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Abstract

Human growth is a complex trait determined by genetic factors in combination with external stimuli, including environment,
nutrition and hormonal status. In the past, several genome-wide association studies (GWAS) have collectively identified
hundreds of genetic variants having a putative effect on determining adult height in different worldwide populations. Theo-
retically, a valuable approach to better understand the mechanisms of complex traits as adult height is to study a population
exhibiting extreme stature phenotypes, such as African Baka Pygmies. After phenotypic characterization, we sequenced the
whole exomes of a cohort of Baka Pygmies and their non-Pygmies Bantu neighbors to highlight genetic variants associated
with the reduced stature. Whole exome data analysis revealed 29 single nucleotide polymorphisms (SNPs) significantly
associated with the reduced height in the Baka group. Among these variants, we focused on SNP rs7629425, located in the
5'-UTR of the Hyaluronidase-2 (HYALZ2) gene. The frequency of the alternative allele was significantly increased compared
to African and non-African populations. In vitro luciferase assay showed significant differences in transcription modulation
by rs7629425 C/T alleles. In conclusion, our results suggested that the HYAL2 gene variants may play a role in the etiology

of short stature in Baka Pygmies population.
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Introduction

Human growth and, in particular, adult height are undoubt-
edly multifactorial processes, involving genetic, hormonal,
nutritional and other environmental factors (Waldman and
Chia 2013). Regulation of human adult stature has been
of particular interest to geneticists, evolutionary and cul-
tural anthropologists, as well as to pediatricians focused
on growth disorders (Lettre 2011). Adult height is a prime
example of a highly polygenic complex trait with a relatively
high hereditability (>69%) (Pemberton et al. 2018; Sohail
et al. 2019). Polygenic traits are known to evolve differently
from monogenic ones, through slight but coordinated shifts
in the frequencies of a large number of alleles, each with a
small effect (Sohail et al. 2019). Because a major proportion
of adult stature is dependent upon an intact growth hormone
(GH) and insulin-like growth factor I (IGF-I) axes, much
attention in previous studies has been devoted to abnormali-
ties related to these growth factor patterns. GH, GH-binding
protein (GHBP) and IGF-I are among the key molecules
involved in human growth and their abnormal secretion is
often found in human growth disorders (Wit et al. 2016;
Andradeet al. 2017). However, because of the phenotypic
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complexity, variants in components of the GH/IGF-I axes
can only explain a small part of the variability of normal
human growth (Durand and Rappold 2013). Indeed, recent
genome-wide association studies (GWAS) identified approx-
imately 700 common variants with a putative effect on deter-
mining adult height (Wood et al. 2014; Andrade et al. 2017).

From a clinical point of view, the term idiopathic short
stature (ISS) is adopted when no recognizable cause of
growth impairment is found despite an adequate diagnostic
workup (Cohen 2014). Essentially, ISS is characterized by
a height more than two standard deviations (SD) below the
mean for sex and age without other clinical features in a
child born with a normal birth size, encompassing familial
short stature and constitutional delay of growth (Wit et al.
2008). Patients with ISS show a normal GH secretion in
response to provocative stimuli. However, mean serum
levels of IGF-I and GHBP are below the population aver-
age, suggesting partial insensitivity to GH (Wit et al. 2008;
Kang 2017). Remarkably, a similar insensitivity to IGF-1
was scored in African Pygmies populations (Bozzola et al.
2009). African Pygmies, together with some other popula-
tions spread around the world, now commonly known as
pygmoid populations, are characterized by an adult short
stature, with males exhibiting an average height of about
150 cm or less in conjunction with reasonably well-con-
served body proportions (Migliano et al. 2007; Meazza et al.
2011; Verdu 2016).

African Pygmies live in equatorial rain forest and share an
economy based on hunting and gathering, exhibiting char-
acteristic culture and behavior features (Le Bouc 2017).
Genetic studies indicate a quite clear distinction between
Pygmies and non-Pygmies populations (Verdu et al. 2009).
Pygmies populations are distributed across equatorial Africa
in two main clusters: one in East Africa (e.g., Uganda)
including the Batwa and Efe groups, and the other one in
West Africa (e.g., Cameroon) including the Kola and the
Baka populations. Substantial admixtures between Pygmies
and non-Pygmies may have occurred for a long time (Patin
et al. 2014). However, the degree of admixture varies in
a same region, e.g., Kola Pygmies from Southwest Cam-
eroon show a relatively higher level of admixture compared
to Baka Pygmies from Southeast Cameroon (Verdu et al.
2009). Despite this fact, genetic studies indicate a quite clear
distinction between Pygmies and non-Pygmies (Verdu et al.
2009; Patin et al. 2014).

