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Abstract

South-east Asian rainforest hunter-gatherers (SEA-RFHG) are
characterized by specific morphological features including a particularly
dark skin color (D), an extremely short stature (S), the development of
woolly hair (W), and the presence of a localized fat accumulation in the
hips called steatopygia (S) (DSWS phenotype). Using whole-genome
sequences from different SEA-RFHG (Andamanese, Malaysians, and
the Philippines) we characterized signatures of positive selection
around the Calcium-Sensing Receptor (CaSR) gene and identified the
R990G substitution (rs1042636) as a potential adaptive variant to
experimentally follow up. At a systemic level, CaSR has a critical role in
calcium homeostasis by regulating parathyroid hormone secretion.
However, the gene is also expressed across a wide range of tissues being
involved in many different biological functions. Thus, to investigate a
putative adaptive phenotype at the organism level, we generated a
knock-in mouse for the R990G substitution using the CRISPR-Cas9
technology and explored potential phenotypical differences related to
CaSR functions between homozygote carriers of ancestral and derived
alleles. We found that 990G homozygotes show, among other
phenotypes, greater weight and fat accumulation, probably related to
changes in the adipogenesis-lipolysis equilibrium. Such differential
adipogenicity could facilitate an earlier sexual maturation, in agreement
with the hypothesis that the DSWS phenotype could result from
selection for an early onset of reproduction in a particularly hostile
environment.

Riassunto

I cacciatori-raccoglitori della foresta pluviale nel Sud Est Asiatico
presentano delle specifiche caratteristiche morfologiche che includono
un colore della pelle particolarmente scuro (D), una statura
estremamente ridotta (S), la presenza di capelli particolarmente ispidi
(W) ed una accumulazione adiposa accentuata nella zona dei fianchi



definita steatopigia (S) (fenotipo DSWS). Attraverso I'uso di sequenze
whole-genome appartenenti a diverse popolazioni del Sud Est Asiatico
(Andamanesi, Malesie Filippini), il nostro gruppo ha identificato segnali
di selezione positiva in una regione genomica che include un recettore
accoppiato a proteina G: il Calcium-Sensing Receptor (CaSR).
All’interno del gene ¢ stata rilevata la presenza di una sostituzione non-
sinonima (R990G) associata all’ rs1042636 che successivamente
abbiamo scelto come variante potenzialmente adattativa da testare
sperimentalmente. Il ruolo principale del CaSR a livello sistemico ¢
quello di regolare 'omeostasi del calcio attraverso la modulazione della
secrezione del paratormone (PTH). D’altro canto, essendo
estremamente pleiotropico, il gene si esprime in molteplici tessuti in cui
svolge differenti funzioni biologiche. Per queste ragioni abbiamo
generato un modello di topo introducendo il cambio non sinonimo
R990G attraverso le forbici molecolari CRISPR-Cas9 al fine di studiare
le potenziali differenze ascrivibili alle molteplici funzioni del CaSR tra
gli animali omozigoti per i due alleli (ancestrale e derivato) e dedurne
un possibile fenotipo adattativo. I risultati ottenuti rivelano che gli
animali omozigoti per 'allele 990G presentano, tra gli altri fenotipi, un
incremento nell’accumulo di grasso, probabilmente dovuto ad
un’accentuata adipogenesi ed alla riduzione della lipolisi. Queste
caratteristiche potrebbero facilitare 'anticipazione della maturazione
sessuale in accordo con l'ipotesi secondo cui il fenotipo DSWS nelle
popolazioni di cacciatori-raccoglitori potrebbe essere stato generato in
seguito ad una pressione selettiva che avvantaggiava la riproduzione
anticipata in ambienti particolarmente ostili come la foresta pluviale.

Sinopsis

Los cazadores recolectores del Sudeste Asiatico presentan varias
caracteristicas fenotipicas especificas como un color de piel
particularmente oscuro (O), una estatura extremadamente baja (B), un
pelo muy rizado (R) y una inusual acumulacion de grasa en las caderas
llamada esteatopigia (E) (fenotipo OBRE). A partir de la recopilaciéon y
analisis de secuencias gendmicas completas de varias poblaciones
humanas de las Islas Andaman, Malasia, y Filipinas, identificamos
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sefiales de seleccion positiva alrededor del gen del receptor de deteccion
de calcio (abreviado como CaSR en inglés)), y la sustitucion no
sinénima R990G como variante genética potencialmente adaptativa en
estas poblaciones para validar experimentalmente. A nivel sistémico el
CaSR actta sobre la homeostasis del calcio regulando la secrecién de la
hormona paratiroidea. Ademas, el gen se expresa en muchos tejidos y
participa en diferentes funciones bioldgicas. Consecuentemente, para
poder investigar el fenotipo adaptativo a nivel de organismo, generamos
a un ratén knock-in por la sustitucién R990G usando la tecnologia del
CRISPR-Cas9 y analizamos las posibles diferencias fenotipicas
relacionadas con las funciones del CaSR entre los animales
homocigotos por el alelo ancestral y derivado. Encontramos que los
homocigotos 990G muestran, entre otros fenotipos, mayor peso y una
mayor acumulacién de grasa probablemente relacionada con cambios
en el equilibrio adipogénesis-lipolisis. Estas caracteristicas podrian
facilitar una maduracion sexual temprana, de acuerdo con la hipotesis
que la baja estatura del fenotipo OBRE puede ser el resultado de la
seleccion para un inicio temprano de la reproducciéon en un ambiente
particularmente hostil.
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Preface

Studying human diversity has interested researchers and explorers for
centuries. Only in the last decades with the increasing amount of first
genetic and later genomic data, scientists have been able to appreciate
the high genetic similarity of all human populations (more than 99 %
identity) and retrace human migrations through molecular fingerprints
left in our genomes. Besides, results obtained from the Population
Genetics field suggest that populations are melted into one another,
their allele frequency variation is not discrete, but rather clinal and it is
strongly affected by selective pressures experienced by populations in
different environments.

In this thesis, we focused on the study of human adaptation in the
tropical rainforest environment. Specifically, we analyzed tribal
rainforest hunter-gatherer populations from South East Asia presenting
certain morphological features including a particularly dark skin color
(D), an extremely short stature (S), the development of woolly hair (W),
and the presence of a marked fat accumulation localized in the hips
called steatopygia (S) (DSWS phenotype). Analyzing whole-genome
data from the Andamanese population, we retrieved signals of selection
in the region encompassing the Calcium-sensing Receptor (CaSR).
Here, the non-synonymous substitution R990G (rs1042636) was
identified as one of the top 20 most differentiated non-synonymous
variants between the Andamanese and mainland Indian populations
showing signals of selection in the former group. Furthermore, we
replicated the selection signal in the CaSR region in whole-genome data
from Malaysians and Philippine populations also carrying the R990G
substitution at high frequencies. Thus, we decided to study the
phenotypic implication of the R990G substitution in a mouse model
considering the following evidence in addition to the selection signals
previously described: the R990G substitution was associated with a very
high CADD score (18,42), indicating a strong functional impact; the
substitution was also previously described as a gain of function,
conferring the receptor higher sensitivity to extracellular Ca*"; the
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CASR gene is very pleiotropic, and it shows an active role in different
biological pathways.

Results obtained from the mouse model showed a systemic unbalance
in the lipid handling, being the homozygotes for the derived allele more
prone to develop higher weight and BMI, higher fat percentage, higher
number of small adipocytes in fat histology, and downregulation of
lipolytic-related genes.

All the evidence gathered in this study suggests that the R990G
substitution in rainforest hunter-gatherers from South East Asia favors
an enhanced fat accumulation that could result adaptive in a difficult
environment such as the tropical rainforest. In this line, the increased
fat storage enhances energy storage and has been previously shown to
result in a faster sexual maturation and early onset of menarche in girls,
generating an anticipated closure of the growth plate in bones. Thus,
we hypothesize that natural selection favored this mechanism in
rainforest hunter-gatherer populations studied here generating their
specific phenotype with a small stature and the development of the
steatopygia.

When studying human adaptation in historically excluded populations,
their social background and possible consequences of the research must
be considered. Often, adaptation generates extreme phenotypes that
have been historically used to racialize people and confine them to a life
of social exclusion based on the assumption that the phenotype
mirrored the psychological and moral qualities of individuals.

For these reasons, before moving to the body of this thesis, some
considerations must be pointed out: neither clinal population
differences nor any adaptative variants are enough to justify any kind of
subdivision of the human race into biological discrete groups; any kind
of deterministic association between genetics and psychological abilities
or ethical values must be condemned, being the result of the
resurrection of some old-fashioned nationalistic ideas; science and
soclety are strictly interdependent, while on one hand, scientists are
human beings socialized in a certain environment which could be



influencing their research, on the other hand, the study of human
diversity from a scientific perspective has a strong impact on public
opinion and politics, giving scientists the strong responsibility to design
collaborative and respectful projects and disseminate consciously their
scientific results.
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INTRODUCTION






1. The human journey into South East Asia

During the last 100 ky, since the Out of Africa, human populations have
been spreading across the world occupying very different habitats in a
relatively short period. The newly colonized environments acted as
different selective pressures on the human genome generating, together
with different demographic processes, the 10% variability present in
nowadays populations (Fan et al., 2016; R. D. Hernandez et al., 2011;
Rees et al., 2020). One of the harshest environments ever colonized by
humans is the tropical rainforest, characterized by high temperature and
humidity, as well as the presence of many pathogens and parasites.
Furthermore, the rainforest was described as a challenging environment
in terms of food accessibility, due to the scarcity of protein- and fat-rich
fauna and the rare presence of carbohydrate-rich plants (Fan et al.,
2016; Roberts & Petraglia, 2015). Despite these challenging conditions,
several human groups settled in the tropical environment developing
specific adaptations that allowed their survival (Migliano et al., 2007,
2013; Perry et al., 2014). In this thesis, I will examine the hunter-
gatherer populations settled in tropical rainforests of South East Asia
(SEA), illustrating their history and cultures as well as describing the
population structure while focusing on the analysis of their genetic
adaptation to the rainforest.

Before zooming in, I will here briefly delineate a summary of the SEA
population structure that will be further detailed in the following
sections. Archeological remains support the hypothesis that the first
settlers of SEA arrived after the Out of Africa (OOA) around 70-50
kilo years ago (kya) following the south coastal route and colonizing a
big landmass nowadays submerged called Sundaland (Aghakhanian et
al., 2015). The majority of present-day populations that live in the area
share a phenotypic affinity with East Asian populations, and
additionally, archeological and linguistic data support the idea that the
population diversity was strongly influenced by an expansion of farmers
from the north (McColl et al., 2018). Additionally, the current SEA
population also includes several hunter-gatherer minorities that live in
the Andaman Islands, the Malaysian peninsula, the Philippine



archipelago, Papua New Guinea, and Australia. These minorities have
been described to be descendants of the first settlers that arrived on the
continent during the OOA (McColl et al., 2018). Traditionally, due to
their distinct phenotype, their hunter-gatherer lifestyle, and culture,
these tribal minorities were hypothesized to be monophyletic by
anthropologists and archeologists (Endicott, 2013), but instead, a more
complex scenario was later suggested by the genetic data (Endicott et
al., 2003; Migliano et al., 2013). An in-depth description of the socio-
cultural and phenotypic characteristics of these tribal minorities will
follow in the next sections, here I will refer to them as “rainforest
hunter-gatherers” (RFHG) as previously suggested by Fan et al. (2016)
and I will describe the state of the art on their population history as
inferred from archaeological data, historical records, linguistics as well
as genetic structure and demography.

1.1. Genetic structure and demography of South East
Asia

As previously mentioned, due to their phenotypic characteristics the
SEA tribal RFHG were historically considered the descendants of an
ancient African group of RFHG that peopled SEA, however, ancient
mtDNA haplogroup characterization revealed instead an Asian origin
for the RFHG from the Andaman Islands, Malaysia, and Philippines
(Endicott et al., 2003; Reich et al., 2011).

Through the analysis of modern SEA genomes looking for an ancient
Denisovan introgression on genotyping data, Reich et al. (2011) were
able to describe the population movements during the first settling of
SEA and Oceania. A very low signal of Denisovan introgression was
found in the mainland SEA, in the modern RFHG Onge population
native of the Andaman Islands, and in the Malaysian RFHG Jehai.
Though, a signal of admixture was found in the Jehai group coming
from SEA populations. On the contrary, the highest introgression
signal was retrieved in Australia and New Guinea while this signal was
diluted in the Philippines, South-eastern Indonesia, and Polynesia



(tigure 1). Evidence of Denisovan introgression was also found in the
tribal RFHG group of Mamanwa that live in the Philippines. These
findings suggested that the Andaman RFHGs were the only group
showing a very low signal of introgression from Denisovan and no
admixture from SEA, thus resulting to be the closest group to the

ancestral population.
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Figure 1: Denisovan Genetic Material as a Fraction of that in New Guineans
from Reich et al. (2011)

In this line, whole-genome sequencing was performed on ancient DNA
by McColl et al. (2018) and analyzed together with previously published
modern samples from worldwide populations. Interestingly, the two
oldest samples associated with the Hoabinhian culture, one dating from
7,950 to 7,795 kya and the other from 4,415 to 4,160 kya, were found
to be closely related to the Onge population, while the Jehai population
was described to be an admixture between the oldest ancient samples
and Neolithic-Bronze age individuals. Similar results were obtained in
another study analyzing genotype data of the “Orang Asli” (OA)
community (literally “Original People”), which are the tribal hunter-
gatherers that constitute 0,6% of the Malaysian population
(Aghakhanian et al., 2015). Here, the Treemix tree (figure 2 A) showed
the two RFHG populations of the Andaman Islands (Onge and Jarawa)
to be closely related and grouped in a deep clade. The rest of the
Malaysian OA populations clustered together and were found to be



different from the rest of East Asia, supporting the idea that they are
descendants of the Hoabinhian hunter-gatherers that occupied the
Sunda peninsula during the late Pleistocene. Further analyses on
genome-wide data from the Philippine tribal RFHG populations of
Agta, Aeta, Batak, and Mamanwa were performed by Jinam et al. (2017)
together with genome-wide data from the Andamanese and the
Malaysian OA population that self-identify as “Negrito”. In the
Neighbor-Joining tree (figure 2 B), all the hunter-gatherer populations
included in the study appeared as basal to all the other SEA populations.
Furthermore, the authors inferred the introgression of Denisova into
the genome of the Philippine populations Aeta, Agta, and the admixture
of the Philippine and Malaysian hunter-gatherer populations with the

surrounding non-hunter-gatherer.

Cambodian
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Figure 2: Phylogenetic relationships among SEA populations. A. Treemix tree
from Aghakhanian et al. (2015). B. Neighbor-Joining Tree from Jinam et al. (2017)

Taken together, all the results reported here show a complex history for
the peopling of SEA (figure 3) with the first settlers arriving from the
southern coastal route (Aghakhanian et al., 2015) probably during the
last glacial maximum, when the sea level was lower and the nowadays
islands formed the Sundaland landmass (Chaubey & Endicott, 2013).
The first wave of settlers reached the Andaman archipelago (where they
became isolated) and spread through the Sundaland, where numerous
nowadays Malaysian tribal RFHG groups are found to be carrying the



genetic signals of the ancestral Hoabinhian hunter-gatherers
(Aghakhanian et al., 2015). The ancestral settlers reached then the
Philippines, Melanesia, and Papua where they met the indigenous
Denisovan inhabitants of the area in Papua New Guinea and Australia
(Aghakhanianet al., 2015; Jinam et al., 2017; Reich et al., 2011) receiving
the introgression from the Denisovan population that Meyer et al.
(2012) estimated to reach the 6% of the Papuan genomes.

~ 65 kya

~ 50 kya

Figure 3: Settlement in SEA of the first hunter-gatherer groups. The black lines
indicate the possible routes taken by the first settlers, whereas in yellow is represented
the areal distribution of Denisovans.

1.2. SEA Neolithic transition: in Archeological data

Traditionally, archeological studies associated the Austronesian
expansioninto South East Asia with the spread of the Neolithic lifestyle
in the area, leading to a cultural and linguistic replacement. Yet, Philip
et al. (2017) combining archeological, linguistic, and genetic data
identified for the Neolithic transition, on the one hand, an Eastern
Migration Route (EMR), that was previously defined as the Out of
Taiwan theory, and on the other hand, a Western Migration Route



(WMR) that involved people moving from China through Vietnam and
Malaysia until Sumatra and Borneo. The group of people that entered
SEA through the WMR have been associated with the cord-marked
pottery which is a marker of the early Neolithic and was described to
be related to the population movement that spread the Austroasiatic
languages. No evidence of the corded-marked pottery was found in the
EMR, where instead the archeological sites revealed the production of
the red-slipped pottery that was associated with the Austronesian
language expansion, as shown in figure 4 (Choin et al., 2021; Philip et
al,, 2017).

In summary, two waves of Neolithic expansion can be identified by
analyzing the archeological data, both of them starting in south China.
Following the WMR, A. Anderson (2005) described the expansion of
the cord-marked pottery and the Austroasiatic languages that he
defined as markers of the Neolithic expansion I. At the same time, the
so-called Neolithic expansion II involved a population expansion
following the EMR carrying the red-slippery pottery and the
Austronesian languages from Taiwan towards the south, until reaching
and replacing the Austroasiatic expansion occurred westwards.
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Figure 4: Proposed route of Austroasiatic and Austronesian migration into
Indonesia. The figure shows the geographic distribution of sites that have produced
red-slipped and cord-marked pottery from Philip et al. (2017)



SEA Neolithic transition: in linguistic and genetic
data

Modern Austroasiatic languages are spoken nowadays by more than 65
million people, and most of them are characterized by many dialects
without a written tradition. Culturally, the most important languages
with a remarkable written record are Khmer, Mon, and Vietnamese,
spoken in Vietnam and Cambodia (Diffloth, 2018), while the rest of the
Austroasiatic speakers are scattered in remote mountains or are part of
the Malayan tribal RFHGs as shown in figure 5 A (Benjamin, 1976;
Toshihiro, 2009).

On the other hand, the Austronesian languages constitute the largest
language family in the world and are spoken from Madagascar to
Polynesia (R. A. Blust, 2018). Most of the Austronesian languages
variability is contained within Taiwan, while the rest are Malayo-
Polynesian speakers, as shown in figure 5 B. Genome-wide analysis of
present-day populations from Austronesian-speaking Island South East
Asia (ISEA) identified the presence of an Asian ancestry component
associated with the modern Austroasiatic speakers. In this study, Lipson
et al. (2014) explain their results hypothesizing the existence of an
admixed Austroasiatic-Austronesian ancestral population in Vietnam
and Malaysia that subsequently spread into the ISEA leading to the
radiation of the Malayo-Polynesian Austronesian languages.
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Figure 5: Modern linguistic distribution. A. Austroasiatic languages, B.
Austronesian languages. from Glottolog 4.6 (Hammarstrom et al., 2022)

Considering all the evidence together, we can fairly say that the
nowadays SEA tribal RFHG are the descendants of the first
populations that arrived in Sundaland during the late Pleistocene in a
single-wave migration from central Asia. Archeological findings
revealed that these populations were of Hoabinhian culture and spoke
a language that is now lost. When the sea level raised, they remained
isolated, and later on, they were forced to move to more remote areas
(islands, remote mountains, and rainforests) by the subsequent
Neolithic migrations from the mainland. The Sundaland people that
settled in Malaysia acquired Austroasiatic languages by the Neolithic
migration wave through the WMR, while the Sundaland people in the
Philippines acquired Austronesian languages from the EMR (figure 06).
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Figure 6: Plausible migration routes into SEA. Black arrows indicate the first
settlement after the Out of Africa. The blue arrow indicates the WMR followed by
the Austroasiatic expansion. Green arrows show the Austronesian expansion through
the EMR.

1.3. Human settling in the Sahul continent

As previously described, during the late Pleistocene the South East Asia
geomorphology was strongly characterized by lower sea level and the
emergence of two continental landmasses: the Sunda Shelf and the
Sahul continent. The latter included the nowadays Australia and New
Guinea, and it was separated from Sundaland by a major ecological
barrier of deep oceanic water containing small islands: the Wallacea
(Brucato et al, 2021; O’Connell & Allen, 2010). Archeology and
genetics agree on dating the colonization of the Sahul continent back
to ~50 kya when the first wave of settlers from Sundaland crossed the
Wallacea (Brucato et al., 2021). The routes followed by the first groups
for Sahul’s colonization are still under debate, but recent studies on
both mitochondrial and autosomal genomes revealed that probably an
ancestral population inhabiting Sundaland entered the Sahul continent
in two waves, one settling the Northern Sahul (that now corresponds
to New Guinea) and the other entering in the Southern Sahul (which
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today is Australia) (Malaspinas et al., 2016; Pedro et al., 2020). In this
line, Pedro et al. (2020) inferred that the ancestral Sunda population
must have been already characterized by a strong population structure
since the mitochondrial haplogroups variability of modern samples
from Island South East Asia, Oceania, and Australia revealed that
Northern and Southern Sahul hosted different lineages that rooted back
to 50 kya during the first stages of the settlement. Additionally, the
analysis of whole-genome sequencing data from Papua New Guinea,
Indonesia, and Australia also supported the two-wave settlement
hypothesis, revealing, however, a complex scenario for the peopling of
the Sahul continent including settlement and gene flow while not totally
excluding the possibility of the single wave migration (Figure 7)
(Brucato et al., 2021).

