3), weaker evidence in West Eurasia (log-
likelihood ratio = 1.5), and no evidence in Africa (log-likelihood
ratio = 0.5) in agreement with our other attempts to detect selec-
tion. Overall, our results presented here fit well with a model where
GHRd3 has remained at a high allele frequency in human popula-
tions until 50 ka ago but reduced in Eurasian populations subse-
quently, likely under adaptive constraints.

Associations of GHRd3 to metabolic and
developmental traits
Dozens of locus-specific studies associated GHRd3 with multiple
developmental and metabolic traits (fig. S10), pointing to the pleio-
tropic effects of this deletion on multiple biological systems at dif-
ferent scales. Further, these studies suggest that the effect of GHRd3
depends on the developmental stage and the metabolic state of the
individuals. For example, GHRd3 in the offspring was associated
with lower levels of maternal GH levels in the placenta (24), which
potentially explains its association with smaller placental and birth
size (7, 8). In later developmental stages, the effects of GHRA3 on
organismal growth are reversed. It is associated with increased sen-
sitivity to GH (9) and likely as a result with catch-up growth (25)
and early onset of puberty in boys (8). In addition, GHRd3 is asso-
ciated with insulin sensitivity, disposition index in pubescent boys,
and higher triglyceride levels (10). In adults, GHRd3 is associated
with increased height and longevity (9) and reduced instances of
type 2 diabetes but increased rates of metabolic disorder if present
in diabetic patients (26). Despite these associations, the exact mo-
lecular mechanisms and the genetic model (e.g., recessive, dominant,
or additive) through which GHRJ3 affects these traits are not known.
Currently, all the associations reported for GHRA3 are from
locus-specific studies, which can be prone to type I errors. A recent
genome-wide association study (GWAS) was unable to replicate the
proposed effect of GHRd3 on GH treatment responsiveness (12), at
the very least suggesting that the effect size is smaller than it was
reported before (11). The expected genetic model for the effect of
this variant is not well established, and the effect of GHRd3 is de-
pendent on the sex (8, 9) and the endocrine/metabolic state (26) of
the individual. Therefore, a more focused GWAS design, where sex
and metabolic state are controlled and the genetic model is informed
by the particular trait being tested, may be needed to produce a strong
enough signal to survive stringent multiple hypotheses thresholds
of traditional GWAS studies. Regardless, we were able to examine
phenotype associations in available GWAS databases, using a single-
nucleotide variant that tags the deletion (rs4073476). Assuming an
additive genetic model and using a strict nominal P value threshold
of P<10%ina phenome-wide association study (PheWAS) of 152
phenotypes (available through https://atlas.ctglab.nl/Phe WAS), we
found that the derived GHRd3 haplotype is strongly associated with
bone mineral density. The next most significant association was
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height with a nominal P < 107° (table S1). We then conducted a
similar analysis in the U.K. Biobank dataset phenotypes (available
through http://geneatlas.roslin.ed.ac.uk) (27). We found that the
GHRd3 haplotype is associated with standing height in this cohort
(nominal P < 107%, in a PheWAS of 742 phenotypes; fig. S11 and
table S1). These findings are concordant with previous locus-specific
studies that link GHRA3 with developmental and metabolic traits
(26). Notably, one such locus-specific study underlined the sex
specificity of the phenotypic effect of GHRdA3 (9). We found that,
among the top 10 traits that are at least nominally associated with
GHRd3 in the U.K. Biobank dataset, grip strength has a greater cor-
relation with the deletion in males (left hand, P = 1.29 x 107 right
hand, P = 1.40 x 107%) than in females (left hand, P = 3.57 x 107}
right hand, P = 1.48 x 10™"). This effect was noted independently for
both the left and right hands, increasing our confidence in this
observed trend.

