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Abstract

Rainforest hunter—gatherers from Southeast Asia are characterized by specific morphological features including a
particularly dark skin color (D), short stature (S), woolly hair (W), and the presence of steatopygia (S)—fat accumu-
lation localized in the hips (DSWS phenotype). Based on previous evidence in the Andamanese population, we first
characterized signatures of adaptive natural selection around the calcium-sensing receptor gene in Southeast Asian
rainforest groups presenting the DSWS phenotype and identified the R990G substitution (rs1042636) as a putative
adaptive variant for experimental follow-up. Although the calcium-sensing receptor has a critical role in calcium
homeostasis by directly regulating the parathyroid hormone secretion, it is expressed in different tissues and has
been described to be involved in many biological functions. Previous works have also characterized the R990G sub-
stitution as an activating polymorphism of the calcium-sensing receptor associated with hypocalcemia. Therefore,
we generated a knock-in mouse for this substitution and investigated organismal phenotypes that could have be-
come adaptive in rainforest hunter—gatherers from Southeast Asia. Interestingly, we found that mouse homozygous
for the derived allele show not only lower serum calcium concentration but also greater body weight and fat accu-
mulation, probably because of enhanced preadipocyte differentiation and lipolysis impairment resulting from the
calcium-sensing receptor activation mediated by R990G. We speculate that such differential features in humans
could have facilitated the survival of hunter-gatherer groups during periods of nutritional stress in the challenging
conditions of the Southeast Asian tropical rainforests.
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Introduction also experiencing a cultural shift toward a more sedentary

The Andamanese are the Indigenous people from the
Andaman Islands, situated in the north-eastern Indian
Ocean, where they have lived in genetic isolation following
a hunter-gatherer lifestyle till nearly present times. Since
the early colonial period, they underwent a rapid popula-
tion decline and nowadays some Andamanese groups are
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lifestyle (Venkateswar 2004). Like other hunter—gatherers
living in the tropical rainforests of Africa, Asia, and
Australia, the Andamanese present characteristic pheno-
typic features including dark skin (D), very short stature
(S), woolly hair (W), and sporadic steatopygia (S) (i.e. en-
hanced development and accumulation of fat on the
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buttocks). Hereafter, this complete set of characters will be
referred to as the DSWS phenotype. A common origin but
also convergent adaptations to the environmental chal-
lenges found in their corresponding rainforest habitats
and/or resulting from their lifestyle have been postulated
to explain the shared DSWS phenotype across different
hunter—gatherer groups (Perry and Dominy 2009; Verdu
et al. 2009). Previously, the analysis of whole-genome se-
quences from 10 Onge (ONG) and Jarawa (JAR) individuals
from the Andaman Islands and 60 mainland Indian indivi-
duals detected signatures of strong positive selection on
genes related to human body size and recapitulated the
Andamanese short stature when using a polygenic score
based on height-associated variants (Mondal et al. 2016).
Among the top 20 most differentiated nonsynonymous
and stop-gain single-nucleotide polymorphisms (SNPs)
between Andamanese and mainland India found on
candidate genes for positive selection in the former group,
we identified the R990G substitution (rs1042636) at
the calcium (Ca)-sensing receptor gene (CASR), with a
Combined Annotation Dependent Depletion (CADD)
score value of 18.42, as a putative adaptive variant for ex-
perimental follow-up.

The Ca-sensing receptor (CaSR) plays a critical role in Ca
homeostasis by directly regulating urinary Ca excretion and
parathyroid hormone (PTH) secretion, while through its re-
ceptor (PTH1R) and the stimulation of 1,25-dihydroxy vita-
min D, it acts on the bone, kidney, and intestine to restore
the appropriate circulating Ca levels in the body (Ho et al.
1995; Thakker et al. 2016). Moreover, CaSR also participates
in modulating bone formation and resorption, as well as in
the development of the bone growth plate (Chang et al.
2008; Riccardi et al. 2013; Wang et al. 2013; Goltzman and
Hendy 2015). In particular, whereas early chondrocyte dif-
ferentiation in the cartilaginous growth plate is activated
via the PTH-related peptide (PTHrP)/PTH1R signaling,
the insulin-like growth factor 1 (IGF1)/IGF1 receptor
(IGF1R) and the Ca®*/CaSR signaling pathways mediate
the terminal maturation of the hypertrophic chondrocytes
as well as their subsequent transformation into the osteo-
blastic lineage (Wang et al. 2013; Santa Maria et al. 2016).
However, the CASR gene is expressed across a wide range
of tissues and has been involved in many other diverse bio-
logical functions including epidermal development, kerati-
nocyte differentiation, hair follicle morphogenesis (Turksen
and Troy 2003; Elsholz et al. 2014), human taste perception
(Ohsu et al. 2010), as well as in preadipocyte proliferation
and differentiation (Villarroel et al. 2013). Previous in vitro
studies have shown that the derived allele of the R990G
substitution results in a gain-of-function of CaSR, which
renders the receptor more sensitive to Ca>* (Vezzoli et al.
2007; Ranieri et al. 2013). As expected for a CaSR activating
variant, the 990G allele is associated with increased suscep-
tibility to primary hypercalciuria (Vezzoli et al. 2007), de-
creased serum Ca (Scillitani et al. 2004; Kapur et al. 2010),
and an increased risk of kidney stone disease (Guha et al.
2015). However, the pleiotropic nature of the CASR gene
complicates any direct inference of a putative adaptive
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phenotype for such activating substitution in the
Andamanese.

Several general (Ho et al. 1995; Hough et al. 2004; Dong
et al. 2015; Hannan et al. 2015) and tissue-specific (Chang
et al. 2008; Chang et al. 2010; Toka et al. 2012) knock-out
(KO) mice and knock-in (KI) mice for different inactivating
and activating CaSR mutations have been obtained for the
CASR gene and allowed not only to infer many details of
the CaSR function but also to successfully recapitulate
the disease phenotype of human illnesses such as familial
hypocalciuria hypercalcemia, severe neonatal hyperthyr-
oidisms, and autosomal dominant hypocalcemia. In turn,
Kl mouse models have proven to be a good strategy to ex-
perimentally validate the associated phenotype of adap-
tive alleles in the human FOXP2 (Enard et al. 2009;
Schreiweis et al. 2014) and EDAR (Kamberov et al. 2013)
genes. Thus, the generation of a KI mouse for the R990G
human substitution should be a promising approach to
pinpoint any differential (and putative adaptive) pheno-
type across all those pleiotropic functions of CaSR poten-
tially shared between humans and mice.

In this work, we first compiled whole-genome sequen-
cing data generated in the Andamanese and other SE
Asian hunter—gatherer groups presenting the DSWS
phenotype and investigated the CASR region for signatures
of recent positive selection by specifically interrogating the
site frequency spectrum and the patterns of linkage dis-
equilibrium and population differentiation. Next, we gen-
erated a Kl mouse for the human R990G substitution
using the clustered regularly interspaced short palindrom-
ic repeats (CRISPR)-Cas9 editing technology and assessed
its phenotypic impact by exploring for potential differ-
ences between the homozygous carriers of the ancestral
(R990) and the derived (990G) allele, respectively.

Results

Signals of Positive Selection and the R990G
Substitution

The CASR gene was identified by Mondal et al. (2016) as a
strong candidate for positive selection in the Andamanese
when applying a hierarchical boosting framework that
combined 8 neutrality tests to uncover the patterns of vari-
ation expected under a hard sweep scenario while control-
ling for population demography (Mondal et al. 2016). Here,
we computed 4 individual tests of positive selection using
the same whole-genome sequencing data in the
Andamanese and present them along 200 kb upstream
and downstream the ~108 kb CASR gene region
(supplementary data set S1, Supplementary Material on-
line). In particular, we calculated Tajima’s D (Tajima
1989), Fay and Wu'’s H (Fay and Wu 2000), and XP-EHH
(Sabeti et al. 2007) comparing Andamanese versus
Yoruba, which were included in the boosting framework
of Mondal et al. (2016), as well as XP-EHH comparing
Andamanese versus lrula, a Dravidian-speaking tribal
population from S India. In agreement with previous results
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(Mondal et al. 2016), departures from genome-wide empir-
ical values were found in the CASR gene in each of the 4 se-
lection tests (Fig. 1A and B). While significantly negative
values of Tajima’s D and Fay and Wu's H indicate an excess
of low-frequency polymorphisms and high-frequency de-
rived SNPs relative to genome-wide expectations, respect-
ively, the XP-EHH statistic points to unusually extended
haplotype homozygosity in the Andamanese when com-
pared with either the Yoruba or the Irula populations.
After functionally annotating all variants in the CASR
gene region and comparing their allele frequencies be-
tween the JAR and ONG Andamanese and 6 mainland
Indian populations, we retained 165 SNPs with allele fre-
quencies differences >25%. Among these, 10 variants pre-
sented a CADD score > 10 (i.e. are predicted within the
10% most deleterious variants of the human genome) in-
cluding the R990G substitution (rs1042636), which was
found to have the third highest absolute allele frequency
difference (i.e. 87.5% in JAR and ONG Andamanese and
22% in mainland India; see supplementary data set S2,
Supplementary  Material online). However, while
rs1042636 presented the highest CADD score value
(18.42), the top 2 putative functionally differentiated
SNPs (rs13059382 and rs7644981) were intronic and pre-
sented CADD score values <15 (i.e. the median value for
all possible canonical splice site changes and nonsynon-
ymous variants in CADD v1.0 and accepted cutoff to iden-
tify pathogenic variants; Kircher et al. 2014). Thus, the
R990G substitution was confirmed to be the most probable
putative candidate variant.