Q—} One migration to Sahul (50kya)

Two migrations to Sahul (50kya)
....... P Gene flow (~50kya)

Migration in New Guinea (50-20kya)
------- P Gene flow (30kya-10kya)
Archaeological site (>40kya)

Wallace

-
vddeke
line Lyddeker

fine

Figure 7: Genomic scenario of the human dynamics in north Sahul during the
Upper Pleistocene. Light blue arrows represent the settlement of north Sahul
following a scenario with one migration to Sahul (model A). The dark blue arrows
represent the settlement of north Sahul following a scenario with two migrations to
Sahul (model B). The dotted arrows represent gene flow, the dotted orange arrows
represent gene flows after the initial settlement of Sahul. The black dots represent
approximate locations of archaeological sites older than 40 ka, while the dashed black
lines represent ecological lines in Wallacea. The dark gray areas represent current land
area, with light gray areas representing the estimated land area around 50,000 years
ago based on paleogeological reconstructions. From Brucato et al. (2021)
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Furthermore, archeological data showed the presence of human
settlements widespread in the entire Sahul dating back to 40-45 kya
indicating a rapid population movement in the continent (O’Connell &
Allen, 2010). In this line, Allen & O’Connell (2020) pointed out that the
first colonization occurred in less than a millennium involving a group
of fewer than 2,000 people that faced drastic sea-level falls and rapid
changes in land accessibility. Hence, the authors suggest that “there is
now consensus in the literature that all routes were possible and
choosing the primacy of one over another seems only to depend on
which variables are stressed.” It is also important to bear in mind that
present-day Papua New Guineans and Australians show the highest
proportion of Denisovan introgression in their genomes as previously
discussed (Reich et al., 2011 and figure 3), and recent analysis of whole-
genome sequencing data corroborated these results postulating that the
Denisovan introgression occurred before the split between the
Aboriginal Australians and Papuans, hence before entering the Shul
continent (Malaspinas et al., 2010).
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2. Tribal rainforest hunter-gatherers of SEA,
Papua New Guinea, and Australia

The tribal RFHGs of SEA comprise the Andamanese people, which
can be further distinguished into the Onge, Jarawa, and the Great
Andamanese, as well as several tribal RFHG groups from the
Philippines, Malaysia, Papua New Guinea, and Australia. In the
following sections, I will give some socio-cultural and historical insights
regarding the RFHG groups to better understand their historical
background and corresponding consequences on their lives in present
days. Additionally, I will present a detailed description of the
phenotypic characteristics shared by the aforementioned RFHG groups
also giving some insights into how carrying such phenotypes could
strongly impact the past and present hunter-gatheret’s conception and
their socio-political place in society.

2.1. Andamanese populations before and after the first
contact with western society

The Andaman Islands are an extension of the Arakan mountains into
the Indian Ocean and probably were part of a bigger landmass closer
to the mainland during the last glacial maximum (R. Blust, 2013).
Genetic studies on ancient and modern samples revealed that the first
settlers of SEA arrived in the archipelago carrying the genetic signals of
an ancestral population associated with the Hoabinhian culture
(Endicott et al., 2003; McColl et al., 2018). Mondal et al. (2010)
described a shared ancestry between the Andaman population and the
rest of the Asian and Pacific populations, supporting a single wave of
migration from Africa for the peopling of SEA. The authors also found
a signal of Neanderthal introgression in the Andamanese genomes, as
well as a proportion of Denisovan introgression similar to the rest of
Asian populations. In this work, the data also showed the presence of
a reduction in the African ancestry in the Andamanese genomes which
was interpreted as a signal of introgression from an extinct archaic
population.
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The first inhabitants of the Andaman Islands are considered to have
become isolated after they arrived in the archipelago, allowing them to
maintain the language originally spoken by the first settlers. They are
considered a linguistic isolate speaking neither Austronesian nor
Austroasiatic languages (Endicott, 2013). However, the present-day
variability of the Andamanese languages is quite scarce due to the
population decline experienced after the arrival of the English
colonizers. Endicott et al. (2003), indeed, revealed that in the mid-19th
century 13 different linguistic groups were known, but only 3 of them
survived (figure 8).

Onge-Jarawa

Onge

Figure 8: Original distribution of the communities in the Andaman Islands in
1858. From Endicott et al. (2003)
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Despite the high linguistic heterogeneity, four main populations were
described at the first contact: The Great Andamanese who occupied the
North, the Middle, and part of the South Andaman archipelago, the
Jarawa that lived in the South Andaman, the Onge inhabiting the Little
Andaman island at the very south, and finally, the Sentinelese who lived
in the Sentinel Island near the Jarawa’s territory, with which they shared
phenotypic and linguistic similarities (Endicott et al., 2003). Stock &
Migliano (2009) reported that when the firsts English colonizers arrived
in the archipelago in 1858, they made contact with the Great
Andamanese population, which was the largest population numbering
almost 6,000 individuals subdivided into different linguistic groups'.
Soon after their arrival, a British penal colony was established in Port
Blair in South Andaman (C. Anderson, 2018), and the Great
Andamanese were encouraged to live in residential homes supervised
by the convicts. Here a series of infectious diseases such as influenza,
tuberculosis, syphilis, and measles started to spread among the
populations, and those who became sick started to return to the
rainforest. In 1871 the total number of convicts in Port Blair amounted
to 8,643, while the Indigenous® Andaman populations were estimated
to include a total of 2,847 individuals (C. Anderson, 2018). After a few
decades, in 1900, the Great Andamanese population counted 600
individuals, and sixty years later the number dropped to 19 people
(Stock & Migliano, 2009). On the other hand, the Onge and Jarawa
populations always kept their distance from outsiders. It was estimated
that in 1900 the Onge population was around 600 people, but during
the first half of the 20™ century, more than 70% of the population was
wiped out by epidemics. Besides, the Jarawa population always refused
any kind of contact with outsiders, rejecting every attempt to establish
some relationship. They maintained their isolation until the 1970s (the

"It is worth noticing that the name was assigned by the colonizers just because they
considered all the populations living in the Andaman archipelago as homogeneous,
only on the bases of the physical appearance. Taking in consideration the high
linguistic variability, most probably many different populations were grouped under
the same name “Great Andamanese”.

2 The use of the capitalized letter for the word “Indigenous” identify a group of
political and historical communities that suffered the consequences of colonialism,
settler governments, displacement, and exploitation (Weeber, 2020)
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Sentinelese until 1991), and their territory was officially recognized in
1932 (Stock & Migliano, 2009).

The Islanders' skepticism towards the newcomers should be interpreted
always taking into consideration that the means for the establishment
of the “friendly relationships” with the Andamanese included
systematic kidnap of Indigenous peoples, a new dress-up with
foreigners’ clothes, days of captivity, and different kind of violence
(from physical to psychological). Sometimes, the kidnapped people
were brought to see the outside world hoping that they would learn
about “The Civilization” and persuade the rest of the group to accept
the outsiders. In reality, what often happened was either they did not
survive the journey for the contraction of infectious diseases, or they
would get ill and spread the disease on their return to the Islands (C.
Anderson, 2018; Sen, 20092a; Venkateswar, 2004).

Great Andamanese culture and recent history

All the Indigenous populations of the Andaman Islands follow a
hunter-gatherer lifestyle, having a diet based on fishing and hunting and
recollecting roots and seeds from the rainforest. Their culture and
religion are particularly entangled with the seasonality of the winds and
the storms.

Bxown (1909) described some of the beliefs that constituted the Great
Andamanese culture identifying the personification of the North-East
monsoon (Biliku) and the South-West monsoon (Tarai). Biliku was also
described to be the creator of the land and the sky as well as the keeper
of the fire that created the sun in an impetus of rage, striking a firebrand
in the sky after Andamanese’s ancestors stole her the fire. In many
legends, she would also manifest herself with thunderstorms and
lightning when she would get angry for some disrespectful behavior of
the Islanders: i.e., burning beeswax, or eating some roots and fruits
during the wet season. The development of these legends is not trivial

if we take into account that the honey season for the Andamanese
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started at the end of the dry weather which would be followed by the
beginning of the wet season, which often started with a strong
thunderstorm. To recollect the beeswax, it was necessary to melt it
down, hence it is understandable why the natives saw a cause-effect
relationship between the melted wax and the following violent storms.
However, Blust (2013) points out that this system of beliefs based on
the punitive thunderstorms constitutes the “Thunder-complex”, and it
can be used to retrace the movements of the ancestral populations that
peopled SEA since it is shared by all the tribal RFHG groups.

Today, the government of the South Andaman district
(https://southandaman.nic.in) reports that the present-day Great

Andaman population counts about 43 individuals that live in houses
provided by the government and work at the coconut plantations. For
clothes and food, they rely on the rations that the government
distributes as well as on some sporadic hunting and fishing.
Furthermore, in August 2020 four cases of Covid-19 were detected
among people living in the tribe, probably contracting it during the
movement between Port Blair and their island (Biswas, 2020).
Fortunately, all the cases were promptly quarantined and recovered
from the disease.

Onge’s culture and recent history

Like the Great Andamanese, the Onge population has been described
not to have a structured religion but rather as having a group of beliefs
that are used to interpret nature (Venkateswar, 2004). They once
occupied the entire Little Andaman Island where they had a hunter-
gatherer lifestyle while later, they were displaced in Dugong Creek and
South Bay of Little Andaman areas where the Indian government
decided to confine them in 1976 to ensure the welfare of Indigenous
Andaman communities (Gupta, 2017). Contrarily, the nomadic hunter-
gathering lifestyle practices have nowadays been replaced by a more
settled life, working in coconuts plantations and relying on the free

rations of food provided by the government. As a consequence, the
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lifestyle shift has had a strong impact on the Onge population
generating a rapid cultural decline. As reported by Venkateswar (2004)
in a long conversation with the Onge Bara Raju, the current Onge
people lost part of their cultural identity: they consider themselves “less
Onge” than the “old-time Onge” and for this reason, they neither can
perform the traditional rituals, nor they are willing to learn. The
displacement into the Andaman homes and the consequent cultural
shift and identity loss coincided with the government’s development
plans for the Little Andaman involving the clearing of the forest for
agricultural purposes and the establishment of forest-based industries
and villages. Venkateswar (2004) recognizes in this process a program
of internal colonization in which the previous European colonizers are
now substituted by the same Indian government. However, some of
their ancestral knowledge survived thanks to the strong oral tradition
passed along through the generations. A clear example of that was seen
in 2004 after the strong earthquake that affected all of South East Asia.
On that occasion, the Onge of South Bay were able to recognize the
first signs of danger and rapidly escape into the forest before the
tsunami inundated their land (Sandip, 2014).

Jarawa’s culture and recent history

As previously mentioned, the Jarawa population used to occupy the
South Andaman forest, but they were forced to move when the first
attempt to establish a new colonial territory occurred. They had no
choice but to enter into the territorial boundaries of the Aka-Bea-da
group (part of the Great Andamanese population) exacerbating the
conflicts for the land (Venkateswar, 2004). The Jarawa have been
described as the most controversial population of the Andaman
archipelago, for their hostility and rejection toward the newcomers. The
Victorian explorers described them either as skillful warriors or as
violent beasts, in dependence on what the narration necessitated
(Chatterjee, 2020). They were the only population to obtain official
recognition of their territory by the government (Stock & Migliano,

2009), and their contact with outsiders has always been sporadic. Since

19



the Indian independence, the government has applied different policies
regarding the relationships between the Indigenous people of the
Andaman Islands and the settlers, trying to establish specific tribal
areas. However, there has always been a small portion of the public
opinion that believed in the assimilation of the Jarawa into today’s
mainstream population. Even if a certain distance with the tribe was
maintained, the Jarawa’s isolation was further compromised in the
1970s with the construction of a truck road that connected the North
Andaman with the South Andaman. The road arrived into the Jarawa’s
territory, facilitating the interaction with the outsiders and the diffusion
of alcoholism, sexual abuse, and infectious diseases among the tribal
group. In 2007 the Indian government established a buffer zone around
the reserve, for discouraging contact, but with scarce success (Talukdar,
2017). In fact, in 2012 public opinion was shocked by the diffusion of
a video showing an encounter between a tourist and a tour guide with
the Jarawa population in which the tourist offered food to the Jarawa’s
women in exchange for a dance. The video brought attention to the
ethical implication of the practice of “human safaris” and raised some
questions on how to balance the equilibrium between the Indigenous
and non-indigenous populations (Liljeblad, 2014). The discussion on
whether to include the Jarawa into the mainstream population or keep
them isolated in the reserve is beyond the scope of this thesis, but it is
important to acknowledge the conundrum that they are facing in
dealing with modern society. Is modernization necessary for the
Jarawa? And if not, is it right to isolate them into a small area of their
own Land? And if we stand to let them choose whatever lifestyle they
want, are we capable to leave them to exercise their culture on their own
terms without trying to interfere or exploit them for economic, social,
or political purposes?
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2.2. Past and present of the hunter-gatherer tribes from
the Malaysian peninsula

The tribal hunter-gatherer populations living in the Malaysian peninsula
constitute an ethnic minority reaching a frequency of 0,6% of the
population. They were assigned the name of “Orang Asli” (OA)
meaning “original people” by the Malaysian government during the
1960s, including in this definition various Indigenous populations of
Malaysia. Surprisingly, even if the Orang Asli people see that they were
classified in a heterogeneous group, they actually tend to identify
themselves more with the OA definition and not accordingly to their
individual population (Toshihiro, 2009). As previously mentioned, the
OA community speaks Austroasiatic languages (Endicott, 2013;
Toshihiro, 2009) and is genetically close to the Asian populations that
first settled in SEA (Aghakhanian et al., 2015; Migliano et al., 2013).
Traditionally they occupied the Malaysian forest pursuing a hunter-
gatherer lifestyle, but since the government adopted its integration
policies they were relocated and encouraged to adopt a more settled
lifestyle and work on the farms. However, the process of integration
has not been successful on one hand because of the prejudice that the
mainstream population still has towards the animist OA community,
being considered pagans, and on the other hand because of the
exclusion that the OA feels coming from the mainstream population
(Toshihiro, 2009). Furthermore, Toshihiro (2009) describes the
perception that the Malaysian have of the OA community as “primitive
people inhabiting the forest with dangerous magical powers”. In reality,
the OA group can be divided into three main subgroups: the self-
identified “Negrito” group that lives in the north of the peninsula as
hunter-gatherers, the Senoi group that live in the central region and
practice the slashing and burning cultivation, and the Proto-Malays that
are actually farmers that also hunt and gather. R. Blust (2013) described
the presence of the “thunder-complex” among the Orang Asli’s beliefs,
which can be seen as the cultural fingerprint of the ancestral hunter-
gatherer population that spread into SEA in the late Pleistocene.
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2.3. The Philippines hunter-gatherer tribes

The presence of humans in the Philippines dates back to the late
Pleistocene and was detected in the rainforest of Luzon island (Roberts
& Petraglia, 2015). As previously described (chapter 1.1), genetic data
suggested that all the present-day hunter-gatherer populations from the
Philippines and Malaysia fall in the basal branches of SEA populations
confirming that they are related to the most ancestral inhabitants of the
area (Jinam et al., 2017). The first contact of the western world with the
Philippines people was in the 16 century when Magellan led a
European expedition in service of Philip IT of Spain (Botja, 2005). The
first Spanish colonizers described a quite organized society with groups
of farmers inhabiting the lowland that traded their products with
hunter-gatherer tribes that lived in the rainforest. Archeological and
linguistic evidence point to a long prehispanic history of mutual
dependence between the inland tribal forest hunter-gatherers (that
provided row materials, pelts, meats, and wild tuberous) and the coastal
populations (that traded iron tools, weapons, pottery, and food). The
establishment of this dynamic has had a strong impact on the tribal
hunter-gatherer culture, that on one hand developed seasonal
movements to the lowlands to collect wild resources to trade, and on
the other hand acquired Austronesian languages related to the ones of
their neighboring farmers (Junker, 2010). Furthermore, contact with the
farmers has also changed the hunter-gatherer’s diet, introducing rice as
a fundamental element in their diet (Headland, 1991; Junker, 2010).

Nowadays the number of hunter-gatherer groups that live in the forest
is decreasing. An ethnological study conducted by Headland in 1991
reported indeed that the increasing deforestation for cultivation
purposes is shrinking the rainforest area and decreasing the number of
wild animals that hunter-gatherers used to hunt. Therefore, hunting and
fishing practices are decreasing while the diet is relying more on crops
and rice coming from the outside. On top of that, recent studies
revealed that the Philippine tribal RFHGs are undergoing a process of
deculturation, caused by a traumatic cultural change in the 20" century
linked to wild deforestation, and resulting in a feeling of cultural
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subordination towards the mainstream culture. Hence, the younger
generations are not interested in learning about their ancestral culture
while the older ones seek to survive without preserving their traditional
culture (Minter, 2010). However, since the early 1990s, the government
adopted a more pluralistic and inclusive administration and installed the
National Integrated Protected Area System which aimed to preserve the
rainforest biodiversity allowing for the proclamation of protected areas
under the direct management of the Indigenous tribes. As a
consequence, the hunter-gatherer groups acquired the land right of the
protected areas and could decide their path of development (Minter,
2010).

2.4. Hunter-gatherers’ settlement in Papua New Guinea

Papua New Guinea (PNG) was rapidly settled soon after the human
arrival in Sahul, from the nowadays south-east part of the region. From
the analysis of whole-genome sequencing data, it was shown that
PNG’s settlement firstly affected the lowlands which were the most
hospitable places during the earliest stages of colonization. Later on, the
progression towards the Last Glacial Maximum contributed to a
reduction in the resources’ accessibility in the lowland, inducing the
population to move into the highlands. Furthermore, gene flow was
also detected between the lowlands and the highlands suggesting a
semi-permanent settlement of the highlands during the first stages of
the colonization, with continuous contact of the nomadic groups with
the lowlanders. No gene flow was detected between 20 kya and 3 kya,
suggesting that the contact between the two groups decreased in time,
causing an increase in the genetic differentiation between them
(Brucato et al, 2021). In this line, the present-day population
differentiation between highlands and lowlands was described by
Bergstrém et al. (2017) to have been developed during the last 20 ky,
while the highlands population structure developed during the last 10
ky when the agricultural practices started to spread across the highlands
independently from the arrival of an external population.
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The agricultural invention in PNG

The cultural shift from the hunter-gatherer lifestyle to the
implementation of farming practices in New Guinea has been at the
center of the debate since it occurred in a very short time and with
limited spatial distribution (Shaw et al., 2020). Indeed, when analyzing
the evidence of the cultivation practices in New Guinean highlands,
Denham (2004) did not associate the new habits as an invention of the
Papuan hunter-gatherers, but rather as a result of the New Guinean
people’s interaction with the population of the West Island South East
Asia that had already undergone to the Austronesian cultural shift. On
the contrary, other authors suggested that by the time the Austronesian
population arrived in PNG 3 kya, a complex cultural structure was
already present on the island (Brucato et al., 2021). Archeological
studies have indeed revealed the presence of tools for agricultural
practices in the highlands dating back to at least 1,000 years earlier than
the Austronesian migration into Papua New Guinea supporting the
hypothesis that the introduction of agriculture in the highlands
occurred without any contact with an external population (Shaw et al.,
2020).

From a linguistic perspective, Bergstrom et al. (2017) revealed that the
present New Guinea language diversity includes more than 850
different languages and that most of the language variability is caused
by the presence of more than 20 unrelated autochthonous language
families that were historically grouped under the name “Papuan”, to
differentiate them from the Austronesian languages also present in the
island. As previously discussed (chapter 1.2), the Austronesian
expansion carried across Island South East Asia a complex of cultural
traits associated with the Neolithic transition that reshaped the genetics,
culture, and language of South East Asia. However, in New Guinea, the
Austronesian languages had less impact on the island’s linguistic
variability being nowadays spoken by small groups scattered along the
coasts. Linguistics has also shown that the high diversity of the Papuan
languages developed during the last 10 ky, during the population
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expansion related to the development of the agricultural practices in the
highlands (Pawley et al., 2005).

From the analysis of PNG mtDNA haplogroup distribution it has been
shown that among groups of different ecozones (island, coast,
mountain, and plain), language constituted the stronger barrier to the
gene flow between the Austronesian speakers and the Papuan groups
(Vilar et al., 2008). Moreover, when analyzing genome-wide data and
calculating the population differentiation among Papuan speakers, the
authors found that the genetic distance among PNG populations was
much larger than the one between European and East Asian
populations. On top of that, high F,, values were obtained when
comparing highlanders »s lowlanders but also eastern us5 western
highlanders and southern vs northern lowlanders indicating that the
differentiation was driven not only by geography but also by cultural-
linguistics factors (Bergstrom et al., 2017).

Nowadays population distribution in PNG territory has been described
to be heterogeneous, being influenced by the presence of some endemic
diseases such as malaria, which is particularly frequent in the lowlands
(Riley, 1983). A recent report from the United Nations News (UN News,
2022) detailed an increase in violence and abuses against the tribal PNG
groups, reporting child killings, disappearances, torture, and enforce
mass displacement. The socio-political situation of West Papua is
particularly tense, with a strong militarization of the country and a
growing people’s discontent over the government policies of the land’s
exploitation that complicates the Indigenous people’s survival
(“Indonesia Attack: Gunmen Kill 24 Construction Workers in Papua,”
2018).

2.5. Australian Aborigines

Archeological sites older than 40 ky are widespread in all of Australia,
testifying the rapid movement of people that entered the continent
from Sunda and migrated southward (O’Connell & Allen, 2010).
Malaspinas et al. (2016) described the rapid population expansion by
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analyzing whole-genome sequencing data in Aboriginal Australians
identifying that populations from the south-western desert diverged
from the northeastern regions around 31 kya. The authors hypothesized
that Australia’s colonization followed the coastal routes since the
internal desert acted as a barrier to migration. This hypothesis was later
corroborated by the creation of a migration model merging
paleogeographic and hydrological data with physiological data from
hunter-gatherers. The model suggested that people adopted a traveling
strategy that included moving among Australia’s water sources and
choosing the most optimal route with higher visibility and being less
calorically expensive. According to the authors, this strategy allowed
people to spread all over the continentin a short period (Crabtree et al.,
2021). Analysis of mitochondrial haplogroup variability revealed that
the oldest lineages present in Australia (haplogroup P) are rooted back
in the ancestral population settled in Sundaland before the Sahul
colonization. Furthermore, unidirectional gene flow from northern
Sahul (PNG) to southern Sahul (Australia) was detected during the last
glacial maximum and through the Holocene (haplogroups M and Q),
which stopped in the late Holocene (figure 9) (Pedro et al., 2020). The
presence of a short-statured group of Aborigines in the northern
Australian rainforest was described since the arrival of the first
European colonizers and was soon interpreted as evidence of the
primordial settlement closely related to the ancestral population that
also settled in South East Asia. However, the mitochondrial haplogroup
distribution revealed that the population shared many more
haplogroups with Australian Aborigines than with South East Asia
(McAllister et al., 2013).
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Flgure 9: Proposed movements of maternal hneages P, M, and Q. Dark shadmg
represents modern coastlines; light shading illustrates the extent of the Sunda
continent at the Last Glacial Maximum. Red octagrams represent the probable
approximate origins of haplogroups. Arrows represent probable migration paths
during: a) the initial settlement of Sahul (~50 kya; green); b) the Last Glacial Maximum
(~28 kya; blue); c) the postglacial warming period through to the Holocene (~18 kya;
pink); and d) the Late Holocene (~3.5 kya; orange). Image from (Pedro et al., 2020)

The description of the Australian autochthonous populations recorded
by the first European colonizers who arrived in Australia in the late 18"
century drew a very diverse profile for the hunter-gatherer groups.
Anthropological studies on seven different Australian regions where
European contact took place described the population’s lifestyle as
being strongly influenced by the environment and the nature and
location of the resources. Furthermore, in terms of linguistic and
cultural traits, the different groups showed very specific regional
identities as described by Keen (2003). In general, at the time of the
early European contact, no clear signal of neolithization was described
by the first colonizers, however, some signs of early domestication
could be found (Bellwood & Hiscock, 2005). Nowadays it is difficult to
appreciate the Aboriginal Australian ethnography pre-European
contact since the strong impact of the European invasion on the
autochthonous populations. Many Aboriginal groups saw a rapid
population decline that, sometimes, reached extinction within only one
year (White, 2011). Sadly, the causes of the extinction were not only the
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spread of infectious diseases but also some systematic lawful
persecution of the Aboriginal identity perpetuated by the eatly
government (Saini, 2020).