Response to nutritional deficits may explain

the evolutionary history of GHRd3

In their seminal review of ecological literature, Metcalfe and Monaghan
(28) have proposed that compensatory growth following a smaller
birth due to nutritional deficits may have fitness advantages. How-
ever, it may also have multiple adverse consequences later in life,
affecting traits such as bone ossification rate, fat deposition rate,
growth, age at sexual maturation, insulin regulation, and life span.
As described above, the traits associated with GHRA3 show a nota-
ble resemblance to the traits that Metcalfe and Monaghan discussed
within the context of response to nutritional deficit. On the basis of
this insight from the ecological literature, we hypothesize that this
deletion may affect fitness within the context of the famine and
abundance periods that have been a defining feature of human evo-
lution (Fig. 2A). It was previously speculated that the GHRd3-mediated
up-regulation of the GH pathway might be a response to nutritional
deprivation (29). Response to starvation is relevant to human evo-
lution because compared to nonhuman great apes, modern and ar-
chaic humans generally cope with higher levels of seasonality and
unpredictability of resource levels (30). In this ecological context,
the fluctuation of resources may have been a major adaptive stressor
for humans, especially on traits pertaining to metabolism and

reproduction. Studies in other animals suggest that small size at
birth and early reproduction, both noted effects of GHRd3, is fa-
vored under environmental stress (31).

To further test this notion, we genotyped GHRd3 in 176 Malawian
children with severe acute malnutrition (SAM) (see section S1.8)
(32). We found that GHRd3 is depleted among children who suffer
from the more severe, edematous form of SAM (kwashiorkor) (P =
0.0066, chi-square test) (Fig. 2B). Thus, individuals carrying GHRd3
may fare better under nutritional stress, supporting the hypothesis
that GHRA3 may confer a fitness advantage under these conditions.
Note that previous work showed that children who suffer from
edematous SAM (ESAM) have significantly higher birth weight
than those who suffer from less severe nonedematous SAM (NESAM)
(33). Thus, it is plausible that lower birth weight at birth, which
GHRd3 is significantly associated in (7), may lead to a more favor-
able metabolic response to malnutrition and may increase fitness
under nutritional stress.

It is notable that GHRd3 emerged 1 million to 2 million years
ago, yet it is still segregating today. This emergence time coincides
with the spread of the Homo genus within and outside Africa (34),
likely carrying the deletion across the world. A strongly deleterious
effect is therefore highly unlikely, and given the pleiotropic effects
and evidence of recent adaptive effects on modern humans, it ap-
pears plausible that GHRd3 increased the fitness of these archaic
populations who were facing new ecologies and potential resource
fluctuations. This scenario also fits with the observation that GHRd3
is potentially fixed in ancient Eurasian hominins (i.e., Neanderthals
and Denisovans), who may have been exposed to even greater sea-
sonal environmental stress than most African hominins (35).

Diet- and sex-dependent effect of GHRd3 on size

On the basis of our evolutionary model, we expected GHRd3 to
have pronounced phenotypic effects when resources are limited.
Further, given the previous data (9) suggesting sex-specific effects
of GHRd3, we expected the phenotypic effects of GHRd3 to be con-
fined to males. To test these expectations and further investigate the
biological effects of GHRA3, we developed a mouse model by gener-
ating a ~2.5-kb deletion using CRISPR-Cas9. This deletion mimicked
the human varjant and removed the otherwise conserved exon 3

A B n=36 n=40 n=48n=52
) 0.20
Variable ecological pressures/resource stress Modern hw behavior 813 Homozygous
. P GHRd3
LGM Africag
—==1 O o 000
Near fixation 1_{::Eu(ope £ 08
A o ) Asia 0 'g 0.4 Heterozygous
Fixation in archaics ¢ ) S o2
L — Archaics() 2 00
GHRd3 allele 0%
Ifrequency Selection 02 Nondeleted
0 / \ against GHRd3 %1 ..
0.0
© S o Present ESAMNESAM ESAMNESAM
>1 Ma ago &° Q@® Q\@Q’ Female Male
& B Both sexes P =0.0066/males P=0.04

