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ARTICLE INFO ABSTRACT

Keywords: Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) mediated Coronavirus disease-19 (COVID-19)
COVID-19 has affected millions of individuals around all corners of the globe. Symptoms and severities of infection with this
SARS-CoV-2 highly contagious virus vary among individuals and there is disparity in the number of COVID-19-related ca-
;‘,‘I(;{Ez sualties across different ethnic groups. The primary receptor for SARS-CoV-2 entry into the host cells is

angiotensin-converting enzyme 2 (ACE2). Certain variants of ACE2 are known to be associated with COVID-19
comorbidities such as hypertension, cardiovascular complications, diabetes, chronic lung disease, etc. In this
study, we looked into the geographic distribution of disease-associated variants of ACE2 as well as closely located
PIR gene to explore any possible correlation with the disparities in COVID-19 severities and casualties across
ethnic groups. Frequencies of the ACE2 variants associated with COVID-19 comorbidities are higher in the Eu-
ropean and the admixed American populations. These variants are also present with stronger pairwise linkage
disequilibrium (LD) in the European and the admixed American populations. On the other hand, the variants
with protective role are more prevalent in the East and the South Asian populations. Strong pairwise LD exists
among the activity modifying (modifier) variants of the PIR and ACE2 genes only in the European super-
population. Absence of these PIR variants in the South Asian population may contribute to the overall lower
COVID-19 case fatality rates (CFR) despite the dense population in this region.

Genetic variants
Linkage disequilibrium
Haplotype

Geographic distribution

1. Introduction interethnic variability.

The primary receptor for SARS-CoV-2 entry into the host cell is the

SARS-CoV-2 mediated COVID-19 has emerged as one of the most
widespread and frightful pandemics in human history (Devaux et al.,
2020; Esakandari et al., 2020). Symptoms and severities of infection
with SARS-CoV-2 vary among individuals. While some of the infected
individuals may be asymptomatic carriers or exhibit mild flu-like
symptoms, the others may develop severe symptoms and progress to
pneumonia, respiratory failure as well as death (Alimohamadi et al.,
2020; Feng et al., 2020b; Wu and McGoogan, 2020). Till April 12, 2021
COVID-19 has spread in 215 countries and regions on earth with over
135,646,500 confirmed cases of infection and more than 2,930,500
deaths. There is disparity in the number of COVID-19 caused mortalities
across ethnic groups in different geographic regions around the globe
(World Health Organization, 2020; Yamamoto and Bauer, 2020). In
addition to environmental, socioeconomic and regulatory factors, ge-
netic variants may be responsible for the observed interpopulation and
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angiotensin-converting enzyme 2 (ACE2) (Davidson Anne et al., 2020;
Lan et al., 2020). As SARS-CoV-2 occupies the ACE2 molecules on cell
surface, it prevents ACE2-mediated degradation of angiotensin II (Ang
II), which consequently raises Ang II level (Hirano and Murakami,
2020). Increased levels of tissue and circulating Ang II exert a number of
direct pro-atherosclerotic effects and promotes monocyte and endothe-
lial cell activation causing progression to atherosclerotic plaque for-
mation (Thomas Merlin et al., 2010). Ang II induces production of
proinflammatory cytokines and chemokines via Toll-like receptor 4
(TLR4) (Feng et al., 2020a). Alongside the lungs, SARS-CoV-2 invades
other organs that express high level of ACE2. SARS-CoV-2 mediated
damage occurs directly by viral propagation and indirectly by inflam-
matory and immune factors as well as imbalance between the renin
angiotensin system (RAS) and ACE2/angiotensin-(1-7) axis caused by
ACE2 deficiency (Ni et al., 2020). Genetic factors significantly affect the
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circulating level of ACE2 in individuals (Rice et al., 2006). The expres-
sion level of ACE2 correlates positively with COVID-19 susceptibility,
whereas down-regulation of ACE2 activity exacerbate Ang II mediated
inflammatory events (Behl et al., 2020).

The highly prevalent comorbidities in COVID-19 patients are hy-
pertension, diabetes, cardiovascular complication and chronic lung
disease, among which hypertension is the most common (Sanyaolu
et al., 2020). COVID-19 patients with diabetes and hypertension often
exhibit severe symptoms, and percentage of non-survivors is high in this
group of patients (Richardson et al., 2020; Singh et al., 2020; Zhou et al.,
2020). Hypertension per se is strongly associated with diabetes and other
complications (Adler et al., 2000; de Boer et al., 2017). On the other
hand, ACE2 variants are associated with hypertension, hypertension-
related atrial fibrillation and left atrial remodeling (Lozano-Gonzalez
et al., 2020; Luo et al., 2019; Patel et al., 2012).

This study explored the geographic distribution of disease associated
variants of ACE2 as well as other genes in its vicinity to understand the
interethnic variability in the susceptibility and severity of SARS-CoV-2
mediated COVID-19.

2. Materials and methods
2.1. Retrieval of disease-associated variants

ACE2 gene variants, that are associated with any disease, were
retrieved from the DisGeNET database (version 7) (Pinero et al., 2020).
The search was conducted using “ACE2” gene (Entrez Id: 59272) as the
keyword. Redundant variants were removed from the list. Regulatory
roles of the variants were retrieved from rSNPBase 3.1 (Guo and Wang,
2018). All filtering options (i.e. TF binding regions, chromatin interac-
tive regions, topologically associated domains, IncRNAs coding regions,
mature miRNAs regions, target sites of miRNAs and circRNA regions)
were selected to identify any type of regulatory element.