Over the years, several evolutionary hypotheses have been
proposed to explain the short stature of Pygmies (Perry and
Dominy 2009). These included the adaptation to food scar-
city, difficulties of thermoregulation in the dense tropical for-
est with warm and humid conditions and trade-off between
growth cessation and age at first reproduction caused by a
high mortality rate (Bailey 1991; Perry et al. 2014). How-
ever, in recent years, the limitations of physiological data
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as well as scarce demographic, epidemiological, and paleo-
anthropological evidence have led to the use of genetics
approaches (Becker et al. 2011), including Whole Exome
Sequencing (WES), to identify the genetic determinants
influencing Pygmies’ short stature. Using high-density
single nucleotide polymorphism (SNP) chip data, several
studies of population genetics studies have found candidate
chromosomal regions associated with short stature, includ-
ing genes encoding for factors involved in the IGF-I axis, the
iodine-dependent thyroid hormone and the bone homeosta-
sis/skeletal remodeling pathways (Jarvis et al. 2012; Hsieh
et al. 2016; Mendizabal et al. 2012). Lachance and collabo-
rators (2012) searched for signals of positive selection in
five high-coverage Western African Pygmies genomes and
suggested that short stature may be due to selection of genes
involved in development of the anterior pituitary gland, as
well as in the crosstalk between the adiponectin and insulin-
signaling pathways.

In the present study, we describe a WES analysis based on
phenotypically characterized Baka Pygmies and Bantu non-
Pygmies subjects, with the aim to identify potential genetic
variations associated with the Pygmies’ short stature. Based
on these results, we suggest that a variant of the HYAL2 gene
may have a role in the determination of short height in the
Baka Pygmies population.

Materials and methods
Sample collection and genotyping scheme

Blood samples were collected from 84 Pygmies (35 males
and 49 females) and 20 Bantu (6 males and 14 females) sub-
jects, in serum-separator tubes and in Tempus Blood RNA
tubes (ThermoFisher Scientific, Waltham, MA, USA). All
samples were maintained at refrigerated temperature for
3 days, then frozen for transport and stored at — 20 °C until
DNA extraction. Subjects were orally informed and those
who gave their consent underwent clinical evaluation and
blood withdrawal for genetic studies. The criteria for the
enrolment of the Bantu control population were matched for
age and sex, sympatry and clinical exclusion of phenotypi-
cally apparent diseases.

The genotype scheme considered initially 84 blood sam-
ples from Pygmies and 20 from Bantu individuals. Auxo-
logical data (weight, height, BMI) were available for 27
Pygmies and 20 Bantu, respectively. WES was then per-
formed on a representative selection of eight Pygmies and
five Bantu, at the lower or upper limits of the height distribu-
tions of these populations, respectively. The most significant
genetic candidates WES results were then finally validated
on a cohort of 76 Pygmies and 15 Bantu individuals.
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WES and mutation analysis

DNA were extracted from blood samples using QIAamp
DNA Blood Mini Kit (Qiagen, Hilden, Germany) protocol,
followed by qualitative and quantitative analyses by Quibit
fluorimeter (ThermoFisher Scientific). Exome enrichment
library preparation was performed using TruSeq DNA
Exome (Illumina, San Diego, CA, USA). Sequencing was
done using HiSeq2000 (Illumina), based on SBS chemis-
try. We generate PE (pair end) reads, 100 nucleotides long,
to obtain in average a 20-30 X coverage. Sequence reads
were mapped to the human reference genome GRCh37-9/
hg19 using the Burrows-Wheeler Aligner v.1 (Li and Dur-
bin 2010). Variant calling was performed using Free Bayes
pipeline (Garrison and Marth 2012) and haplotype-based
variant detector from short-read sequencing, with the fol-
lowing settings: minimum mapping quality =30, minimum
base quality =20, minimum supporting allele =0, geno-
type variant threshold=0: QUAL >30; total read depth at
the locus > 5. Each variant was annotated using databases
dbSNP-138, dbNSFP2.4, hg19.refGene, OMIM, HAPMAP,
and 1000 Genome. Functional annotation was performed by
SnpEff algorithm (https://snpeff.sourceforge.net).

The pairwise genetic difference was estimated for all
populations by calculating Wright’s F statistics (F) (Wright
1951). Data sets used for F estimation were derived from
the 1000 Genome database with the following adjustments:
African without Americans of African Ancestry and Euro-
pean without Finnish in Finland, East Asian without Viet-
nam, and Northern and Western Ancestry.

Differences in genotype frequencies associated with dif-
ferent phenotypes were tested for each autosomal biallelic
variant selected by F, with sparse Partial Least Squares
regression (SPLS) (Chun and Keles 2010). For sPLS, the
number of components included in the model was set to
two. The number of variables kept for the first component,
which determines the strength of the variant selection, was
set to 400.