Fig. 2. Nutritional availability may be a factor in shaping GHRd3 allele frequency. (A) A plausible model for the evolution of GHRd3. From bottom to top, we indicated
GHRdS3 allele frequency across time where yellow depicts deleted allele and red depicts nondeleted allele. Next, we show the phylogenetic relationships between extant
and archaic humans with the allele frequencies shown with the pie charts at the branch tips. The timeline for ecological variability and the onset of modern human be-
havior was shown at the top of this panel. LGM, Last Glacial Maximum; Ma ago, million years ago. (B) The association between GHRd3 and edematous severe acute mal-
nutrition (ESAM). GHRd3 is significantly enriched in nonedematous SAM (NESAM) as compared to ESAM, indicating that GHRd3 may provide protection against
developing the classically more severe form of acute malnutrition. The graph shows the proportion of nondeleted, heterozygous, and homozygous GHRd3 genotypes in
each category. The sample size of each category is indicated on the top of the chart.
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ortholog from the C57BL/6 genome. This procedure involved edit-
ing the genome of mouse embryos using a pair of single guide RNAs
that complement the sequences flanking the third exon of the GH
receptor gene (Ghr) in the mouse genome (see Fig. 3A and section
§$2.1). The resulting founder mouse was a heterozygous (wt/d3) male,
which was then used to generate offspring with wild-type (wt/wt)
mice. We backcrossed the initial wt/d3 mice with wt/wt mice for at
least five generations before conducting the experiments to prevent
off-target effects. No deviations from Mendelian expectations were
observed in the initial colony or subsequently established colonies
of this mouse line. Further, we sequenced the genomes of three
Ghrd3 homozygous mice and found no evidence for off-target ef-
fects (see section S2.3). We confirmed mouse genotypes using gel
electrophoresis (fig. S12A). Further, we showed that wt/wt mice
abundantly express exon 3, while Ghrd3 mice show no expression
of exon 3 as expected (fig. S13). To test the specific expectations
outlined above, we established eight cohorts of five mice (table S2)
based on all possible combinations of sex (female or male), diet
[constantly available, i.e., ad libitum (AL) or 40% calorie-restricted
(CR)], and genotype (wt/wt or d3/d3) under controlled settings
(Fig. 2B). We raised all of the cohorts under identical conditions
until weaning at 30 days old and provided the differential diets for
the next 30 days.

At ~60 days, we observed no significant effect of Ghrd3 on the
weight of mice that were fed the AL diet (Fig. 4A and table S2).
However, under CR, we observed that Ghrd3 leads to a —8.4%
(P=0.016, MW test) and a +4.75% change in mean weight in males
and females, respectively. As a result, sexual differentiation in weight
completely disappears under CR among d3/d3 mice. This is a
remarkable finding considering that male mice are ~39 and 20%
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Fig. 3. Experimental design. (A) Generation of the mouse model using a CRISPR-
Cas9 approach with single guide RNAs targeting each side of the deletion. After
multiple backcrosses, we raised the male and female mice with or without the
deletion under AL and 40% CR dietary conditions. IVF, in vitro fertilization. (B) On
the basis of the experimental design, we used eight different cohorts, each having
five mice.
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larger in wt/wt mouse cohorts grown under AL and CR, respec-
tively (P < 0.01, MW test). Overall, our results are consistent with
the notion that the phenotypic effect of Ghrd3 is strong but mani-
fests in a sex- and environment-dependent manner.

The effect of GHRd3 on liver transcriptome in male mice is
compensated through circadian regulation

