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Purpose of review

The frequency and severity of asthma differ between different racial and ethnic groups. An understanding
of the genetic basis for these differences could constitute future genetic biomarker panels for predicting
asthma risk and progression in individuals from different ethnic groups.

Recent themes

The recent mixing of different ancestries during the European colonization of the Americas and the African
slave trade has resulted in the complex population structures identified in different ethnic groups. These
population structures represent varying degrees of genetic diversity which impacts the allele frequency of
individual variants and, thus, how the gene variation is utilized in genetic association studies. In this
review, we will discuss the basis for the complex population structures of modern human genomes and the
impact of genetic diversity on genetic studies in different ethnic groups. We will also highlight the potential
for admixture and rare variant-based genetic studies to identify novel genetic loci for asthma susceptibility
and severity.

Summary

The ability to account for the consequences of genetic diversity in different racial and ethnic groups will be
critical in developing genetic profiles for personalized or precision medicine approaches tailored to
asthmatic patients from different ethnic groups.
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The frequency and severity of asthma differ between
different racial and ethnic groups. In the United
States, African Americans have a greater frequency
of asthma and experience greater asthma-related
morbidity and mortality compared with non-
Hispanic Whites [1]. In addition, Puerto Ricans have
the highest frequency of asthma and the highest
morbidity and mortality among the US ethnic sub-
groups, whereas asthma is much less common and
severe in the Mexican Americans [2–4]. An under-
standing of the genetic basis for inter-racial and
inter-ethnic differences in disease expression could
provide the basis for genetic biomarker panels for
predicting asthma risk, disease progression, and
responsiveness to pharmacological therapies for
individuals from different ethnic or racial groups.

High-throughput genotyping technologies have
allowed the analysis of 100 000 to millions of single-
nucleotide polymorphisms (SNPs) to test for associ-
ations with asthma using genome-wide association
studies (GWAS). The most recent advances of
next-generation DNA sequencing have led to an
illiams & Wilkins. Unau
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in populations representing different ancestral
populations. In this review, we will discuss the basis
for the genetic diversity and population structure of
modern human genomes. We will summarize how
the genetic diversity of different human populations
has impacted the genetic studies and has led to the
identification of unique susceptibility loci in the
different ethnic groups. Finally, we will highlight
the potential for admixture and rare variant-based
genetic studies to identify genetic loci for asthma
susceptibility and severity.
thorized reproduction of this article is prohibited.
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KEY POINTS

� The more recent mixing of different ancestries during
the European colonization of the Americas and the
African slave trade has resulted in the complex
population structures identified in modern US
ethnic groups.

� The population structures of modern human genomes
represent varying degrees of genetic diversity which
impacts the allele frequency of individual variants,
particularly rare variants.

� Differences in genetic diversity between individuals
from different ethnic groups’ impact show individual
genetic variants can be used to ‘tag’ gene variation in
genetic association studies and must be accounted for
in all genetic association studies, particularly GWAS.

� Admixture-based approaches and rare variant studies
in different ethnic groups have suggested a role for
gene variation related to ancestry on asthma
susceptibility and severity, and have the potential to
elucidate the genetic basis for inter-ethnic differences
when complimented by allelic association testing
or GWAS.

� The ability to account for the consequences of genetic
diversity in different racial and ethnic groups will be
critical in developing genetic profiles for personalized
or precision medicine approaches tailored to asthmatic
patients from different ethnic groups.

Genetics and epidemiology
GENETIC DIVERSITY AND POPULATION
STRUCTURE IN RECENTLY ADMIXED
POPULATIONS

The Human Genome Project primarily catalogued
common gene variants, particularly SNPs, the most
common form of gene variation in human genomes
[5]. SNPs are heritable landmarks for population
structure and genetic diversity, which have pro-
vided clues about the demographic history of our
species and the basis for the genetic diversity of
different ancestral populations [6,7]. On the basis
of recombination models, the first modern humans
migrated to Europe from sub-Saharan African nearly
40 000 years ago, resulting in a collapse or loss of
genetic diversity followed by the population growth
of the upper Paleolithic period [7].

The loss of genetic diversity during this
‘bottleneck’ resulted in descendant populations
from a European ancestry with gene variants highly
co-inherited or correlated over longer genomic
regions through linkage disequilibrium. Very simply
defined, the inheritance of genes together, often due
to physical proximity on a chromosome, is labeled
linkage disequilibrium. This was primarily due to
fewer numbers of recombination events over fewer
opyright © Lippincott Williams & Wilkins. Unautho
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generations since the last ‘collapse’. In comparison,
descendant populations from an ancient African
ancestry have greater genetic diversity resulting
from fewer co-inherited gene variants in shorter
genomic regions originating from a greater number
of recombination events over more generations (i.e.
shorter regions of linkage disequilibrium) [7]. Thus,
population structures from European or African
ancestries represent varying degrees of genetic diver-
sity which impacts linkage disequilibrium through-
out the genome and how individual genetic variants
can be used to ‘tag’ gene variation in genetic associ-
ation studies in different ethnic groups (Fig. 1).