Sequence validation

The Fluidigm 48 X 48 Access Array IFC system (Fluidigm,
San Francisco, CA, USA) was used to validate 46 variants
identified by WES and associated with short stature in
Baka Pygmies. In detail, specific primer pairs (sequences
available upon request) were designed to amplify flanking
regions of each variant. Then universal primers sequences
(5'-ACACTGACGACATGGTTCTACA and 5'-TACGGT
AGCAGAGACTTGGTCT) were ligated at the 5’ termini
to all PCR products. The amplification PCRs were per-
formed on 76 Pygmy and 15 Bantu subjects using 50 ng of
genomic DNA, 1 X FastStart High-Fidelity Reaction Buffer
with MgCl,, 5% DMSO (v/v), dNTPs (200 uM each),

universal primers (1 uM each), 1 X Access Array loading
reagent and FastStart High-Fidelity Enzyme Blend (Roche,
Basel, Switzerland). Subsequently, thermal cycling on a
Fluidigm FC1 Cycler was performed according to the
manufactures’ condition. Sanger sequencing analyses for
157629425 variant were performed on 10 ng of genomic
DNA using the following primers: (5'-AAAGGCATTCAG
GTCCAGTG:; 5'-AATAAGCAGGTGTTTGGGGA).

Generation of pCMV-Luc, pCMV-HYAL2-WT,
and pCMV-HYAL2-MUT plasmids

pCMV-Luc plasmid was generated from firefly pGL3-
derived luciferase gene HindIll and BamHI cloning into
pcDNA 3.1 vector (Invitrogen, Carlsbad, CA, USA).
Starting from pCMV-Luc, two DNA fragments of 50
nucleotides of 5'-UTR of HYAL2 gene containing either
rs7629425 reference (C) or alternative alleles (T) were
amplified using a three-round PCR and then cloned into
pCMV-Luc, adjacent to the firefly luciferase gene, thus
originating plasmids pCMV-HYAL2-WT and pCMV-
HYAL2-MUT, respectively (Suppl. Figure 1). In the first
PCR, the firefly luciferase gene, including the restriction
site for BamHI, was amplified from pCMV-Luc together
with a small sequence containing the last 20 nucleotides
of the 5'-UTR of HYAL2 variants using these primer pairs
(i.e., 1 for reference or two for alternative allele). The
second PCR using primers four and three amplified the
first PCR amplicons adding the full portion of interest of
the 5-’UTR as well as the HindllI restriction site; the last
PCR using primers four and five added random nucleotides
upstream of Hindlll and BamHI to improve next restriction
digestion’s efficiency. All primers sequences are reported
in Supplementary Table 3. PCRs were performed using the
following thermal profile: 98 °C for 3 min; 98 °C for 20 s,
55 °C for 40 s, 72 °C for 60 s (five cycles); 98 °C for 20 s,
65 °C for 40 s, 72 °C for 60 s (20 cycles); final extension
at 72 °C for 10 min.

Following purification with Agencourt AMPure XP
beads (Beckman Coulter, Brea, CA, USA), analysis with
either Agilent DNA High-Sensitivity Kit for BioAnalyzer
(Agilent, Santa Clara, CA, USA) or 0.8% agarose gel elec-
trophoresis and validation with Sanger sequencing on both
DNA strands, PCR products and pCMV-Luc vector were
digested with HindIIl and BamHI enzymes (New Eng-
land Biolabs, Ipswich, MA, USA). PCR fragments were
gel-purified and cloned into digested pCMV-Luc vector
thus giving pPCMV-HYAL2-WT (containing rs7629425
C allele) or pPCMV-HYAL2-MUT (containing T allele)
plasmids. Following heat-shock transformation in E.coli
One-Shot Top10 (Invitrogen) competent cells, colony PCR
was performed to select positive clones, then plasmids
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were extracted using Promega Wizard Plus SV Minipreps
DNA Purification System (Promega, Madison, WI, USA).
Recombinant clones, containing pPCMV-HYAL2-WT and
pCMV-HYAL2-MUT plasmids, were verified by Sanger
sequencing using primers Lucl and Luc3 (Eurofins GATC
Biotech, Germany).

Transfection of pCMV-Luc, pCMV-HYAL2-WT
and pCMV-HYAL2-MUT into Hela cells
and expression analysis using Luciferase assay

pCMV-Luc (control), pPCMV-HYAL2-WT/pCMV-HYAL?2-
MUT and pRL-TK-Renilla plasmids (Promega) were used
to transfect HeLa cells (ATCC, USA). Before transfection,
approximately 3 x 10° cells/well were plated into a six-well
plate and grown using DMEM high glucose (Euroclone,
Milan, Italy) supplemented with 10% heat-inactivated fetal
bovine serum (Euroclone) and 1% penicillin/streptomycin
(Euroclone) until ~70% confluence. Following 4-6 h of
equilibration in the DMEM high-glucose medium without
antibiotics, cells were transfected with 1 ug of each plasmid
(i.e., pCMV-Luc, pCMV-HYAL2-WT/pCMV-HYAL2-
MUT and pRL-TK-Renilla) using 0.5 pl of Lipofectamine
LTX (Invitrogen). After 24 h of incubation, the cells were
detached from the wells and assessed for Luciferase expres-
sion using Dual Luciferase Reporter Assay System and Glo-
Max Discover Microplate Reader (Promega). Firefly lucif-
erase results, in triplicates, was normalized against Renilla
luciferase data and verified for statistical significance using
Anova One-way (p <0.05).