To understand the mechanistic underpinnings of the biological ef-
fects of Ghrd3, we conducted a comparative transcriptomics analy-
sis of the liver tissues of mice from the eight cohorts at ~60 days (see
table S3 and section S2.4). At this age range, the mice have reached
a point of sexual maturity but were still in a period of growth and
development (36). The liver is a natural tissue choice for this analy-
sis because GHR is expressed abundantly in the liver and its specific
functions in this tissue have been extensively studied (37). More-
over, the overall expression trends of mouse livers for both sexes are
well studied (38). Since GH secretion patterns are circadian and sex
specific (39, 40), we expected the downstream effects of Ghrd3 to be
highly variable because they are intrinsically dependent on GH avail-
ability. Thus, only the strongest effects would likely be significant
when comparing wt/wt and d3/d3 liver transcriptomes. We found
no genes with significant expression differences when we compared
F.AL.wt and F.AL.d3 or F.CR.wt and F.CR.d3 cohorts (see Fig. 3B
for cohort descriptions). These results are consistent with the no-
tion that Ghrd3 has a minimal effect in females, independent of diet,
at least at the 2-month developmental snapshot. In contrast, we
found 13 differentially expressed genes when we compared M.AL.
wt and M.AL.d3 and 28 differentially expressed genes when we
compared M.CR.wt and M.CR.d3 cohorts (P,gj < 0.01, Wald test
with Benjamini-Hochberg multiple testing correction; Table 1).
Unexpectedly, these sets of genes do not overlap, indicating that the
effect of Ghrd3 on gene expression in male mouse livers differs
based on dietary conditions.

To further understand this phenomenon, we first conducted an
enrichment analysis of functional categories for the genes that are
differentially expressed between M.AL.wt and M.AL.d3 livers (see
table S4 and section S2.4). We found that 5 of the 13 genes (~38%)
are related to circadian rhythm processes, indicating a significant en-
richment from stochastic expectations [false discovery rate (FDR) =
2.33 x 107°]. Notably, these include the up-regulation of three pri-
mary circadian rhythm regulators, Per3, Cry2, and Ciart (Table 1).
A closer inspection of the expression trends in all the mouse cohorts
revealed that the same circadian rhythm genes are also up-regulated
in wt/wt mice as a response to calorie restriction (e.g., Cry2; Fig. 4B).
Circadian response to dietary change directly interacts with the GH
pathway and involves the regulation of Per and Cry2 expression
(41,42). The expression levels of circadian rhythm regulators in
M.AL.d3 mice resemble those of wt/wt mice under CR.

Calorie restriction dampens GH cyclicity in mice, leading to the
flattened pulsation of its downstream signal (43). This flattening is
partially compensated by the activation of the circadian rhythm
pathway, involving Per and Cry (41, 42). Since Ghrd3 transduces
GH signaling ~30% faster than the full-length isoform (11), we hy-
pothesize that it has a similar dampening effect, reducing the pul-
sating downstream signaling in the GH pathway even under an AL
diet. Supporting this hypothesis, we found a significant correlation
between the gene expression response to calorie restriction in wt/wt
mice and the effect of GHRd3. Specifically, the expression change
from M.AL.wt to M.AL.d3 significantly correlates with the expression
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Fig. 4. The phenotypic effects of Ghrd3. (A) Weights of mice. Female and male mice are labeled by orange and blue, respectively. (B) Examples of genes that show sig-
nificant differences between wt/wt and d3/d3 male mice. Cry2 is an example of a circadian gene, while Cyp2b13 and Ces3a are examples of genes with sex-specific expres-
sion. (C) Correlation between the effect of calorie restriction (x axis) and Ghrd3 under an AL diet (y axis). The light gray dots show the genes that have significantly
(Pagj < 0.01) different expression levels between wt/wt male mice that were fed AL and CR diets. The blue dots show the genes that have significantly (P,¢j < 0.01) different
expression levels between wt/wt and d3/d3 male mice that were grown under AL diets. (D) Correlation between the effect of sex (x axis) and Ghrd3 under calorie restric-
tion (y axis). The light gray dots show the genes that have significantly (P.g; < 0.01) different expression levels between males and females, while blue dots show the genes
that have significantly (P.g; < 0.01) different expression levels between wt/wt and d3/d3 male mice that were grown under a CR diet. (E) Log, fold changes between wt/
wt and d3/d3 mice for FA (fatty acid) and TAG (triacylglyceride) levels in the blood serum. Asterisk indicates significant changes (nominal P < 0.05, t test).

change from M.AL.wt to M.CR.wt (P < 107°; Fig. 4C). Overall, our
results support the notion that the effect of GHRd3 is similar to cal-
orie restriction in male mice under normal dietary conditions.