By exploring the worldwide frequencies of the derived
990G allele in populations from the 1,000 G Project Phase
3 (Auton et al. 2015) and in an extended data set of 12 add-
itional populations from SE Asia (see Materials and
Methods), we detected the highest frequencies in several
hunter—gatherer groups presenting the DSWS phenotype
(100% in JAR, 97% in Aeta, 85% in Agta, 83% in Kintagq,
78% in Jehai, and 75% in ONG and Mamanwa) while finding
intermediate values in East Asia (52%) but much lower
presence in other populations from Mid-South Asia
(26%), Europe (7%), and Africa (3%; see Fig. 1C). In contrast,
the frequency of the 990G allele in populations from Papua
New Guinea was clearly lower than that in the East Asian
hunter—gatherer groups with the DSWS phenotype (ran-
ging from 40% in Kosipe to 0% in Sepik). Furthermore, in
accordance with the observed allele frequencies, when
grouping these populations into 3 main SE Asian groups,
we detected signatures of positive selection along the
CASR region with XP-EHH and SF select in Malaysia and
the Philippines but not in Papua New Guinea (Fig. 1B,
supplementary fig. S1 and data set S1, Supplementary
Material online). Similarly, departures from neutrality
were only observed in the Aeta and Agta from the
Philippines and in the Kintaq from Malaysia when analyzing
each individual Malaysian and Philippine population versus
the Koinambe with the XP-EHH statistic (supplementary
fig. S2 and data set S3, Supplementary Material online).
Consequently, the R990G substitution can be hypothesized

to be a putative adaptive variant targeted by positive selec-
tion in several hunter—gatherer groups displaying the
DSWS phenotype in SE Asia besides the Andamanese, al-
though it is still not possible to entirely rule out complex
demographic causes for these patterns. Nonetheless, the
990G variant was found consistently on the same core
haplotype background (when analyzing ~87.63 kb cen-
tered on rs1042636) in all geographical regions where the
polymorphism segregates (supplementary data set S4,
Supplementary Material online), and no signals of selection
were found when inspecting the East and South Asian po-
pulations available at the 1,000 Genomes Selection Browser
1.0 (Pybus et al. 2014) (https://hsb.upfedu/) and the
PopHumanScan browser (Casillas et al. 2018) (https://
pophuman.uab.cat/) (see details in supplementary note
S1, Supplementary Material online). Therefore, the R990G
substitution probably has a single origin and appears to
be associated with unusually high-frequency extended
haplotypes and with neutral deviations in the site fre-
quency spectrum only in hunter—gatherer groups from
SE Asia. We next investigated the local genealogical tree
of the candidate SNP rs1042636 (chr3:122003769,
GRCh37/hg19) with Relate (Speidel et al. 2019) and esti-
mated its selection coefficient and past allele frequency tra-
jectory with CLUES (Stern et al. 2019). When analyzing all 3
hunter—gatherer groups from SE Asia together, we found
moderate evidence (logRT = 5.289) for weak selection (s
=0.0025) acting within the last 1,000 generations before
present (i.e. 28,000 yrs ago assuming 28 yrs per generation;
supplementary figs. S3 to S4, Supplementary Material on-
line). However, when analyzing each group separately, we
were able to confirm a likely scenario for moderate selec-
tion only in the Andamanese (s = 0.0044; logRT = 2.707;
supplementary table S1 and fig. S5, Supplementary
Material online).

Generation and Maintenance of a KI Mouse Model
Since the ancestral Arg allele (R990) is present in wild-type
mice, we edited via CRISPR-Cas9 the corresponding ortho-
logous nucleotide position of the mouse Casr gene to gen-
erate the R990G substitution in the encoded protein
(supplementary fig. S6, Supplementary Material online).
From the obtained mosaics, we generated 2 independent
R990G KI mouse lines, henceforth denoted as lines 7 and
15, and explored for potential differences between the an-
cestral (R990) and derived (990G) homozygous sibling car-
riers resulting from several heterozygous crosses within
each line (see details in supplementary fig. S7,
Supplementary Material online). All potential off-targets
predicted by the Benchling gRNA designing tool and the
correct editing of Casr were checked by Sanger sequencing
in the F1 heterozygous founders or corresponding F2 des-
cendants. All animals had free access to water and were fed
ad libitum on a standard diet (unless otherwise indicated)
under the same environmental conditions. Both R990 and
990G homozygote littermates were born at expected
Mendelian ratios, appeared healthy and had normal
longevity.
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Fig. 1. Signals of positive selection in the CASR gene region and worldwide frequencies for the R990G substitution. a) On the top, the location of
the CASR gene region on chromosome 3. Below, zoom-in with Ensembl gene tracks comprising 200 kb upstream and downstream of the CASR
gene. b) Tests of positive selection in the Andamanese (Tajima’s D, Fay, and Wu'’s H, XP-EHH comparing Andamanese vs. Yoruba, and XP-EHH
comparing Andamanese vs. Irula, a Dravidian-speaking tribal population from S India) as well as in Malaysian and Philippine hunter-gather
groups presenting the DSWS phenotype (XP-EHH comparing each SE Asian population group vs. Papua New Guinea). For each population
and selection statistic, the horizontal bar indicates the top or bottom 2.5th percentile of their respective genome-wide distribution (z-scores
are available in supplementary data set S1, Supplementary Material online). The position of the CaSR R990G polymorphism is represented
by the vertical line across the panels. c) Worldwide allele frequencies of the CaSR R990G polymorphism. Each pie graph represents the allele
frequency in 1 population. Population names from the 1,000 G Project Phase 3 are abbreviated as follows: CHB, Han Chinese in Beijing; JPT,
Japanese in Tokyo; CHS, Southern Han Chinese; CDX, Chinese Dai in Xishuangbanna; KHV, Kinh in Ho Chi Minh City; CEU, Utah Residents
(CEPH) with Northern and Western European Ancestry; TSI, Toscani in Italia; FIN, Finnish in Finland; GBR, British in England and Scotland;
IBS, Iberian Population in Spain; YRI, Yoruba in Ibadan, Nigeria; LWK, Luhya in Webuye, Kenya; GWD, Gambian in Western Divisions in the
Gambia; MSL, Mende in Sierra Leone; ESN, Esan in Nigeria; ASW, Americans of African Ancestry in SW USA; ACB, African Caribbeans in
Barbados; MXL, Mexican Ancestry from Los Angeles, USA; PUR, Puerto Ricans from Puerto Rico; CLM, Colombians from Medellin, Colombia;
PEL, Peruvians from Lima, Peru; GIH, Gujarati Indian from Houston, Texas; PJL, Punjabi from Lahore, Pakistan; BEB, Bengali from Bangladesh;
STU, Sri Lankan Tamil from the UK; and ITU, Indian Telugu from the UK. Populations from SE Asia shown in the square are hunter—gatherers,
and underlined populations display the DSWS phenotype.
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Differences in Weight Growth Curves and Body
Composition