Results
Phenotypic features of the investigated populations
Our study included 104 adult semi-nomadic individuals liv-

ing in the Reserves of Dja and Lobo in Southeast Cameroon
who were enrolled during two fieldworks conducted between

2007 and 2009. Their camps were hard to reach by jeep on
remote roads. The majority of the individuals was illiter-
ate and spoke different dialects. To obtain informed consent
from the subjects enrolled in the study, we relied on local
interpreters—nurses. They were thus orally informed and
those who gave their consent underwent clinical evaluation
and blood withdrawal for both serological and genetic stud-
ies. The criteria for the enrolment of the Bantu control popu-
lation were age and sex match, sympatry and clinical exclu-
sion of phenotypically apparent diseases. On the basis of
biological and cultural anthropological fieldwork experience
in the investigated communities, the population was catego-
rized as hunter-gatherers (Pygmy) or farmers (non-Pygmy).
The enrolled subjects were divided in two populations con-
stituted of 84 Baka Pygmies and 20 Bantu non-Pygmies.

We first investigated if height and weight traits exhibited
significant differences between the two populations. Of all
the subjects, phenotypic measurements were available for 27
Baka and 20 Bantu subjects, respectively. As summarized in
Table 1, the two populations exhibited similar BMI values,
while height and weight were significantly lower in the Pyg-
mies. In particular, the mean stature of Baka Pygmies males
was significantly lower, with a mean standard deviation
score (SDS) of — 3.96 compared to — 1.24 in the sympatric
Bantu samples (p <0.05, one-way ANOVA). Interestingly,
differences were less prominent in SDS for females, i.e.,
— 2.09 and — 1.02, for Baka Pygmies and Bantu, respec-
tively (p <0.05, one-way ANOVA).

Whole exome sequencing (WES) analysis
and functional classification of the genetic variants

To identify genetic variants involved in the regulation of
height in the Baka Pygmies population, a WES analysis was
performed. Representative samples of eight Baka Pygmies
and five Bantu individuals were selected close to the lower or
upper limits of their height distribution, respectively (Fig. 1).
Their genomic DNA was extracted from whole blood fol-
lowed by exome library preparation, next-generation

Table 1 Summary statistics

. . Group Sex n Height SDS  SD Weight SDS  SD BMISDS SD
of principal phenotypic
characteristics measured in this BakaPygmies M 15 —3.96 113 —3.51 .02 -072 .52 Average
study —415 ~ 343 —022 Median
Baka Pygmies F 12 -2.09 092 -—1.1 078 —-0.03 0.89  Average
-1.93 -0.93 0.19 Median
Bantu M 100 -124 093 —144 129 -059 1.96  Average
- 135 - 1.49 - 0.62 Median
Bantu F 10 -1.03 0.96 —0.51 1.11 0.72 1.41  Average
-1.27 - 0.59 1.1 Median

Standard deviation scores (SDS) and standard deviations (SD) of the phenotypic measured traits height,
weight and body mass index (BMI) in Baka Pygmies and Bantu subjects
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Fig. 1 Boxplots distribution of height (SDS) measurements in Baka
Pygmies and Bantu investigated subjects. Red and green circles indi-
cated individuals subjected to WES analysis (Baka Pygmies=8 and
Bantu=5)

sequencing (NGS) variant calling and mutation analysis.
Starting from 231,932 raw variants, the application of qual-
ity control filters (see “Materials and methods”) produced
98,503 SNPs and In/Del variants (Fig. 2). Of these, 83,085
were associated with Baka Pygmies (81,507 without chro-
mosome X) and 68,188 to Bantu samples (66,709 without
chromosome X). The summary statistics of WES analysis is
analytically reported in Table 2, showing the majority of var-
iants composed by already annotated SNPs (93,365/98,503;
94.7%). Specifically, Baka Pygmies individuals displayed
78,416 SNPs (76,955 without chromosome X), and Bantu
63,905 (62,549 without chromosome X). As such, novel
variants (absent in build 137 dbSNP database) were in total
7434 and 5346 for Baka Pygmies and Bantu, respectively. Of
these, 3474 and 1386 were unique for the two populations.