Under calorie restriction, GHRd3 leads to female-like gene
expression in male livers

Next, we conducted an enrichment analysis on the 28 genes that are
differentially expressed in M.CR.d3 mice as compared to M.CR.wt
mice. We found that 13 of these 28 genes are involved in “HNF4A-
dependent sex-specific differences in mice liver” (44) and were
highly enriched (~46%; FDR = 1.62 x 107'%). A closer inspection
revealed that multiple well-established male-biased genes [e.g., ma-
jor urinary protein (Mup) genes and carboxylesterases (Ces3a and
Ces3b)] were down-regulated in M.CR.d3 livers when compared
to M.CR.wt livers, while notable female-biased genes (e.g., Cypb13,
Cyp2a4, Sult3al, and Fmo3) were up-regulated (Table 1). When we
investigated the expression of those genes in all eight cohorts, we
found a remarkable similarity between the expression of these genes
in M.CR.d3 mice and female mice in general, regardless of the diet
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and genotype (e.g., Cyp2b13 and Ces3a; Fig. 4B). In that regard, the
expression of these genes mimics the weight variation. To recap,
M.CR.d3 mice are significantly lighter than M.CR.wt mice, making
them virtually identical in weight to F.CR.d3 mice (Fig. 4A).

On the basis of these observations, we hypothesize that Ghrd3
leads to the female-like gene expression in male livers under calorie
restriction, which potentially leads to the observed size reduction.
Note that all of these genes were shown to be downstream gene tar-
gets of the Hnf4o and Stat5b pathways and that their concerted sig-
naling regulates several sexually dimorphic genes in the liver (45).
We also found a significant correlation between the effect of Ghrd3
in males under calorie restriction (measured by comparing M.CR.
wt and M.CR.d3 cohorts) and sex-specific differences in gene ex-
pression under AL dietary conditions (measured by comparing
F.AL.wt and M.AL.wt cohorts) (P < 10~% Fig. 4D).

These results are consistent with a model where Ghrd3 leads to a
female-like gene expression pattern in male mice livers under calorie
restriction. It was suggested that the pulsatile secretion of GH promotes
male-biased gene expression while suppressing female-biased gene
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Table 1. The effect sizes of genes that show significant expression level differences between wt/wt and d3/d3 male mice under AL and CR
conditions. The orange and blue colors indicate genes that are up-regulated or down-regulated more than twofold in d3/d3 mice compared to wt/wt mice,
respectively. The fold changes that are shown to be significant (Paqj < 0.01) are bolded. The top enrichment classifications in Shiny.Go (more detailed
information can be found in table S4), manually curated Panther classifications, and Reactome pathway classifications, respectively, are in the last three

columns. NA, not available.