2.2. Haplotype and linkage disequilibrium analysis

Frequencies of disease-associated ACE2 gene variants in 26 pop-
ulations (Supplementary Table 1) across 5 super-populations (African,
admixed American, East Asian, European and South Asian) were
collected from the 1000 Genomes Database (1000 Genomes Project
Consortium et al., 2015) using the Ensembl Allele Frequency Calculator
based on the phase 3 data (Yates et al., 2020). Pairwise linkage
disequilibrium (LD) among these variants and frequencies of haplotypes
comprising these variants in the five super-populations were calculated
using LDmatrix and LDhap modules of LDlink (version 5.0), respectively
(Machiela and Chanock, 2015).

2.3. Identification of other modifier variants

LDproxy module of LDlink (Machiela and Chanock, 2015) was used
to identify the genetic variants in absolute LD (r? = 1) with any of the
disease-associated variants in ACE2 within +0.5 Mb (total 1mb) region
in any of the super-populations. These SNPs were mapped to several
genes. SNPs that are supposed to modify the activity (modifier) of the
corresponding gene products were identified and selected using Ensembl
Variant Effect Predictor (VEP) (McLaren et al., 2016). Frequencies of
these modifier variants were retrieved from the 1000 Genomes Database
using the Ensembl Allele Frequency Calculator based on the phase 3
data.

2.4. Identification of candidate genes associated with inflammation

UniProt database (Pundir et al., 2017) was searched to identify
whether any of these genes is directly or indirectly associated with
inflammation. Among the identified genes, only PIR was found to be
associated with inflammation. LDmatrix was used to identify the LD
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patterns among the modifier variants of ACE2 and PIR genes in 5 super-
populations.

2.5. Statistical analyses

The statistical tool available at Metaboanalyst (version 5) (Xia et al.,
2009) was used for multivariate principal component analysis (PCA)
based on the variant allele frequencies (VAFs) of the above mentioned
disease-associated and modifier variants. In total five principal compo-
nents were considered.

3. Result
3.1. Disease associated variants of ACE2

ACE2 harbors 15 variants that are associated with various diseases
(Table 1). Except one (rs1514280), the other variants are associated
with at least one of the following conditions- hypertension, dyslipide-
mia, type 2 diabetes mellitus, atrial fibrillation, and/or left ventricular
hypertrophy. These are the major comorbidities of COVID-19 (Apicella
et al., 2020; Das et al., 2020; Gawatko et al., 2020; Ma et al., 2020;
Sanyaolu et al., 2020; Shibata et al., 2020; Stone et al., 2020). Among
the identified variants, thirteen are intron variants, one (rs4830542) is a
downstream gene variant, and one (rs2285666) is a splice region mod-
ifier. Intron variants can influence expression of the genes with introns
through altering transcriptional activity or affecting splicing efficiency
(Cooper, 2010; Lin et al., 2019). Splice site variants that cause creation
of a cryptic splice site, incorrect recognition of splice site or disruption in
activities of regulatory elements involved in splicing, can lead to

Table 1
Disease associated variants of ACE2.
Variant ID  Consequence Alleles  Disease
154830542  Downstream C/G,T Essential hypertension, atrial
gene variant fibrillation, dyslipidemias

rs2074192 Intron variant C/T Essential hypertension, Atrial
fibrillation, dyslipidemias, left
ventricular hypertrophy, hypertensive
disease, pregnancy associated
hypertension, metabolic syndrome X,
cardiovascular diseases, carotid
atherosclerosis

15233575 Intron variant G/A Dyslipidemias

151514280  Intron variant A/G Negative affectivity, temporal pain,
psychological symptom

rs4240157 Intron variant C/T Essential hypertension, atrial
fibrillation, dyslipidemias,
hypertensive disease

15879922 Intron variant C/G Essential hypertension, dyslipidemias,
carotid atherosclerosis, Non-insulin-
dependent diabetes mellitus

154646156  Intron variant A/T Angina pectoris, dyslipidemias

154646155 Intron variant C/T Atrial fibrillation, essential
hypertension, dyslipidemias

rs4646188  Intron variant A/G Non-insulin-dependent diabetes
mellitus, dyslipidemias, essential
hypertension, hypertensive disease

rs4646142  Intron variant G/A,C Dyslipidemias

152048683  Intron variant T/G Essential hypertension

152285666  Splice region c/T Dyslipidemias, non-insulin-dependent

variant diabetes mellitus, hypertensive

disease, orthostatic hypertension

1s6632677 Intron variant G/C Atrial fibrillation, essential
hypertension, ischemic stroke,
hypertrophic cardiomyopathy

152106809  Intron variant A/G Essential hypertension, hypertensive
disease, cardiac event, hypertrophic
cardiomyopathy, dyslipidemias, left
ventricular hypertrophy, lone atrial
fibrillation, ischemic stroke

151978124  Intron variant T/A,C Dyslipidemias, hypertensive disease
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generation of aberrant transcript or non-functional proteins from the
corresponding gene (Moles-Fernandez et al., 2018; Morrison et al.,
2013). Gene expression can also be influenced by downstream gene
variants as gene expression regulatory elements, such as enhancers, can
be located downstream of the target gene (Benson et al., 2019; Pen-
nacchio et al., 2013).