Fig.2 Distribution of WES
variants in Baka Pygmies and
Bantu investigated subjects. The
numbers of variants are reported
in brackets

Remarkably, Baka Pygmies exhibited a significant
increase in novel identified SNPs compared to Bantu sub-
jects (i.e., 515.25+63.7 vs. 330.4 +39.5, p=0.014, one-way
ANOVA), while numbers of novel insertions and deletions
(In/Del) were roughly similar (Supplementary Table S1).

To determine the potential impact of the identified
variants, the functional predictor SnpEff algorithm was
employed (Table 3). As a result, 23-25% of the variants
in both populations were defined as modifiers (including
non-coding variants, 3'- and 5'-UTR, inter- and intra-genic
variants) or variants affecting non-coding genes. Around
42% of the variants were classified as of low impact, while
about 38% as of moderate impact (non-disruptive variants
that might change protein effectiveness, missense variant,
in-frame deletion); of note, around 1% of variants were pre-
dicted as high impact (i.e., producing truncation, or loss of
protein function). In particular, Baka Pygmies exomes dis-
played 354 variants of high impact not shared by the control
population: specifically, 30 were involved in start codon loss,
15 in stop codon loss, 148 in stop codon gain, 134 in frame-
shift mutations and 27 in splice events. In contrast, Bantu
exomes showed 142 high-impact variants: 12 were involved
in start codon loss, three in stop codon loss, 69 in stop codon
gain, 49 frame-shift mutations and 9 splice events.

Minor allele frequency (MAF), Fixation Index (Fst)
and sparse partial least square (sPSL) regression
analysis

To evaluate if MAF analysis was informative to distin-
guish the investigated populations, the correlation of allele
frequencies for all SNPs shared between Baka Pygmies,
Bantu, African and European populations was evaluated.
As expected, the correlation between the Baka Pygmies and
European populations was lower than between Baka Pyg-
mies and Africans (+*=0.782 and *=0.915, respectively).

WES data
8 Baka Pygmy
5 Bantu
(231,932)

Quality filter
8 Baka Pygmy

8 Baka Pygmy
(83,085)
(w/o chrX : 81,507)

Novel Variants
(2,964)

Novel Deletion
(246)

Novel Insertion
(188)

5 Bantu
(98,503)

5 Bantu
(68,188 )
(w/o chrX: 66,709)

Novel Variants
(1,238)

Common novel variants
(308)

Novel Insertion
(210)

Novel Insertion
(144)
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Table2 WES summary
statistics

Type of variants/populations Baka Pygmies Bantu Total
Number of individuals 8 5 13
Median coverage per exome ~16 ~21 ~18
Variants raw - - 231,932
Variants filtered (SNP/InDel) 83,085 68,188 98,503
Variants filtered SNP, InDel (w/o XY) 81,507 66,709 96,508
SNPs 78,416 63,905 93,365
SNPs (w/o XY) 76,955 62,549 91,510
Average SNPs per subject 31,413+1.27 30,820+0.83 -
In/Del 4669 4285 5138
In/Del (w/o XY) 4552 4158 4996
In per exome 508.75+38.30 518.60+28.60 -

Del per exome 566.00+48.50 588.20+59.70 -
Novel variants 7434 5346 8820
Novel variants unique 3474 1386 -
Novel variants unique(w/o XY) 3401 1331 -
Novel SNPs 2964 1238 3892
Novel SNPs per exome 515.25+63.70 330.40+39.40 -
Novel In/Del 4552 4158 5138
Novel In/Del (w/o XY) 4358 3985 4996
Novel In per exome 503.25+38.00 513.60+28.20 -
Novel Del per exome 562.25+47.80 584.80+58.30 -

Variant type and number scored in WES in Baka Pygmies and Bantu selected individuals

A similar trend was observed for Bantu, comparing with
European (+*=0.774), East Asian (+*=0.793) and with Afri-
can (*=0.892) (Table 4).

Then the likely impact and extent of genetic distance
according to Wright’s population differentiation statistic,
F,, (Pair-Wise Fixation Index) were evaluated. The deter-
mination of F, starting from the entire set of 88,830 auto-
somal SNPs, estimated the difference in terms of genetic
structure between Baka Pygmies and Bantu individuals, and
assessed for each identified variant to what extent it was
involved in the genetic discrimination of the two popula-
tions. Furthermore, to gain a wider insight into the extent
of genetic distance, F analysis was extended to African,
East-Asian and European populations included in the 1000
Genomes database, the largest public catalogue of human
variation and genotype data. As a result, mean F values
ranged from 0.010 to 0.380 and the weighted F, from 0.030
to 0.250, indicating that the Baka Pygmies group was closer
to Bantu one compared to European and East-Asian popula-
tions. In Bantu, mean F, values and the weighted F showed
similar trends with the other populations (Table 5). Fixing
F,>0.30, 2232 SNPs significantly discriminated Baka Pyg-
mies and Bantu samples. The most discriminating variants,
corresponding to the 0.1 percentile (i.e., F, > 0.60), were
found in 224 genes (Fig. 3); furthermore, the 0.01 percen-
tile cutoff (F > 0.70) highlighted 22 genes (Supplemen-
tary Table S2). Interestingly, none of these variants was
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previously described to be associated with Pygmies short
stature studies.