Given the previously recognized role of CaSR in modulating
serum mineral disturbances (Scillitani et al. 2004; Vezzoli
et al. 2007; Kapur et al. 2010; Kanai et al. 2018), as well as
in promoting preadipocyte proliferation (Rocha et al.
2015; Bravo-Sagua et al. 2016) and regulating adipocyte lip-
olysis and adipogenesis (He et al. 2012; Villarroel et al. 2013),
we first investigated whether the R990G polymorphism
could be associated with differences in weight growth
and body composition, as these could in turn be related
to the DSWS phenotype. Weekly body weight changes
were recorded from wks 3 to 20 and compared between
sexes (using 43 males and 43 females), lines (including a to-
tal of 46 and 40 animals for lines 7 and 15, respectively), and
genotypes (with a total of 42 homozygotes R990 and 44
homozygotes 990G) using factorial analysis of variance
(ANOVA:s), as well as by using a mixed-model ANOVA
with repeated measures across wks 4 to 12 (see
supplementary data set S5, Supplementary Material on-
line). When considering all mice together (N =86), sex
was the variable that most influenced body weight, explain-
ing 46.35% of the total variation (average percentage across
wks 4 to 12), whereas genotype and line also displayed
weekly significant differences in body weight and explained
8.17% and 4.23% of the variation, respectively (see weekly
details in supplementary data set S5, Supplementary
Material online). Notably, homozygous carriers for the
990G allele displayed significantly higher body weight
than homozygotes for the R990 allele in the whole set of an-
imals (N =286 with 42 R990 homozygotes and 44 990G
homozygotes, repeated measures ANOVA, P =0.00003)
as well as when separating mice into the 2 generated lines
(N = 46 with 22 R990 homozygotes and 24 990G homozy-
gotes, repeated measures ANOVA, P =0.00028 for line 7
and P = 0.031 for line 15 using N = 40 with 20 R990 homo-
zygotes and 20 990G homozygotes; see weekly details in
supplementary data set S5, Supplementary Material on-
line). However, whereas the percentage of the body weight
variation explained by the genotype was 13.46% in line 7
(average percentage across wks 4 to 12), in line 15, it ex-
plained only 4.74% of the variation. Accordingly, when sep-
arating mice by sex and line, an ANOVA with repeated
measures across wks 4 to 12 showed significant differences
in body weight between genotypes in both males (N =23
with 11 R990 homozygotes and 12 990G homozygotes,
P =0.022) and females (N = 23 with 11 R990 homozygotes
and 12 990G homozygotes, P = 0.005) in line 7 but only in
males (N =20 with 10 R990 homozygotes and 10 990G
homozygotes, P=0.023) in line 15 (Fig. 2A;
supplementary fig. S8 and data set S5, Supplementary
Material online). Notably, body weight differences between
genotypes were replicated in a second cohort of animals in-
cluding 42 mice from line 15 and 45 mice from line 7 (see
supplementary data set S5, Supplementary Material on-
line) that were subjected to a vitamin D-deficient diet
from the 3rd to the 14th wk of age (N = 87 with 42 R990

homozygotes and 45 990G homozygotes, repeated mea-
sures ANOVA, P =0.032). However, the percentage of
body weight variation explained by genotype under vita-
min D deficiency was lower than that observed under nor-
mal diet (2.98% vs. 8.17%, average percentage across wks 4
to 12). Moreover, under normal diet, homozygous carriers
for the 990G allele were found to present higher body
mass index (BMI) when analyzing all animals together
(N =128 including 65 R990 homozygotes and 63 990G
homozygotes, Kruskal-Wallis test, P =0.035) and when
separating mice by sex (N = 62 females with 29 R990 homo-
zygotes and 33 990G homozygotes, Mann-Whitney U Test,
P =0.047; N = 66 males with 36 R990 homozygotes and 30
990G homozygotes, Mann—-Whitney U Test, P = 0.035) but
only in the female group of line 7 when separating mice by
line and sex (N = 42 including 18 R990 homozygotes and 24
990G homozygotes, Mann—Whitney U Test, P =0.021)
(Fig. 2B and supplementary fig. S9, Supplementary
Material online). Since no statistically significant trend
was observed between genotypes regarding the mice
crown rump length (supplementary data set S5,
Supplementary Material online), the observed differences
on BMI can be mostly attributed to weight.

Finally, whole body fat and lean composition for 33 an-
imals from line 7 under normal diet was determined with
an EchoMRI instrument at 14 wks of age (supplementary
data set S6, Supplementary Material online). Males and fe-
males significantly differed in their overall fat and lean con-
tent (Kruskal-Wallis test comparing 18 females and 15
males, P=0.021 and P < 0.001, respectively) according to
the higher weight of males when compared with females
(Kruskal-Wallis test, P <0.001; supplementary fig. S10,
Supplementary Material online). Furthermore, although
no differential pattern was detected when comparing
body composition between genotypes and analyzing males
and females together (N =33 with 17 R990 homozygotes
and 16 990G homozygotes) or only males (N = 15 includ-
ing 8 R990 homozygotes and 7 990G homozygotes;
supplementary fig. S10 and data set S6, Supplementary
Material online), homozygous female carriers of the
990G allele presented significantly lower lean percentage
(N =18, Mann-Whitney U test comparing 9 R990 homo-
zygotes to 9 990G homozygotes, P = 0.031), and marginally
not significant higher overall fat (N = 18, Mann-Whitney
U test, P=10.050) than the homozygous female carriers
of the R990 allele (Fig. 2C to E, supplementary fig. S10
and data set S6, Supplementary Material online).

No Differential Skeletal or Epidermal Phenotype

Since mutants of the Casr gene in mice have been asso-
ciated with differential skeletal phenotypes (Chang et al.
2008; Riccardi et al. 2013; Wang et al. 2013; Goltzman
and Hendy 2015), tibial cortical bone and trabecular
bone at the proximal tibial metaphysis were analyzed ex
vivo by micro-computed tomography on 28 animals under
normal diet (including between 2 and 4 animals per sex,
line, and genotype). However, no differences in bone
micro-architecture were identified between the CaSR
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Fig. 2. Body weight growth curves, BMI, and body composition for CaSR R990G Kl mice (line 7). a) Boxplots showing the differences in mice body
weight from 3 to 20 wks of age between the homozygote carriers of the R990 (ancestral) and 990G (derived) alleles of the CaSR R990G poly-
morphism. *P < 0.05; **P < 0.005; ns, not significance (1-way ANOVA). b) BMI at the final point (20 to 26 wks of age; females). c) Weight differ-
ences between genotypes on wk 14 of age for females analyzed with EchoMRI. d) Differences in female body fat percentage between genotypes as
determined by EchoMRI analysis on wk 14 of age. e) Differences in female body lean percentage between genotypes as determined by EchoMRI
analysis on wk 14 of age. *P < 0.05; ns, not significance (Mann—-Whitney U test). For all boxplots, the line in the middle of each box represents the
median for each group examined, and the edges of the box represent the first and third quartiles. Filled circles represent outliers (values > 1.5
and <3 interquartile ranges from the edge of the box). Detailed significance levels for all tests are available in supplementary data sets S5 and S6,

Supplementary Material online.

R990G genotypes (supplementary data set S7 and fig. S11,
Supplementary Material online). Similarly, since CaSR has
been involved in epidermal differentiation (Turksen and
Troy 2003), we also monitored wound healing and epider-
mis histology after performing 5 mm skin biopsy punches
at 10 and 20 wks of age, but no major differences in epider-
mal thickness nor significant wound healing rate differ-
ences or differential reepithelization patterns were
detected between the genotypes of the CaSR R990G sub-
stitution (supplementary data set S8 and fig. S12,
Supplementary Material online).

6

Differential Ca and Cholesterol Blood Biochemistries
Since CaSR activation has been associated with altered Ca
concentrations in blood and urine (Scillitani et al. 2004;
Vezzoli et al. 2007; Kapur et al. 2010), we checked whether
these could be detected in our mouse model. Similarly, gi-
ven the known regulatory role of CaSR in the adipose tissue
(Bravo-Sagua et al. 2016), we also investigated whether the
R990G polymorphism could be associated with any differ-
ential lipidic pattern in blood that could facilitate the
DSWS phenotype. Accordingly, blood and urine samples
were taken between the 12 and 14 wks of age to analyze
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16 different metabolites and hormones mostly related to
Ca homeostasis and lipid metabolism (animals under nor-
mal diet; supplementary data set S9, Supplementary
Material online). In agreement with the CaSR activation
produced by the R990G substitution (Vezzoli et al. 2007;
Ranieri et al. 2013), male homozygous carriers for the
990G allele presented not only lower serum Ca (N =63
males from both lines including 32 R990 homozygotes
and 31 990G homozygotes, factorial ANOVA; P=0.017)
but also higher serum phosphorus (N =63 males both
lines, factorial ANOVA; P = 0.004; Table 1). No clear differ-
ential patterns between genotypes were found for urinary
Ca and phosphorus excretion or the PTH and osteocalcin
serum concentrations when testing a minimum of 5 ani-
mals per sex, genotype, and line (supplementary data set
S9, Supplementary Material online). However, we found
consistent significant differences in the high-density lipo-
protein (HDL) and low-density lipoprotein (LDL) choles-
terol levels between the CaSR R990G genotypes (Table 1)
with the homozygous carriers for the 990G allele presenting
significantly lower HDL and LDL blood concentrations
when analyzing all animals (N =120 including 56 R990
homozygotes and 64 990G homozygotes from both lines,
factorial ANOVA; P=0.020 and P=0.001 for HDL and
LDL differences between genotypes, respectively), only fe-
males (N =57 including 24 R990 homozygotes and 33
990G homozygotes from both lines, factorial ANOVA;
P =0.003 and P=0.018 for HDL and LDL, respectively),
and line 15 animals (N =51 including 26 R990 homozy-
gotes and 25 990G homozygotes from both sexes, factorial
ANOVA; P = 0.016 and P = 0.002 for HDL and LDL, respect-
ively; as well as separating by sex, see details in Table 1).