Gene Ef. size - AL | Ef. size - CR | Significant in Shiny.Go enr category Fi ional category R pathway
Mt1 -2.94 0.32 AL NA Metabolic process
Steap4 -1.91 -0.41 AL NA Metabolic process
Ciart 249 -0.39 AL Circadian rhythm (G0O:0007623) Transcription regulation
Cry2 0.68 0.13 AL Circadian rhythm (G0O:0007623) Transcription regulation Circadian clock system
Dbp 279 -0.28 AL Circadian rhythm (G0O:0007623) Transcription regulation
Egr1 -3.73 -0.68 AL Circadian rhythm (G0:0007623) Transcription regulation Gonadotropin-releasing hormone recep.
Per3 1.34 0.22 AL Circadian rhythm (G0:0007623) Transcription regulation Circadian clock system
Tef 0.96 0.14 AL Circadian rhythm (G0:0007623) Transcription regulation
Alyref2 -0.74 -0.02 AL NA Transcription regulation
Etvé -0.54 -0.06 AL NA Transcription regulation
Pias3 0.57 0.06 AL NA Transcription regulation JAK/STAT signaling pathway
Ppargc1b 117 -0.23 AL NA Transcription regulation
Tle3 -0.98 0.59 AL NA Transcription regulation Whnt signaling
Insc -0.51 -1.03 CR NA Other (microtubule)
Serpinad-ps1 —2.42 -5.00 CR Sex-specific signaling via STAT/JAK pathway Pseudo-gene
Arsa 0.23 -0.85 CR Sex-specific signaling via STAT/JAK pathway Metabolic process
Cyp2a4 0.32 2.26 CR Sex-specific signaling via STAT/JAK pathway Metabolic process Nicotine degradation
Cyp2b13 -0.78 4.44 CR Sex-specific signaling via STAT/JAK pathway Metabolic process
Fmo3 -0.17 2.64 CR Sex-specific signaling via STAT/JAK pathway Metabolic process Nicotine degradation
Mup7 —-0.09 -2.54 CR Sex-specific signaling via STAT/JAK pathway Metabolic process
Slc22a26 -2.09 2.08 CR Sex-specific signaling via STAT/JAK pathway Metabolic process
Sult3al 1.95 4.00 CR Sex-specific signaling via STAT/JAK pathway Metabolic process
Mup21 -0.42 -2.72 CR Sex-specific signaling via STAT/JAK pathway Metabolic process
Ugt2b38 —-0.42 -2.76 CR Sex-specific signaling via STAT/JAK pathway Metabolic process
Ces3a -0.12 -1.13 CR Sex-specific signaling via STAT/JAK pathway Metabolic process (lipids)
Hsd3b5 —-0.72 -3.86 CR Sex-specific signaling via STAT/JAK pathway Metabolic process (lipids) Androgen/estrogene/progesterone biosynt.
Slcotal -0.09 -2.44 CR Sex-specific signaling via STAT/JAK pathway Metabolic process (lipids)
Ces3b -0.15 -1.20 CR Sex-specific signaling via STAT/JAK pathway Metabolic process (lipids)
Mcm10 —-0.42 -1.36 CR Sex-specific signaling via STAT/JAK pathway Other (DNA replication)
Rsph4a 1.07 1.89 CR Sex-specific signaling via STAT/JAK pathway Other (microtubule)
Tspan33 -0.17 -0.76 CR Sex-specific signaling via STAT/JAK pathway Other (pore complex assembly)
Serpina3k -0.19 -0.99 CR Sex-specific signaling via STAT/JAK pathway Signaling regulation
Serpina9 -1.92 -4.45 CR Sex-specific signaling via STAT/JAK pathway Signaling regulation
Styk1 -0.25 -1.86 CR NA Signaling regulation
c9 -0.11 -2.21 CR Sex-specific signaling via STAT/JAK pathway Stress/immune response
C6 -0.04 -1.62 CR Sex-specific signaling via STAT/JAK pathway Stress/immune response
Susd4 0.18 -1.54 CR Sex-specific signaling via STAT/JAK pathway Stress/immune response
Mup20 —0.02 =1.72 CR NA Metabolic process
Gm13597 -0.88 6.50 CR NA Pseudo-gene
Gm29920 0.00 6.30 CR NA Pseudo-gene
Rnf170-ps 0.00 5.34 CR NA Pseudo-gene

expression (45). Conversely, persistent GH treatment disrupts the
intermittent nature of signal transducers and activators of transcrip-
tion (Stat)/Janus kinase (Jak) activity, which leads to the promotion
of female-biased gene expression while suppressing male-biased
expression. As mentioned before, GHRA3 was shown to transduce
GH signaling faster than the ancestral type of the protein (11). It is
plausible that this stronger binding leads to a more persistent down-
stream signaling. This effect is likely compensated under an AL diet
through the up-regulation of the expression of circadian rhythm
genes as described above. However, this compensation mechanism
may not be strong enough to overcome the combined dampening
effect of Ghrd3 and calorie restriction. Therefore, we predict that
Ghrd3 under calorie restriction dampens the GH signaling cycle,
leading to the female-like gene expression in the male liver. These
results also suggest that the smaller size observed in male d3/d3
mice under calorie restriction is at least partially the result of these
transcriptome-level effects we document in the male liver.