To select the putative variants prevalently associated with
Pygmies’ short stature, sSPLS was applied to the genetic data-
sets comprising 2232 variants, previously identified using
the F, analysis and further reduced to 2108 bi-allelic vari-
ants. Among these, 397 variants separately clustered Baka
Pygmies, compared to Bantu, African and worldwide popu-
lations (Fig. 4). Next, by hierarchical clustering, 29 SNPs
associated with known genes were selected (Table 6).

Identification of candidate variants for pygmy
short stature

These 29 selected variants were then validated in a larger
cohort composed of 76 Baka Pygmies and 15 Bantu indi-
viduals. To address this point, the Fluidigm 48 X 48 Access
Array enrichment system was employed, highlighting that
nine variants, among the 29 tested, were significantly associ-
ated with Baka Pygmies (data not shown). In particular, five
variants mapped within 5'- or 3'-UTR, four in coding regions
comprising two missense mutations (Table 7). Again, none
of these variants has been previously associated with human
height trait determination. A promising variant, significantly
associated with short stature in Baka individuals (p=0.032,
Chi-Square, Table 6) was rs7629425, a C/T SNP located in
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Tablg 3 F}lnctional . . Populations Baka Pygmies Bantu

classification of the identified

genetic variants in Baka Functional classification Total Novel % Total Novel %

Pygmies and Bantu subjects
3'UTR variant 10,577 1562 14.77 9405 1381 14.68
5'UTR prem. start codon gain 583 38 6.52 500 30 6.00
5'UTR variant 3499 531 15.18 3138 435 13.86
Disruptive inframe deletion 89 89 100.00 75 74 98.67
Disruptive inframe insertion 40 40 100.00 44 42 95.45
Downstream gene variant 1163 180 15.48 1012 156 15.42
Frameshift variant 347 343 98.85 284 282 99.30
Inframe deletion 164 164 100.00 143 142 99.30
Inframe insertion 80 80 100.00 74 71 95.95
Initiator codon variant 2 0 0.00 2 0.00
INTERGENIC region 33 3 9.09 28 3 10.71
Intragenic variant 1 0 0.00 1 0 0.00
Intron variant 474 73 15.40 416 55 13.22
Missense variant 29,836 2464 8.26 23,786 1514 6.37
Non coding exon variant 1064 130 12.22 853 93 10.90
Sequence feature 785 99 12.61 643 77 11.98
Splice acceptor variant 61 33 54.10 53 31 58.49
Splice donor variant 57 17 29.82 54 17 31.48
Splice region variant 1308 147 11.24 1066 120 11.26
Start lost 74 9 12.16 57 8 14.04
stop gained 286 54 18.88 235 48 20.43
Stop lost 45 2 444 37 2 5.41
Stop retained variant 22 2 9.09 20 1 5.00
Synonymous variant 31,011 1162 3.75 24,987 580 2.32
Upstream gene variant 1484 212 14.29 1277 179 14.02
Total 83,085 7434 8.95 68,190 5348 7.84

Functional distribution and percentage of WES variants (total and novel) found in Baka Pygmies and Bantu
individuals compared with 1000 Genomes and db137 databases. Impact of variants were estimated accord-

ing the SnpEff predictor

Table4 MAF analysis comparing Baka Pygmies and Bantu with
European, African and East-Asian populations

Table 5 Genetic distances of populations according to Pair-Wise Fix-
ation Index (F)

Populations 2 SNPs p df CI

Baka/European 0.782 31,568 2E-16 31,566 0.778-0.786
Baka/African 0915 31,568 2E-16 31,566 0.914-0.917
Baka/East Asian  0.764 36,255 2E-16 36,253 0.760-0.769
Bantu/European  0.774 31,568 2E-16 31,566 0.774-0.779
Bantu/African 0.892 25213 2E-16 31,566 0.890-0.895
Bantu/East Asian 0.793 32,763 2E-16 32,761 0.789-0.797

Correlation index (+%), number of SNPs, probability (p), degree of
freedom (df) and confidential intervals (CI) are reported

the 5'-UTR of HYAL?2 gene, nine nucleotides upstream of
exon two coding sequence (Fig. 5).