2.6. Phenotype and ancestry: convergent evolution or
phylogenetic relatedness?

As described in the previous chapter, the population structure of South
East Asia, Papua New Guinea, and Australia traces its roots in the very
first human migration that moved outside of Africa in the late
Pleistocene and it was later reshaped by both the Austronesian
migration and, in more recent times, by the European colonization.
Scattered all over the area, living in remote islands, in the rainforest, or
in isolated mountains, some populations maintained the ancestral
hunter-gatherer lifestyle, showing different genetic histories with or
without gene flow with the surrounding populations. These groups are
the tribal RFHG of the Andaman Islands, Malaysia, Philippines, Papua
New Guinea, and Australia, and, despite having different genetic
histories, they all are characterized by very specific morphological
features which include a particularly dark skin color (D), an extremely
short stature (S), that could reach 150 cm in men and 145 cm in women,
the development of woolly hair (W), and the presence of marked
steatopygia (S) — fat accumulation specifically localized in the hips
(Deng et al., 2022; Sen, 2009b; Stock & Migliano, 2009). From now on,
in this thesis, the whole set of the above-mentioned characters will be
referred to as DSWS phenotype.

The populations carrying the above-mentioned complete set of
characters are not only present in SEA. It was, indeed, estimated that
more than 900 k people in the central African rainforest carry the
DSWS phenotype (Olivero et al., 20106). Perry et al. (2014) analyzed
genome-wide data to understand the evolution of the DSWS phenotype
in the African RFHG Batwa and Baka, finding specific signatures of
polygenic adaptation for the DSWS phenotype in the Batwa not shared
with the Baka and thus suggesting a convergent evolution for the
DSWS phenotype in the two African RFHGs. As mentioned in chapter
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1, the monophyletic hypothesis for a common origin of all the groups
carrying the DSWS phenotype’ living both in Aftica and in South East
Asia has been progressively replaced by the convergent evolution
hypothesis (Endicott, 2013; Migliano et al., 2013). When analyzing,
indeed, genome-wide data from Philippine and Papua New Guinean
DSWS groups together with the populations from the HGDP-CEPH
panel, Migliano et al. (2013) evidenced that African, Philippine and
Papua New Guineans DSWS populations are genetically closer to their
neighboring populations than to one another. All these findings support
the aforementioned hypotheses of a single wave migration into Sunda
and Sahul that firstly colonized the continent, and that subsequently
some groups became isolated and adapted to the post-Holocene
tropical environment developing the DSWS phenotype. But what are
the implications of carrying such a specific set of characters?

2.7. Defining ourselves by creating the “otherness”

The distinctive appearance of the people carrying the DSWS phenotype
has drawn the attention of the western world since the moment they
were reached by the Colonial pioneers in the nineteenth century. This
was the time of the greatest expeditions to the remote areas of the
globe, from which the explorers took and brought back to Europe all
kinds of food, objects, animals, and even people. Furthermore, the
increasing interest in the hunter-gatherer lifestyle of the “new land’s”
Indigenous people magnified the sense of “otherness” towards them
(Endicott, 2013). Indeed, the autochthonous inhabitants of the
colonized areas were described to be least civilized, close to the “state
of nature” and doomed to imminent extinction, hence, the tales about
the wild nature of the “newly discovered lands” and their savage
inhabitants shaped in the public opinion “The White Man’s Burden”*
justifying the colonial expeditions (Minter, 2010; Opubor, 2020). The
rhetoric of the wild nature’s seducing mystical forces, the paradisiac

3 Hereinafter “DSWS peoples/groups/populations” for shortness.
4The “moral duty” felt by western colonizers to spread their “civilization” and to save
other human groups from their “state of nature”.
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landscapes, and the Indigenous peoples’ “state of nature” contributed
to building in the western society a distorted image of the eastern
colonies, that was later described as Orientalism by Edward Said (Donzé-
magnier, 2017). Said refers to Orientalism as a “European invention
[...] which has helped to define Europe”. It was political propaganda
used to remark European superiority and rationalize colonial looting
(Opubor, 2020). Many scholars, sailors, and minor aristocrats that self-
fashioned themselves as anthropologists started to recollect
anthropological and anthropometric data to define and categorize
DSWS people under the name of “Negrito” (Manickham, 2009; Sen,
2009b). The term was created in the seventeenth century by the Spanish
missionaries that arrived in the Philippines and encountered the
autochthonous populations describing them as short and dark people.
Subsequently, the term was used to visually categorize all the people
that presented a specific aspect, regardless of their culture or geographic
distribution (Manickham, 2009). At the same time, the deterministic
association between the DSWS phenotype and their intelligence
established a slow process of dehumanization that culminated in their
infantilization, objectification, and hypersexualization legitimizing the
explorers to treat them without any empathy or respect (Sen, 2009b). It
is necessary here to acknowledge the story of Sarah Baartman, a
Gonaqua Khoekhoe woman from today's Eastern Cape region in South
Africa which in the nineteenth century attracted European curiosity
towards her pronounced steatopygia typical of the Khoekhoe
population (Scully & Crais, 2008).

Sarah Baartman, a life in a cage

The Gonaqua Khoekhoe population lived in south-east Africa as free
pastoralists until the late 1700s, when the region became a Dutch
colony. The real name of Sara Baartmann is unknown, we only know
the name that was given to her by her slave master. She grew up in an
ambiguous balance between slavery and freedom under the first Dutch
and later British rule. As a Khoekhoe person, she could not be enslaved
because the Dutch law forbade the slavery of the Indigenous people,
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but, as a woman, she could not live as a “free black” but would always
need a master protector. Like every other colonized woman, she could
only engage in domestic work in the house of the master, being
vulnerable to rape and sexual exploitation. However, the intimacy with
the master’s family was often used by enslaved women as an
opportunity for manumission. She had indeed relatively more freedom
than the rest of the slaves in her house (Scully & Crais, 2008). In fact,
an entire court case was built afterward around the question of her free
will and her freedom in choosing to leave her country and move to
England. Willingly or not, since she was transferred to Cape Town, she
experienced the European obsession towards the Khoekhoe women’s
body and started to be exhibited in the naval hospital to the military
men, and later, in 1810, she was transferred to England where her
master exhibited her to the public as a freakshow. As Scully & Crais
(2008) report, the exhibition was not about Baartman herself, but rather
selling the idea of the “Hottentot® Venus™ an exotic being that
incarnated what the audience expected from her. “Dressed in clothes
supposedly appropriate to her race, forced to chant and dance again in
ethnographic style, Sara Baartman came to enact a masquerade of
culture and race much more acutely attuned to an English fantasy of
her life than it was to the reality of her time in London or Cape Town”
Scully & Crais (2008).

In time, the freakshows turned into the ethnographic display of an
exotic woman that represented the European idea of the Indigenous
people in their colonies (Scully & Crais, 2008). Furthermore, the erotic
interest in Sara Baartman’s steatopygia was accompanied by the belief
that she belonged to a population considered the missing link with the
apes; a “living fossil” that could be placed at the bases of all the other
human groups (Sorgoni, 2003). To validate these theories, Georges
Cuvier attempted to study her body while she was still alive, but even if
she refused, he could do it anyway after her death by performing the

5 Pejorative word invented by the Dutch to describe the pastoralists who spoke the
difficult click languages. The world comes from huttentut: to stammer (Scully & Crais,
2008)
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autopsy. Cuvier disposed of Baartman’s body desiccating it and
extracting her brain and genitalia that were exposed in the Musée de
I’Homme until 2002 when they were returned to South Africa (Sorgoni,
2003).

Sara Baartman’s life embodied what the colonized people suffered in
their history as a consequence of the socio-political and economical
equilibrium ruled by the wretched law of “the survival of the strongest”.
Their discrimination, historical marginalization, and exclusion from
society were justified by the deterministic interpretation of their
phenotype and lifestyle (Sorgoni, 2003). As previously mentioned, a
similar fate occurred to the people carrying the DSWS phenotype in
South East Asia, where the Eurocentric idea of “development” was
unsuccessfully forced upon the hunter-gatherer populations, resulting
in the belief that their “state of nature” limited their capability to grasp
the complexity of an “evolved” culture, placing them in an “in-
between” state: not quite animals, but not humans ether (C. Anderson,

2011; Saini, 2020; Sen, 2009b; Sorgoni, 2003).

In this thesis, I will talk about natural selection and human adaptation
in nowadays people presenting the DSWS characteristics from South
East Asia always bearing in mind that: just as they inherited from their
ancestors the socio-political and economical exclusion as well as
cultural discrimination that nowadays has translated into the loss of
their own cultural identity (Venkateswar, 2004), in the same way, we
also have inherited the responsibility of what was perpetrated by the
oppressors, that alas, were our ancestors.
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3. Calcium sensing receptor

3.1. Molecular structure

The calcium-sensing receptor (CaSR) is a G protein-coupled receptor
(GPCR) involved in calcium homeostasis. In humans, the gene
encoding CaSR (CASR) is localized in chromosome 3 and it is
composed of 7 exons encoding for 1,085 amino acids (Magno et al.,
2011). In the large N-terminal extracellular domain (ECD) are placed
multiple calcium-binding sites (Geng et al., 2016), whereas seven alpha-
helix transmembrane domains anchor the receptor to the plasma
membrane (Hu & Spiegel, 2007). Finally, the intracellular C-terminal
domain has not been yet described in a crystallographic structure, but it
is known to be responsible for the G protein activation (Brown & Mc
Leod, 2001; Conigrave & Ward, 2013). Like the rest of the GPCRs, the
CaSR works in dimers that need to interact with each other to bind
cations and transmit the signal into the cell (figure 10).

disulfide bonds
at C129, C131

Lobe 1

Ca?* binding site

Lobe 2

Calcimimetic Calcimimetic
binding site ﬂ m i i

Figure 10: Schematic representation of the ECD of the CaSR based on the
known structure of the ECDs of several mGluRs from Chakravarti et al. (2012)
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3.2. The physiological function of CaSR

CaSR is mainly involved in calcium homeostasis through the direct
regulation of the parathyroid hormone (PTH) secreted by the
parathyroid glands (Magno et al., 2011). When calcium concentration
in blood is low, PTH acts in the nephron’s distal tubule to stimulate
Ca™ reabsorption, meanwhile, in the proximal tubule, it enhances the
production of vitamin D’s reactive form (1,25(OH)2D3). The synthesis
of 1,25(OH)2D3 increases calcium reabsorption in the intestine, while
in bone PTH induces osteoclasts activation and bone reabsorption and
stimulates Ca*" release into the system. The concerted interaction of
PTH effects in both bones and kidneys, and the vitamin D absorption
and activation in the kidney and the intestine generate the increase in
serum calcium concentration. The serum Ca*"increase is then sensed by
CaSR in parathyroids, causing the inhibition of PTH secretion in a
negative feedback loop as shown in figure 11 (Brown, 2013; Santa Maria

etal, 2016).
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Figure 11: Schematic illustration of the system that maintains Ca?* o
homeostasis from Brown (2013).
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Different polymorphisms of the CASR gene have been described as
generating both lost and gain of function mutations (Brown & mac
Leod, 2001). CaSR inactivating mutations lead to the development of
primary hyperparathyroidism, familial hypocalciuric hypercalcemia
(FHH), and, in the most extreme cases, neonatal severe
hyperparathyroidism (NSHPT) (Frank-Raue et al., 2011; Fukumoto et
al., 2001; Hendy et al., 2000). On the other hand, some activating
mutations produce a variety of pathological conditions such as
hypocalcemia, hypercalciuria, or hypoparathyroidism, while others are
associated with kidney stone risk in human populations (Vezzoli et al.,
2017). As shown in figure 12, numerous mutations were discovered all
along the CASK gene being both inactivating and activating, whereas
several polymorphisms were described to be involved in different
human disorders regarding cations homeostasis in serum and urine
(tigure 13).
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Figure 12: Locations of inactivating and activating mutations in the CASR
gene. The locations of the inactivating mutations found in patients with FHH and
/ot NSHPT (as well as polymorphisms A826T, C8515, A986S, R990G, and Q1011E
which are boxed) are shown above, and of activating mutations found in patients with
ADH are shown below the bars representing the protein-coding exons from Hendy

et al. (2000)

Single-
Nucleotide

Polymorphism Position

rs1801725 123,486,447

151042636 122,284,922

151801726 122,284,985
rs17251221

123,475,937

156776158 122,183,002

151501899 123,390,018
157652589 123,371,778

sfrequency in Asian people.

Minor Amino

Allele Acid
Domain Alleles Frequency Change
Exon 7 G>T 20% 986 A/S
Exon 7 A>G 5% 990R/G

50%
Exon 7 C>G 2% 1011 g/
Intron 4 A>G 19% None
Promoter 1 A>G 26% None
Intron 1 G>a 26% None
5UTR G>a 27% None

Disorder Associated With
the Minor Allele

Higher serum calcium
Lower serum phosphate

Hypercalciuria, Higher
calcium excretion, Calcium
kidney stones

Higher serum calcium
Higher serum calcium
Higher serum magnesium
Calcium kidney stones
Lower serum phosphate
Calcium kidney stones

Calcium kidney stones

Figure 13: Calcium-Sensing Receptor Gene Polymorphisms Involved
Human Disorders from Vezzoli et al. (2017)
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3.3. CASR is a pleiotropic gene

CaSR expression was detected in a plethora of different tissues besides
the parathyroid glands, such as bone, cartilage, brain, kidney, breast,
skin, smooth cardiac muscle, pancreas, and intestine. Therefore, being
expressed in such numerous tissues, the gene is involved in many
different pathways besides its role in Ca®* regulation in plasma (Diez-
Fraile et al., 2013). In this thesis, we will describe CaSR involvement in
the differentiation of the growth plate (GP) and bone remodeling (Santa
Maria et al., 2016), in adipocytes differentiation (Y. H. He et al., 2012)
as well as in epidermal differentiation (Tu et al., 2001, 2012).

CaSR in growth plate and bone

Several studies on the growth plate and bone formation highlighted the
clear involvement of CaSR in chondrocytes maturation, and in
balancing osteoblast maturation and osteoclast inhibition through the
RANKL gene (Chang et al., 2010; Dvorak et al., 2007). Santa Maria et
al. (2016) also described CaSR involvement in chondrocyte
differentiation through the regulation of the Parathyroid Hormone 1
receptor (PTHIR) and the Parathyroid Hormone-related peptide
(PTHrP). In the proliferating zone of the GP, chondrocytes are
maintained in a proliferative state by PTHtP/PTH1r, until they spread
away from the proliferative zone, where the PTHrP/PTHIr’s
concentration is low. Here, CASR expression starts to increase,
enhancing chondrocyte differentiation and the closure of the GP (Matta
& Mobasheri, 2014; Santa Maria et al., 2016). Both activating and
inactivating mutations of CaSR in bone revealed that the gene plays a
pivotal role in bone synthesis and remodeling. Bone tissue-specific
deletion of CaSR in a mouse model showed a delay in the expression of
osteogenic genes, and therefore, in osteoblasts differentiation (Chang
et al., 2013). When inducing a double knock-out both for CaSR and
lalpa(OH)ase (the enzyme responsible for the hydroxylation, hence the
activation, of VitD) abnormalities in the growth plate were detected,
such as disorganization of the cellular progression and reduced mineral
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deposition at the chondro-osseous junction (Richard et al., 2010). On
the other hand, an activating mutation in Nuf mice caused ectopic
calcifications in the eyes, tongue, blood vessels, and visceral smooth
muscle (Hough et al., 2004). In the growth plate, CaSR accumulation
was detected in maturating chondrocytes and increased in hypertrophic
chondrocytes as well as in osteoblast in the chondro-osseous junction
(Santa Maria et al., 20106). In the cancellous bone, transgenic mice with
a constitutively active mutant CaSR (Act-CaSR) showed a reduction in
bone mineral density and bone fraction, while having an increase in the
trabecular spacing and a reduction in trabecular number and
connectivity density, suggesting that Act-CaSR in osteoblast support
osteoclastogenesis and bone reabsorption (Dvorak et al., 2007).

CaSR in adipose tissue

No evidence of CaSR expression in adipose tissue was present until
Cifuentes et al. in 2005 isolated the protein and sequenced the gene in
cultured adipocytes from human omental fat obtained from abdominal
surgery. Later, studies carried out 7z vivo and in vitro highlighted the
importance of CaSR for adipocyte proliferation, differentiation, and
regulation of lipolysis (Bravo-Sagua et al.,, 2016). For example, the
preadipose cell line L.S14 was treated with three different CaSR
activators, resulting in the elevation of the preadipocyte proliferation
and the elevation of pro-inflammatory factors (figure 14 A) (Rocha et
al., 2015). Villarroel et al. 2013 also treated the 1.S14 cell line with the
calcimimetic cinacalcet for 10 days and discovered that CaSR activation
elevated the expression of the adipogenic markers aP2, adiponectin,
PPARy, FASN, and GDP. Furthermore, the two CASR
polymorphisms rs1801725 and rs7652589 were found to be associated
with dyslipidemia in hemodialysis patients (Grzegorzewska et al., 2019).
He et al. (2012) treated a confluent monolayer of SW872 preadipocytes
with a calcium agonist for CaSR activation (GdCl3) and analyzed the
triglyceride content as a measure of the adipocyte differentiation in
three different conditions: control, GACI3 treated cells and pretreating
the cell culture with both GdCI3 and CaSR-siRNA. It was found that
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the calcium-sensing receptor activation not only influenced the
expression of genes related to lipid handling (LPL, aP2, C/EBPa) but
also was directly linked with preadipocyte maturation through the
activation of PPARy, which is considered the master-gene for
preadipocyte proliferation and differentiation (figure 14 B) (Lowell,
1999; Spiegelman & Flier, 1996). In mature adipocytes, the calcium-
sensing receptor was described to play a role both in the lipogenic
pathway through the regulation of genes involved in fatty acids
synthesis, and in the lipolysis regulating the hormone-sensitive lipases
and the adipose tissue triglycerides lipase (Villarroel et al., 2014).
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Figure 14: CaSR role in preadipocyte proliferation and differentiation. A.
adapted from Rocha etal. (2015); B. on the top panels is shown a monolayer of SW872
preadipocytes treated with GdCI3 in 3 time points (Oh, 48h, and 72h), in the bottom
panels CASR expression increases directly with the GdCI3 treatment as well as PPARy
expression which in turn decreases when treating with CaSR-siRNA, adapted from
He et al. (2012)

CaSR in epidermis

In keratinocytes two variants of the CASR gene are transcribed: the
full-length CASR transcript and a spliced variant lacking the exon 5.
The latter variant is fully cytoplasmatic and does not change its
expression through keratinocyte differentiation. On the other hand, the
full-length CaSR expression decreases in the terminally differentiated
keratinocytes (Tu & Bikle, 2013). In human cultured keratinocytes, the
inhibition of CaSR expression using an antisense cDNA revealed that
the gene regulates the calcium-induced keratinocytes differentiation (Tu
et al., 2001). Besides, knocking out the gene in a mouse model caused a
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reduced expression of the differentiation genes for the epidermis and a
gene expression delay of the permeability barrier establishment (Tu et
al., 2012). On the other hand, transgenic mice injected with a construct
carrying the basal CaSR under the control of the keratin promoter,
showed a CaSR overexpression, a thicker back skin, and an acceleration

of epidermal differentiation markers in 6-day-old mice (Turksen &
Troy, 2003).

3.4. The CaSR R990G polymorphism: molecular
phenotype, phenotypic associations

As previously mentioned, several polymorphisms in the CASR gene
were described to be associated with different disorders (figure 13)
(Vezzoli et al., 2017). Among them, the non-synonymous substitution
R990G was described to be associated with Hypercalciuria, higher
calcium excretion, and kidney stones. In exon 7 of the CASK gene, the
nucleotide transition Adenine-to-Guanine generates an aminoacidic
change from Arginine to Glycine at position 990 of the CaSR’s COOH-
terminal. A genome-wide meta-analysis on a cohort of Indian and
European people detected the association of non-synonymous
substitutions in the CASR gene with serum calcium concentration, and
specifically, the rs1042636 (R990G) was found to be associated with
low serum calcium concentration in linkage with the rs1801725 (Kapur
et al., 2010). Guha et al. (2015) also analyzed the genetic variants in the
CASR gene in a cohort of 200 people from eastern India affected by
kidney stone risk and detected that calcium excretion was significantly
higher in people carrying the 990G allele. Other studies also reported
that European patients affected by primary hyperparathyroidism and
carrying the G allele showed an increase in urinary calcium excretion
and a low PTH (Corbetta et al., 2006). Consistent with these results,
Vezzoli et al. (2007) highlighted that the 990G allele conferred the
receptor a higher sensitivity to Ca®" leading to a higher risk for the
development of hypercalciuria, however, the subjects did not show any
differences in serum PTH levels. Additionally, when HEK-293 cells
were transfected with a 990G-CaSR vector they showed an increase in
the CaSR response to the extracellular Ca®>" concentration (Vezzoli et
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al., 2007), while the expression of CaSR’s downstream genes was
significantly increased in 990G-CaSR injected cells (Ranieri et al., 2013).
These results together evidenced that the higher sensitivity to calcium
was followed by an enhanced CaSR activity. Besides the role in calcium-
sensing and homeostasis, the R990G substitution was also associated
with hypertriglyceridemia in the Chinese population, where the G allele
was significantly higher in hypertriglycemic subjects when compared
with a non-hypertriglycemic group (Y. han He et al, 2014).
Furthermore, when isolated adipocytes from human omental fat of
patients without kidney disease were treated with cinacalcet, a CaSR
activator, it was shown that cells carrying the G allele both in
homozygosis and in heterozygosis showed an enhanced antilipolytic
response when compared with cells carrying the A allele (Reyes et al.,
2012).