Differential Phenotypes in the Liver and Fat

The higher body weight and lipidic changes observed in
peripheral blood associated with the 990G variant led us
to investigate whether further distinctive metabolic fea-
tures could be distinguished in the liver and adipose tissue.
Liver biopsies from 92 animals under normal diet and
between 20 and 26 wks of age were categorized into a
normal or a steatosis phenotype, depending on whether
they presented none to mild lipid droplet accumulation
or moderate to severe fatty liver, respectively
(supplementary fig. S13, Supplementary Material online).
Up to 41.3% of the animals displayed hepatic steatosis with-
out significant differences across lines, sexes, and genotypes
except for line 7 females, in which steatosis was more preva-
lent among the homozygous carriers of the 990G allele
when compared with the homozygotes for the R990 allele
(Pearson’s chi-squared test, P <0.0033; supplementary
data set S10, Supplementary Material online).
Subsequently, biopsies of visceral and subcutaneous fat
from the same animals were used to investigate potential
differences in the adipocyte diameter and size distribution
between genotypes. When analyzing animals without hep-
atic steatosis, homozygotes for the 990G allele displayed a
clear pattern toward significantly smaller adipocyte dia-
meters in both lines, sexes, and fat tissues as well as toward

an excess of cells in the smallest size bins (Fig. 3A and B;
supplementary data set S11 and figs. S14 to S17,
Supplementary Material online).

To understand these differentiated hepatic and adipo-
cyte phenotypes, RNA was extracted from liver and fat bi-
opsies in animals under a normal dietary condition to
analyze the relative expression of genes involved in fat stor-
age, mobilization, and inflammation (supplementary data
set S12 and figs. S18 to S19, Supplementary Material on-
line). In visceral fat from animals without hepatic steatosis
(line 7), homozygous carriers of the 990G allele presented
significantly lower mRNA expression of the lipolytic adi-
pose triglyceride lipase (ATGL) (Student’s t-test P = 0.029
in N=11 females including 7 R990 homozygotes and 4
990G homozygotes; P =0.014 in N =8 males including 3
R990 homozygotes and 5 990G homozygotes) when com-
pared with R990 homozygotes, whereas homozygous fe-
males for the 990G allele also showed significantly lower
peroxisome proliferator activating receptor gamma
(PPARY) mRNA expression (N=11 including 7 R990
homozygotes and 4 990G homozygotes, Student’s t-test
P = 0.036; Fig. 3C). Even if not significant, 2 further lipolytic
enzymes (i.e. the hormone-sensitive lipase [HSL] in 990G
homozygous females [N =11 including 7 R990 homozy-
gotes and 4 990G homozygotes, Student’s t-test P=
0.055] and the adiponectin in 990G homozygous males
[N =8 including 3 R990 homozygotes and 5 990G homozy-
gotes, Student’s t-test P = 0.088]) seem to show marginally
lower mRNA expression in the visceral fat from animals
with no steatosis when compared with the corresponding
R990 genotypes (supplementary data set $S12 and fig. S18,
Supplementary Material online). In contrast, 990G homo-
zygous females with normal liver displayed higher ATGL
mRNA expression in the liver (Student’s t-test P =0.031
in N=10 females including 6 R990 homozygotes and
4 990G homozygotes and P = 0.071 in N = 8 males includ-
ing 3 R990 homozygotes and 5 990G homozygotes;
supplementary fig. S18, Supplementary Material online).

As for animals with liver steatosis (complete data only in
line 15), we note that male homozygous carriers of the
990G allele showed significantly larger adipocyte diameters
and sizes than those of the R990 allele in both subcutane-
ous and visceral fat (supplementary fig. S17, Supplementary
Material online) but also contrasting significant HSL ex-
pression differences between genotypes in visceral fat
when compared with female homozygous carriers of the
990G allele (supplementary fig. S19, Supplementary
Material online). Finally, no differential gene expression
patterns were found between genotypes in subcutaneous
fat (supplementary data set S12, Supplementary Material
online), while CaSR gene expression was confirmed in all
3 tissues at the quantitative PCR (qPCR) detection limit
without differences between genotypes.

Evaluation of Further Potential Off-Target Effects

To evaluate the possibility of additional off-targets that
could affect the phenotypic differences inferred for the
R990G polymorphism besides those predicted by the
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Fig. 3. Differential adipose tissue features between CaSR R990G gen-
otypes. a) Visceral fat histology differences between genotypes in
hematoxylin and eosin staining. Right: the histology of a 990G female
homozygous (22 wks). Left: the histology of a 990R female homozy-
gous (23 wks). b) Adipocyte diameters (um) in subcutaneous and
visceral fat. Differences between genotypes were tested through a
t-test (N =11 females from line 7, including 5 990G homozygotes
and 6 R990 homozygotes, respectively). c) Differential ATGL and
PPARY gene expression between genotypes in visceral fat (N = 11 fe-
males from line 7, including 4 990G homozygotes and 7 R990 homo-
zygotes for ATGL, and 4 990G homozygotes and 6 R990
homozygotes for PPARy; N=28 males from line 7, including 5
990G homozygotes and 3 R990 homozygotes for both ATGL and
PPARY). *P < 0.05; ns, nonsignificant. Relative expression is repre-
sented per 1,000 copies of Actin.

Benchling gRNA designing tool, we generated whole-
genome sequences (WGS) at 22.2X for 15 F2 animals (in-
cluding 4 R990 and 3 990G homozygotes from line 7
plus 4 R990 and 4 990G homozygotes from line 15; see de-
tails in supplementary note S2 and note S2 tables SN1 to
SN9, Supplementary Material online). Since the 2 CaSR
lines phenotyped here were established using animals de-
riving from CBA and B6 strain backgrounds, we retained as
potential off-target sites those that were found across the
F2 sequenced individuals while being absent in the CBA
and B6 strain references available from the Mouse
Genome Project (Keane et al. 2011). Among these, we
found no functional variant following the same genotype
patterns of the R990G polymorphism within any of the

2 lines. Thus, no potential off-targets (or background var-
iants) seem to be directly influencing the phenotypic dif-
ferences described above when comparing R990 and
990G homozygotes within each line. However, when ana-
lyzing those variants specific to the F2 data set showing dif-
ferences between lines (when comparing 7 line 7 and 8 line
15 F2 animals), we identified 27 potential off-target (or
background) polymorphic sites within line 7 and up to
52 of them segregating within line 15. Five of these puta-
tive line-specific off-targets were potentially functionally
relevant and found on genes either highly expressed in
the fat pads and/or somehow related to fat metabolism
(see details in supplementary note S2, Supplementary
Material online). Consequently, they could be influencing
some of the differential features observed between the 2
lines such as the greater adiposity detected in both R990
and 990G line 15 individuals. Despite the presence of
such putatively line-specific off-target sites, those pheno-
typical differences observed when comparing R990 and
990G homozygotes within each line are more likely driven
by the R990G variant itself.

Discussion

After identifying the R990G substitution in the CASR gene
as a putative adaptive variant in the Andamanese to follow-
up, we first used genomic data to investigate whether other
SE Asian hunter—gatherer groups presenting the DSWS
phenotype shared the same accompanying signatures of re-
cent positive selection and high prevalence of this nonsy-
nonymous polymorphism. No unusual patterns of
genetic variation were found in Papuan New Guinea, but
hunter—gatherer groups from Malaysia and the
Philippines presented significant deviation from neutrality
in the CASR flanking gene region and high frequencies for
the associated G derived allele at rs1042636 (encoding for
990G). The lowest 990G allele frequencies within
Malaysia and Philippines were found in the Temiar and
the Batak, both populations previously recognized to
have received gene flow from other neighboring popula-
tions (Fix 1995; Scholes et al. 2011). In turn, the Temiar
also present a more sedentary lifestyle than the Jehai and
Kintag Malaysian groups and a less pronounced DSWS
phenotype (Fix 1995; Deng et al. 2022). Moreover, while
only the Andamanese population presented conclusive evi-
dence for moderate selection (s = 0.0044) when analyzing
the 3 hunter-gatherer groups independently, our analyses
indicated a higher likelihood for a scenario of weak selec-
tion (s=0.0025) acting on rs1042636 during the last
28,000 yrs when grouping them all. Therefore, we suggest
the action of positive selection in the CASR gene to have
started between the first settlement of SE Asia (~50 to
60 kya) and the western and eastern Neolithic migration
waves associated with the arrival of the Austroasiatic
(~6,500 ya) and Austronesian (~3,000 ya) languages in
Malaysia and Philippines, respectively (Philip et al. (2017)).