Saitou et al.,, Sci. Adv. 2021; 7 : eabi4476 24 September 2021

Sex-specific effects of GHRd3 on serum lipidome

Given previous reports on the effect of GHR on lipid metabolism (37),
as well as our own results that identify multiple lipid metabolism-
related genes (e.g., multiple Mup and Ces genes), we investigated
the downstream effects of Ghrd3 on the blood serum lipid compo-
sition using liquid chromatography-mass spectrometry (LC-MS)
(see section S2.5). We chose to focus on serum lipids because we
wanted to understand the global metabolic effect of Ghrd3 at the
organismal level. Furthermore, serum lipids are routinely measured
for diagnostic purposes, and we wanted to construct a comparable
dataset for future studies. We documented a notable, opposite effect
of Ghrd3 on fatty acid and triglyceride composition in the serum of
males and females, independent of diet (Fig. 4E and table S5). The
opposing effect is particularly prominent for fatty acids. Specifically,
we found that all 15 fatty acid species that we analyzed were up-
regulated in female Ghrd3 mice compared to their wt/wt counter-
parts, whereas most of these lipids were down-regulated in male
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Ghrd3 mice. The effects of Ghrd3 on serum lipids seem to be similar
in mice that are fed with AL and CR diets and thus differ from the
observations in the liver. This observation is consistent with the
previously proposed notion that the effect of the GH receptor varies
between different tissues (46).

DISCUSSION

Our results provide one of the very few human examples (47) where
the effects of a common genetic variant are sex and environment
dependent. In that regard, we suggest that GHRd3 has important
ramifications for metabolic disorders, such as obesity and diabetes,
but only for males within particular environmental contexts. For
example, it was reported that GHRA3 has a preventative impact on
type 2 diabetes. However, in the small number of diabetes patients
who are homozygous for GHRd3, a significant increase in further
metabolic complications was observed (26). This parallels our ob-
servation that a significant size difference was observed between wt/
wt and d3/d3 mice only under calorie restriction for males. Similar-
ly, we expect the reported effects on birth and placental size, time to
menarche, and longevity to vary considerable for different dietary
and endocrinological contexts. Following this thread, we expect that
GHRd3 may have other important roles that would be visible only
when specific sexes, environmental conditions, and developmental
stages are investigated. Our study has characterized the effect of
homozygous Ghrd3. Given that this gene codes for a protein that
self-dimerizes for it to function properly, the functional impact of
Ghrd3 in heterozygous individuals remains a fascinating question.
Previous studies suggest that the heterozygous GHRd3 may con-
tribute to different traits in an additive, recessive, or dominant
manner. Our mouse model makes it possible to test all these differ-
ent perspectives in future studies.

The sex-specific effects of GHRA3 raise additional evolutionary
considerations, especially because the GH pathway is a major driver
of sexual dimorphism in mammals (48). Moreover, multiple genes
in this pathway were recently implicated in sexually antagonistic
transmission distortions in humans (49). In this regard, GHRd3
provides an interesting case. The traditional understanding of the
evolution of sex-specific effects of genetic variation first considers
sexual conflict where the functional effect of the variant leads to
increased fitness in one sex but decreased fitness in the other (50).
This conflict leads to maintenance of the variation in the population
through balancing selection until the conflict is resolved by addi-
tional genetic variation that moderates the effect of the variant in a
sex-specific manner. GHRd3 does not fit this scenario. Instead, the
sex-specific effect of GHRA3 is instantaneous because the GH path-
way is already operating in a sex-specific manner. This observation
raises questions about the extent of the evolutionary effects of ge-
netic variation in pathways that already operate in a sex-specific
manner.