3.5.R990G frequency distribution in Asia and signals of
selection

To analyze the worldwide frequency distribution of a polymorphic
variant of interest, it is possible to rely on samples from the 1000
genome project (Auton et al., 2015). The project constitutes the most
comprehensive catalogue of human genetic variation based on whole
genome sequencing data of more than 2,000 individuals from America,
Africa, Europe, South Asia, and East Asia. The study includes common
genetic variants with at least 1% frequency in at least 1,000 samples.
When searching the rs1042636 in the catalogue, the populations from
East Asia seem to carry the highest frequency of the derived allele
(tigure 15). Furthermore, Mondal et al. (2016) analyzed whole genome
sequences of 60 individuals from mainland India together with
sequences of 10 individuals from two populations from the Andaman
Islands. The authors described a common origin of all the Asian and
Pacific populations while also showing the presence of a small
proportion of ancestry derived from an unknown ancient hominin in
SEA populations. On top of that, signals of positive selection towards
the Andamanese population were detected in several genomic regions
with a significant excess of candidate genes for selection related to body
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morphology and height. Notably, one of the candidate regions for
positive selection included the CASR gene, where the non-synonymous
substitution R990G was found among the top 20 most differentiated
variants in high frequency among the Andamanese when compared
with mainland Indians (personal communication from Mondal et al.
(2010).

Figure 15: Allele frequency of the rs1042636 in 1000 genomes populations. In
yellow is shown the ancestral allele frequency (A allele), while in green is the derived
allele frequency (G allele).
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4. Detecting signals of selection and creating a
mouse model

4.1. Evolutionary forces and their impact on the
genomes

The evolution of all living species is the result of a complex dynamic
process driven by four main evolutionary forces that produce allele
frequency changes through time and space: mutation, genetic drift,
natural selection, and gene flow (Relethford & Harding, 2001). On a
smaller scale, the evolutionary forces act primarily on populations, that
define the smallest biological units that can evolve over time. Mutation
introduces new alleles in populations, which are generated by random
errors during DNA replication. Genetic drift is a stochastic mechanism
of allele frequency fluctuation generated by the random sampling of
alleles from one generation to the next, which can lead to the random
fixation or extinction of existing polymorphic alleles (figure 18 a).
Natural adaptive selection causes an increase in the allele frequency of
specific mutations through the generations when they have a positive
functional impact on survival and fitness (figure 18 b-d). Finally, gene
flow introduces new variability into populations because of migration
and reproduction with individuals from external groups with different
genetic compositions. However, from an adaptive perspective, natural
selection is the only evolutionary force that allows populations to better
fit or adapt to their environments and changing conditions acting on
the distribution of continuous phenotypical traits according to different
modes (Gregory, 2008).

Modes of natural selection

Depending on the action of natural selection on the alleles upon
selection, we can identify three main types of natural selection: positive,
negative, and balancing selection. An allele under positive selection
increases its frequency in the population when the resulting phenotype
is advantageous for fitness (figure 18 b). In this scenario, all surrounding
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mutations are dragged along with the positively selected variant in a
mechanism known as genetic hitchhiking, causing a clear reduction in
the haplotype® diversity (figure 19 b). Negative selection eliminates
those alleles negatively affecting reproductive success, which can also
lead to a reduction in genetic variability in the surrounding genomic
region if the deleterious alleles are eliminated along with neutral alleles
in linkage disequilibrium (D)7, a process known as background
selection (figure 18 d). Finally, balancing selection favors multiple alleles
at a given locus, driving them neither to fixation nor to extinction
(tigure 18 c) usually favoring the extreme phenotypes in a continuous
trait phenotypic distribution and disadvantaging the intermediate
phenotypes (Bamshad & Wooding, 2003; Rees et al., 2020).
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Figure 18: Effects of natural selection on gene genealogies and allele
frequencies. Fach panel (a—d) represents the complete genealogy for a population of
12 haploid individuals. Each line traces the ancestry of a lineage, and colored lines
trace all descendants who have inherited an allele that is either neutral (a) or affected
by natural selection (b—d) back to their common ancestor (that is, the coalescence of
the genealogy). a | The genealogy of a neutral allele (red) as it drifts to fixation. b |
The genealogy of an allele (green) that is driven to fixation more quickly after the
onset of positive selection (arrow) compared with expectations under a neutral model.
Note that the genealogy has a more recent coalescence. ¢ | The genealogy of two
alleles (blue and gold) under balancing selection, which are maintained in the

¢ Haplotype: combination of alleles in different loci inherited together.
7 Linkage disequilibrium: non-random association of alleles at different loci
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population. As a result, the genealogy of the two alleles has an older coalescence. d |
The genealogy of an allele (purple) that drifts to fixation under the influence of
background selection. Each circle represents the elimination of a deleterious (that is,
lethal) mutation by background selection. The coalescence of the lineage is more
recent than expected under a neutral model because a linked deleterious mutation
caused the extinction of one lineage (arrow) more quickly than would be predicted
(Bamshad & Wooding, 2003)

4.2. Molecular fingerprints of positive selection

Variants under positive selection can be de novo mutations (model of
selection on a de novo mutation or SDN) that rapidly elevate their
frequency generating a hard selective sweep. This rapid increase of the
favored variant and surrounding linked variation causes an important
initial decrease in the genetic diversity of the genomic region under
selection, which will be followed by the progressive accumulation of
new variants by mutation that will deviate the site frequency spectrum
towards an excess of rare variants (Nielsen et al., 2007). Nevertheless,
in humans, the most common scenario is that of the soft selective
sweep generated by a new selective pressure acting on standing
variation (model of selection on standing variation or SSV): mutations
that before the selective sweep were neutrally fluctuating in frequency
through generations in the population and that result adaptive after an
environmental change. In this case, we expect different haplotypes
carrying the positively selected allele, a narrower haplotype core region,
and a lower occurrence of low-frequency variants (Hermisson &
Pennings, 2017; Weigand & Leese, 2018). Another scenario of positive
selection can take place when a beneficial variant is introduced through
admixture with an external population, known as adaptive admixture or
post-admixture selection when the allele was already under selection in
the source population or not, respectively (Cuadros-Espinoza et al.,
2022). Moreover, if the beneficial variant is introduced through
introgression from archaic humans, the process is recognized as
adaptive introgression (figure 19) (Rees et al., 2020).
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Figure 19: Characterization of Selection on Standing Variation, Selection, on

de Novo Mutation, and Adaptive Introgression. (A) Cartoon showing the rise in
frequency of an allele through a population according to its origin. The stars represent
mutations (blue: mutation present in the population prior to selection; yellow:
mutation occurring after the onset of selection; and red: mutation present in an archaic
population which spreads through a receiving population following an admixture
event). The frequency of each mutation in a population following a selection event is
represented by the number of people icons of their respective colors under each panel.
The red walking person icon in the top right represents an archaic human. (B) Cartoon
depicting the haplotypes atising from selection on standing variation (SSV), selection
on de novo mutation (SDN), and adaptive introgression. Stars represent the beneficial
allele and grey circles represent neutral linked polymorphic alleles. (C) Some of the
most common statistics used to identify local adaptation (not a comprehensive list).
Abbreviations: iHS, integrated haplotype score; LRH, long-range haplotype; PBS,
population branch statistic; SDS, Singleton density score; XP-EHH, cross-population
extended haplotype homozygosity (Rees et al., 2020).
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In any case, genetic adaptation leaves characteristic molecular
footprintsin the patterns of variation of genomic regions under positive
selection that can be retrieved by different neutrality tests. Since both
soft sweeps and hard sweeps generate a typical pattern of low diversity
with an excess of low-frequency variants, different statistical tests can
be used to detect the genomic regions whose genetic patterns of
variation deviate from neutrality. For example, some tests aim to
identify and quantify skews in the site frequency spectrum, including
SFselect (Ronen et al., 2013a). Other statistical tests analyzing the allele
frequency spectrum such as Tajima’s D or Fay and Wu’s H are often
used to look for regions showing an excess of rare variants or of high
frequency derived alleles, respectively (Fay & Wu, 2000; Sabeti et al.,
20006a; Tajima, 1989). Tests that analyze allele frequency differences
between populations like Fgr allow the detection of genomic
adaptations occurring in a population under a specific selective
pressure, using another genetically close population as a control to
retrieve old selection events occurring at least since their corresponding
divergence split (Akey, 2009; Pybus et al., 2014; Ronen et al., 2013b).
Finally, a selective pressure acting on an advantageous variant generates
an increase in its frequency sweeping along with it the surrounding
variants in LD. If the selective event is recent, recombination will not
have had time to break the physical linkage generating an unusuallylong
region with variants inherited together (Biswas & Akey, 2006; Sabeti et
al., 2006a; Weigand & Leese, 2018). For these reasons, methods based
on linkage disequilibrium decay, such as the integrated Haplotype Score
(iHS) and the cross-population Extended Haplotype Homozygosity
(XP-EHH), are more useful to detect recent genetic adaptations.
Finally, it is important to use different neutrality tests because each one
of them focuses on different aspects of the selective sweep, allowing to
identify, for example, both old selection events and more recent ones
(Pybus et al., 2014).
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Figure 20: Time scales for the signatures of selection. The five signatures of
selection persist over varying time scales. A rough estimate is shown of how long
each is useful for detecting selection in humans. Image from (Sabeti et al., 20064)

4.3. Finding adaptation in human populations

The first studies that aimed to discover genetic adaptations in humans
applied a candidate gene approach, focusing on genes with a well-
described function and having a precise evolutionary hypothesis to test.
In other words, these studies relied on a priori assumptions regarding
which phenotypes could be adaptive and which genes may be under
selection. The candidate gene approach allowed to identify genes under
selection for adaptive phenotypes related to the metabolism of specific
dietary compounds after a dietary shift, the variation of skin
pigmentation in response to solar radiation, and immunological
adaptation in response to specific pathogens. However, strong
limitations for these types of studies included on one hand having to
hypothesize an a priori assumption that limited the analysis only to the
predefined candidate genes, while, on the other hand, not taking into
account the confounding effect of the demographic processes (Akey,
2009; Sabeti et al., 2006b; Szpak et al., 2019).

In the last decades, the increased availability of genomic data from
different populations allowed researchers to perform genome-wide
scans of selection that exponentially improved the sensitivity toward
retrieving new genomic regions showing the typical footprints of
positive selection. Nevertheless, the regions identified tend to be quite
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large and include many different genes involved in disparate pathways
(Akey, 2009; Grossman et al., 2010). For this reason, after retrieving the
genomic regions displaying signals of positive selection, researchers
often look for polymorphisms presenting extreme allele frequency
differences between populations with and without the detected
signatures of selection. Often, when a non-synonymous variant is
identified inside a gene (or a regulatory variant close to a gene),
researchers move to analyze their functional implications by using some
prediction scores for functional impact (such as the CADD score) and
performing genomic annotations of the selected variants in large-scale
genotype/phenotype databases (such as the GWAS catalog (Buniello et
al., 2019)) to infer each corresponding adaptive phenotype (Rentzsch et
al., 2018; Roca-Umbert et al., 2022; Szpak et al., 2019; Walsh et al.,
2020). Despite all the 77 silico predictions, however, to really understand
the phenotypic outcome of a candidate allele, it must be tested either i
vitro or in vivo to also include the background effect of the physiological
environment (Vitti et al., 2013).

4.4. Gene editing history and applications

Gene editing is the most powerful tool of molecular biology to
understand the function of the genes we are interested in. The classical
approach for studying gene function is called reverse genetics and
consists of modifying the DNA sequence and secing the phenotypic
outcome (Singh et al., 20106). The first evidence of de novo mutations
induced by the treatment with radiations was observed by Muller and
Auerbach in the eatly 20" century, but only in the late decades, the gene-
editing had a real outbreak. The first experiments that attempted to
modify the double helix used transposons to insert specific mutations,
however, these methods induced genomic changes at random
(Randhawa & Sengar, 2021). Afterward, homologous recombination
(HR) was used in mice and yeast (Carroll, 2017), but the efficiency of
the protocol was very low due to the low rate of recombination with
each donor template and the high work investment in the selection of
the corresponding suitable embryos (Randhawa & Sengar, 2021). In the
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following years, the editing efficiency was improved by using
endonucleases targeting specific loci with the introduction of a double-
strand break (DSB). The damage induced the DNA repairing machinery
of the cell to perform either the Non-Homologous End Joining
(NHE)) causing the introduction of an indel and therefore the loss of
the gene function, or the Homologous Direct Repair (HR) with a donor
vector introducing a precise insertion. The induced DSB followed by
either the NHE] or the HR is the core of the gene-editing technology
subsequently developed: Zinc Finger Nucleases, TALENS, and
CRISPR-Cas9 as shown in figure 16 (Randhawa & Sengar, 2021).
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Figure 16: Genome editing using ZFN, TALEN, and CRISPR-Cas. Image
from (Randhawa & Sengar, 2021).

4.5. CRISPR-Cas9

Since the late 1980s, the discovery of some short palindromic sequences
in the genome of E. /i attracted scientific curiosity, and during the
following years, different hypotheses were made about their possible
involvement in RNA stability or replicon partitioning. It was only
twenty years later that the first evidence of the spacer®s similarity with
the phage P1 was gathered and that the CRISPRs (clustered regularly

s Fragments of the viral DNA integrated into the bacterial genome and separated by
short palindromic repeats that form harpin loops when expressed
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interspaced short palindromic repeats) were proposed as part of the
bacterial adaptive immune system. Finally, in 2011, the experimental
evidence of the CRISPR functioning with the involvement of the
Caspase 9 (Cas9) protein was obtained using bacterial clones selected
for phage resistance that had acquired the CRISPR sequences into their
genome only when Cas9 was present (Randhawa & Sengar, 2021). Since
then, more data were obtained studying different Prokaryotes, detecting
that the CRISPR elements were hypervariable across species, but all of
them had some structural similarities and used different Caspases
(Barrangou & Marraffini, 2014).

Molecular mechanism of CRISPR-Cas9

In Prokaryotes, the CRISPR-Cas complex is a ribonucleoprotein (RNP)
composed of two RNAs (ctRNA and tractrRNA) and an endonuclease
that together target and digest the specific viral genome. The ctrRNA is
a 20 nt RNA complementary to the target region’, while the tractRNA,
in part complementary to the ctRNA, folds into a hairpin-loop 3D
structure that functions as a scaffold for the nuclease’s anchoring. The
recognition of the target region relies on one hand on the 20 bp
complementarity of the ctRNA, and on the other on the Caspase’s
PAM-interacting domain in the COOH-terminal. The PAM domain
interacts with 3 nucleotides specific in each Caspase, and when correctly
recognized confers more stability to the RNP inducing a
conformational change that allows the opening of the double helix in
the target region and the subsequent formation of the ctRNA:DNA
heteroduplex. The correct pairing of the 20 ctrRNA nt activates the two
catalytic sites of the Caspase resulting in a double-strand break (figure
17) (Singh et al., 20106).

Since its discovery, researchers have been optimizing the CRISPR-Cas
machinery to perform highly specific gene editing. Different studies
reported that the use of a synthetic single-guide RNA (sgRNA)
obtained by the fusion of the ctRNA and the tractRNA increased the

? The crRNA complementarity to the viral genome relies on the presence of the
spacer sequences integrated in the bactetial DNA in a previous infection
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editing efficiency, as well as the use of a shorter sgRNA with 17 bp of
complementarity to the on-target. Furthermore, in dependence on the
target region’s genomic context, it was shown that different Caspases,
being specific for different PAM sequences, could be used for
increasing the specificity to the target sequence; the commonly used
caspase is the Streptococcus pyogenes Cas9 with the PAM sequence NGG
(Singh et al., 2016; Zhang et al., 2015). However, since the technology
can tolerate some mismatches between the sgRNA and its target, the
probability to detect some off-target activity is not so low, hence, for
increasing the specificity and reducing the off-target effects, different
strategies have been described (Ding et al., 2019; Hay et al., 2017; Zhang

et al., 2015).
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Figure 17: CRISPR-Cas9 mediated gene editing. Image from Cribbs & Perera
(2017)

4.6. CRISPR-Cas9 editing in mouse models: increasing
the specificity.

Traditional genetic engineering to generate mouse models involved
homologous recombination to induce genetic modification to a target
locus in embryonic stem cells (ES). Afterward, the edited ES were
injected into a blastocyst and implanted into a foster mother. The
newborns received some of the edited stem cells that could be passed
on to the following generation through controlled breeding (Capecchi,
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1989). This method was quite laborious on one hand for the slow
efficiency of the homologous recombination using an external vector,
and on the other for the ES injection that caused the loss of the majority
of the embryos (Carroll, 2017; Chen et al., 2016). The implementation
of the CRISPR-Cas9 technology in the process of generation of mouse
models improved both the efficiency of the editing and the rapidity in
the establishment of any mutant mouse line. Many different strategies
were used to improve the efficiency of the sgRNAs and Cas9 delivery
into the embryos, from the injection of viral vectors carrying the
sgRNA and the Cas9 genes into harvested embryos to the
microinjection in utero of the reagents for the CRISPR reaction
tollowed by #n-situ electroporation (Ehrke-Schulz et al, 2017,
Gurumurthy et al., 2019; Nakagawa et al., 2015). However, the authors
of two independent studies (Chen et al., 2016; Wang et al., 2016)
increased the editing efficiency through the electroporation of the
CRISPR-Cas9 ribonucleoprotein already assembled with the gRNA
into mouse one-cell zygotes. It was shown that the efficiency for the
RNP delivery into the zygotes reached 100%, the pick for the
endonuclease’s activity and the HDR-mediated knock-in occurred in
the first genomic replication and their transient presence in the zygotes
rapidly decreased, reducing the off-target mosaicism. Furthermore, it
was shown that using an asymmetric vector specifically designed for
pairing soon after the target strand cleavage increased both the
frequency and the efficiency of the HDR (Hashimoto et al., 2016;
Modzelewski et al., 2018; Richardson et al., 2016). In this study, to limit
the off-target effect, we applied both the electroporation of RNP into
one-cell zygotes and used an asymmetric vector for the knock-in
experiment.
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OBJECTIVES






The DSWS phenotype is probably the result of positive (adaptive)
natural selection acting on human populations that live in tropical
rainforests. However, little is known about the adaptive advantage
conferred by the DSWS set of characters, and the selective pressures
behind it. To understand the evolution of the phenotype, many studies
scanned the genomes of DSWS populations in search of signatures of
positive selection to subsequently identify the putative functional
variants responsible for such phenotype. In one of the studies, whole
genome sequencing data in the Andamanese were analyzed and classical
signals of positive selection were found in a genomic region
encompassing the SNP rs10426306, which causes the non-synonymous
substitution R990G in the Calcium Sensing Receptor (CaSR). In this
work, I first aim to characterize any putative adaptive phenotypic
outcome of the R990G substitution in CaSR, and then I try to identify
the selective pressure that drove the underlying adaptive event and
detected selection signature.

To fulfill this purpose, we planned the following objectives:

i Analyze the worldwide frequency distribution of rs1042636

i.  Analyze whether the signals of positive selection in the CASR
gene originally described in the Andamanese replicate in
populations from Malaysia, the Philippines, and Papua New
Guinea, which also present the DSWS phenotype.

fii.  Study the molecular function of the CaSR protein and
understand in which pathways it plays an important
physiological role.

iv.  Generate a KI-mouse model carrying the R990G substitution
to obtain a global view of all the possible tissues where the
expression of 990G-CaSR could induce any phenotypic
adaptive change.

v.  Infer the putative adaptive phenotype of the 990G substitution
at the organism level and investigate any relation with the
development of the DSWS traits and the corresponding
selective pressure behind them.
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Abstract

Rainforest hunter-gatherers from South-East Asia are characterized by
very specific morphological features including a particularly dark skin
color (D), short stature (S), the development of woolly hair (W), and
the presence of marked steatopygia (S) — fat accumulation specifically
localized in the hips (DSWS phenotype). Using whole-genome
sequencing data, we first characterized signatures of adaptive natural
selection around the Calcium-Sensing Receptor (CaSR) gene in SE
Asian rainforest human groups presenting the DSWS phenotype and
identified the R990G substitution (rs10426306) as a putative adaptive
variant to experimentally follow up. Although CaSR has a critical role
in calcium homeostasis by directly regulating the parathyroid hormone
(PTH) secretion, it is expressed across a wide range of tissues and has
been described to be involved in many biological functions. Moreover,
previous studies have characterized the R990G substitution as an
activating polymorphism of CaSR associated with hypocalcemia. Thus,
we generated a knock-in mouse for the R990G substitution and
investigated organismal phenotypes that could have become adaptive
in the rainforest hunter-gatherers from SE Asia. Interestingly, we found
that mouse homozygotes for the derived allele show not only lower
serum calcium concentration but greater fat accumulation and body
weight, probably because of enhanced preadipocyte differentiation and
lipolysis impairment resulting from the CaSR activation mediated by
R990G. We hypothesize that such differential features in humans could
facilitate an earlier sexual maturation, in agreement with the hypothesis
that the short stature of the DSWS phenotype could result from
selection for an early onset of reproduction in a particularly hostile

environment.
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Introduction

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-gather lifestyle till the
present times. From a cultural perspective, they are animists and rely on
a system of beliefs strictly entangled with storm seasonality (Bxown,
1909; Stock & Migliano, 2009). Since the early colonial period, the
Andamanese populations underwent a rapid population decline and in
present times some groups are also experiencing a cultural shift toward
a more sedentary lifestyle (Venkateswar, 2004). Like other hunter-
gathers living in the tropical rainforests of Africa, Asia, and Australia,
the Andamanese present characteristic phenotypic features including
dark skin (D), very short stature (S), woolly hair (W), and sporadic
steatopygia (S) (i.e., extreme development and accumulation of fat on
the buttocks). From now on, this complete set of characters will be
referred to as DSWS phenotype. Both a common origin and convergent
adaptations to the environmental challenges found in their
corresponding rainforest habitats and/or resulting from their lifestyle
have been postulated to explain the shared DSWS phenotype within
and across different continental hunter-gatherer human groups (Perry
& Dominy, 2009; Verdu et al., 2009). Previously, the analysis of whole-
genome sequences from 10 Onge and Jarawa individuals from the
Andaman Islands and 60 mainland Indian individuals 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 non-synonymous and
stop gain SNPs between the Andamanese and mainland India on
candidate genes for positive selection in the former group, we identified
the R990G substitution (rs10426306) at the calcium-sensing receptor
gene (CASR), with a CADD score value of 18.42, as a putative adaptive
variant to experimentally follow up.