Next, we generated a Kl mouse for the human R990G
substitution and assessed its phenotypic impact by
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exploring for potential differences between the ancestral
(R990) and derived (990G) homozygous sibling carriers re-
sulting from several heterozygous crosses within 2 inde-
pendent R990G Kl mouse lines. As expected for an
activating CaSR mutation, the derived allele of the
R990G (rs1042636) polymorphism is known to be signifi-
cantly associated with lower serum Ca in healthy humans
(Kanai et al. 2018). Here, we found a significant association
of the 990G homozygous genotype with lower serum Ca
mainly in males. Assuming in mice the same effect size
on serum Ca concentrations described in humans for the
rs1042636 polymorphism (Kanai et al. 2018), the chance
for detecting an association with a P-value < 0.05 was
84.06% in the whole mice group (N = 120) and 52.37% in
the female group (N =57). Thus, we probably had too
small sample sizes to fully recapitulate the expected hypo-
calcemia phenotype of the R990G substitution. However,
the clearest differential phenotype found in our R990G
Kl mouse model was the higher weight of the homozygous
carriers of the 990G allele, which, at least in females, was
accompanied by a tendency toward presenting higher
BMI, higher fat, and lower lean body content.
Interestingly, Ca supplementation in the diet has been
shown to elicit significant body weight loss and body fat
content in mice and rats (Sun et al. 2012; Zhang et al.
2018). Similarly, supplementation of dietary Ca in humans
has been suggested to reduce the body weight of children
and adults (Heaney et al. 2002; Li et al. 2016) and the ab-
dominal visceral adipose depots in overweight and obese
adults (Rosenblum et al. 2012). On the contrary, rats fed
with low-Ca diets not only showed a greater visceral fat
mass and CaSR expression in white adipose tissue but
also lower serum fatty acids and glycerol concentrations
than normal Ca-fed rats (He et al. 2011). Thus, our finding
of greater body weight and fat content in 990G homozy-
gotes which, as we have shown, display a tendency toward
lower serum Ca when compared with homozygous R990
animals is consistent with results from previous studies
(Heaney et al. 2002; He et al. 20171; Li et al. 2016).

The antiobesity effects of dietary Ca have been sug-
gested to result from the direct role of Ca in modulating
fat metabolism (Zhang et al. 2019) with intracellular Ca
having a key role in regulating lipid metabolism and trigly-
ceride storage in adipocytes (Zemel 2002). In agreement
with these observations, distinct systemic and molecular
accompanying phenotypes related to lipid handling and
adipose tissue homeostasis were further observed in our
Kl mouse model. These included differential cholesterol,
HDL, and LDL serum concentrations, as well as contrasting
adipocyte sizes and expression of lipolytic genes (i.e. ATGL
and PPARG) between the homozygous mice carriers of the
ancestral (R990) and the derived (990G) alleles of the
R990G substitution. We also found that the presence of
a fatty liver somehow conditioned the direction of the ef-
fects of the R990G substitution on adipocyte size and spe-
cific gene expression patterns in the visceral adipose tissue,
the latter with some differences between sexes. Although
under an excess of hepatic fat accumulation we observed
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some expected effects resulting from the activation of
CaSR associated with obesity (i.e. larger adipocyte sizes
and hypertrophy), we suggest that the putative adaptive
role of the R990G substitution in hunter—gather human
groups presenting the DSWS phenotype is probably deter-
mined in a physiological environment of no pathological
accumulation of fatty acids. Moreover, the higher preadi-
pocyte differentiation (Bravo-Sagua et al. 2016) and the
antilipolytic effects (He et al. 2012) known to happen
upon activation of CaSR could explain many of the differ-
ential lipidic and adipose features found associated with
the 990G genotype in our study. Within this context, we
propose that the smaller adipocyte sizes observed in the
990G homozygous carriers with no hepatic steatosis could
result from an early mitogenic effect of CaSR activation in
preadipocytes. Such an effect could lead to the maturation
of a higher number of adipocytes, providing greater fat
storage capacity and leading to the higher body weight
and BMI observed in the 990G homozygotes. In contrast,
990G homozygous carriers with hepatic steatosis displayed
a clear tendency toward greater adipocyte cell sizes and
adipocyte hypertrophy. As in obesity, in these animals,
the maximum adipocyte capacity to store an excess of
fatty acids as triglycerides in lipid droplets is probably
being reached and, as a result, fatty acids start accumulat-
ing in the liver, among other nonadipose tissues. We did
not detect, however, a clear pattern of differential expres-
sion of inflammatory or lipogenic genes associated with
the R990G substitution. In rats fed with low-Ca diets,
CaSR was suggested to affect fat accumulation via antilipo-
lytic pathways (He et al. 2011) and in vitro experiments de-
monstrated that the decreased expression of the 2 main
lipolytic enzymes (i.e. HSL and ATGL) in SW872 adipocytes
because of CaSR expression stimulation was attained by in-
creasing the intracellular Ca and reducing the cAMP levels
(He et al. 2011). In accordance with this antilipolytic effect
of CaSR activation, our results clearly show that male and
female 990G homozygous carriers with normal liver pre-
sent significantly lower ATGL mRNA expression in visceral
fat. This result is also compatible with the observation that
the human polymorphism rs1042636 causes a reduction of
at least 20% of the lipolysis in omental adipose tissue
(Reyes et al. 2012). Additionally, we also detected that
the female homozygotes for the 990G allele presented sig-
nificantly lower expression of PPARy, which is in accord-
ance with the lower mRNA expression of lipolytic genes
observed in that genotype. Moreover, a metabolic link
has been suggested between the lipolytic activity of adipo-
cytes and the rate of cellular efflux to HDL (Verghese et al.
2007). Thus, the lower cholesterol levels observed in the
homozygous carriers of the 990G allele could be reflecting
the corresponding attenuation of lipolysis resulting from
the lower visceral adipocyte expression of ATGL (and
probably also HSL). However, despite all the data com-
piled, further experimental work will be required to fully
understand the mechanistic links by which the R990G sub-
stitution causes these observed differential phenotypic
features.
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Additional limitations of the present study must be ac-
knowledged. First, despite the widespread use of the
mouse as a fair experimental model to study biological
processes and diseases in humans, our different physiolo-
gies and anatomies might limit the mouse model applic-
ability to accurately recapitulate individual human
adaptive phenotypes. Secondly, although during the
CRISPR-Cas9 editing experiment different strategies were
applied to minimize the possible off-target effect, such as
ribonucleoprotein (RNP) in situ electroporation directly
into 1-cell zygotes and the use of an asymmetric vector,
the 2 lines deriving from 2 independent Kls displayed
some phenotypical differences between them. Although
no modifications were detected when sequencing the off-
target loci predicted by the Benchling tool used for the 2
gRNA design (see Materials and Methods), we recognize
that other rare off-target events could still occur (Atkins
et al. 2021). Additionally, other background genetic differ-
ences could have been introduced within each line initial
crosses. Indeed, when analyzing WGS for a subset of F2 in-
dividuals, we detected a few putative new functional var-
iants differentiating the 2 lines but none following the
same genotype patterns of the R990G substitution. Thus,
the phenotypic differences observed when comparing
the R990 and 990G homozygotes within each line (and
specially when replicating across lines, such as the differen-
tial body weight and adipocyte sizes) can more likely be at-
tributed to the R990G substitution. However, we cannot
reject that some of the phenotypes described here for
R990G could be dependent on the genetic background
of our line crosses, which could explain the incomplete
penetrance sometimes observed across lines and sexes.
In fact, a subset of the putatively line-specific variants iden-
tified when comparing 7 line 7 and 8 line 15 F2 individuals
were found in genes that are highly expressed in adipose
tissue and/or known to have a role in lipid metabolism.
In turn, this dependence on the genetic background may
have implications for how these phenotypes present in hu-
man populations where this polymorphism segregates.
Finally, we do not exclude mild phenotypic effects of the
R990G substitution in the bone, skin, or other tissues
that could not be retrieved in this study due to the sample
size of the analyzed mice cohort.