3.2. ACE2 variant allele frequencies in different populations

Variant allele frequencies (VAFs) of the retrieved disease associated
variants of ACE2 in different populations are given in Table 2. Variant
alleles with frequencies > 0.25 are shown as bold italic. The variant
alleles at rs4646155, rs4646188 and rs6632677 loci are present with
low frequencies in all populations. At the other loci, the distribution
patterns of the variant alleles are apparently different among the super-
populations. The variant alleles at rs4830542, rs2074192, rs233575,
rs1514280, rs4240157, rs879922, rs4646156, rs2048683, and
rs1978124 are relatively more prevalent in the European (EUR) pop-
ulations. A similar VAF pattern is followed by two admixed American
(AMR) populations- (Puerto Rican (PUR) and Colombian (CLM)). VAFs
at majority of these loci are higher in these two populations compared to
the other two admixed American populations (Mexican (MXL) and
Peruvians (PEL)). The global minor (variant) alleles at rs4646142,
152285666, and rs2106809 loci are present as the major alleles in the
East Asian (EAS) populations as well as three South Asian (SAS) pop-
ulations (Bangladeshi (BEB), Indian Telegu (ITU) and Sri Lankan Tamil
(STU)), but are relatively less prevalent (frequency < 0.3) in the Euro-
pean populations. The variant allele at rs2074192 is present with high
frequencies (> 0.3) in all, except the South Asian populations. In gen-
eral, the variant alleles are present at much lower frequencies in the East
Asian populations followed by the African (AFR) populations.

Drastic interpopulation variation exists for the VAFs at three loci-
rs4830542, rs4240157 and rs879922 (Table 2). In the African pop-
ulations, the VAFs at these loci range from 0.42 to 0.63. At the same loci,
the VAFs in the East Asian populations range from 0.0 to 0.15. The other
populations (in AMR, EUR and SAS) have intermediate VAFs at these
loci. In the East Asian populations, the VAFs at rs1514280, rs4240157,
rs879922, rs4646156, and rs4830542 are very low compared to the
other populations.

3.3. LD among the ACE2 variants in different super-populations

LD among the 15 disease associated variants in five super-
populations is shown in Fig. 1. In the EUR super-population, there is
strong LD among rs4830542, rs233575, rs1514280, rs4240157,
rs879922, rs4646156 and rs2048683. Although similar LD patterns for
these variants are present in the admixed American and the South Asian
(SAS) populations, these associations are not as strong as those observed
in the European populations. The patterns of VAFs at these loci are
similar in the EUR populations and the two admixed American pop-
ulations (PUR and CLM) (Table 2), but quite different from the East
Asian (EAS) populations. These variants, except rs1514280 and
rs2048683, are associated with dyslipidemia (Table 1). Contrary to the
other populations, relatively strong LD exists among rs2074192,
rs4830542, rs4240157 and rs879922 in the African populations.
rs4830542 has high pairwise LD with rs4240157 and rs879922 in all 5
super-populations.

Among all the super-populations, the East Asians appear quite
different based on the LD patterns (Fig. 1). There is strong LD among
1s4646155, rs4830542, rs4240157 and rs879922 in the East Asian
super-population. Strong LD also exists among rs2074192, rs4646142,
152285666 and rs2106809. In fact, majority of the LDs that are present
in the East Asians are quite strong and distinct. rs4646188 variant allele
is non-existent among the East Asians. Apparently, LD among the disease
associated SNPs is the lowest in AFR compared to the other super-
populations.

Table 2

Frequencies of disease associated variants of ACE2 in world populations.

Variant ID Reference allele Variant allele Frequency of variant allele

SAS

EUR

EAS

AMR

AFR

STU ITU

BEB

IBS GIH PJL

FIN GBR

CDX KHV CEU TSI

CHB JPT CHS

LWK GWD MSL ESN ASW ACB MXL PUR CLM PEL

YRI

ALL?

0.36 0.37 0.15 0.04 0.03 0.03 0.06 0.03 0.38 0.40 0.34 0.28 0.35 0.31 0.33 0.22 0.26 0.29

0.32 0.63 048 0.59 0.56 0.55 0.42 0.52 0.21

154830542 T

0.41 024 0.28 0.25 0.18 0.18

0.42 0.29 0.36 0.32 0.41 0.35 0.42 0.34 0.34 0.53 0.46 0.43 0.41 0.37 047 0.35 0.42 0.46 0.5

0.36 0.3

152074192 C
15233575

0.29 0.27 0.34 0.19 0.26 0.15 0.14 0.17

0.00 0.36 0.4

0.00 0.00 0.01
0.00 0.00 0.01

0.36 0.37 0.15 0.04 0.03 0.03 0.06 0.03 0.38 0.4

0.32 0.12 0.01

0.20 0.20 0.15 0.30 0.23 0.25 0.18 0.14 0.20 0.29 034 0.12 0.01

0.18 0.21
0.32 0.63 048 0.59 0.55 0.56 0.42 0.52 0.21

0.00 0.00 0.07 0.01

0.14 0.00 0.02 0.01

A

0.00 0.38 0.39 0.33 0.27 0.35 0.22 0.26 0.17 0.15 0.18

151514280 G

0.36 0.29 0.35 0.31 0.33 0.22 0.26 0.29

154240157 T
1s879922
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0.34 0.28 0.36 0.32 0.33 0.22 0.27 0.29

0.40 0.38 0.33 0.29 0.34 0.23 0.28 0.16 0.17 0.17

0.36 0.37 0.14 0.04 0.03 0.03 0.06 0.03 0.39 0.4

0.55 0.56 0.42 0.52 0.21

0.32 0.63 0.49 0.6

G

0.00 0.00 0.02 0.01
0.04 0.03 0.03 0.05 0.03 0.00 0.01

0.17 0.17 0.18 0.20 0.17 0.36 0.30 0.12 0.01

0.20 0.22 0.24 0.19

154646156 T

0.11

0.00 0.00 0.00 0.09 0.06 0.05 0.11

0.01
0.03 0.05 0.03 0.02 0.00 0.00 0.00 0.00 0.00 0.09 0.10 0.13 0.21

0.24 0.28 0.26 0.24 0.36 0.27 0.37 0.36 0.51 0.55 0.56 0.55 0.53 0.26 0.19 0.26 0.24 0.25 0.4

0.04 0.01

0.17 0.10 0.10 0.01

11

0.