The calcium-sensing receptor (CaSR) has a critical role in calcium

homeostasis by directly regulating the urinary calcium excretion and the
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parathyroid hormone (PTH) secretion, which through its receptor
(PTH1R) and by stimulating the production of 1,25-dihydroxy vitamin
D acts on bone, kidney, and intestine to restore the appropriate
circulating calcium levels in the body (Ho et al., 1995; Thakker et al.,
2015). Moreover, the CaSR also participates in modulating bone
formation and resorption as well as in the development of the bone
growth plate (Chang et al., 2008; Goltzman & Hendy, 2015; Riccardi et
al., 2013;Y. Wang et al., 2013). In particular, whereas early chondrocyte
differentiation in the cartilaginous growth plate is activated via the
PTH-related peptide (PTHtP)/PTHIR signaling, the insulin-like
growth factor 1 IGF1)/IGF1 receptor (IGF1R) and the extracellular
Ca*/CaSR signaling pathways have been shown to mediate the
terminal differentiation of the maturing and the hypertrophic
chondrocytes as well as their subsequent transformation into the
osteoblastic lineage (Santa Maria et al., 2016; Wang et al., 2013).
However, the CASK gene is expressed across a wide range of tissues
and has been involved in many other diverse biological functions
including epidermal development, keratinocyte differentiation, hair
follicle morphogenesis (Elsholz et al., 2014; Turksen & Troy, 2003),
psoriasis (Zuo et al., 2015), human taste perception (Ohsu et al., 2010),
as well as adipocyte differentiation and adipogenesis (Villarroel et al.,
2013).

Interestingly, 7z vitro studies have already shown that the derived allele
of the R990G substitution results in a gain-of-function of the CaSR that
renders the receptor more sensitive to Ca** (Ranieri et al., 2013; Vezzoli
et al., 2007). As expected for a CaSR activating variant, the 990G allele
is associated with increased susceptibility to primary hypercalciuria
(Vezzoli et al., 2007), decreased serum calcium (Kapur et al., 2010;
Scillitani et al., 2004), and increased kidney stone disease risk (Guha et

al.,, 2015). However, the pleiotropic nature of the CASK gene

complicates any direct inference of a putative adaptive phenotype for
such activating substitution in the Andamanese. Given the role of CaSR
in promoting chondrocyte differentiation, we could hypothesize that
the activation caused by the R990G polymorphism could induce an

eatly closure of the growth plate. Likewise, any systemic hormonal or

65



mineral disturbance associated with R990G could also alter normal
growth and lead to short stature. Furthermore, CaSR has an important
role in epidermal development (Tu et al., 2012) and its overexpression
in mice has been shown to accelerate differentiation of the epidermis,
in vivo permeability barrier formation, and the early appearance of hair
(Turksen & Troy, 2003). Although there is no direct experimental
evidence between the R990G substitution and hair morphology or
increased skin wound healing capabilities in humans, both phenotypes
could be plausibly linked to known functions of CaSR and could have
been selectively beneficial in a tropical rainforest habitat. Finally, CaSR
is also expressed in adipocyte cells and its activation has been shown to
promote inflammatory cytokine production, preadipocyte proliferation,
and adipogenesis, while also inhibiting lipolysis (Bravo-Sagua et al.,
2016; He et al., 2011; Villarroel et al., 2013). We could thus speculate
whether the CaSR activation mediated by the 990G allele is associated
with any differential adipose phenotype in the Andamanese, such as the
steatopygia trait, which could have resulted from sexual selection or for
facilitating greater fecundity and survival during famine periods.

Several general (Dong et al., 2015; Hannan et al., 2015; Ho et al., 1995;
Hough et al., 2004) and tissue-specific (Chang et al., 2008, 2010; Toka
etal., 2012) knock-out mice and knock-in mice for different inactivating
and activating CaSR mutations have been obtained for the CASR gene
and allowed not only to characterize many details of the CaSR function
in humans but also to successfully recapitulate the disease phenotype of
human illnesses such as familial hypocalciuria hypercalcaemia, severe
neonatal hyperthyroidism and autosomal dominant hypocalcemia.
Although we generally expect much less disturbing phenotypical effects
in contrast to pathological conditions, knock-in mouse models have
been proven a good strategy to experimentally validate the associated
phenotype of adaptive alleles at the human FOXP2 (Enard et al., 2009;
Schreiweis et al., 2014) and EDAR (Kamberov et al., 2013) genes. Thus,
the generation of a knock-in mouse for the R990G human substitution
should be a promising approach to pinpoint any differential (and
putative adaptive) phenotype across all those pleiotropic functions of
the CaSR potentially shared between humans and mice.
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Here, we first analyze genomic sequence data generated in the
Andamanese and other SE Asian hunter-gatherer groups presenting the
DSWS phenotype and test for signatures of recent positive selection
across the CASR gene region by specifically interrogating the site
frequency spectrum, and the patterns of linkage disequilibrium and
population differentiation. Next, we generate a knock-in mouse for the
human R990G substitution using the CRISPR-Cas9 genome editing
technology and subsequently assess its phenotypic impact by exploring
for potential differences between the homozygote carriers of the
ancestral (R990) and derived (990G) alleles of this substitution in
growth and wound healing processes as well as at adipose tissue, kidney,
bone, and systemic level.

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 eight neutrality tests to
uncover the patterns of variation expected under a hard sweep scenario,
while controlling for population demography (Mondal et al., 2016).
Here, we recalculated three individual tests of positive selection
(Tajima’s D (Tajima, 1989), Fay and Wu’s H (Fay & Wu, 2000), and
XP-EHH (Sabeti et al., 2007) comparing Andamanese versus Yoruba)
using the same whole genome sequencing data in the Andamanese and
display them along 200 kb upstream and downstream the ~108 kb
CASR gene region (Figure 1A-B, File S1). In agreement with previous
results, departures from genome-wide empirical values were found in
the CASR gene for the three selection tests. While significantly negative
values of Tajima’s D and Fay and Wu’s H indicate an excess of low
frequency polymorphisms and high-frequency derived SNPs relative to
genome-wide expectations, respectively, the XP-EHH statistic points
to unusually extended haplotype homozygosity on the Andamanese
when compared to the Yoruba population. Thus, different footprints
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of positive selection can be recognized in the patterns of genetic
variation along the CASR gene region in the Andamanese.

When comparing the Jarawa and Onge Andamanese populations with
six mainland Indian populations, the CaSR R990G substitution
(rs1042636) was confirmed as the most highly differentiated functional
variant in the CASR gene region (see Table S1). By exploring the
wortldwide frequencies of the derived 990G allele in populations from
the 1000G project Phase 3 (Auton et al., 2015) and in an extended
dataset of twelve additional populations from SE Asia (unpublished
data; M Sikora and ] Bertranpetit personal communication), we
confirmed its highest frequencies in several hunter-gatherer groups
presenting the DSWS phenotype (100% in Jarawa, 97% in Aeta, 85%
in Agta, 83% in Kintaq, 78% in Jehai, and 75% in Onge and Mamanwa),
while finding intermediate values in East Asia (52%) but much lower
presence in other populations from South Asia (26%), Europe (7%) and
Africa (3%; see Figure 1D). By contrast, the frequency of the CaSR
990G allele in populations from Papua New Guinea was clearly lower
than that of the East Asian hunter-gatherer groups with the DSWS
phenotype (ranging from 40% in Kosipe to 0% in Sepik). Furthermore,
in accordance with the observed allele frequencies, when grouping
these populations into three main SE Asian groups, we detected
signatures of recent positive selection in Malaysia and the Philippines
but not in Papua New Guinea (Figure 1C, Figure S1). Consequently,
the CaSR R990G substitution can be hypothesized as a putative
adaptive variant targeted by positive selection in several hunter-gatherer
groups displaying the DSWS phenotype in SE Asia besides the
Andamanese.

Generation of mice

To investigate the potential adaptive phenotype of the CaSR R990G
substitution we generated a knock-in mouse model. Since the ancestral
Arg allele (R990) is present in wildtype mice, we edited via
CRISPR/Cas9 the corresponding orthologous nucleotide position of
the mouse Casrgene to generate the R990G substitution in the encoded
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protein (Figure S2). Briefly, embryos resulting from a cross between a
B6CBAF1/] female and a C57B6/] male were harvested at stage EO.5,
electroporated with the corresponding CRISPR/Cas9 reagents, and
then transferred into 6-week-old CD1 recipient females. 17 offspring
were obtained, and eight of them tested positive for the CaSR R990G
substitution after PCR-RFLP analysis. Subsequent sequencing showed
that five of the eight mosaic mice carried the expected sequence around
the edited site (Table S2). Furthermore, all five animals transmitted the
substitution to their offspring after breeding with CBA mice. Two
independent lines were then generated from two mosaic mice (i.e.,
CaSR7 and CaSR15 in Table S2) by crossing the corresponding
heterozygote descendants from the F1 generation. The F2
homozygotes obtained within each line, henceforth denoted as lines 7
and 15, were then used for the phenotyping analysis below. Both R990
and 990G homozygote littermates within each line were born at
expected Mendelian ratios, appeared healthy, and presented normal
longevity (data not shown).

Phenotyping screen in a knock-in mouse model
Body weight growth curves and Body Mass Index (BMI)

Body weight changes were recorded from weeks 3 to 20 and examined
between lines (7/15), sexes (male/female), and genotypes
(homozygotes R990/homozygotes 990G) weekly through the use of
factorial ANOVAs, as well as by using a mixed-model ANOVA with
repeated measures across weeks 4 to 12. When considering all mice
together, sex was the variable that most influenced body weight,
explaining 46.35 % of the total variation (average percentage across
weeks 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 File S2). Notably,
homozygote carriers for the 990G allele displayed significantly higher
body weight than the homozygote carriers for the ancestral allele in the
whole set of animals (repeated measures ANOVA, p = 0.00003) as well
as when separating mice into the two generated lines (repeated
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measures ANOVA, p = 0.00028 for line 7 and p = 0.031 for line 15;
see weekly details in File S2). However, whereas the percentage of the
body weight variation explained by the genotype was 13.46 % in line 7
(average percentage across weeks 4 to 12), in line 15 it explained only
4.74 % of the variation. Accordingly, when separating mice by sex and
line, an ANOVA with repeated measures across weeks 4 to 12 showed
significant differences in body weight between genotypes in both males
(p = 0.022) and females (p = 0.005) in line 7 but only in males (p =
0.023) in line 15 (Figure 2A; Figure S3; File S2). Moreover, at the final
point, homozygote carriers for the 990G allele displayed a clear
tendency toward presenting higher BMI. In particular, we observed
statistically significantdifferences between genotypes when analysing all
animals together (Kruskal-Wallis test, p = 0.035), and when separating
mice by sex (females Mann-Whitney U Test, p = 0.047; males Mann-
Whitney U Test, p = 0.035) but only in the female group of line 7 when
separating mice by line and sex (Mann-Whitney U Test, p = 0.021;
Figure 2B; Figure S4). Since female homozygote carriers for the 990G
allele in line 7 also presented significantly higher weight at the final point
(Mann-Whitney U Test, p=0.033) and no statistically significant trend
was observed between genotypes and mice crown-rump length (File
S2), the observed differences on BMI can be mostly attributed to
weight.

Blood and urine biochemistry

Blood and urine samples were taken at around 12-14 weeks of age to
analyse 16 different metabolites and hormones mostly related to
calcium homeostasis and lipid metabolism (File S3). In agreement with
the CaSR activation produced by the R990G substitution (Ranieri et al.,
2013; Vezzoli et al.,, 2007), when analysing all animals together, the
homozygote carriers for the derived allele display a trend towards
presenting lower calcium concentration in blood (factorial ANOVA; p
= 0.060; Table 1). Serum calcium differences between genotypes were
statistically significant only when considering males from both lines
together (factorial ANOVA; p = 0.017), which also displayed significant
differences for serum phosphorus (factorial ANOVA; p = 0.004).
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Moreover, significant serum phosphorus differences between
genotypes were also detected when only analysing males from line 15
(one-way ANOVA, p = 0.038) (see Table 1). No clear differential
patterns between genotypes were found for urinary calcium and
phosphorus excretion or the parathyroid hormone (PTH) and
osteocalcin serum concentrations when testing a minimum of 5 animals
per sex, genotype, and line (results not shown; File S3). However, we
found consistent significant differences in the HDL and LDL
cholesterol levels between the R990G CaSR genotypes (Table 1). In
particular, the homozygote carriers for the derived allele presented
significantlylower HDL and LDL blood concentrations when analysing
all animals together (factorial ANOVA; p = 0.020 and p = 0.001 for
HDL and LDL differences between genotypes, respectively) as well as
when considering only those of line 15 (factorial ANOVA; p = 0.016
and p = 0.002 for HDL and LDL differences between genotypes,
respectively), which also presented significantly lower total cholesterol
(factorial ANOVA; p = 0.019). When further separating animals by line
and sex, only line 15 displayed statistically significant differences in
cholesterol levels: homozygote female carriers for the 990G derived
allele presented lower total cholesterol (one-way ANOVA, p = 0.043),
lower HDL (one-way ANOVA, p = 0.009) and lower LDL (one-way
ANOVA, p=0.031) levels, while homozygote 990G male carriers
presented only lower LDL levels (one-way ANOVA, p = 0.022).

Body composition and skeletal phenotype

Whole body fat and lean composition were determined with an
EchoMRI instrument for 33 animals from line 7 at 14 weeks of age (File
S4). Males and females significantly differed in their overall fat and lean
content (Kruskal-Wallis test, p = 0.021 and p < 0.001, respectively),
whereas when comparing body composition between genotypes we
detected statistically significant differences only in females (Figure 2B;
Figure S5). In particular, female homozygote carriers of the 990G CaSR
allele presented a tendency towards higher overall fat content (Mann-
Whitney U test, p = 0.050) and significantly lower lean percentage
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(Mann-Whitney U test, p = 0.031) than the female homozygote carriers
of the ancestral allele.

Since mutants of the Casr gene in mice have been associated with
differential skeletal phenotypes (Chang et al., 2008; Goltzman & Hendy,
2015; Riccardi et al., 2013; Y. Wang et al., 2013), tibial cortical bone and
trabecular bone at the proximal tibial metaphysis were trabecular ex-
vivo by micro-computed tomography on 28 animals (including between
2-4 animals per sex, line, and genotype). No differences in bone micro-
architecture were identified between the CaSR R990G genotypes as
assessed by standard parameters such as mean density, bone volume,
bone mineral content, bone mineral density, tissue mineral content,
tissue mineral density, bone volume fraction, bone surface density,
trabecular thickness, trabecular separation, and trabecular number (File
S4; Figure S0).

Wound healing and epidermis histology

We also monitored wound healing and epidermis histology after
performing 5 mm skin biopsy punches at 10 and 20 weeks of age.
However, no major differences in epidermal thickness (results not
shown) nor significant wound-healing rate differences or differential
reepithelization patterns were detected between the genotypes of the
CaSR R990G substitution (File S5; Figure S7).

Liver and fat histology

Liver biopsies from 92 animals between 20-26 weeks of age were
categorized into a normal or a steatosis phenotype, depending on
whether they presented normal to mild lipid droplets accumulation or
moderate to severe fatty liver, respectively (Figure S8). Up to 41.3% of
the animals displayed hepatic steatosis without significant differences
across lines, sexes, and genotypes except for line 7 females, in which
steatosis was more prevalent among the homozygote carriers of the
990G allele when compared to the homozygotes for the ancestral allele
(Pearson’s chi-squared test, p<0.0033; File S6). Subsequently, biopsies
of visceral and subcutaneous fat from the same animals were used to
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investigate differences in the adipocyte diameter and size distribution
between genotypes. When analysing animals without hepatic steatosis,
homozygote carriers of the 990G allele displayed a clear trend towards
significantly smaller adipocyte diameters in both lines, sexes, and fat
tissues as well as towards an excess of cells in the smallest size bins
(Figure 3A-B; Files S7-8 and Figure S§9). By contrast, animals with
steatosis in the liver seem to show the opposite trend (data for both
sexes and genotypes only available for line 15). In that case,
homozygote male carriers of the 990G allele displayed significantly
larger adipocyte diameters and excess of cells in the medium and largest
size bins in both subcutaneous and visceral fat (Student’s t-test p <
0.0001 and Chi-squared Test p < 0.0001). However, while homozygote
990G females with steatosis show significantly larger adipocyte
diameters and excess of cells in the medium and largest size bins in
subcutaneous fat (Two sample T-test, p < 0.0001; Chi-squared Test, p
< 0.0001), they were found to present significantly smaller visceral
adipocyte sizes (Two sample T-test, p < 0.0001; Chi-squared Test, p <
0.0001, File S8).

Expression of lipolytic and lipogenic genes

RNA was extracted from liver and fat (subcutaneous and visceral)
biopsies at 20-26 weeks of age to analyze the relative expression of
genes involved in lipogenesis, lipolysis, and inflammation (File S9,
Figures S10-S11). In visceral fat from animals without hepatic steatosis,
homozygote carriers of the 990G allele presented significantly lower
mRNA expression of adipose triglyceride lipase (ATGL) (Student’s t-
test p = 0.029 in females and p = 0.014 in males) when compared with
R990 homozygotes, whereas homozygote females for the 990G allele
also showed significantly lower peroxisome proliferator activating
receptor gamma (PPARy) mRNA expression (Student’s t-test p =0.036,
Figure 3). Moreover, even if not significant, we found a trend towards
lower mRNA expression for the hormone-sensitive lipase (HSL) in
990G homozygote females (Student’s t-test p = 0.055) and for the
adiponectin in 990G homozygote males (Student’s t-test p = 0.088) in
visceral fat from animals without steatosis (File S9 and Figure S10). As
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for the liver, 990G homozygotes displayed a clear tendency towards
higher ATGL mRNA expression in both sexes (Student’s t-test p =
0.031 in females and p = 0.071 in males when analyzing line 7 animals
without steatosis). By contrast, animals with hepatic steatosis (results
only available in line 15), show differential gene expression patterns
between sexes when comparing genotypes: 990G homozygote males
presented significantlylower mRNA expression of HSL and lipoprotein
lipase (LPL) in visceral fat tissue (Student’s t-test p = 0.036 and p =
0.038, respectively) as well as of fatty acid binding protein
(FABP4/aP2) in the liver (Student’s t-test p = 0.035) but 990G
homozygote females presented significantly higher HSL mRNA
expression when compared to homozygote wildtype animals (Student’s
t-test p = 0.022). Finally, no statistical differences in gene expression
were found between genotypes in subcutaneous fat (File S9, Figures
S10-S11), whereas CaSR gene expression was confirmed in all three
tissues at the qPCR detection limit without differences between
genotypes (results not shown).

BMI, weight, and height in the Agta

We next investigated whether the R990G polymorphism can be
associated with differential trait values for BMI, weight, and height in
138 Agta individuals that have been genotyped with the Axiom
Genome-Wide Human Origins array (Dobon et al., 2022; Migliano et
al., 2013). After the corresponding QC filters and the imputation of the
rs1042636 genotype using 81 SE Asian individuals sequenced with the
10X technology (see details in Materials and Methods), 68 Agta
individuals were found to carry the GG genotype, 52 were
heterozygotes GA and 11 were AA for 151042636 (data not shown).
Upon consideration of four different genetic models (i.e., additive,
homozygote-only, recessive, and over-dominant), no differences in the
means of the phenotype values for BMI, weight, and height were found
between the genotypes in any of the two sexes (Kruskal-Wallis or t-test,
Figure §12). Under the homozygote-only model, we also modeled the
relationship between each phenotype and the rs1042636 genotype
incorporating the effect of age and relatedness of the Agta individuals
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while separating them by sex. For none of the phenotypes, the SNP-
based association tests provided a better fit than the null model in either
of the sexes. However, the phenotype values for BMI, weight, and
height in the GG homozygotes at rs1042636 were higher than those in
the AA homozygotes, even if the estimated effect size of the rs1042636
genotype was very small in all cases (= 0.201; data not shown) being
weight the one with the higher effect size.

Discussion

After identifying the R990G substitution in the CASK gene as a
putative adaptative 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 recent positive selection and high
prevalence of this nonsynonymous polymorphism. No unusual
patterns of variation were found in Papuan New Guinea, but hunter-
gatherer groups from Malaysia and the Philippines presented significant
deviations from neutrality in the CASR flanking gene region and high
frequencies for the associated G allele at rs1042636 (encoding for
990G). Thus, our results point to the action of positive selection acting
on CASK in these hunter-gatherer populations. Next, we generated a
knock-in mouse for the human R990G substitution and assessed its
phenotypic impact by exploring for potential differences between the
ancestral (R990) and derived (990G) homozygote sibling carriers
resulting from several heterozygote crosses within two independent
R990G KI mouse lines.

As expected for an activating CaSR mutation, the derived allele of the
R990G (rs1042636) polymorphism is known to be significantly
associated with lower serum calcium in humans (Kanai et al., 2018). In
particular, the GWAS signal was described in the Japanese population
(N=71,701) when after using a linear regression model under the
assumption of an additive effect of the SNP dosages a beta value of -
0.069 and a p-value of 1.23E-38 was originally reported for rs4678176
(Kanai et al., 2018), which is with high L.D with rs1042636 (with r*=1
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in the Japanese, and ranging from 0.94 to 1 in all South Asian
populations from the 1000G Project). Although only statistically
significant when grouping male mice from the two lines (N=063), our
humanized mouse model for the R990G substitution in CaSR showed
a clear trend towards presenting lower serum calcium concentration,
which, at least in males, was also accompanied by higher serum
phosphorous. Assuming in mice the same effect size on serum calcium
concentrations described in humans for the rs1042636 polymorphism,
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). Overall, these results seem to recapitulate the expected
hypocalcemia phenotype of the R990G substitution in mice.

The clearest differential phenotype found in our R990G KI mouse
model was the higher weight of the derived allele homozygote carriers,
which, at least in females, was accompanied by a tendency towards
presenting higher BMI, higher fat as well as lower lean body content.
Interestingly, calcium 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 calcium in humans has been suggested to reduce the body
weight of children and adults (Heaney et al., 2002; P. Li et al., 2016) and
the abdominal visceral adipose depots in overweight and obese adults
(Rosenblum et al., 2012). On the contrary, rats fed with low calcium
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 calcium-fed rats (He et al., 2011). Thus, the
tinding of greater body weight and fat content in 990G homozygotes
that we have shown display a tendency towards presenting lower serum
calcium when compared to homozygote R990 animals is consistent
with previous studies.