While the 990G allele is found at intermediate frequen-
cies in several populations from East Asia (i.e. 56.7% in
Southern Han Chinese [CHS], 53.8% in Japanese in Tokyo
[JPT], and 52.4% in Han Chinese in Beijing [CHB]), we
note that the CASR gene region displays putative signa-
tures of positive selection only in some hunter—gatherer
groups from SE Asia, where the polymorphism reaches
its highest frequencies (i.e. 87.5% in Andamanese, 96.9%
in the Philippine Aeta, and 83.3% in the Malaysian
Kintag). The availability of larger sample sizes and the
use of further elaborated demographic models for these
populations will probably help to better distinguish the
signatures of positive selection postulated here from po-
tential founder and demographic effects. In turn, whereas
the physiological consequences we describe for this

nonsynonymous polymorphism are expected in all its car-
riers, these differences may have been selectively beneficial
only under the environmental conditions, lifestyle, and
genomic background of the SE Asian populations display-
ing the DSWS phenotype. Therefore, R990G cannot be in-
ferred to provide a universal advantageous phenotype to
allits carriers and it cannot be used either to infer their an-
cestry. We propose that the differential adiposity profile
and higher body weight associated with the R990G substi-
tution in CaSR could have been positively selected in hunt-
er—gatherer groups from SE Asia to facilitate fat storage,
increasing survival in periods of food scarcity and low cal-
oric intake in their past. Indeed, adipocyte number is a ma-
jor determinant for fat mass in human adults (Spalding
et al. 2008) and the lower expression of lipolytic genes in
visceral adipose tissue might further favor adiposity pre-
venting an unnecessary rapid mobilization of lipids under
fasting or exercise conditions (Nielsen et al. 2014).

We further speculate that the distinct lipid handling fea-
tures and differential adipose tissue homeostasis caused by
R990G could also contribute to some features of the DSWS
phenotype such as short stature by advancing puberty or
even steatopygia. Anthropometric studies show that fat
percentage in the human body increases during puberty,
especially in the central region of the female body, leading
to anincrease in leptin secretion, which regulates menarche
inducing both the pubertal growth spurt and the growth
plate fusion in the epiphysis (Siervogel et al. 2003; Lassek
and Gaulin 2007; Miranda et al. 2014). Furthermore, the on-
set of sexual maturation is a plastic mechanism with which
humans react to stressful environments in populations
from central Europe and the Americas (Coall and
Chisholm 2003) as well as in population groups presenting
the DSWS phenotype (Stock and Migliano 2009). Only the
appropriate collection of life trait information and subse-
quent R990G association testing in the SE Asian hunter—
gatherer populations analyzed would allow to test whether
the present results support the hypothesis that the low life
expectancy of the hunter—gatherer human groups present-
ing the DSWS phenotype has selected for early maturity
and reproduction over physical growth to enhance fertility
(Walker et al. 2006; Migliano et al. 2007; Migliano et al.
2013). While providing further understanding of the adap-
tive role of the R990G substitution and its contribution to
the development of the DSWS phenotype in response to lo-
cal environmental pressures, such future research (nor the
results reported here) cannot be used either to justify any
kind of marginalization or to provide a biological justifica-
tion to the Othering treat historically reserved for popula-
tions with the DSWS phenotype.

Materials and Methods

Signals of Positive Selection

SNP genotypes from 10 Andamanese and 10 Indian Irula
whole-genome sequences generated at ~15X coverage
(Mondal et al. 2016), and 9 unrelated YRI whole-genome
sequences from the Complete Genomics data set
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(Drmanac et al. 2010) were merged and curated by remov-
ing any SNP which had missing data for any individual and
subsequently phased with SHAPEIT (Delaneau et al. 2012)
using the 1,000 G Project Phase 1 samples as reference.
Tests of positive selection based on the site frequency spec-
trum (Tajima’s D, Tajima 1989, and Fay and Wu's H, Fay and
Wu 2000) and on comparing the extended haplotype
homozygosity profiles between populations (XP-EHH;
Sabeti et al. 2007) were then genome-wide calculated in
the Andamanese as in Mondal et al. (2016). Tajima’s D
(Tajima 1989) and Fay and Wu's H (Fay and Wu 2000)
were calculated using 3 kb windows, whereas XP-EHH
(Sabeti et al. 2007) comparing Andamanese versus Yoruba
and Andamanese versus Irula was calculated by SNP.

To identify any putative adaptive variant in the CASR
gene region, we then used ANNOVAR (Wang et al. 2010)
to functionally annotate all SNPs presenting allele frequen-
cies differences >0.25 when comparing the JAR and ONG
populations to 6 mainland Indian populations, including
Uttar Pradesh Upper Caste Brahmins (UBR), Rajput
(RAJ), Vellalar (VLR), Irula (ILA), Birhor (BIR), and Riang
(RIA) available from Mondal et al. (2016). We also explored
the allele frequencies for the R990G substitution and sig-
nals of positive selection along the CASR gene region in
other SE Asian populations for which phased whole gen-
omes obtained with the 10X technology were available
(European Genome-phenome Archive [EGA] study acces-
sion number EGAS50000000044). These included several
population groups presenting the DSWS phenotype
from the Philippines (Aeta 2N = 32, Batak 2N = 24, Agta
2N =20, Mamanwa 2N =12) and Malaysia (Jehai
2N = 18, Kintaq 2N = 12, Temiar 2N = 12) as well as differ-
ent Indigenous groups from Papua New Guinea (Koinambe
2N = 24, Sepik 2N = 4, Kosipe 2N = 20, Papua New Guinea
Highlands 2N = 4, Australia 2N = 4). Haplotype compos-
ition and structure was explored with Haploview 4.1
(Barrett et al. 2005) using phased data from the
Malaysian, Philippine, Papuan New Guinean (considering
only the Kosipe and Koinambe groups), and the
Andamanese populations analyzed here as well as data
from mainland India and the Han Chinese population
from the 1000 G Project (CHB). For all 3 SE Asian groups,
we applied a test of positive selection based on the site fre-
quency spectrum (SF select; Ronen et al. 2013) available at
https://github.com/rronen/SFselect following the same
procedure as in Walsh et al. (2020) and computed the
XP-EHH statistic (Sabeti et al. 2007) comparing the
Philippines and the Malaysian population groups to
the Papua New Guinea group, with the rehh 2.0 program
(Gautier et al. 2017). For each selection test and population
group, z-scores across the CASR gene region were com-
puted from the mean and standard deviation of the
genome-wide raw values of each corresponding statistic
(supplementary data set S1, Supplementary Material on-
line). To test for selection and estimate the past allele fre-
quency trajectory and selection coefficient of the
candidate SNP rs1042636 (chr3:122003769, GRCh37/
hg19), we first inferred genome-wide gene genealogies
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with Relate (Speidel et al. 2019) and then applied the
CLUES algorithm (Stern et al. 2019). For that, we incorpo-
rated additional phased samples to the SE Asian data set
including 8 samples from India (lrula 2N =46, Birhor
2N = 4, Madiga 2N = 2, and Riang 2N = 4) and 16 samples
from various Asian populations (Ami 2N =4, Dusun
2N =4, Han 2N =4, She 2N=2, Burmese 2N=2,
Japanese 2N =2, Thai 2N =2, Igorot 2N =4, Balochi
2N =2, Cambodian 2N =2, Kinh 2N =2, Miao 2N =2),
as well as 2 European and 4 African samples (CEU and
YRI from the 1,000 Genomes Project). We converted the
phased VCF file to the .haps and .sample formats using
the RelateFileFormats tool (-mode ConvertFromVcf) for
the entire data set, which consisted of 132 samples. We
then used the PreparelnputFiles.sh module, which requires
an ancestral genome (human_ancestor_GRCh37_e59)
to polarize variants as ancestral or derived, and a strict
callability mask (GRCh37) to retain only SNP positions
with high variant calling certainty in our sequence
data. To build the tree, we ran RelateParallel.sh using
the HapMap build GRCh37 genetic map and
options -m 1.25e-8 and -N 30000. To visualize the
local genealogical tree for the target variant, we
utilized the TreeViewMutation.sh module. We employed
RelateExtract (—-mode SubTreesForSubpopulation) to gen-
erate 4 subtrees for the Andamanese (N = 10), Philippines
(N = 42), Malaysia (N = 24), and a combined group of all 3
populations (N = 76) and then estimated the coalescence
rate over time using the EstimatePopulationSize.sh module
for each of these 4 subtrees. We used a mutation rate of
1.25% 107% a generation time of 28 yrs, 5 iterations,
and a tree dropping threshold of 0.5. After estimating
the branch lengths for each subtree using the
SampleBranchLengths.sh module with the --format b op-
tion, we separately ran CLUES on the 4 local trees to esti-
mate the derived allele frequency trajectory over time for
the locus of interest. Finally, we generated a plot of the tra-
jectory using the plot_traj.py script.