The C to T nucleotide variation was predicted to affect
Sp3 or Rfx1 transcription binding, respectively (PROMO

Baka Pygmies vs. Bantu vs.
Mean F Weighted F, Mean F Weighted F
Bantu 0.010 0.030 - -
AFR 0.060 0.050 0.030 0.030
EUR 0.340 0.210 0.340 0.210
EAS 0.380 0.250 0.400 0.260

F,, distances between different populations (AFR Africans, EUR
Europeans, EAS East Asians)

3.0 https://alggen.1si.upc.es/, data not shown). In particu-
lar, Sp3 transcription factor was reported to affect several
biological processes including ossification (Gollner et al.
2001). Then, a luciferase reporter assay was performed,
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Fig. 3 Manhattan plot Pairwise 1.0 -
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comparing transcriptional activities of the two alleles
through eukaryotic expression vectors (see “Materials
and methods™). After HeLa cells transfections with allele-
specific plasmids, normalized luciferase measurements at
24 h post-treatment (p.t.) indicated a significant increase
in the gene reporter expression in correspondence of the
alternative T allele compared to the reference one (n =06,
p=0.024, one-way ANOVA).

Discussion

In the present contribution, we describe the results of a WES
analysis of individuals from two Cameroonians populations,
specifically hunter-gatherers Baka Pygmies and their neigh-
bor Bantu non-Pygmies farmers in an attempt to identify
genetic variants associated with short stature.

Previous studies have collected clinical and biological
data of Pygmies, related to their lifestyle, culture and envi-
ronment and various groups identified candidate genes con-
tributing to their short stature phenotype (Lachance et al.
2012). These are in particular HESXI (which encodes a
homeobox containing transcriptional repressor that plays a
critical role in development of the anterior pituitary, the site
of growth hormone synthesis and secretion), APPLI (which

@ Springer

is involved in crosstalk between adiponectin and insulin
signaling pathways), ASB14 (which encodes a SOCS box
protein), and the sperm-motility gene DNAH12. However,
the causative mechanisms for Pygmies’ short stature still
remain a debated topic. Moreover, from a clinical point of
view, understanding the molecular mechanisms involved in
Pygmies’ short stature is important not only from an evo-
lutionary point of view, but also because it could provide
additional information regarding a potential novel cause of
children with idiopathic short stature (Kang 2017).

In a WES genetic approach identifying genes associated
with short stature in Baku Pygmies, a primary aspect to
consider is the inclusion of a proper control population for
data comparison. To this purpose, while Baku is a relatively
homogeneous population relying on an economy based on
hunting and gathering, it also has a complex socioeconomic
relationship with the farming neighbor population, known
as Bantu (Rozzi et al. 2015). From an evolutionary point of
view, Baka Pygmies and Bantu populations shared a com-
mon ancestor, but started diverging as separate populations
around 60,000 years ago. However, substantial admixtures
between these populations have occurred in the last 5-1000
years (Perry et al. 2014).

Starting from the genetic material obtained from phe-
notypically selected Baka Pygmies and Bantu individuals,
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Worldwide
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Fig.4 Heatmap analysis of WES variants frequency differences between Baka Pygmies, Bantu, Africans and Worldwide populations

we performed Pair-Wise Fixation Index and sparse partial
least square regression method analysis for positive selec-
tion of variants associated with short stature. Following gene
prioritization, validation of initial reads in a larger cohort
of individuals and functional annotation of candidate genes
harboring genetic variants enriched in the Baka Pygmies
population, we hypothesized that the identified rs7629425
variation, located in the 5'-UTR region of Hyaluronoglu-
cosaminidase 2 (HYAL2) gene, might have a role in the
determination of short height in Pygmies. HYAL2 encodes
for a GPI-anchored cell surface protein that degrades hyalu-
ronan, one of the major glycosaminoglycans of the extracel-
lular matrix. Hyaluronan and its degradation fragments are
thought to be involved in cell proliferation, migration and
differentiation (Lepperdinger et al. 2001). Furthermore, the
gene encodes two alternatively spliced transcript variants,
which differ only in the 5’-UTR, supporting the idea that
this region may have an important regulatory function on

gene transcription. HYAL2 depletion in conditional knockout
mice showed that this gene was essential for the catabo-
lism of hyaluronan. In the absence of HYAL2, extracellular
hyaluronan accumulated and, in some cases, may lead to
cardiopulmonary dysfunctions (Chowdhury et al. 2013).
In a different study, it has been reported that mice lacking
HYAL? displayed variably penetrant developmental defects,
including skeletal and cardiac anomalies (Triggs-Raine and
Natowicz 2015). Importantly, HYAL? is localized on human
chromosome region 3p21.3 described to be associated with
short stature in Pygmies, containing loci associated with
growth hormone, insulin and insulin-like growth factor
signaling pathways, as well as immunity and neuroendo-
crine signaling involved in reproduction and metabolism
(Jarvis et al. 2012). This region also includes the positional
candidate gene DOCK3, which is known to be associated
with height variation in Europeans, and CISH, a negative
regulator of cytokine signaling known to inhibit growth
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Table6 Gene-associated Chr  Position SNP_ID Gene Ref At OR  CL5 CL95 p