Interestingly, the anti-obesity effects of dietary calcium have been
suggested to result from the direct role of calcium in modulating fat
metabolism (Zhang et al., 2019) with intracellular calcium having a key
role in regulating lipid metabolism and triglyceride storage in adipocytes
(Zemel, 2002). In agreement with these observations, distinct systemic
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and molecular accompanying phenotypes related to lipidic handling and
adipose tissue homeostasis were further observed between the
homozygote carriers of the ancestral and the derived alleles of the
R990G substitution in our KI mouse model. These included differential
cholesterol, HDIL,, and LDI. serum concentrations, as well as
contrasting adipocyte sizes and expression of lipolytic genes (i.e., ATGL
and PPARYy). In addition, we found that the presence of a fatty liver
conditioned the direction of the effects of the R990G substitution on
adipocyte size in visceral and subcutaneous fat as well as on specific
gene expression patterns in visceral adipose tissue. Although under an
excess of hepatic fat accumulation (steatosis) we observed some
expected effects resulting from the activation of CaSR associated with
obesity, we suggest that the putative adaptive role of the R990G
substitution in hunter-gather human groups presenting the DSWS
phenotypeis probably determined in a physiological environment of no
pathological accumulation of fatty acids.

Most of the lipidic and adipose features found associated with the 990G
genotype in our study can be expected to result from either the higher
preadipocyte proliferation or the antilipolytic effects widely recognized
to happen upon activation of CaSR. On one hand, CaSR activation in
visceral white adipose tissue has long been recognized to increase the
proliferation of adipose progenitor cells and promote adipocyte
differentiation (Bravo-Sagua et al., 2016). In human SW872 adipocytes,
for example, the adipocyte differentiation and adipogenesis promoted
after exposure to CaSR activators were suggested to result by
upregulating  PPARy expression levels and that of subsequent
downstream adipogenic genes (He et al., 2012). Similarly, different
CaSR agonists were found to increase preadipocyte proliferation
through the ERK signaling pathway in human 1.S14 adipocytes (Rocha
et al.,, 2015; Villarroel et al., 2013). Besides, the use of troglitazone
(PPARYy agonist) in young obese rats has also been shown to result in
the increase of small adipose cells and the decrease of large adipocytes
without affecting the total mass of adipose tissue (Okuno et al., 1998).
Therefore, we propose that the smaller adipocyte sizes observed in the
990G homozygote carriers presenting no hepatic steatosis could result
from this early mitogenic effect of CaSR activation in preadipocytes.
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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. By
contrast, 990G homozygote carriers with hepatic steatosis displayed a
clear tendency towards greater visceral and subcutaneous 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 accumulating in the liver, among other non-adipose
tissues. We did not detect, however, a clear pattern of differential
expression of inflammatory or lipogenic genes associated with the
R990G substitution at 23-26 weeks of age.

On the other hand, the stimulation of CaSR has been recognized to
promote triglyceride accumulation and adipocyte hypertrophy (cell size
increase) by coordinating not only the activation of adipogenesis but
also the suppression of lipolysis (He et al., 2012). Particularly, in rats fed
with low calcium diets, CaSR was suggested to affect fat accumulation
via antilipolytic pathways (He et al., 2011). Furthermore, i vitro
experiments demonstrated that the decreased expression of the two
main lipolytic enzymes (i.e., HSL and ATGL) in SW872 adipocytes
because of CaSR expression stimulation was attained by increasing the
intracellular calcium and reducing the cAMP levels (He et al., 2011). In
accordance with this antilipolytic effect of CaSR activation, our results
clearly show that both male and female 990G homozygote carriers with
normal liver present 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). In that case,
not only the activation of CaSR with agonists, such as cinacalcet, in
isolated human adipocytes has been shown to elicit an inhibitory effect
of basal lipolysis but rs1042636 carriers of the G allele (encoding for
990G) were found to display higher sensitivity to the antilipolytic effect
of cinacalcet (Reyes et al., 2012). Additionally, we also detected that the
female homozygotes for the 990G allele presented significantly lower
expression of PPARy, which is in accordance with the lower mRNA
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expression of lipolytic genes observed in that genotype. Indeed,
activation of PPARy with an agonist (rosiglitazone) has been shown to
increase adipose tissue lipolysis in rats (Festuccia et al, 2000).
Accordingly, a PPARy-responsive element has been identified in the
promoter sequence of the A7/ gene in mouse and rosiglitazone was
found to increase 4%/ expression (Nielsen et al., 2014).

As for mice with hepatic steatosis, we note that contrasting patterns
were found between males (presenting lower expression of HSL, the
second major lipolytic enzyme) and females (showing higher HSL
expression levels) homozygotes for the R990G substitution, which
could probably result from an additional regulatory role of estrogen
influencing adipogenesis and lipolysis in females (Journé et al., 2004;
Wohlers & Spangenburg, 2010). On the other hand, a metabolic link
has been suggested between the lipolytic activity of adipocytes and the
rate of cellular efflux to HDL (Verghese et al., 2007). Thus, the lower
cholesterol levels observed in the homozygote carriers of the 990G
allele could be reflecting the corresponding attenuation of lipolysis
resulting from the lower visceral adipocyte expression of ATGL and
HSL. Finally, 990G homozygote animals without hepatic steatosis
showed a tendency towards higher expression levels of ATGL in the
liver. Even if only significant in females, such a trend could help to
compensate for the lipidic imbalances caused by R990G. Congruently
with this, higher expression levels of ATGL and enhanced lipolysis
rates in the liver have been previously described to prevent the
development of steatosis (Li et al., 2021; Ong et al., 2011; Reid et al.,
2008).

Different limitations of the present study must be acknowledged. First,
despite the widespread use of the mouse as a fair experimental model
to study biological processes and diseases in humans, our slightly
different physiologies and anatomies might not only difficult the direct
translation of experimental findings in mice into humans but also limit
the mouse model applicability to accurately recapitulate human
phenotypes. Secondly, although during the CRISPR-Cas9 editing
experiment many strategies were applied to minimize the possible off-
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target effect, such as RNP 7 sizu electroporation directly into one-cell
zygotes and the use of an asymmetric vector, the two lines deriving
from two independent knock-ins displayed some phenotypical
differences between them. No modifications were detected when
sequencing the off-target loci predicted by the Benchling tool used for
the two gRNAs design, nevertheless, rare off-target events could still
occur (Atkins et al.,, 2021). Additionally, other background genetic
differences could have been introduced within each line’s initial crosses.
Finally, we do not exclude mild phenotypic effects of the R990G
substitution in bones, skin, or in other tissues that could not be
retrieved in this study due to the sample size of the analyzed cohort.
Similarly, we also knowledge that the sample size of Agta individuals
with phenotypical information such as body weight is clearly limited to
attain significance given the estimated effect size of the polymorphism.

While the 990G allele is found at intermediate frequencies in several
populations from East Asia (i.e., 56.7% in CHS, 53.8% in JPT, and
52.4% in CHB), we note that the CASR gene region displayed
signatures 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 Kintaq). In turn, whereas the physiological consequences
we describe for this non-synonymous polymorphism are expected in all
its carriers, these differences may have been selectively beneficial only
under the environmental conditions, lifestyle, and genomic background
of the SE Asian populations displaying the DSWS phenotype.
Therefore, R990G cannot be inferred to provide a universal
advantageous phenotype to its carriers. It cannot be used either to infer
their ancestry. We propose that the differential adiposity profile and
higher body weight associated with the CaSR R990G substitution could
have been positively selected in hunter-gather human groups from SE
Asia to facilitate fat storage, increasing survival in periods of food
scarcity in their past. Indeed, adipocyte number is a major determinant
for fat mass in human adults (Spalding et al., 2008) and the lower
expression of lipolytic genes in visceral adipose tissue might further
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favor adiposity preventing an unnecessary rapid mobilization of lipids

under fasting or exercise conditions (Nielsen et al., 2014).

Moreover, we could further speculate that the distinct lipidic handling
features and differential adipose tissue homeostasis caused by R990G
could also contribute to some features of the DSWS phenotype such as
the unusual short stature, by advancing puberty, or the development of
steatopygia. Anthropometric studies show that fat percentage in the
human body increases to facilitate puberty, especially in the central
region of the female body, leading to an increase in leptin secretion,
which regulates menarche inducing both the pubertal growth spurt and
the growth plate fusion in the epiphysis (Lassek & Gaulin, 2007,
Miranda et al., 2014; Siervogel et al., 2003). Such an adaptive scenario
would also be consistent with a genome-wide analysis of age at
menarche and bone mineral density conducted on 2,522 females from
414 pedigrees that reported suggestive linkage evidence with LOD
score = 2.31 for the 3q13 region, containing the CASK gene (Pan et al,,
2008) as well as with the results of Guo et al. (2008) that reported the
3q13 region significantly influencing menarche through interaction with
genes on 22q13 (including PPARG, among others) (Dvornyk & Waqar-
ul-Haq, 2012; Guo et al., 2006). Furthermore, the onset of sexual
maturation was previously described to be a plastic mechanism with
which humans react to stressful environments both in groups
presenting the DSWS phenotype (Stock & Migliano, 2009) and in
populations from central Europe and the Americas (Coall & Chisholm,
2003). Thus, overall, our results may support the hypothesis that the
low life expectancy of the hunter-gather human groups presenting the
DSWS phenotype has selected for early maturity and reproduction over
physical growth to enhance fertility (Migliano et al., 2007, 2013).
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Materials and Methods

Signals of selection

SNP genotypes from ten Andamanese and ten Indian Irula whole
genome sequences generated at ~15x coverage (Mondal et al., 2016)
and nine unrelated YRI whole genome sequences from the Complete
Genomics dataset (Drmanac et al., 2010) were merged and curated by
removing any SNP which had missing data for any individual and
subsequently phased with SHAPEIT (Delaneau et al., 2012) using the
1000 G Project Phase 1 samples as reference. Tests of positive selection
based on the site frequency spectrum (Tajima’s D (Tajima, 1989) and
Fay and Wu’s H (Fay & 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 & Wu, 2000) were calculated using 3 kb windows,
whereas XP-EHH (Sabeti et al., 2007) comparing Andamanese versus
Yoruba was calculated by SNP.

To identify any putative adaptive variants in the CASK gene region, we
then used ANNOVAR (Wang et al., 2010) to functionally annotate all
SNPs presenting allele frequencies differences greater than 0.25 when
comparing the Jarawa (JAR) and Onge (ONG) populations to six
mainland Indian populations, including Uttar Pradesh Upper Caste
Brahmins (UBR), Rajput (RAJ), Vellalar (VLR), Irula (ILA), Birhor
(BIR) and Riang (RIA) (see Table S1). We also explored the allele
frequencies for the R990G substitution and signals of positive selection
along the CASR gene region in other south-eastern Asian populations
for which phased whole genomes obtained with the 10X technology
were available (unpublished data; M Sikora and | Bertranpetit personal
communication). These included several DSWS groups 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 different Indigenous groups from Papua New Guinea
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(Koinambe 2N=24, Sepik 2N=4, Kosipe 2N=20, Papua New Guinea
Highlands 2N=4, Australia 2N=4).

For all three south-east Asian groups, we applied a test of positive
selection based on the site frequency 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 DSWS 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
computed from the mean and standard deviation of the genome-wide

raw values of each corresponding statistic (File S1).
Guide RNAs design and Cas9 assay for gRNA efficiency

To generate the CaSR R990G substitution, two guide RNAs (gRNAs)
were designed using the Benchling design tool (www.benchling.com).
In particular, gRNAs 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 targeted nucleotide. The resulting gRNAs sequences
were as follows: 5- CGGGAACTCCATGCGCCAGA -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) (see Figure S13) and a Cas9 cleavage assay was
subsequently performed for each gRNA. Vectors were linearized and
putified. To assay cleavage, a total of 300 nM of a 1:1 (vol/vol) mix of
ctRNA and tractRNA was incubated for 5 min at 75°C and
subsequently allowed to cool to room temperature. 1ul of Cas9 nuclease
(3ug/ul), 3 ul of NEB Cas9 buffer, and 11 ul of H20 were then added
to the mix and incubated for 10 min at 25 °C to allow the formation of
the ribonucleoprotein (RNP) complex. 5 ul of substrate DNA (30 nM)
was then added to the solution and incubated for 1h at 37 °C. Cleavage
products were subject to agarose gel electrophoresis, and the efficiency
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of the gRNA was measured by the ability to efficiently cleave substrate
DNA.

Electroporation of CRISPR RNP’s and HDR template into
zygotes

A homology-directed repair (HDR) template to generate the R990G
substitution was designed according to guidelines (Richardson et al.,
2016) and purchased from IDT (Integrated DNA Technologies). For
gRNA annealing, 10ul (at 54 ng/ul) ctRNA plus 15.6 ul (at 84 ng/ul)
tractfRNA were incubated for 10 min at 75°C followed by gradual
cooling to room temp. Subsequently, 17.94 ul of the gRNA annealing
reaction was incubated for 10 min at 25 °C with 5.42 ul (at 125 ng/pl)
of Cas9 nuclease, after which 32.5 ul (at 500 ng/ul) of ssDNA R990G
template, plus 74.14 ul OPTIMEM were added. 40 pl of this solution
(assembly reaction) were aliquoted and used for the electroporation.
4-week-old BOCBAF1/] female mice wete superovulated with 51U of
PMSG and 5IUhCG and wete subsequently mated with male C57B6/]
stud mice. Zygotes were harvested at stage E0.5. Electroporation was
then carried out with a NEPA21 electroporator (NEPAgene) using the
following conditions: Assembly solution containing zygotes; 40ul.
Poring pulse; 250V, length; 1.5mS, interval; 50mS, decay rate; 10,
number of pulses; 4. Transfer pulse; 20V, length; 50mS, interval; 50mS,
decay rate; 10, number of pulses; 5. Following electroporation,
surviving zygotes were transferred into 6-weeks-old CD1 recipient
females via oviduct transfer. All animal handling and experimental
procedures conducted at the Mouse Mutant Core Facility (IRB) were
approved by the Ethical Committee of the Parc Cientific de Barcelona
(PCB) (project 19-013-9170PRO-SPF).

DNA extraction and R990G genotyping
Genomic DNA was extracted from tail or ear biopsies of 2-week-old
mice by a standard proteinase K and isopropanol-based method (File

S10). Since the R990G substitution generates a consensus sequence for
the Btgl restriction enzyme (Figure S2), we genotyped all newborn mice
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by PCR-RFLP analysis. To do so, CaSR exon 7 genomic DNA was
amplified  using  forward  and  reverse  primers  5-
AACACCATCGAGGAGGTGC-37 and 5-
CTCCACCGCTGATGACGAAG-3", respectively. PCR  reactions
were performed in a volume of 50 ul containing 1x KOD-HS Buffer,
dNTPs (200uM final), Mg”" (1.5mM final), 2 pl of forward primer
(400nM final), 2 pl of reverse primer (400nM final), 0.5 ul KOD Hot
Start DNA polymerase (1 unit) and 1 pl of purified DNA (100-250
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 sec, primer annealing
at 60 °C for 20 sec and extension at 70 °C for 20 sec; 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 subsequently incubated for 90 min at 37°C with the Bzgl
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
colony 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 confirmed positive mosaic were then Sanger
sequenced to ensure the correct editing of the R990G substitution and
discard any potential insertions or deletions introduced during the
CRISPR Cas9 editing protocol.

Establishment of two lines and animal experimental procedures
Mosaic founder mice generated at the Mouse Mutant Core Facility

(IRB) and harboring the corrected edited position were then bred with
CBA mice (6 weeks) from Chatles River Laboratories (France) to
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generate founder lines at the Barcelona Biomedical Research Park
(PRBB) animal facility. We selected one mosaic founder deriving from
each separate editing experiment and gRNA to establish two
independent CaSR R990G mice lines to be phenotyped in our study
(Table S2). Genotyping was performed by PCR-RFLP analysis after
extracting DNA from either tall or ear biopsies obtained just after
weaning as described above. After establishing 17 crosses between
heterozygote individuals in the CaSR7 F1, and 10 crosses between
heterozygote individuals in the CaSR15 F1, a total of 125 F2 mice in
line 7 and 86 F2 mice in line 15 were used for experimental procedures.
Thus, all phenotyped animals belonged to the filial generation 2 (F2) to
minimize the drift effect of inbreeding across several generations.
Moreover, up to 7 and 11 potential off-target sites for each
corresponding gRINAs, as predicted by the Benchling designing tool,
were checked by standard Sanger sequencing in all founders for lines 7
(22 mice) and 15 (21 mice), respectively (aligned sequences are available
in File S11). Off-target genes and primers for the amplification and
sequencing are shown in Tables S3-4.

All generated mice for the phenotyping were kept under pathogen-free
conditions in a controlled temperature and humidity environment with
a 12:12 hr light: dark cycle and had free access to water and were fed ad
libitum on a standard diet at the PRBB animal facility. All animal
handling and experimental procedures for the phenotyping were
conducted in accordance with the FEuropean 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 Barcelona Biomedical Research Park
(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 14"

week of age and left to rest for 30 minutes. Serum was then separated
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by centrifugation at 2000 rcf for 10 minutes at 4°C, aliquoted
conveniently, and stored at -20°C until further analysis. Serum samples
were analyzed for calcium, magnesium, phosphorus, creatinine,
fructosamine, triglycerides, NEFAs, total cholesterol, HDL, and LDL
on an Automated clinical chemistry analyzer Olympus AU400. Serum
PTH and osteocalcin concentrations were measured using the Mouse
PTH 1-84 ELISA Kit (Immutopics, Cat.# 60-2305) and the Mouse
Osteocalcin EIA Kit (Alfa Aesar, Catalog No. J64239), respectively,
following the manufacturers’ protocols.

Urine samples were collected from mice housed in metabolic cages at
around 13 weeks of age. After 48 hours, twenty-four-hour urine was
collected from each animal and rapidly stored at —20°C until further
analysis. Urinary Ca, inorganic phosphate (Pi), and creatinine were
measured on an Automated clinical chemistry analyzer Olympus
AU400. All blood and urine biochemical analyses were determined at
the Servei de Bioquimica Clinica Veterinaria, Universitat Autonoma de
Barcelona (Cerdanyola del Vallés, Barcelona).

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 monitored by taking digital photographs at
different time points after the lesion was performed at either 10 (6 mice)
or 20 weeks (12 mice). At the same time points, the larger and minor
diameters of the skin lesions were also manually measured by using a
caliper. Wound areas were determined by applying the formula: (large
diameter/2) x (minor diameter/2) x 7, whereas the wound-healing rate
was then estimated as ((area of original wound — area of actual
wound)/area of original wound) x 100. Skin biopsies at 20 weeks of age
were incubated in paraformaldehyde 4% overnight, paraffine
embedded to be cut in 5um thickness, and then stained with
hematoxylin and eosin. Differences in epidermal thickness between
genotypes were evaluated using 5 measures per sample and region
(derma or epidermis) (Figures S6 and S7, File S5).
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Body weight growth curves and Body Mass Index

Body weight changes were recorded from weeks 3 to 20 and examined
weekly between lines, sexes, and genotypes through the use of factorial
ANOVAs. Since several experimental procedures (such as blood
extraction, use of metabolic cages for urine collection as well as
transport and anesthetics for the micro-CT analysis performed outside
the PRBB animal facility facilities) could be affecting unevenly numbers
of individuals across the studied groups, we also applied a mixed-model
ANOVA with repeated measures along weeks 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 weeks 20 and
26) for 128 animals. The Body Mass Index (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.

Body composition analysis and micro-computed tomography

Body composition analyses were performed at 14 weeks 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 non-
anesthetized live mice were determined using the Echo-MRI 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 weeks 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 assessed using a Perkin Elmer Quantum Fx instrument at the
Preclinical Imaging Platform of the Lab Animal Service of the Vall
d’Hebron Institut de Recerca (VHIR).
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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.

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 RNAlaterTM 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,
paraffine inclusion and hematoxylin and eosin stains were performed
by the Histology Unit of the Centre for Genomic Regulation in
Barcelona. 12 pm 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 accumulation in sections of the tissue
stained with hematoxylin and eosin using as references figure 1 in Xu
et al. (2012) and figure 4 in Kristiansen et al., 2016). In particular, we
classified those liver sections presenting normal and mildly phenotype
with lipid droplets as “normal”, and those presenting moderate to
severe fatty liver as “steatosis” (see Figure §9). For each animal, the
phenotypic assignation was performed genotype blinded three times in
three independent days. A Pearson’s chi-squared test was used to
determine whether there is a statistically significant difference between
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the expected frequencies and the observed frequencies between the two
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 five to seven animals per each sex and genotype. Five to seven
images per animal were analyzed to retrieve 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
calculated 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 (raw data and statistical
analyses are available in File S7). Analyses were performed separating
animals with normal liver and hepatic steatosis.

RNA extraction and quantitative PCR

Total RNA was extracted from liver and adipose tissue specimens
following the standard protocol of the Higher purity tissue total RNA
purification kit (Canvax, Cordoba, Spain). RNA quality and quantity
were analyzed using Nanodrop spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA). DNase treatment was
performed on 300 ng of total RNA for highly expressed genes, and on
1000 ng of total RNA for genes with low expression using DNase I —
RNase Free standard protocol (Thermo Fisher Scientific). The
Transcription First strand cDNA synthesis kit (Roche Diagnostics) was
used to perform the reverse transcription reaction. Quantitative PCR
reactions (qPCR) were performed using the iTaq Universal SYBR
Green Supermix (Bio-Rad Laboratories). Amplifications were carried
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.

The expression of nine genes related to inflammation and lipid
metabolism was quantified in liver and fat samples using the actin
housekeeping gene as internal control (see primer details in Table S5).
The relative gene expression for ATGL, HSL, PPARy, PPARalpha,
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FAS, FABP4/aP2, Tnf-alpha, Adiponectin, and LPL was quantified
using the 248 method and given as copies of mRNA per 1,000 copies

of actin mRINA. Statistical significance between genotypes was analyzed
by the two-sample t-test and ANOVA.