Guide RNA Design and Cas9 Assay for Guide RNA
Efficiency

To generate the CaSR R990G substitution, 2 guide RNAs
(gRNAs) were designed using the Benchling design tool
(www.benchling.com). They were selected to have the
highest score for both the off-target and on-target sites
and to have a cleavage site as close as possible to the tar-
geted nucleotide (see details in supplementary fig. S6,
Supplementary Material online). The resulting gRNAs se-
quences were as follows: 5-CGGGAACTCCATGCG
CCAGA-3" and 5'-ACGGGAACTCCATGCGCCAG-3'. To
test gRNA efficiency, a substrate DNA was first created
by subcloning Casr exon 7 from mice into a Zero-Blunt
cloning vector (Invitrogen) and a Cas9 cleavage assay
was subsequently performed for each gRNA (see
supplementary fig. S20, Supplementary Material online).
Vectors were linearized and purified. To assay cleavage,
a total of 300nM of a 1:1 (vol/vol) mix of crRNA
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and tracrRNA was incubated for 5 min at 75 °C and subse-
quently allowed to cool to room temperature. One pL of
Cas9 nuclease (3 pg/ pL), 3 puL of NEB Cas9 buffer, and
11 pL of H,O were then added to the mix and incubated
for 10 min at 25 °C to allow the formation of the RNP com-
plex. Five pL of substrate DNA (30 nM) was then added to
the solution and incubated for 1 h at 37 °C. Cleavage pro-
ducts were subject to agarose gel electrophoresis, and the
efficiency of the gRNA was measured by the ability to effi-
ciently cleave substrate DNA.

Electroporation of CRISPR RNPs and
Homology-Directed Repair Template into Zygotes

A donor template for homology-directed repair (HDR) was
designed according to guidelines (Richardson et al. 2016) to
generate the R990G substitution and purchased from
Integrated DNA Technologies (IDT). For gRNA annealing,
10 uL (at 54 ng/pL) crRNA plus 15.6 uL (at 84 ng/pL)
tracrRNA were incubated for 10 min at 75 °C followed by
gradual cooling to room temperature. Subsequently,
17.94 pL of the gRNA annealing reaction was incubated
for 10 min at 25 °C with 5.42 pL (at 125 ng/uL) of Cas9 nu-
clease, after which 32.5 pL (at 500 ng/pL) of ssDNA R990G
template plus 74.14 uL OPTIMEM were added. Forty pL of
this solution (assembly reaction) were aliquoted to be used
for the electroporation. Four-week-old B6CBAF1/) female
mice were superovulated with 51U of PMSG and 51U
hCG and were subsequently mated with male C57B6/)
stud mice. Zygotes were harvested at stage EO.5.
Electroporation was then carried out with a NEPA21 elec-
troporator (NEPAgene) using the following conditions: as-
sembly solution-containing zygotes, 40 pL; poring pulse,
250 V; length, 1.5 mS; interval, 50 mS; decay rate, 10; num-
ber of pulses, 4; transfer pulse, 20 V; length, 50 mS; interval,
50 mS; decay rate, 10; and number of pulses, 5. Following
electroporation, surviving zygotes were transferred into
6-wk-old CD1 recipient females via oviduct transfer.
Seventeen offspring were obtained, and 8 of them tested
positive for the R990G substitution after PCR-RFLP analysis
(supplementary table S2, Supplementary Material online).
All animal handling and experimental procedures con-
ducted at the Mouse Mutant Core Facility (Institute for
Research in Biomedicine [IRB]) were approved by the
Ethical Committee of the Parc Cientific de Barcelona (pro-
ject 19-013-9170PRO-SPF).

Genomic DNA Extraction

Genomic DNA was extracted from tail or ear biopsies of
2-wk-old mice by a standard proteinase K and
isopropanol-based method. For that, samples were incu-
bated overnight at 55 °C in 500 pL of lysis buffer and
7.5 pL of proteinase K. The solution was then centrifuged
for 5min at 18,000 X g and the resulting supernatant
was transferred into another tube, where 500 pL of isopro-
panol were added. We subsequently processed the solu-
tion by inverting the tube 5 to 6 times and by
centrifuging it at 18,000 X g for 10 min. Isopropanol was

then removed and the pellet was washed twice with etha-
nol 70% at —20 °C followed by 5 min of centrifugation at
18,000 X g. Finally, purified DNA was resuspended in
300 pL of TE and incubated for 1 h at 65 °C in agitation.

R990G Genotyping

Since the R990G substitution generates a consensus se-
quence for the Btgl restriction enzyme, we genotyped all
newborn mice by PCR-RFLP analysis (see supplementary
fig. S6, Supplementary Material online). To do so, Casr
exon 7 genomic DNA was amplified using forward and re-
verse primers 5-AACACCATCGAGGAGGTGC-3" and
5’-CTCCACCGCTGATGACGAAG-3’, respectively. PCR re-
actions were performed in a volume of 50 pL containing 1x
KOD-HS buffer, dNTPs (200 uM final), Mg>* (1.5 mM final),
2 L of forward primer (400 nM final), 2 pL of reverse pri-
mer (400 nM final), 0.5 pL KOD Hot Start DNA polymerase
(1 unit), and 1 pL of purified DNA (100 to 250 ng/uL). PCR
conditions were 1 cycle of initial denaturation at 95 °C for
3 min; 40 cycles of denaturation at 95 °C for 30 s, primer an-
nealing at 60 °C for 20 s and extension at 70 °C for 20 s, and
final extension at 70 °C for 5 min. After amplification, PCR
products were run on agarose gels, purified with GeneJET
Gel Extraction Kit (Thermo Fisher Scientific), and subse-
quently incubated for 90 min at 37 °C with the Btgl enzyme
(BioLabs) following manufacturer’s instructions.

Editing Efficiency and Quality

To evaluate the efficiency and quality of the editing, we
cloned the amplified PCR products from each positive
mouse into a pCR-Blunt vector (Invitrogen) following the
manufacturer’s conditions. A total of 24 colonies from
each founder were analyzed. Plasmid DNA was amplified
and subject to RFLP analysis with Btgl. DNA from each col-
ony was then extracted using Purelink Quick Plasmid
Miniprep Kit (Thermo Fisher Scientific) and subsequently
used for PCR-RFLP analysis as previously described to verify
CRISPR editing efficiency. Up to 4 colonies from each con-
firmed positive mosaic were then Sanger sequenced to en-
sure the correct editing of the R990G substitution and
discard any potential insertions or deletions introduced
during the CRISPR-Cas9 editing protocol. Five of the 8 mo-
saic mice carried the expected sequence around the edited
site (supplementary table S2, Supplementary Material
online).

Establishment of 2 Lines and Animal Experimental
Procedures

Mosaic founder mice generated at the Mouse Mutant
Core Facility (IRB) and harboring the corrected edited pos-
ition were then bred with CBA mice (6 wks) from Charles
River Laboratories (France) to generate founder lines at the
Barcelona Biomedical Research Park (PRBB) animal facility.
All 5 correctly edited mosaic mice transmitted the substi-
tution to their offspring after breeding with CBA mice. We
selected 1 mosaic founder deriving from each separate
editing experiment and gRNA to establish 2 independent
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CaSR R990G mice lines, denoted as lines 7 and 15, by cross-
ing the corresponding heterozygote descendants from the
F1 generation. Genotyping was performed by PCR-RFLP
analysis after extracting DNA from either tall or ear biop-
sies obtained just after weaning as described above. After
establishing 17 crosses between heterozygous individuals
in the line 7 F1 and 9 crosses between heterozygous indi-
viduals in the line 15 F1, a total of 125 F2 mice in line 7 and
90 F2 mice in line 15 were used for experimental proce-
dures (see supplementary fig. S7, Supplementary
Material online). Thus, all phenotyped animals in this
study belonged to the filial generation 2 (F2) to minimize
the drift effect of inbreeding across several generations.

Potential off-target sites for each corresponding gRNAs,
as predicted by the Benchling designing tool, were checked
by standard Sanger sequencingin all founders for lines 7 (22
mice, 7 off-target sites) and 15 (21 mice, 11 off-target sites),
respectively. Similarly, the correct editing within Casr was
verified in all F1 founders or corresponding F2 descendants
by Sanger using primers 5'-AACACCATCGAGGAGGTG
C-3" and 5'-CTCCACCGCTGATGACGAAG-3’, respective-
ly. Off-target genes and primers for the amplification and
sequencing are shown in supplementary tables S3 and S4,
Supplementary Material online, and the subsequent
aligned sequences obtained for all off-targets and the
Casr-edited region are available in supplementary data
sets S13.1 to S13.20, Supplementary Material online.
Moreover, WGS were generated in 15 F2 individuals (at
more than ~19.5X coverage) to further evaluate the possi-
bility of additional genome-wide off-targets introduced by
the CRISPR-Cas9 editing experiment (see details in
supplementary note S2, Supplementary Material online).
Mice for phenotyping were kept under pathogen-free con-
ditions in a controlled temperature and humidity environ-
ment with a 12:12 h light:dark cycle and had free access to
water and were fed ad libitum on a standard diet (except
otherwise indicated) at the PRBB animal facility. A subset
of 87 animals (including 42 mice from line 15 and 45
from line 7) were subjected to a vitamin D-deficient diet
(Envigo, TD. 89123) from the 3rd to the 14th wk of age.
All animal handling and experimental procedures for the
phenotyping were conducted in accordance with the
European Union Directive 2010/63/EU and the Spanish
Legislation (Real Decreto 53/2013, BOE 34: 11370-11421)
and were approved by the Ethical Committee of Animal
Experimentation of the PRBB (project PML-18-0014) and
the Animal Research Committee of the Department of
Territory and Sustainability, Generalitat de Catalunya,
Spain (project 10043).