0.06 0.19 0.09 0.16
0.04 0.00 0.00 0.00
0.36 0.19 0.17 0.31

0.20 0.21

154646155 C

0.14 0.07 0.09 0.05 0.04 0.06

0.01

0.00 0.00 0.01

154646188 A

0.55 0.53 0.52

0.4

154646142 G

0.41 0.39 034 0.29 0.34 023 026 0.16 0.17 0.16

0.00 0.00 0.02 0.01

0.12 0.01
0.36 0.27 0.37 0.36 0.51 0.55 0.56 0.55 0.52 0.26 0.19 0.26 0.22 0.25 0.40 0.40 0.55 0.53 0.52

0.17 0.17 0.17 0.20 0.17 0.36 0.3

0.21

0.23 0.19

152048683 G

0.19 0.24 0.21

0.35 0.17 0.16 0.3

152285666 C

0.00

0.02 0.01

0.00 0.00 0.00 0.00 0.00 0.01

0.03 0.06 0.09 0.10 0.08 0.04 0.03 0.01
0.10 0.04 0.12 0.12 0.36 0.26 0.34 0.36 0.52 0.51 0.56 0.51 0.51 0.26 0.20 0.24 0.26 0.28 0.39 0.40 0.53 0.56 0.54

0.00 0.00 0.01 0.00 0.04 0.01

0.02 0.00 0.00 0.00
0.32 0.07 0.08 0.09

0.21

156632677 G

152106809 A

0.52 0.52 048 0.41 0.43 0.27 0.28 0.18 0.19 0.17

0.00 0.00 0.02 0.01

0.40 0.38 0.12 0.01

0.16 0.06 0.21

0.07 0.11

0.13 0.10 0.08

151978124 C

@ All populations (ALL); African super-population (AFR)- ((Yoruba in Ibadan, Nigeria (YRI); Luhya in Webuye, Kenya (LWK); Gambian in Western Divisions in the Gambia (GWD); Mende in Sierra Leone (MSL); Esan in
Nigeria (ESN); Americans of African Ancestry in SW USA (ASW); African Caribbeans in Barbados (ACB)); Ad Mixed American (AMR)- ((Mexican Ancestry from Los Angeles USA (MXL); Puerto Ricans from Puerto Rico

(PUR); Colombians from Medellin, Colombia (CLM); Peruvians from Lima, Peru (PEL)); East Asian (EAS)- ((Han Chinese in Beijing, China (CHB); Japanese in Tokyo, Japan (JPT); Southern Han Chinese (CHS); Chinese Dai

in Xishuangbanna, China (CDX); Kinh in Ho Chi Minh City, Vietnam (KHV)); European (EUR)- ((Utah Residents (CEPH) with Northern and Western European Ancestry (CEU); Toscani in Italia (TSI); Finnish in Finland

(FIN); British in England and Scotland (GBR); Iberian Population in Spain (IBS)); South Asian (SAS)- ((Gujarati Indian from Houston, Texas (GIH); Punjabi from Lahore, Pakistan (PJL); Bengali from Bangladesh (BEB); Sri

Lankan Tamil from the UK (STU); Indian Telugu from the UK (ITU)).
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Fig. 1. Pairwise LD among the disease associated variants of ACE2. LD measures are given as r>. For the missing alleles in any population LD could not be calculated
(NA). AFR = African, AMR = Admixed American, EAS = East Asian, EUR = European, SAS = South Asian.

In all super-populations, rs4646142 is in high LD with rs2285666.
Except in AFR, these two variants are in high LD with rs2106809.
rs2048683 has high pairwise LD with rs4646156 in all super-
populations. The pairwise LD of rs2048683 with the other SNPs vary
among super-populations.

3.4. Haplotype frequencies in different super-populations

The haplotypes with frequencies > 0.01 in different super-
populations are shown in Table 3 (variant alleles are shown as bold
(#8 in Table 3) with variant alleles at rs4830542, rs233575, rs1514280,
rs4240157, rs879922, rs4646156, rs2048683, and rs1978124 is present
at >0.01 frequencies in EUR (0.277), AMR (0.179), SAS (0.164) and AFR
(0.011) super-populations. The CCGACCACAGTCGGC
haplotype (#9 in Table 3) harboring variant alleles at rs4830542,
1s233575, rs1514280, rs4240157, rs879922, rs4646156, rs2048683 and
rs2106809 is present only in the EUR (0.020) super-population at a
(#10 in Table 3) with variants at rs4830542, rs233575, rs1514280,
154240157, rs879922, rs4646142, rs2285666, rs2106809 is present in
EUR (0.022) and AMR (0.017) super-populations. The

TCAGTGTCACGTGGC

(#14 in  Table 3) and

45'50/; z;n(_i :10_.5_%_0; e;ll_tl_le_haplotypes present in the EAS super-
population. The latter haplotype harbors all the wild type alleles,
Table 3) haplotype is also hi_g}_lly_ p_re_va_le;lt_ir_l t_he_ S_Aé p_)opulations
(0.429). The haplotype with none of the variant alleles (#15 in Table 3)
is more frequent in the South Asian super-population (0.022).