Imputation and association analysis in the Agta population

A total of 138 Agta samples genotyped with the Axiom Genome-Wide
Human Origins array (~626,000 SNPs) and for which several
anthropological traits have been compiled (Dobon et al., 2022; Migliano
et al., 2013) were phased using SHAPEIT?2 version v2 (R900) with the
duoHMM method to improve the phasing by integrating the known
pedigree information. SNPs with missing data were removed and
window size was set to 5Mb for phasing. We filtered the dataset to keep
only bi-allelic autosomal SNPs with Minor Allele Frequency (MAF) >
5% and without missing data with PLINK 1.9. The dataset was pruned
for LD using --indep-pairwise 50 5 0.2, and we performed a principal
component analysis (PCA) with EIGENSOFT (version 7.2.1) to
identify ancestry outliers and exclude them from the analysis. We also
calculated heterozygosity per sample with PLINK and samples with
overallincreased/decreased heterozygosity rates (£3 SD from the mean
of the population) were removed. A total of 131 Agta samples remained
after all QC filters (data not shown). Sex and age of the samples were
used as covariates. A kinship matrix calculated by KING using identical
by descent segment inference was included as random effects. The
reference panel for imputation were 81 south-eastern Asian samples
with the DSWS phenotype previously sequenced with the 10X
technology (unpublished data; M Sikora and ] Bertranpetit personal
communication) and phased with SHAPEIT. We imputed the whole
chromosome 3 of the SNP-array using IMPUTEDS (v1.1.5) with default
parameters. The imputed alleles for rs1042636 are G/A (majot/minot),
with an IMPUTE info score of 0.92. Because we used south-eastern
Asian populations as a reference for imputation, the allele G (derived)
is annotated here as the major allele, contrary to the global databases
where A (ancestral) is the major. For each of the fitted phenotypes and
genetic models (additive model: 0 = GG, 1 = GA, 2 = AA; homozygote
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only model: 0 = GG, 1 = AA; recessive model: 0 = GG, 1 = GA/ AA;
over-dominant model: 0 = GG/AA, 1 = GA), we tested whether there
is a difference in means between the genotypes (Kruskal-Wallis or t-
test). Per each sex and under the homozygote-only model, a linear
mixed effect modeling for quantitative trait loci mapping as available at
the Rpackage Ime4qtl was used to analyze the relationship between
phenotype and genotype incorporating the effect of age and
relatedness. The corresponding effect sizes of the genotype were
standardized for all phenotypes.
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Figure 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 CASK
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, and XP-EHH comparing
Andamanese versus Yoruba). (C) Tests of positive selection in Malaysian and
Philippine hunter-gather groups presenting the DSWS phenotype (XP-EHH
comparing each south-east Asian population group versus Papua New Guinea). For
each population and selection statistic, the horizontal bar indicates the top or bottom
5th percentile of their respective genome-wide distribution (z-scores are available in
File S1). The position of the CaSR R990G polymorphism is represented by the red
vertical line across the panels. (D) Worldwide allele frequencies of the CaSR R990G
polymorphism. Each pie graph represents the allele frequency in one population.
Populations names from the 1000G 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; MXI, 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, Stri Lankan
Tamil from the UK; and ITU, Indian Telugu from the UK.
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Figure 2. Body weight growth curves, body mass index, and body composition
for CaSR R990G knock-in mice (line 7). (A) Boxplots showing the differences in
mice body weight from 3 to 20 weeks of age between the homozygote carriers of the
ancestral and derived alleles of the CaSR R990G polymorphism. *p < 0.05; **p <
0.005; ns, not significance (one-way ANOVA). (B) Body Mass Index (BMI) at the
final point (20-26 weeks of age), and weight and body weight composition differences
between genotypes in females as determined by EchoMRI analysis on week 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
greater than 1.5 and less than 3 interquartile ranges from the edge of the box). Detailed
significance levels for all tests are available in Files S2 and S3.
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Figure 3. Differential adipose tissue features between CaSR R990G genotypes.
(A) Visceral fat histology differences between genotypes in hematoxylin and eosin
staining. On the right, the histology of a 990G female homozygote (22 weeks). On
the left, the histology of a 990R female homozygote (23 weeks). (B) Adipocyte
diameters in subcutaneous and visceral fat. Differences between genotypes were
tested through a t-test (N= 11 females from line 7, including five 990G homozygotes
and six R990 homozygotes, respectively). (C) Differential ATGL and PPARy gene
expression between genotypes in visceral fat. *p < 0.05; ns, non-significant. Relative
expression is represented per 1,000 copies of Actin.
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5. Implication of CaSR in the systemic lipidic
handling:

5.1. The role of R990G substitution in adipocyte
differentiation and lipolysis

Bravo-Sagua et al. (2016) reported the Calcium sensing receptor to be
involved in regulating white adipose tissue lipid handling. Furthermore,
He et al. (2011) demonstrated that rats fed with a low [Ca2"] diet
showed a significant fat accumulation caused by the enhanced
expression of the CaSR gene, while lower protein levels of the
hormone-sensitive lipase (HSL) and of the adipose triglyceride lipase
(ATGL) were detected, supporting the evidence for an antilipolytic
effect resulting from the calcium-sensing receptor activation.
Additionally, the human polymorphism rs1042636 causing the R990G
substitution in CaSR was also described to be associated with a
reduction of 20% of the lipolysis in omental adipose tissue (Reyes et al.,
2012). Our results confirm that the CaSR activation mediated by the
990G allele is associated with an impairment of lipid metabolism in
white adipose tissue. We also detected downregulation of PPARy in
990G females which is known to be involved in the regulation of
lipogenesis in mature adipocytes (Kersten, 2001). Furthermore, Joosen
et al. (2000), revealed that PPARy primarily regulates FABP4/aP2,
whose expression was shown to be a function of PPARy activity. In
agreement with Joosen et al. (2000), our results showed that 990G
animals had the tendency to express less FABP4/aP2 mRNA than their
R990 littermates, mirroring the downregulation of the PPARy.
Moreover, FABP4/aP2 expression was previously described to be
important for HSL and ATGL expression in mature adipocytes through
fatty acid ligation (Dou et al., 2020; Krusinova & Pelikanova, 2008; H.
L. Li et al., 2021). Mice knocked out for adipose FABP4/aP2 showed,
in fact, a significant reduction of HSL and ATGL, an increase in fat
mass depots, and an enhanced LPL expression, indicating that FABP
deficient mice had lower lipolysis but higher lipogenesis (Hertzel et al.,
2000). In line with the literature, our results showed a lower expression
of ATGL and HSL genes, without, however, any evidence for an
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increase in the expression of lipogenic genes (LPL and FAS). In turn, it
has also been shown that the interaction between FABP4/aP2 and free
fatty acids (FFA) is required for the relocation of the complex
FABP/FFA to the nucleus as well as for the activation of PPARYy itself
(Krusinova & Pelikinova, 2008). In other words, FABP4/aP2 in
adipose tissue is involved in the regulation of the lipolysis on one hand
by modulating downstream genes (HSL and ATGL) and on the other
hand regulating its own transcription through PPARy activation in a
feedback loop (H. L. Li et al,, 2021).

PPARYy was also described to be downregulated by estrogen treatment
in human abdominal adipose tissue (Lundholm et al., 2008). Jeong &
Yoon (2011) treated mice with an activator of PPARy (troglitazone
TZN) together with estrogen, showing a reduction in body weight and
adipocyte size. Moreover, a reduction in the expression of PPARY target
genes was detected. In our results, the fact that the reduction of PPARy
expression reached significance only in females could be related to the
synergic activity of the estrogen with the CaSR. As a consequence of
the PPARy downregulation together with the CaSR activation, a lower
expression of downstream lipolysis-related genes (FABP4/aP2, ATGL,
and HSL) is generated in mature adipocytes. However, the sole lipolysis
reduction in 990G mature adipocytes does not fully explain the higher
weight and the smaller adipocyte diameters we found in 990G animals.
To understand the mechanism behind this phenotype CaSR’s role in
the adipocytes” maturation must be considered.

As reported in chapter 3.3, He et al. (2012) showed that the activation
of CaSR in adipose cell cultures upregulated PPARy expression.
Furthermore, it was shown that CaSR activation induced by its allosteric
modulator CdCI3 enhanced the preadipocytes LS14’s proliferation
(Rocha et al., 2015). PPARy is in fact considered to be the master
activator of adipogenesis in preadipocytes where it promotes the
expression of a large gene group that induces the cellular differentiation
towards the adipocyte phenotype (Tang & Lane, 2012). In the study
conducted by Okuno et al. (1998), the use of TZN in obese rats resulted
in the increase of small adipose cells and the decrease of large
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adipocytes without affecting the total mass of adipose tissue. Besides,
the activation of PPARYy using pioglitazone in wild-type mice resulted
in a significant decrease in adipocyte sizes and an increase in adipocyte
number, as a consequence of adipocyte differentiation (Kubota et al.,

1999).

Gene expression analysis by quantitative PCR in visceral fat from
animals developing steatosis revealed a different expression profile
from those animals not developing steatosis. The hormone-sensitive
lipase was upregulated in 990G females (p-value <0,05), while 990G
males showed downregulation of both HSL and LPL (p-value < 0,05).
Since these differences were observed only in animals showing an
impaired fat accumulation'’, we could hypothesize that the presence of
an hyperlipidic environment could upregulate the lipolytic response in
female visceral fat. However, the antilipolytic effect of CaSR activation
in visceral fat was confirmed in males (HSL downregulation in males p-
value<0,05). One reasonable explanation for detecting differences
between sexes could be seen in the role of estrogen in regulating female
adipogenesis and lipolysis (Journé et al., 2004; Wohlers & Spangenburg,
2010).

5.2. The role of R990G substitution in liver

When analyzing gene expression in non-steatotic livers we detected
higher expression of ATGL in 990G females (p<<0,05) and the same
tendency in males, while no expression of TNFalpha or IL6 was found.
The ATGL overexpression was, in fact, previously described to prevent
the development of steatosis and hepatic inflammation, increase
PPARalpha expression and promote fatty acid oxidation (T. Li et al,,
2022; Ong et al,, 2011; Reid et al., 2008). At the same time, when
comparing 990G females having a normal liver with 990G females with
steatosis in the CaSR7 line, we found a significant downregulation in
ATGL expression in the steatosis animals (t = 5.78, df = 4.03, p-value
= >0.01). On the other hand, no differences in the liver ATGL

10 Both genotypes of CaSR15 females showed high weight, while only 990G females
showed lower FFA concentration in blood.
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expression were found between 990G and R990 homozygotes in
CaSR15 animals with steatosis. In this cohott, instead, we found a
significant decrease in FABP4/aP2 expression in 990G males when
compared with their R990 homozygote littermates while in females we
did not find any difference. As previously reported, FABP4/aP2
hepatic expression levels are sex and age-specific, suggesting the
existence of some hormone-related compensatory mechanism
(Atshaves et al., 2010).

5.3. Connecting the dots: the R990G substitution and its
systemic implication

Considering all our results together, we can argue that the CaSR
activation in 990G young animals’ visceral fat enhances the
preadipocyte proliferation probably through PPARy upregulation,
leading to the maturation of a higher number of small adipocytes as we
detected in the histology’s morphometric analysis. As a result, 990G
homozygotes developed higher weight and BMI. However, in mature
adipocytes from adult animals, CaSR activation confirmed its
antilipolytic  role in  downregulating lipolysis-related — genes.
Furthermore, 990G adult females presented, in the liver histology, a
higher tendency to develop steatosis, suggesting an enhanced fat
uptake. On the other hand, animals without steatosis seemed to
compensate for the lipidic imbalance in the liver with enhanced
lipolysis. All these results together suggest the presence of a generalized
imbalance in the lipidic handling with the tendency towards increased
fat storage in different tissues: in visceral fat through the enhanced cell
proliferation and in liver developing steatosis.
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6. Putative adaptive forces for an enhanced
lipidic accumulation in populations with the
DSWS phenotype

Lipid accumulation, reproduction, and lifespan have been described to
be causally linked both in different animal models and in humans
through a reproductive-endocrine signaling axis (Hansen et al., 2013).
During puberty the human body undergoes major morphological
changes in body fat and lean, the growth rate is accelerated and there is
the closure of the epiphysis’ growth plate (Miranda et al., 2014).
Anthropometric analysis in humans, in fact, revealed that fat percentage
increases during puberty leading to an increase in leptin secretion.
Leptin is a hormone primarily secreted by the adipose tissue that
regulates the energy balance, and during the 6 months preceding
menarche, it increases its levels by 28% as a consequence of the
enhanced fat accumulation (Lassek & Gaulin, 2007; Siervogel et al.,
2003). Specifically, Lassek & Gaulin (2007) found that the gluteo-
femoral fat adipose tissue produced more leptin than upper body fat
and that the age of menarche was inversely correlated to the leptin
levels. In other words, during puberty, girls have an enhanced fat
accumulation in the central region of the body, an increase in leptin
production that regulates the menarche inducing the pubertal growth
spurt and the growth plate fusion in the epiphysis.

Diachronic cross-sectional studies on anthropometrical data collected
during the first colonial period in the Andaman Islands revealed a
complex relationship between mortality, reproduction, and body height
(Stock & Migliano, 2009). In this study, it was shown that during the
most difficult periods of higher mortality and epidemics, the
individuals’ height was significantly reduced both in men and women.
Furthermore, when analyzing the stature, growth, and fitness of the
Philippine, Malaysian, and central African populations presenting the
DSWS phenotype, it was reported that these groups showed an early
onset reproduction in response to a hostile environment when
compared to other hunter-gatherer groups (Migliano et al., 2007).
Moreover, as described by Coall & Chisholm (2003), a hostile
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environment during childhood generated environmental (mental) stress
that was positively associated with early menarche.

Considering all the evidence described above, we can fairly hypothesize
that the hostile environment in the rainforest acted as a selective
pressure on DSWS populations, generating a positive selection on traits
that induced the early onset of sexual maturation to increase
reproductive success. In this light, the calcium-sensing receptor R990G
substitution could have been adaptive by enhancing the adipose tissue
accumulation, which specifically in the hips increased the leptin levels
anticipating the menarche in women. Consequently, the early onset of
sexual maturation caused the eatly closure of the growth plate resulting
in the reduction of the body size.

As previously mentioned, the early onset of sexual maturation related
to an enhanced fat accumulation (Lassek & Gaulin, 2007) and generated
by a stressful environment (Coall & Chisholm, 2003) was described in
populations from central Europe and the Americas suggesting that this
is a plastic mechanism present in all humans that allows for a faster
reproduction during critical times. However, our results suggest that
this mechanism was further positively selected in nowadays populations
from SEA carrying the DSWS phenotype as an adaptive response to
their particularly stressful rainforest environment.

6.1. Carrying a specific adaptive variant in a western-
centric world

This work shows that studying human diversity and adaptation allows
us to have a complete understanding of how evolutionary forces can
shape human biology and appreciate how natural selection can induce
drastic phenotypic changes. The experimental validation of a putative
adaptive variant into an animal model resulted crucial in understanding
how a non-synonymous substitution behaves in a physiological
environment, allowing us to go beyond a simple 7 si/ico prediction. Our
results demonstrate that the R990G substitution in the CASR gene
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produces an impaired lipidic accumulation that could have been
positively selected in DSWS populations to increase their energetic
storage in the form of fat depots. Furthermore, we hypothesize that the
enhanced fat accumulation could be influencing the bases of an
anticipated sexual maturation and diminished physical growth as well as
the development of the steatopygic phenotype. It is worth noticing that
in the last decades several studies have highlighted the increasing
tendency for developing overweight, obesity, and diabetes in
Indigenous peoples from South East Asia and the Andaman Islands
living in urban areas and experiencing a dietary shift toward consuming
higher caloric food. Specifically, the vulnerability of suffering from
overweight was detected to be higher in the age group 20-39 in men,
while women of every age group developed overweight. The authors
suggested that the cultural shift toward a more sedentary life in
governmental homes (as previously reported in chapter 2.1) together
with the reduction of proteins and the increase in carbohydrates intake
could be the causal factor for the high obesity risk (Chowdhury &
Chakraborty, 2017; Sahani et al., 2010; Sharma, 2016; Vennu et al.,
2019). In this light, it is possible that the higher 990G-CaSR activity
could today result maladaptive within the new dietary environment
being the Calcium-sensing receptor involved in lipid handling as well as
playing a metabolically active role in the glucose/insulin balance
(Babinsky et al., 2017; Oh et al., 2016; Rybczyniska et al., 2017; Squires
et al., 2000).
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7. How can we talk about genetic differences
between populations in a time of major
historical changes?

7.1. The never-ending story of the unknown’s fear

This thesis has been written during the most inexplicable human
invention: a new war. Once again, we found ourselves in a situation
where our daily routine could change in a heartbeat. Even during the
two years of the still ongoing COVID pandemic, we managed to keep
our priorities in line, achieving whatever goals we previously planned
and keeping our schedule full. But, on February 24 we woke up in a
wortld where some young people who the day before had been planning
to go to work, study, or travel, were embracing weapons to defend their
homes in an anachronistic fashion. For decades we had lived through
many wars, and we were more or less aware of what was happening on
the other side of the sea. Despite that, we went on with our lives, with
our plans and dreams. The threat only became tangible when the people
in danger were the ones that we recognized as our equals'', while on the
other hand considering threatening what is different from us. The
stranger is an enemy'” that we cannot understand, we ate different, we
do not speak the same language, we do not have the same traditions,
we do not have the same colors, we do not like the same things, we do
not like the same food, we do not have the same blood, we just don’t.
It is fascinating our surgical ability to search for all the things that make
us (self) different from others (non-self). As if the differences were the
only things that legitimate our own group and that make us feel as if we
belong.

1 'The press could not help but declare that “This [Ukraine] is not a place, with all due
respect, like Iraq or Afghanistan who has seen conflict rage for decades. This is a
relatively civilized, relatively European - I have to choose those words carefully - city
where you would not expect that or hope that it was going to happen.” Charlie
D’Agata, CBS news; and also “what's compelling is just looking at them, the way
they're dressed. These are prosperous middle-class people, these are not obviously
refugees trying to get away from areas in the Middle East [or] North Africa, they look
like any European family you would live next door to”, Peter Dobbie, Al Jazeera.

12'The Romans called their enemies with the word /boszs which also indicated foreign

people.
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7.2. Searching for non-self to find the self: an archaic
instinct

A great example of the antithesis’ rhetoric between the se/fand the non-
self can be found in the De Bello Gallico where Julius Caesar celebrated
his victories and the Roman superiority by playing with the description
of his enemies to his own advantage: sometimes describing them as
fierce and heroic, while other times as ignorant and barbaric (Siedler,
1956). As previously mentioned (chapter 2.1), the same kind of
dichotomic rhetoric was used during the Victorian age for describing
the colonized people to legitimize the European campaigns of the slave
trade and land exploitation (Opubor, 2020). However, this dualistic
approach in defining the se/fin contraposition to the non-self appears to
be something so ancestral that could be even identified in how
populations call themselves in some hunter-gatherer groups. In fact, the
self-assigned names Onge and Khoekhoe simply mean “human beings”,
with the only purpose to separate the humans from the non-humans
(Pauls, 2021; Venkateswar, 2004). On the contrary, some populations
having their name assigned from an external group often are defined by
their belonging to the non-self. For instance, the word Jarawain the Aka-
bea-da language'” means “stranger” (Venkateswar, 2004), as well as the
words Agta, Ayta/ Aeta in the Philippines languages, mean “outsiders”
(R. Blust, 2013).

7.3. The unexpected and underestimated impact of
science on society

Since the inclination in interpreting the non-self as a threat seems to be
deeply rooted in humans, when talking about the differences among
human populations from a genetic perspective it is particularly
important to contextualize and put the genetic differences in
perspective. It is necessary to acknowledge that the level of genetic
diversity among human populations is estimated to be less than 10%
and that genetic variation within continents is clinal (Lee et al., 2008;
Mallick et al,, 20106), therefore the strong phenotypic impact of

13 Language spoken by one group of the Great Andamanese.
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particular variants cannot justify any kind of marginalization, racial
essentialism, or biological hierarchy (Panofsky et al., 2021). However,
we must be aware that even though genetics has clearly demonstrated
that human populations cannot be subdivided into biologically defined
groups, racialized'* people are still a reality, and the 18" century’s legacy
of stereotypes and discrimination is still present (Rutherford, 2021).
Indeed, the misinterpretation and manipulation of the genetic ancestry
tests’ results have been used by different groups of White nationalists
in the last years to undermine the scientific evidence and reinforce racial
realism (Panofskyet al., 2021). Sadly, also in the academic world, a small
group of scientists is still attached to the old-fashioned eugenics ideas
that were so popular in the fascist propaganda. They are organized in
small circles, publishing their biased ideas in small open-source journals
spreading false racist, sexist and eugenics ideas such as the so-called
“Woodley effect”” (Canlorbe, 2019b, 20192; Meisenberg, 2009; Saini,
2020). Furthermore, scientific data are often quickly politicized,
especially when talking about human populations (Lee et al., 2008). An
example of what this can cause is the recent “Buffalo shooting” that
took place in a supermarket in a predominantly Black community on
May 14™, 2022 taking the life of 10 people. The killer described himself
as a fascist, White supremacist, and anti-Semite supporting the “Great
Replacement” conspiracy theory, and some days before the shooting
published a “manifesto” where he cited numerous scientific
publications to support his biased ideas on the one hand by cherry-
picking and decontextualizing some scientific results, and on the other
hand, relying on Mr. Woodley’s independently founded and quite
questionable research (Prokupecz et al., 2022; Pronczuk & Ryckewaert,
2022).

However, even if we are not biased by the unmissed resurrected
nationalism, we still must take into serious consideration the 18th-
century legacy of stereotypes that is widespread in our society. One
example is the misrepresentation of the hunter-gatherer people as some
magical, mysterious, and fascinating creatures that we inherited directly

14 Here understood as historically excluded groups.
15 Trend indicating a population-level decline in general cognitive ability.
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from colonial propaganda. Sadly, this conception is still very much
common in every society layer, unconscious or not. In fact, a simple
search of Papua New Guinea in the Google Arts&Culture’s section
yields “a magical place that is incredibly rich in culture and far removed
from modernity” as the first definition. Furthermore, even in the
academic literature, when talking about the Indigenous DSWS peoples
of a colonized area some authors still refer to them as people with
“visually seductive features of phenotype” (scientific article from 2013).
This logic is still dangerous because places the hunter-gatherer groups
in the same fantasized and oneiric idealization of the wildlife detached
from reality and fixated in time, once again reducing them to a “state of
nature” directly counterposed to our idea of “modernity” that they

cannot escape.