Blood and Urine Biochemical Analysis

Blood samples were collected from the retro-orbital vein at
the 14th wk of age and left to rest for 30 min. Serum was
then separated by centrifugation at 2,000 X g for 10 min at
4 °C, aliquoted conveniently, and stored at —20 °C
until further analysis. Serum samples were analyzed for
Ca, magnesium, phosphorus, creatinine, fructosamine,
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triglycerides, nonesterified fatty acids (NEFAs), total chol-
esterol, HDL, and LDL on an automated clinical chemistry
analyzer Olympus AU400. Serum PTH and osteocalcin
concentrations were measured using the Mouse PTH 1
to 84 ELISA Kit (Immutopics) and the Mouse
Osteocalcin EIA Kit (Alfa Aesar), respectively, following
the manufacturer’s protocols. Urine samples were col-
lected from mice housed in metabolic cages at around
13 wks of age. After 48 h, 24 h urine was collected from
each animal and rapidly stored at —20 °C until further ana-
lysis. Urinary Ca, inorganic phosphate (Pi), and creatinine
were measured on an automated clinical chemistry analyz-
er Olympus AU400. All blood and urine biochemical ana-
lyses were determined at the Servei de Bioquimica Clinica
Veterinaria, Universitat Autonoma de Barcelona
(Cerdanyola del Vallés, Barcelona).

Body Weight Growth Curves and BMI

Body weight changes were recorded from wks 3 to 20 and
examined weekly between lines, sexes, and genotypes using
factorial ANOVA:s. Since several experimental procedures
(such as blood extraction, use of metabolic cages for urine
collection, and transport and anesthetics for the micro-CT
analysis performed outside the PRBB animal facility) could
be affecting unevenly numbers of individuals across the
studied groups, we also applied a mixed-model ANOVA
with repeated measures along wks 4 to 12 to analyze the
overall effect of the examined variables before performing
any of the aforementioned experimental procedures.
Body weight and crown rump length were recorded at
the final point (between wks 20 and 26) for 128 animals.
The BMI was calculated as the ratio between body weight
(g) and square crown rump length (mm). Weight, crown
rump length, and BMI among experimental groups were
subsequently normalized by age. Power calculations for
the sample sizes and statistical tests used (here and in the
phenotyping analysis below) were obtained with the
Power T Z Calculator tool (https://www.statskingdom.
com/32test_power_t_z.html) after considering a 2-sample
t-test (H1: u= p0) and a significance level a = 0.05 (see de-
tails in supplementary data set S14, Supplementary
Material online).

Body Composition Analysis and Micro-Computed
Tomography

Body composition analyses were performed at 14 wks of
age at the Animal Facility of the Parc Cientific de
Barcelona (PCB) within the PCB-PRBB Animal Facility
Alliance. Fat and lean body mass of nonanesthetized live
mice were determined using the EchoMRI Analyzer system
(Echo Medical Systems, Houston, TX, USA). For ex vivo
micro-CT analysis, femur and tibia bones were isolated
at the final point (25 wks of age), fixed in PFA 4% overnight
at 4 °C, washed in PBS, and then stored in PBS at 4 °C. The
bone micro-architecture of the tibial cortical bone and the
trabecular bone at the proximal tibial metaphysis were as-
sessed using a Perkin ElImer Quantum Fx instrument at the
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Preclinical Imaging Platform of the Lab Animal Service of
the Vall d’'Hebron Institut de Recerca (VHIR).

Histopathological Analyses

Skin biopsies and liver, kidney, and thyroid gland samples
obtained at the terminal point were fixed in 10% buffered
formaldehyde, dehydrated in increasing concentrations of
ethanol, and embedded in paraffin wax. Tissue samples
were subsequently sectioned and stained with hematoxylin
and eosin for pathological evaluation at the Departamento
de Medicina y Cirugia Animal, Facultad de Veterinaria,
Universidad Complutense de Madrid.

Wound Healing Experiments and Skin Histology
Skin biopsies were performed after depilation using 5 mm
disposable punches on anesthetized mice (line 7). Wound
healing was evaluated at a macroscopic level and moni-
tored by taking digital photographs at different time points
after the lesion was performed at either 10 (6 mice) or 20
wks (12 mice). At the same time points, the larger and min-
or diameters of the skin lesions were also manually mea-
sured by using a caliper. Wound areas were determined
by applying the formula: (large diameter/2) X (minor diam-
eter/2) X m, whereas the wound healing rate was then esti-
mated as [(area of original wound — area of actual wound)/
area of original wound] X 100. Skin biopsies at 20 wks of age
were incubated in paraformaldehyde 4% overnight, paraf-
fin embedded to be cutin 5 pm thickness and then stained
with hematoxylin and eosin. Differences in epidermal thick-
ness between genotypes were evaluated using 5 measures
per sample and region (derma or epidermis).

Dissection and Histology of Liver and Fat Tissue
Samples

Adult animals were sacrificed from the 5th up to the 6th
month of their life to retrieve the medial and left liver lobes,
inguinal subcutaneous white fat pads, and visceral white fat
pads. One-half of each dissected tissue was incubated in
RNAlater stabilization solution (Invitrogen) according to
the manufacturer’s instruction to preserve the RNA of each
specimen for gene expression quantification. The other half
was incubated for 12 h at 4 °C in paraformaldehyde (4% in
PBS); then, paraffin inclusion and hematoxylin and eosin
stains were performed by the Histology Unit of the Centre
for Genomic Regulation in Barcelona. Twelve-um-thick slides
were produced for each tissue and observed using a Zeiss
Axiolmager Z1 microscope (Apotome) (Carl Zeiss
Microlmaging). Liver biopsies were categorized into a normal
or a steatosis phenotype according to the degree of lipid ac-
cumulation in sections of the tissue stained with hematoxylin
and eosin using as references Figure 1in Xu et al. (2012) and
Figure 4 in Kristiansen et al. (2016). Liver sections presenting
normal and mild phenotype with lipid droplets were classi-
fied as “normal” and those presenting moderate to severe
fatty liver as “steatosis.” For each animal, the phenotypic as-
signment was performed genotype blinded 3 times in 3 inde-
pendent days. A Pearson’s chi-squared test was used to

determine whether there is a statistically significant differ-
ence between the expected frequencies and the observed fre-
quencies between the 2 steatosis phenotype categories and
the R990G genotypes.

The open-access image analysis software Image) was used
to calculate cell diameters and areas in both subcutaneous
and visceral fat stains from 5 to 7 animals per each sex and
genotype. Five to 7 images per animal were analyzed to re-
trieve most of the tissue’s variability. A t-test was used to
evaluate differences between genotypes within each line
and sex. The frequency distribution of fat cell areas was cal-
culated using bins from 0 to 15,000 um? in 500 increments as
reported in Parlee et al. (2014). A Pearson’s chi-squared test
was used to determine differences between genotypes across
all bins after collapsing those with expected frequencies < 5.
Analyses were performed separating animals with normal li-
ver and hepatic steatosis.

RNA Extraction and qPCR

Total RNA was extracted from liver and adipose tissue spe-
cimens following the standard protocol of the higher pur-
ity tissue total RNA purification kit (Canvax, Cordoba,
Spain). RNA quality and quantity were analyzed using a
NanoDrop spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA). DNase treatment was performed
on 300 ng of total RNA for highly expressed genes and
on 1,000 ng of total RNA for genes with low expression
using DNase I/RNase-free standard protocol (Thermo
Fisher Scientific). The Transcription First Strand cDNA syn-
thesis kit (Roche Diagnostics) was used to perform the re-
verse transcription reaction. qPCR reactions were
performed using the iTaq Universal SYBR Green
Supermix (Bio-Rad Laboratories). Amplifications were car-
ried out with an initial denaturation step at 95 °C for
3 min, followed by 44 cycles of 95 °C for 10 s and 57 °C
for 1 min. Each qPCR reaction was followed by a melting
curve analysis to verify specificity. Subsequently, the ex-
pression of 9 genes related to inflammation and lipid me-
tabolism was quantified in the liver and fat samples using
the actin housekeeping gene as an internal control (see pri-
mer details in supplementary table S5, Supplementary
Material online). In particular, the relative gene expression
for ATGL, HSL, PPARy, PPARalpha, FAS, FABP4/aP2,
Tnf-alpha, adiponectin, and LPL was quantified using the
272" method and given as copies of mRNA per 1,000
copies of actin mRNA. Statistical significance between gen-
otypes was analyzed by the 2-sample t-test and ANOVA.

Supplementary Material

Supplementary material is available at Molecular Biology
and Evolution online.
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