3.5. Variants in the regulatory elements and their haplotype frequencies

Among the disease associated ACE2 variants, five (rs1514280,
rs4240157, rs4646155, rs4646156, and rs6632677) were identified to
be associated with regulatory elements as shown in Table 4. rs1514280
and rs4240157 are associated with circular RNA (circRNA) coding re-
gion. circRNAs are produced from both protein-coding and non-coding
regions of the genome and lack poly(A) tails and 5’ caps (Szabo and
Salzman, 2016). These RNAs generated by backsplicing play key role in
controlling the levels of endogenous miRNAs and act as protective factor
against development of cardiac hypertrophy and atherosclerosis (Holdt
et al., 2016; Stepien et al., 2018; Tan et al., 2017; Wang et al., 2016).
rs4646155, rs4646156, and rs6632677 are associated with at least one
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Table 3
Haplotypes with frequencies > 0.01 in different super-populations.

# Haplotypes™ b Frequencies in super-populations

1. CCAACCACAGTCGAT

AFR (0.072), AMR (0.021), EUR (0.014),

SAS (0.013)

2 CCAACCTCACGCGAC AFR (0.026)

3 CCAACCTCACGTGAC AFR (0.091)

4 CCAGCCACAGTCGAC AFR (0.109), AMR (0.012)

5 CCAGCCTCACGTGGC AFR (0.016)

6. CCAGCCTCAGGCGAC AFR (0.069)

7 CCAGCCTTAGGCGAC AFR (0.129), AMR (0.015), EAS (0.030),
SAS (0.075)

8 CCGACCACAGTCGAT AFR(0.011), AMR(0.179), EUR (0.277),
SAS (0.164)

9. CCGACCACAGTCGGC EUR(0.020)

100 CCGACCTCACGTGGC

11. TCAGTGTCACGTCGC

12. TCAGTGTCACGTGAC

13. TCAGTGTCACGTGAT

14. TCAGTGTCACGTGGC

AMR (0.017), EUR (0.022)

AMR (0.036), EAS (0.064)

AFR (0.032), EAS (0.029), SAS (0.011)
AMR (0.013), EUR (0.022), SAS (0.014)
AFR (0.059), AMR (0.246), EAS (0.429),
EUR (0.165), SAS (0.429)

AFR (0.012), AMR (0.019), EUR (0.016),
SAS (0.022)

AMR (0.025), EUR (0.026)

AFR (0.325), AMR (0.288), EAS (0.405),
EUR (0.144), SAS (0.124)

EUR (0.119)

EAS (0.012)

AFR (0.012), AMR (0.048), SAS (0.020)
AMR (0.032), EUR (0.107), SAS (0.061)
EUR (0.012)

15, TCAGTGTCAGGCGAC

16. TTAGTGACAGTCGAT

17. TTAGTGTCAGGCGAC

18. TTAGTGTCAGGCGAT

19. TTAGTGTCAGGCGGC

20 TTAGTGTCAGTCGAT

21. TTAGTGTCGGGCGAC

22. TTAGTGTCGGGCGGC

2 order of the variants in the haplotype:

154830542 152074192 1s233575_rs1514280_rs4240157 rs879922 rs4646156_
154646155 154646188 _1s4646142_rs2048683 _rs2285666_rs6632677 _r-
$2106809_rs1978124.

gene targeting chromatin interactive region. Through formation of
chromatin loop, distal regulatory elements are connected to their target
genes (Peng et al., 2019; Sobhy et al., 2019). The frequencies of hap-
lotypes containing these 5 regulatory SNPs in different super-
populations are shown in Table 5. The frequencies of the haplotypes
with variant alleles at rs1514280, rs4240157 and rs4646156
(A.CACG) (#2 in Table 5) are > 0.2 in the AMR and EUR super-
populations, whereas in the EAS super-population the frequency is
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0.0026. The G_C_A_C_G (#5 in Table 5) haplotype with variant alleles at
rs4240157 and rs4646156 is absent in EAS and SAS populations, but
prevalent with > 0.1 frequencies in the AFR populations.

3.6. Modifier variants in genes adjacent to ACE2 and their LD patterns

There are several genes on the X chromosome within +0.5 Mbps of
the disease associated variants of ACE2. Among these PIR is the only
gene which is associated with inflammation. Frequencies of the modifier
variants of ACE2 and PIR genes are given in supplementary Table 2 and
pairwise LD between these variants is shown in Fig. 2. Modifier variants
of PIR in the European super-population appear to have significantly
stronger LD and form multiple small blocks compared to the other super-
populations. Variants of PIR in the European super-population also have
relatively more LDs with the variants of ACE2. PIR intronic modifier
variant rs191989275 is present only in the European super-population
(Fig. 2).

There is a striking difference in the frequencies of PIR modifier
variants between the South Asian and other super-populations (Sup-
plementary Table 2). PIR modifier variants at rs112433960,
1s113923657, rs141501969, rs142269326, rs147768156, rs149822007,
and rs191989275 loci are non-existent in the SAS super-population,
although these are mostly present in the AFR, AMR, EAS and/or EUR
super-populations. In all super-populations, except SAS, the
15138854040 and rs6632677 variants of ACE2 form strong pairwise LD
with several variants of the PIR gene. These differences in distribution of
the above mentioned disease-associated and modifier variants are re-
flected in the un-supervised multivariate clustering of the populations
based on VAFs (Fig. 3). As shown, populations of similar ethnic origins
cluster together in the PCA plot.