SNPs identified by hierarchical

clustering 16 48,138,259 159925287  ABCCI2 A G 6257 1988  19.7 0.001
11 59,480,969 15472177 ORIOVI A G 1073 2103 5475  0.002
1 68,512,171 1511801053  DIRAS3 C T 5995 2054 175 0.001
6 46,826,715  r1s572248 GPRI16 T A 502 1644 1532 0.004
3 48,510,441 153135955  SHISAS G A 509  1.666 1555  0.003
1 68,512,441 1561736596  DIRAS3 A G 4086 1445 1155  0.013
3 50,357,929 157629425  HYAL2 C T 3467 0989 1216  0.032
3 123,453,061  1s3796164  MYLK A G 2929 0.609 1409  0.653
16 31,332,890  rs1143681 ITGAM C T 2456 0.869 6937 0.15
11 1,262,907 152037089  MUCS5B T C 1.754 0538 5718 0.745
3 123,368,013 151254392  MYLK A G 2.886 0598 1394  0.664
2 237,103,697 1510177957  ASBIS G T 1.683 0565  5.013 0.376
15 42442823 1573403546  PLA2G4F G C 1545 0424 5637 0953
4 17,805,379  rs7690457  DCAFI6 G A 1.567 0.55 4466  0.565
4 81,123,603  1s6831357  PRDMS G T 1.676  0.59 4764 0425
2 237,103,623 1510166966  ASBIS A G 1011 0234 4378 0919
7 143,807,304  rs10252253  OR2A2 T C 1.646 0447  6.066 0.973
9 135,263,573 18556386 TTFI1 G T 1.126 0318 3991 0.888
1 183,617,105  rs1174658  APOBEC4 A G 2207 0.58 8.401  0.65
11 104,912,221  rs542571 CARDIG6 T A 1245 0412 3765 0915
20 34,618,622 152794385  CNBD2 G C 1.066 0363  3.129 1
21 46,021,481 15437334 KTAPIO-7 T C 1.081 0336 3478 0871
21 46,021,494 15369720 KTAPIO-7 A G 1.081 0336 3478 0871
16 88495654 1512927001  ZNF469 A G 1.848 0405 8422 0933
1 183,616,926 151174657  APOBEC4 T C 1231 0289 5241 0.859
8 48,805,788 18178087  PRKDC C T 0431 0.131 1416  0.342
3 123,457,893 rs9840993  MYLK G A 0.628 0.238 1.655  0.428
20 62,198348 15438363 HELZ2 C T 0.647 0.036 11.68  0.391
22 45312244 16519902  PHF2IB G A 0303 0.102  0.899 0.027

For 29 SNPs identified by hierarchical clustering, chromosomal coordinates, the associated genes, refer-
ence and alternative alleles, odd ratios and confidence intervals and associated probabilities are indicated

Tab]e 7 Main.candidtclte Gene SNP ID Localization MAF (Baka MAF (African) Frequency

Varlan.ts associated with Baka Pygmies) difference

Pygmies’ short stature
SHISAS 13135955 3'-UTR 0.570 0.130 0.440
HYAL2 157629425 5'-UTR 0.440 0.030 0.410
ABCCI2 19925287 CDS 0.620 0.300 0.320
DIRAS3 rs11801053 3'-UTR 0.590 0.270 0.320
DIRAS 1s61736596 CDS 0.550 0.280 0.270
STX3 rs472177 5'-UTR 0.650 0.480 0.170
PLA2G4C 1$9226 3'-UTR 0.650 0.500 0.150
DBT rs12021720 CDS 0.320 0.250 0.070
GPRI16 1$572248 CDS 0.620 0.550 0.070

For each SNPs validated by Fluidigm 48 x48 access array enrichment system, the genes localizations and
MAF frequencies between Baka and African populations are indicated

@ Springer
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Fig.5 HYAL2 chromosomal
localization, gene structure and
fine mapping of rs7629425 vari-
ant (in bold). ATG start codon
is underlined

Chr:3p21.3

hormone-stimulated STATS signaling (Jarvis et al. 2012).
The 5'-UTR localization of rs7629425, nine nucleotides
upstream of the first Methionine residue, was hypothesized
to differently affect the binding of transcription factors. To
functionally evaluate the effects of C-T variation in regulat-
ing transcription, a reporter Luciferase assay was performed
indicating a significant and most prominent transcriptional
activity for the alternative T allele.

In summary, our results indicate the importance of
a WES approach to generate data for identifying func-
tionally important genetic variants associated with com-
plex traits like stature in humans. In particular, we found
enrichment of a rare variant in the non-coding 5’-UTR
region of HYAL?2 gene in the Baka Pygmies population, in
a chromosomal region previously described to be linked to
this peculiar phenotype. Future studies will be devoted to
further investigate the molecular effects of the identified
nucleotide variant on the cascade of genes involved in the
regulation of body stature.
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