The evolutionary history of GHRA3 is complex. Our model sug-
gests that geography-specific adaptive pressures over time have
shaped the allele frequency of GHRd3 across human evolutionary
history, effectively maintaining this variation in human populations
over 700 ka. In this regard, GHRd3 evolutionary history fits a very
broad definition of balancing selection, i.e., maintenance of advan-
tageous variation over long periods of time, overcoming fixation due
to varying strengths of selective advantage through time, including
drift and potentially negative selection. However, the signatures of
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GHRd3’s evolutionary history do not fit the expectations of more
narrowly defined balancing selection models, such as heterozygous
advantage or frequency-dependent selection (51). Instead, GHRd3
evidences the existence of loci under selective pressures that do not
appear to conform with classical sweep or balancing selection mod-
els, and future work should investigate the prevalence of such loci
across the genome (52-57).

Our insights into this genetic variation at the GHR locus bring
forth additional questions concerning recent human evolution. The
initial allele frequency increase in GHRd3 across evolutionary time
coincides with unstable environments that mark recent hominin
evolution (58). Given its enhanced effect under calorie restriction, it
is plausible that GHRd3 provided a fitness advantage to early
hominins, perhaps facilitating adaptation to new environments
during Homo migrations out of Africa starting ~1 million years ago.
Our finding that Ghrd3 is protective against the severe consequences
of malnutrition in male children supports this hypothesis. The
sex-specific nature of this adaptation may be better understood by
considering times of nutritional stress and assuming that the in-
creased size in males is a derived trait. During these periods, survival
may be a stronger adaptive force than the fitness benefits of in-
creased size, causing smaller sizes in males to be favored (28). Thus,
GHRd3 may be favored under environmental stress because it in-
creases survival although it reduces sexual dimorphism and thus
reduces competitiveness for mate choice among males.

The marked reduction in GHRd3 allele frequencies coincides
with the emergence of technologically advanced material culture,
such as bone tools, fish hooks, and composite weapons, along with
a concurrent population expansion, seemingly occurring inde-
pendently in different parts of the world between 90 and 30 ka ago
(59). Emerging technological innovations that may have allowed
these populations to adapt to diverse environments (60) may also
have acted as a buffer against the effects of fluctuating resource lev-
els, thereby changing the selective pressures acting on the GHR lo-
cus. Note that the reduction in GHRd3 allele frequency coincides
with major demographic and ecological changes including the Last
Glacial Maximum (61). Thus, the combined effect of cultural and
climate change could explain the rapid adaptive decrease in GHRd3
allele frequencies in all human populations, the most marked of
which was observed in East Asia.

MATERIALS AND METHODS

We used multiple population genetics approaches to elucidating the
evolutionary history of GHRA3. These include analysis of haplotypic
variation, conservation across mammalian species, and calculation
of empirical measures such as Tajima’s D (62) and XP-EHH (19),
and 2DSFS (two-dimensional site frequency spectrum) (20). In par-
allel, we used simulation-based inferences, including a Bayesian
approach to estimating the mode and tempo of potential natural se-
lection (21) and an MC-EM (Monte Carlo expectation maximum)
approach (CLUES) to estimating allele frequency trajectories (23).
For all these population genetics inferences, we primarily used 1000
Genomes phase 3 (1) and Simons Genome Diversity datasets (2).
We searched for phenotype associations in GWAS Atlas (http://ge-
neatlas.roslin.ed.ac.uk/phewas/) and GeneATLAS (http://geneatlas.
roslin.ed.ac.uk/) databases. We used the curated datasets from
U.K. Biobank (www.nealelab.is/uk-biobank/) to search for sex-specific
associations. We tested the association between GHRd3 and outcomes
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from severe malnutrition in a cohort of Malawi children with
ESAM and NESAM (32) by directly genotyping GHRd3 in these
individuals.

To understand the mechanisms through which GHRd3 may af-
fect biological traits, we constructed a mouse model containing a
deletion of the orthologous exon using CRISPR-Cas9. Using this
model, we generated several mice cohorts (Fig. 3B), which we com-
paratively analyzed for variation in size, liver transcriptome, and
serum lipidome. For RNA sequencing analysis, we used a standard
Kallisto (63)/DeSeq (64) pipeline to comparatively analyze the tran-
script abundances. We used LC-MS to measure the abundance of
individual lipid species in serum. Detailed descriptions of all these
approaches are provided in the Supplementary Materials.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi4476
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