4. Discussion

COVID-19 patients with history of chronic illnesses such as hyper-
tension, diabetes, cardiovascular disease, chronic lung disease and
obesity are at higher risk of developing severe illness and deteriorating
outcomes like acute respiratory distress syndrome (ARDS) and pneu-
monia (Chen et al., 2020b; Sanyaolu et al., 2020; Singh et al., 2020).
ACE2 is a strong hypertensive quantitative trait locus (QTL) (Crackower
et al., 2002). Several variants of ACE2 are also associated with

Table 4

List of regulatory variants of ACE2.
rs ID Chromosome Allele Related regulatory elements Target genes rSNP* or LD-proxies eQTL
151514280 chrX:15586448 C/T circRNA region N/A rSNP N
154240157 chrX:15586964 A/G circRNA region N/A rSNP N
154646155 chrX:15597509 G/A Chromatin interactive region 1 gene rSNP N
154646156 chrX:15597043 A/T Chromatin interactive region 1 gene rSNP Y
156632677 chrX:15614872 C/G Chromatin interactive region 2 genes rSNP N
# Regulatory SNP.

Table 5

Haplotype frequencies of ACE2 regulatory variants in different super-populations.
# Haplotype °,° ALL AFR AMR EAS EUR SAS
1 GTTCG 0.6477 0.4526 0.6565 0.8901 0.6084 0.6978
2 ACACG 0.1528 0.0847 0.2099 0.0026 0.3146 0.1936
3 GCTTG 0.0607 0.1326 0.0191 0.0314 0.0013 0.085
4 ACTCG 0.045 0.1236 0.0363 0.0013 0.03 0.0042
5 G CACG 0.0315 0.1107 0.0115 - 0.0026 -
6 G.CTCG 0.0278 0.0917 0.0038 0.0013 0.0104 0.0028
7 GTTCC 0.0207 0.001 0.0363 0.0681 0.0013 0.007
8 GTACG 0.013 0.001 0.0267 0.0039 0.0313 0.0097
9 GTTTG - - - 0.0013 - -

2 Order of variants: rs1514280 rs4240157_rs4646156_rs4646155_rs6632677.
b All variant haplotype: A CA T C.
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Fig. 2. Pairwise LD among the modifier variants of ACE2 and PIR. LD measures are given as r>. For the missing alleles in any population LD could not be calculated
(NA). AFR = African, AMR = Admixed American, EAS = East Asian, EUR = European, SAS = South Asian.
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Fig. 3. Multivariate clustering of populations based on disease-associated and
modifier VAFs of ACE2 and PIR. Clustering was performed using unsupervised
principal component analysis (PCA) method. Only the first three principal
components (PCs) are shown in this fig. (5 PCs were considered). As shown in
the Fig. 3, the first three components could explain most part of the variance
(cumulative variance for the PC1, PC2 and PC3 is 98.1%).

dyslipidemia, type 2 diabetes mellitus, atrial fibrillation and left ven-
tricular hypertrophy, among others. Based on the global distribution of
COVID-19, the cases and mortality rates have been higher in the Euro-
pean and the American populations (World Health Organization, 2020;
Yamamoto and Bauer, 2020). In this study, we have explored the

interethnic and interpopulation variability in the distribution of ACE2
genetic variants that are associated with COVID-19 comorbidities.

Generally, ACE2 confers a protective effect on the epithelial cells of
the lungs through the ACE2-Angiotensin (1-7)-MAS receptor axis that
reduces inflammation, dilates blood vessels and reduces thrombosis.
When ACE2 level is reduced on cell surface, the protective effect through
ACE2-Angiotensin (1-7)-MAS receptor axis is minimized and amplifi-
cation of the ACE-Angiotensin II-AT1 receptor axis occurs. ACE-
Angiotensin II-AT1 receptor axis is responsible for various effects
(such as vasoconstriction, increased inflammation, fibrosis and pulmo-
nary damage) mediated by the Ang II (Verdecchia et al., 2020b). In-
dividuals with higher ACE activity (thus, a more active ACE-Angiotensin
II-AT1 receptor axis) in conjunction with reduced ACE2 activity (thus, a
less active ACE2-Angiotensin (1-7)-MAS receptor axis to counter-
regulate the ACE-Angiotensin II-AT1 receptor axis effects) are more
susceptible to hypertension in association with classical cardiovascular
risk factors such as old age, dyslipidemia, and diabetes (Ghafouri-Fard
et al., 2020; Pinheiro et al., 2019).