7.4. The responsibility of the correct scientific
communication

If the latest discoveries in biology (including genetics, epigenetics,
transcriptomic, proteomic, physiology, etc.) have taught us something
is that the living organisms are the result of a delicate multifactorial
equilibrium that is almost impossible to predict. For this reason, when
researchers try to understand the patterns behind these complex
dynamics we need to simplify and focus on a small part of the actual
reality. On top of that, if the research is about human evolution and
social traits, we need to consider that the social and economic
environment has the strongest impact on human populations and,
therefore, bear in mind that any kind of study trying to identify the
genetics behind complex traits such as intelligence (IQ)', ctiminality or
athleticism is just wrong (Blakey, 2020; Gémez-Valdés et al., 2013; Lee
et al.,, 2008; Montana, 2013). As scientists, we must also take into
consideration our own biases. We are people socialized in a segregated
white environment bearing the cultural Enlightenment heritage where

16 The so-called “Flynn effect” (the tendency of every human group to achieve
increasingly higher I1Q) scores through the generations) is one of the most compelling
evidence demonstrating that the cultural habits have the stronger impact on getting
higher IQ scores rather than having a particular genetic asset (Saini, 2020).
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science was elevated to universal truth and scientific discoveries defined
as an unchangeable reality (Blakey, 2021; DiAngelo, 2011).

The consequences of a simplistic data interpretation

One clear example of the deterministic interpretation and naturalization
of the scientific results is the patenting of the first drug approved by the
US Food and Drug Administration for a specific racialized group: the
BiDil. It was, in fact, shown that the drug administrated to 49 self-
defined black patients together with the standard treatment reduced
heart failure. Even if the group-specific association was controversial,
the drug was approved resurrecting the claims that humans are
subdivided into biologically defined groups also in academia (Barbujani
et al., 2013; Montana, 2013). Heart disease is complex, and it depends
on stress, income, diet, and access to health care, therefore, the fact that
it affects a specific group tells more about the society’ structure than
the group’s genetics. Furthermore, no specific genetic marker was
considered when analyzing the BiDil efficacy in the group under study,
but rather the criterium for the inclusion was the sole self-identification
to a specific ethnic group that is variable over time according to the
sociopolitical environment (Krimsky, 2012). On top of that,
Hammermeister et al. (2009) analyzed more than 76,500 patients having
different ancestries, revealing no significant association between BiDil
and mortality within the ancestry groups. As previously mentioned,
genetic variation among human populations is clinal, however, two
populations placed at the two extremes of a cline tend to present
different genetic assets, especially in complex traits. Several genetic
studies have, indeed, reported different frequencies among the
populations for alleles associated with complex disease and drug
response, contributing to inter-population variability (Guha et al., 2015;
Piel et al., 2010; Shoily et al., 2021). However, this cannot be interpreted
as a biological confirmation of the race’s existence, it is rather the result
of a complex balance between adaptation and demography. For all the
reasons listed here, it is important to increase the representation of non-

European descendants in clinical research studies, to include a higher
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genetic variability in pharmaceutical trials, while a transdisciplinary
approach is necessary to take into consideration the social environment
as a strong variable that can certainly influence the individual’s health
(Batai et al., 2021; Brody & Hunt, 2006; Montana, 2013).

7.5. Laying the foundation for a more conscious research

For all the reasons reported above, there is a growing number of
scientists engaging in the application of specific good practice
guidelines when talking about human populations. In 2008, Lee et al.
proposed some principles to follow when characterizing group
differences based on human genetic variation. Among them, while
recognizing the inexistence of biological racial categories but also
acknowledging the correlation between human genetic variation and
geographic distribution, the authors focused on the importance of
having clear and open communication between scientists and the
general public. Both when analyzing the individual’s genetic profile and
when establishing human categories for a study, Lee et al. (2008)
recommend carefully detailing why the categorization is important for
the study and putting the results into a broader context. Furthermore,
they recommend taking into consideration the sociopolitical
consequence of particular genetic explanations for group differences in
complex traits and avoiding overemphasizing the genetic contribution
of the group. Furthermore, the importance of collaboration with the
communities has been assuming a central role both in aDNA research
and in large-scale genomic initiatives in developing countries (Patrinos
et al., 2020; Wagner et al., 2020). While on one hand, the tight
collaboration with the communities reinforces their trust in the
research, on the other hand, it helps scientists to increase the quality of
their work. However, community interests must be prioritized
especially when the results could have an impact on their sociopolitical
status. For this reason, scientists are starting to lean towards addressing
questions that are important for the community rather than deciding
them « priori. Moreover, community engagementin the research should
continue throughout the process, from the discussion on how the
community should benefit from the research when defining the
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project’s objectives, to the analysis of the final results. During this last
step of the work, many researchers are emphasizing the importance of
the community’s feedback for the results’ interpretation leaving to them
the final decision on what should be published. Finally, an outreach
program for the data returning to the population has been shown to
enhance community engagement increasing both the people’s curiosity
about scientific-related questions and the probability of future
collaborations (Avila-arcos et al., 2022; Davalos et al., 2022). Many
scholars are also pointing out the need to discuss the problems related
to the language used in science communication and the possible
historical (and potentially colonialistic) background behind an
evolutionary hypothesis, considering the dangerous possibility to fall
into deterministic conclusions that could further stigmatize and
marginalize vulnerable groups (M. Hernandez & Perry, 2021; Khan,
2021).
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As reported in chapter 2.7, the populations carrying the DSWS
phenotype have a particularly complicated historical background having
suffered invasions, rape, kidnapping, and dehumanization “justified” by
their different physical appearance. Although there is much room for
improvement, understanding the history of the population under study
here, the mechanisms used for their stigmatization as a/fer, and the social
repercussions suffered by them, have been of critical importance in this
work. For instance, to avoid the mythological representation of the
hunter-gatherer groups and put the results interpretation in a wider
context, it was important to specify that the plastic mechanism for the
anticipated reproduction in stressful environments is present in all
humans and that being under selection in populations carrying the
DSWS phenotype is only the natural consequence of a specific
environmental selective pressure and that therefore, it does not have
any other type of implication. Furthermore, by renaming the
phenotypic features with the DSWS acronym I tried to avoid any kind
of deterministic naturalization and objectification, focusing only on the
biological mechanisms and never identifying the people only with one
of their many characteristics. As researchers, it is my belief that we
should work towards making the process of questioning ourselves at
every step of the way and recognizing our biases and limitations by
being open to different perspectives, a core value.
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Using genomic data we show that rainforest populations from Malaysia
and the Philippines carrying the DSWS phenotype show signals of
positive selection in the CASKR gene as previously reported in the
Andamanese genomes. Furthermore, the analysis of the rs1042636
wortldwide frequency distribution revealed that populations from East
Asia and particularly from South East Asia carry the highest frequency
of the derived allele of this human polymorphism.

The CaSR protein is a G-coupled receptor that modulates intracellular
cAMP levels. The rs10426306, causing the R990G substitution, is gain-
of-function and generates a higher sensitive receptor to extracellular
calcium. At a systemic level, CaSR’s main function is to control calcium
homeostasis by regulating the Parathyroid Hormone expression while
balancing the Ca® excretion in kidneys and controlling its levels in
serum through bone reabsorption and intestinal uptake. Besides, CaSR
is also expressed in the bone growth plate where it regulates
chondrocyte differentiation, and in osteoblasts and osteoclasts
regulating bone synthesis and digestion. In the skin, the CASK gene is
involved in keratinocytes differentiation, while in adipose tissue it
regulates, on one hand, adipogenesis and on the other the whole
adipose tissue homeostasis through the balancing of the lipogenic-
lipolytic pathways.

The mouse model for the R990G substitution shows differential
phenotypes between the homozygotes of the ancestral and derived
alleles. At a systemic level, 990G homozygotes, in comparison to their
littermates R990, show higher weight, higher body mass index, the
tendency to have higher fat percentage and lower lean percentage, as
well as a lower concentration of serum cholesterol and a higher
tendency to develop liver steatosis in females. Furthermore, when
performing morphometrical analysis on the adipose tissue histology,
990G homozygotes display smaller cell size both in subcutaneous and
in visceral fat, while showing at the same time a downregulation of the
lipolytic-related genes in visceral fat when performing quantitative PCR.
Overall, our mouse model shows an enhanced fat accumulation
probably due to the higher activity of CaSR during preadipocyte
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maturation and adipocyte differentiation, generating a higher number
of adipocyte cells in 990G animals as well as because of both enhanced
adipogenesis and lipolysis downregulation.

A phenotype of greater fat accumulation and body weight in Indigenous
hunter-gatherers from South East Asia could easily facilitate an earlier
sexual maturation. These results agree with the hypothesis that some of
the DSWS phenotypes (the higher fat accumulation resulting in
steatopygia and the short stature) could result from selection for an
early onset of reproduction in a particularly hostile environment such
as the rainforest.

Since “nothing in Biology makes sense except in the light of evolution”
(Dobzhansky, 1973), studying human adaptation and understanding the
biological processes underneath the human differences has always
fascinated evolutionary biologists. Furthermore, from a biological,
medical, and ethical perspective, it is important to increase the
representation in biomedical studies of understudied populations to
achieve a more complete and accurate description of human variation
for the development of new drugs. However, the ghosts of the
nationalistic, colonial, and racist 18th-century legacy are very much alive
in every societal layer including the scientific world. Using the words of
Dr. Richard Cooper “Racialized thinking is such a deep part[...] of our
psychology that we can’t just by conscious effort free ourselves from it
completely. It keeps popping out in ways when we’re unprepared or not
vigilant” (Saini, 2020). For these reasons, it is our responsibility as
scientists to be self-critical and conduct respectful, inclusive, and
transdisciplinary research projects in collaboration with the socially
excluded groups making sure to give the produced knowledge back to
them. Besides, when communicating our research in scientific circles, it
is our duty to be unequivocally clear about our results and conclusions
putting them in a wider and multidisciplinary context to reject any

possible misinterpretation.

Nevertheless, finding a solution to such complex issues is a work in
progress. Like Michelangelo’s slaves are constantly fighting the marble
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that traps them, in the same way, we should constantly fight the
prejudice that entangles us, questioning ourselves, challenging and
deconstructing our most profound beliefs to overcome (conscious or
unconscious) biases and build a fairer society through a more inclusive
science.
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Supplementary Figure, Tables, and Files

All the supplementary tables and files can be accessed through the
online resources [https://bit.ly/3RpkYHh]

Figure S7. Wound healing after a 5 mm punch skin biopsy. Wound
healing images after a skin biopsy at 10 (A) or 20 weeks (B) of age
(animals from line 7).

Table S1. Functional annotation of SNPs in the CASK gene region.
Table S2. Mosaic mice generated by CRISPR Cas9.

Table S3. Genes with potential off-target sites for each corresponding
gRNAs used, as predicted by the Benchling designing tool, and primers
used for Sanger sequencing.

Table S4. PAM, off-target site sequences, primers 1Ds, conditions, and
nomenclature summary for all corresponding amplicon sequencing
analysis.

Table S5. Primers for qPCR expression analysis and tissues analysed.

File S1. Selection statistics computed around the CASK gene region for
Andamanese, Malaysian and Philippine rainforest hunter-gatherers, and
Papua New Guinea populations.
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File S2. Data and statistical analysis for weekly body weight and body
mass index (BMI) analysis. The 990G genotype is indicated as HO, the
R990 is indicated as WT.

File S3. Blood and urine biochemical data. The 990G genotype is
indicated as HO, the R990 is indicated as WT.

File S4. Data and statistical analysis for body composition at week 14
(weight, fat and lean) and micro-architecture parameters of the tibial
cortical bone and the trabecular bone at the proximal tibial metaphysis
obtained from micro-computed tomography performed ex-vivo at
endpoint (week 25). The 990G genotype is indicated as HO, the R990
is indicated as WT.

File S5. Wound Healing and Skin Biopsies data and analysis. The 990G
genotype is indicated as HO, the R990 is indicated as WT.

File S6. Liver steatosis data and analysis. The 990G genotype is
indicated as HO, the R990 is indicated as WT.

File S7. Visceral and subcutaneous adipocyte size data and statistical
analysis. The 990G genotype is indicated as HO, the R990 is indicated
as WT.

File S89. Gene expression results. The 990G genotype is indicated as
HO, the R990 is indicated as WT.

File S10. DNA extraction protocol.

File S11. Alignment of sequences in off-target gene predicted sites as
obtained from all line 7 and line 15 founders.
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The QR code can be used for quick access with mobile devices to the

online resources files and tables.
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Figure S1.
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Figure S1. Signals of positive selection in the CASR gene region. (A) On the top,
the location of the CASR gene region on chromosome 3. Below, zoom in with
Ensembl gene tracks within 200 Kb upstream and downstream of the CASR gene.
(B) Tests of positive selection in the Malaysian DSWS group (SF select,and XP-EHH
comparing Malaysian rainforest hunter-gathers versus the Papua New Guinea group).
(C) Tests of positive selection in the Philippine DSWS group (SF select,and XP-EHH
comparing Philippine rainforest hunter-gathers versus the Papua New Guinea group).
(D) Tests of positive selection in the Papua New Guinea group (SF select, XP-EHH
comparing the Papua New Guinea group versus Malaysian rainforest hunter-gathers,
and XP-EHH comparing the Papua New Guinea group versus Philippine rainforest
hunter-gathers). For each selection statistic, the horizontal bar indicates the top or
bottom 5th percentile of their respective genome-wide distribution (z-scores are
available in File S1). The position of the CaSR R990G polymorphism is represented
by the red vertical line across the panels.
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Figure S2. Experimental design. (A) R990G donor carrying the G allele to generate
the R990G substitution by homology-directed repair. The arrows within the CaSR
guides indicate the Cas9 cleavage site. (B) Creation of a consensus B#gl recognition
site for RFLP analysis. (C) Mouse-human nucleotide /aminoacid alignment for patt of
CASR exon 7 displaying in red the cortesponding detived G/Gly allele of the CaSR
R990G polymorphism.
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Figure S3. Body weight growth curves of CaSR R990G knock-in mice. (A)
Boxplots showing the differences in body weight from 3 to 20 weeks of age between
the homozygote carriers of the ancestral (abbreviated as HO and indicated in green)
and derived (WT, in orange) alleles of the CaSR R990G polymorphism in line 7. * p
< 0.05; ** p < 0.005; ns, not significant (one-way ANOVA). (B) Boxplots showing
the differences in mice body weight from 3 to 20 weeks of age between the
homozygote catriers of the derived (abbreviated as HO and indicated in green) and
ancestral (WT, in orange) alleles of the CaSR R990G polymorphism in line 15. *p <
0.05; **p < 0.005; ns, not significant (one-way ANOVA). 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
greater than 1.5 and less than 3 interquattile ranges from the edge of the box). Detailed
significance levels for all tests are available in File S2.
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Figure S4. Body Mass Index (BMI) differences between genotypes at the final
point (weeks 20 - 26). (A) BMI differences considering all animals together. (B) Body
Mass Index (BMI) differences per sex. (C) Body Mass Index (BMI) differences per
sex in line 7. (D) Body Mass Index (BMI) differences per sex in line 15. *p < 0.05
(Kruskal-Wallis test when analysing all animals together; otherwise 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 greater than 1.5 and less than 3 interquartile
ranges from the edge of the box). Detailed significance levels for all tests are available
in File S2.
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Figure S5. Body composition differences (weight, fat, and lean) between sexes
and genotypes as determined after EchoMRI analysis at week 14. 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 quattiles. Filled circles
represent outliers (values greater than 1.5 and less than 3 interquartile ranges from the
edge of the box). Detailed significance levels are available in File S4.
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Figure S6. Micro-architecture parameters of the tibial cortical bone and the
trabecular bone at the proximal tibial metaphysis obtained from micro-
computed tomography performed ex-vivo at endpoint (week 25). 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 greater than 1.5 and less than 3 interquartile ranges from the
edge of the box). No compatison between genotypes was significant (Wilcoxon Rank
sum test).
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Figure S8.
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Figure S8. Liver steatosis categorization. Liver biopsies were categorized into a
normal or a steatosis phenotype, depending on whether they presented normal (A) to
mildly phenotype with lipid droplets (B) or moderate (C) to severe fatty liver (D),
respectively.
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Figure S9. Histology of subcutaneous and visceral fat. (A) Subcutaneous fat in
line 7 individuals without liver steatosis. (B) Subcutaneous fat in line 15 individuals
without liver steatosis. (C) Visceral fat in line 7 individuals without liver steatosis. (D)
Visceral fat in line 15 individuals without liver steatosis. (E) Subcutaneous fat in line
15 individuals with liver steatosis. (F) Visceral fat in line 15 individuals with liver
steatosis. FHO, female homozygote for the derived allele of the R990G substitution;
FWT, female homozygote for the ancestral allele of the R990G substitution; MHO,
male homozygote for the derived allele of the R990G substitution; MWT, male
homozygote for the ancestral allele of the R990G substitution
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Figure S10. Graphical representation of gene expression differences between
the genotypes of the R990G substitution in (A) Liver and (B) Visceral adipose
tissue (line 7, liver without steatosis).
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Figure S11. Graphical representation of gene expression differences between
the genotypes of the R990G substitution in (A) Liver and (B) Visceral adipose
tissue (line 15, liver with steatosis).
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Figure S12. BMI, height and weight phenotype distribution by sexes in the
Agta population. (A) Phenotypical differences between genotypes tested according
to an additive model (0 = GG, 1 = GA, 2 = AA), (B) an homozygote only model (0
= GG, 1 = AA), (C) a recessive model (0 = GG, 1 = GA/ AA) or (D) an over-
dominant model (0 = GG/AA, 1 = GA).
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Figure S13. PCR blunt vector used for cloning with neomycin and kanamycin

resistance.
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Supplementary File S8: Visceral and subcutaneous adipocyte size
results. The 990G genotype is indicated as HO, the R990 is indicated as WT

File S8 Figure 1. Analysis of adipocyte diameter and adipocyte size

distribution in animals without hepatic steatosis (line 7)

S8FiglA. Boxplots of subcutaneous and visceral adipocyte diameters by sex

and genotype.
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S8Figl1B. Two samples T-tests comparing adipose tissue cell’s diameters

between R990G genotypes per tissue and sex.

Sex Genotype Tissue n' n® mean sd t-test df p-value
+
Fernale HO Subcutaneous fat 3 1465 44,071 +10,524 20722 29741 <2.2e-16
Female WT Subcutaneous fat 5 1808 54,643 £ 18,273
Male HO Subcutaneous fat 4 1231 55,753 £ 15,147 3,04 19949 844E-05
Male WT Subcutaneous fat 4 1113 58,774 +21,145
i +
Female HO V!sceralfat 5 1676 57,616 +15,409 7972 21771 2,50E45
Female WT Visceral fat 5 1227 63,163 +20,502
Male HO V!sceralfa‘t 4 1032 66,641 +15,128 0,652 23621 0,514
Male WT Visceral fat 5 1335 66,185 = 18,899

n’: number of animals

2
n": number of cells
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S8FiglC3. Visceral, females

FregPerc

@

Pearson’s Chi-squared test
Chi-squared = 143.16, df = 19

] |||i| p-value < 2.2e-16
_i iIII'JJJ‘JJJJJ - - L

N
FEEFFFETESELEEESTES s ww

Q’\’\ ’\‘ ’\."\ ’\ ’\ '\ '\ ’\ '\ '\ '\ ’
) £ o ) o5 o N N
SFEFFLFFPFSSSESES ¢ 05?@@ @fﬁ\@“\ﬁ\@@\@

bins

S8Fig1C4. Visceral, males

FreqPerc

e

o

Pearson's Chi-squared test
Chi-squared = 82.34, df = 17
p-value < 1.49e-10 Genotype
| |
I IWT
J I‘i‘ijjl_l__ (S L

)

SES o ES S a@%@”@ & ew ESE ﬁﬁﬁ@x\ SEESEESS
Q '\ \.\ \,\'\’\N,\)\’ P\/ >\f
5",\ Kad r‘, @ ta“,g?bg? =§5 é’ é’ o“ é’ @Oﬁ? ‘5\\@ "9(1,@\ cﬁ\@eﬁcﬁc

bins

190



File S8 Figure 2. Analysis of adipocyte diameter and adipocyte size
distribution in animals without hepatic steatosis (line 15)

S8Fig2A. Boxplots of subcutaneous and visceral adipocyte diameters by sex
and genotype.
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S8Fig2B. Two samples T-tests comparing adipose tissue cell’s diameters

Female
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Female

between R990G genotypes per tissue and sex.

Male

Genotype
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B8 wr

2

Sex Genotype Tissue n' n mean sd t-test df p-value
Female HO Subcutaneous fat 1 312 64,397 15,1159 9455 76336 <2.2-16
Female WT Subcutaneous fat 2 465 76,303 19,9215
Male HO Subcutaneousfat 1 287 62,93 15,5278 11,945 626,92 <2.2e-16
Male WT Subcutaneous fat 2 342 79,245 18,7259
Female HO Visceral fat 0 0 NA NA
Female WT Visceral fat 2 428 81,223 18,7859
Male HO stceral fat 1 175 70,068 14,3142 46726 411,61 4,04E-06
Male WT Visceral fat 2 239 77,992 20,19

n: number of animals

n’ number of cells
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S8Fig2C. Adipocyte size distribution analysis.

S8Fig2Cl. Subcutaneous, females
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File S8 Figure 3. Analysis of adipocyte diameter and adipocyte size
distribution in animals with hepatic steatosis (line 15)
S8Fig3A. Boxplots of subcutaneous and visceral adipocyte diameters by sex

and genotype.
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S8Fig3B. Two samples T-tests comparing adipose tissue cell’s diameters
between R990G genotypes per tissue and sex.

2

Sex Genotype Tissue n' n mean sd t-test df p-value
Female HO Subcutaneous fat 3 656 75,706 18,1448 32706 1445 0,001098
Female WT Subcutaneous fat 3 792 72,312 21,3481
Male HO Subcutaneous fat 2 529 73,747 21,9999 1301 870,95 <2.2e-16
Male WT Subcutaneous fat 3 1105 59,48 17,8266
Female HO stceral fat 3 769 66,977 17,9761 10,716 13514 <2.2e-16
Female WT Visceral fat 3 667 77,796 19,9898
Male HO V!sceral fat 2 362 8737 228112 12,128 567,78 <2.2e-16
Male WT Visceral fat 3 770 70,942 17,4907

n’: number of animals
n’: number of cells
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S8Fig3C. Adipocyte size distribution analysis.
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S8Fig3C3. Visceral, females
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