When SARS-CoV-2 enters the lung epithelial cells, the ACE2 receptor
is internalized and, thus, removed from the functional site, compro-
mising the balance between ACE and ACE2 activity. This, therefore,
remove the protective effect of the ACE2-Angiotensin (1-7)-MAS re-
ceptor axis. Decreased level of ACE2 contributes to vasoconstriction,
increased inflammation, fibrosis and pulmonary damage and ultimately
severe consequences of SARS-CoV-2 infection (Samavati and Uhal,
2020; Verdecchia et al., 2020a). In addition, ACE2 deficiency leads to
Ang Il accumulation. This elevated level of Ang Il induces the production
of pro-inflammatory cytokines and soluble IL-6 receptor, followed by
STAT3 and NF-xB pathway-mediated activation of IL-6, which in turn
causes overproduction of pro-inflammatory cytokines and chemokines
including IL-6, and thus sets off a positive feedback loop (Hirano and
Murakami, 2020). It is also known that ACE2 deficiency comes with old
age, more in male than in females, and also diabetes mellitus (possibly
due to excessive glycosylation) (Verdecchia et al., 2020b). ACE2 defi-
ciency is also associated with Ang II induced exacerbation of
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hypertension and cardiac hypertrophy and maladaptive left ventricular
remodeling after myocardial infarction (Kassiri et al., 2009; Pal and
Bhansali, 2020; Xudong et al., 2006). Thus, people with existing ACE2
deficiency may be affected more severely by the loss of ACE2 following
SARS-CoV-2 infection (Dijkman et al., 2012; Verdecchia et al., 2020a).
The opposite may be true as well.

In the Indian population, a strong correlation exists between the
variant allele at rs2285666 locus and lower COVID-19 infection rate as
well as lower case fatality rates (CFR) (Srivastava et al., 2020). The
variant allele at rs2285666 is present with > 0.5 frequencies in the EAS
populations and three South Asian populations (BEB, STU, and ITU)
(Table 2). The homozygous variant genotype at rs2285666 increases
expression of ACE2 by 50% compared to the homozygous wild-type
genotype (Asselta et al., 2020; Srivastava et al., 2020). Using the
Human Splicing Finder (Desmet et al., 2009), Asselta et al. predicted the
presence of variant allele at this splice region variant to increase the
splice site strength by about 9.2% (Asselta et al., 2020). But in other
studies, no significant splicing alteration by the variant allele at
152285666 was found using the same tool (Novelli et al., 2020; Strafella
et al., 2020). This calls for further analysis to have a clear understanding
of the potential role of rs2285666 variant allele in the enhancement of
ACE2 protein production.

In Han Chinese females, the heterozygous genotype at rs2285666
locus serves a protective role against essential hypertension (Zhang
et al., 2018). Increased circulating Ang-(1-7) level was observed in fe-
males with the variant allele at the rs2106809 locus in Chinese Han
population (Liu et al., 2016). The haplotype T CAGTG.T -

152106809 is highly prevalent in the EAS (0.429) and the SAS (0.429),
but much lower in the EUR (0.165) populations.

154646188 variant allele is associated with hypertension, left ven-
tricular hypertrophy and dyslipidemia (Luo et al., 2019; Pan et al., 2018;
Patel et al., 2012). This variant allele is absent in the EAS populations
(Table 2 and Fig. 1), which might be another candidate variant associ-
ated with protective role against severity of COVID-19.

Variant alleles at rs4240157, rs1978124, rs2048683, rs4646188,
rs4646156 and rs879922 are associated with type 2 diabetes mellitus
(Liu et al., 2018). Variant alleles at rs4830542, rs2106809, rs4240157,
rs4646188, and rs879922 loci are associated with essential hypertension
as well as RAS activation (Luo et al., 2019; Pan et al., 2018). rs4646155,
154830542 and rs4240157 variants are associated with hypertension-
related atrial fibrillation, and left atrial remodeling (Luo et al., 2019;
Zhang et al., 2018). rs4646156 is a dyslipidemia associated chromatin
interactive region related regulatory variant (Table 4). rs2074192
variant allele increases susceptibility to left ventricular hypertrophy
(Fan et al., 2019). The variant allele at rs233575 is associated with
higher left ventricular mass index (Lieb et al., 2006) and progression to
type 2 diabetes mellitus (Liu et al., 2018). A strong LD block is seen in
the EUR super-population among rs4830542, rs4240157, rs2074192,
1s233575, rs1514280, rs879922 and rs4646156 loci (Fig. 1), all of
which have modifier effect (Supplementary Table 2). A similar but
weaker LD block is observed in the AMR populations. The VAFs at this
LD block is >0.2 in two AMR (PUR and CLM) populations and the EUR
populations (Table 2) and the haplotype with variant alleles at all these
0.01 frequencies in the EUR (0.277) and the AMR (0.179) populations.
This might indicate that the people in these regions are at higher risk of
pathological phenotypic effects associated with the variant alleles at
154830542, rs4240157, rs2074192, rs233575, rs1514280, rs879922,
and rs4646156 loci.

Admixed Latin American populations- CLM (Colombian), MXL
(Mexican), PEL (Peruvians), and PUR (Puerto Ricans)- have distinct
patterns of continental genetic admixture (Norris et al., 2018). The
Puerto Ricans and the Colombians inherited more genetic content from
the European ancestry than the Peruvians and the Mexicans (Homburger
et al., 2015; Norris et al., 2018; Ruiz-Linares et al., 2014; Salzano and
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Sans, 2014). It is not unlikely to expect similar phenotypic effects in the
European, Puerto Ricans and Colombians by the variants of ACE2 and
PIR. In a previous study on drug response-related genetic variants, CLM
and PUR formed a closer cluster with the Europeans in a population
dendrogram (Ahsan et al., 2020). Fig. 3 shows a similar clustering of the
populations based on the VAFs of the disease-associated and modifier
variants of ACE2 and PIR.

The T GG C haplotype consisting of the variant alleles at
154646156, rs879922, rs4240157, and rs233575 may be associated with
higher values for left ventricular mass index and septal wall thickness
with a higher odds ratio for left ventricular hypertrophy in men (Lieb
et al., 2006). Interestingly, the haplotypes #8 and #9 in Table 3 contain
this specific combination of the variant alleles. #9 is found only in the
European super-population (0.020) and #8 is most frequent in the Eu-
ropean (0.277) followed by the admixed Americans (0.179).

Among the disease associated variants of ACE2, rs1514280 appears
as an outlier at the first look based on its association with conditions like
negative affectivity, temporal pain and psychological symptoms
(Table 1). Long-lasting headache in COVID-19 patients is a frequent
event, which is often severe and resistant to analgesics, in conjunction
with anosmia (loss of the sense of smell) and/or ageusia (loss of taste
functions of the tongue) (Rocha-Filho and Magalhaes, 2020; Uygun
et al., 2020). The haplotype with 3 regulatory variants at rs1514280,
154240157 and rs4646156 loci (A_C_A_C_G) has a high frequency in the
EUR (0.3146) and very low frequency in the EAS (0.0026) populations
(Table 5). rs1514280 and rs4240157 loci are associated with circRNA
formation. circRNA dysregulation is observed in multiple viral in-
fections (Nahand et al., 2020). rs4646156 is an eQTL locus and this locus
can modulate the expression of PIR gene in multiple tissues including
esophagus, thyroid, adipose and artery (GTEx Consortium, 2013).

Strong LD and high VAFs at rs4830542, rs4240157, rs2074192,
1s233575 and rs879922 loci in the EUR and two AMR (PUR and CLM)
populations (Table 2) may be associated with more critical illness and
higher death rates in the COVID-19 patients in these regions. On the
other hand, very low frequencies of these alleles in the EAS populations
might play protective role against progression to severe state by the
comorbidities in SARS-CoV-2 infection. Although the VAFs at
rs4830542, rs2074192, rs4240157 and rs879922 are > 0.3 in the AFR
populations, no significant LD block is present among these variants in
AFR populations. Another variant with high frequencies (> 0.35) in the
EUR populations as well as PUR and CLM is rs1978124. People with
rs1978124 variant have a high risk of developing type 2 diabetes (Liu
et al., 2018). This variant allele is also associated with left ventricular
remodeling in women (Patel et al., 2012).

COVID-19 is often associated with cytokine release syndrome (CRS)
and its severity is associated with an elevated level of inflammatory
cytokines and chemokines such as interleukin (IL)-2, IL-6, IL-1, IL-7, IL-
10, tumor necrosis factor (TNF), granulocyte colony-stimulating factor
(G-CSF), monocyte chemoattractant protein-1 (MCP-1), and macro-
phage inflammatory protein 1 alpha (MIP1a) upon SARS-CoV-2 infec-
tion (Hojyo et al., 2020; Liu et al., 2020; Tay et al., 2020). The cytokine
storm induces ARDS following infection with SARS-CoV-2 (Hirano and
Murakami, 2020). IL-6 level elevates with progressive deterioration of
illness and is higher in non-survivors compared to the survivors (Chen
et al., 2020a; Zhou et al., 2020).

As a consequence of ACE2 internalization following SARS-CoV-2
infection, homeostatic responses try to restore ACE2 level by up-
regulating ACE2 expression along with the other genes (including PIR)
residing in a co-regulated cluster (Shovlin and Vizcaychipi, 2020).
Double elite associations exist between two ACE2 enhancers
(GH0XJ015596 and GH0XJ015579) and the promoter of PIR, which
encodes the Pirin protein (Shovlin and Vizcaychipi, 2020). Pirin sub-
stantially facilitates binding of NF-kB p65 to DNA (Liu et al., 2013).
Increased activation of NF-kB p65 pathway is associated with multiple
diseases involving chronic inflammation (Giridharan and Srinivasan,
2018). Hyperactivation of NF-kB pathways leads to cytokine storm
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syndrome and increases COVID-19 severity (Hariharan et al., 2020).
Furthermore, Pirin protein can bind to NF-xB, and modulate its DNA
binding properties (Liu et al., 2013). Additionally, Pirin is overexpressed
in response to oxidative stress (Brzoska et al., 2011). Oxidative stress can
play a role in COVID-19 pathogenesis, perpetuate the cytokine storm
cycle, blood clotting mechanism, and exacerbate hypoxia (Cecchini and
Cecchini, 2020). In addition, cigarette smoke up-regulates PIR gene
expression and the overexpressed Pirin protein may direct NF-xB to-
wards a pro-apoptotic response causing death of airway epithelial cells
(Gelbman et al., 2007). Active smoking is associated with increased
COVID-19 severity (Giilsen et al., 2020). Hence, Pirin protein may be
related to the severity of COVID-19.

Strong pairwise LD among variants in the PIR and ACE2 genes exists
only in the European super-population. Because of the modifying nature
of the variants, the presence of a certain combination of these SNPs, even
when the individual variants have a low frequency, might bring about a
significant change. The complete absence of the PIR variants in the
South Asian population may contribute to an overall lower COVID-19
case to mortality rate despite the dense population in this region.
More studies are needed to elucidate the contribution of this particular
LD pattern to COVID-19-related mortality and severity.

5. Conclusion

In this study, we retrieved data on the disease associated genetic
variants of ACE2 from databases and explored the VAFs and haplotype
frequencies in 26 populations of five super-populations. We also
explored the extents and levels of LDs among these variants in world-
wide populations. Activity modifying (modifier) variants within ACE2 as
well as closely located PIR genes show different and distinct distribution
in populations of different ethnic origins. However, to confirm the
population dependent associations with COVID-19 related severity,
further studies with more representative samples from different pop-
ulations are required.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.meegid.2021.104888.
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