In addition, the human population has experi-
enced a nearly three-fold expansion in growth over
the past 400 generations, which resulted in an
increased frequency of recent mutations and, thus,
rare variants [8,9]. Rare variants with an allele fre-
quency of less than 0.005 were found to be enriched
in the whole genomes, representing 14 different
populations from the 1000 Genomes Project [9,10].
The 1000 Genomes Project also demonstrated that
the frequency of individual rare variants (allele
frequency <0.05) was greater than more common
variants and included hundreds of rare coding
variants and variation in conserved, regulatory
regions. Thus, these rare variants could exhibit strong
biologic effects as reflected in the ‘common disease–
rare allele’ hypothesis [10–12].

In the 1000 Genomes Project, rare variants were
three times more frequent in populations from an
African ancestry compared with those from a prim-
arily European and Asian ancestry, consistently
with the ‘bottleneck’ history of ancestral non-
African populations [7,10]. Thus, populations from
European or African ancestries have differing fre-
quencies of individual gene variants, particularly rare
variants, which might be unique to a single ancestry
(Table1) [13–15,16

&&

,17–28].Thevariability inallelic
frequencies of more common polymorphisms has
the potential to alter the genetic diversity captured
by individual SNPs in populations from differing
ancestral backgrounds (Fig. 1, Table 1).

The recent mixing of different ancestries over
the past 500 years during the European colonization
of the Americas and the African slave trade has
resulted in the complex population structures ident-
ified in modern US ethnic groups. As a consequence,
recently admixed populations such as African Amer-
icans, Puerto Ricans, and Mexican Americans have
varying percentages of African, Amerindian, and
European ancestries due to different demographic
histories, which can even significantly vary between
individuals of the same ethnicity (Fig. 2) [29,30,31

&

].
The complex population structures of these recently
admixed populations have not been covered by
rized reproduction of this article is prohibited.
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Phenotypes:

Asthma susceptibility
Lung function impairment (severity)
Drug response (pharmacogenetics)

Environment:
Healthcare access
Allergen exposure

Tobacco smoke exposure
Diet

Pollution
Drug (pharmacogenetics) 

Ancestral
admixture in
racial/ethnic

groups   

FIGURE 1. Ancestral admixture and genetic research in complex diseases. Genetic research studies the role of genetic
variability in determining risk for complex airway diseases, related phenotypes, and disease severity. Genetic risk can be
directly altered by gene variation that impacts biological function directly or through gene-by-environment interactions. The
population structures of modern human genomes represent varying degrees of genetic diversity due to recent admixture, which
impacts the allele frequency of individual variants that determine phenotype in different racial or ethnic groups. In addition,
individuals from these different populations share similarities in languages, social experiences, and cultural behaviors, which
could result in differences in environmental exposures and gene-by-environment interactions which confound gene variant
associations.

Ancestry in asthma genetic studies Ortega and Meyers
most whole-genome genotyping platforms. Large-
scale next-generation sequencing projects such as
the National Institutes of Health (NIH); National
Heart, Lung, and Blood Institute (NHLBI); GO
Exome Sequencing Project (GO ESP); and the NIH
NHLBI Consortium on Asthma among African-
ancestry Populations in the Americas (CAAPA) Con-
sortium provide insight into the genetic diversity of
these populations [32]. In addition, whole-genome
sequencing data from CAAPA have been used to
design a genotyping platform which captures the
population structure of these populations, includ-
ing coverage for rare variants.
POPULATION STRUCTURE AND GENETIC
DIVERSITY IN EARLY GENETIC STUDIES

Before the first whole genomes were sequenced,
genetic studies for asthma susceptibility were per-
formed with family-based approach studies avoid-
ing issues of ancestry since analysis was performed
by family unit. Family-based genetic studies used
genetic variants equally spaced throughout the
genome to identify susceptibility regions or loci
which co-segregated or were co-inherited with a trait
such as asthma. These early studies demonstrated
that risk for asthma and related phenotypes was
determined by multiple loci throughout the
Copyright © Lippincott Williams & Wilkins. Unau
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genome [33–35]. These family-based studies
[34,36–38] contributed to our initial understand-
ing of the complex, polygenic nature of asthma
susceptibility determined by loci which varied
between ethnic groups from varying ancestral back-
grounds, gene–gene interactions, and gene-by-
environment interactions (Fig. 1).

The family-based studies were followed by an
increasing number of biologic candidate gene
association studies which compared the frequency
of a common SNP allele between unrelated cases and
controls. Association studies have been useful for
genetic studies of common diseases where alleles
may have a weak or modest effect on disease risk (the
‘common allele–common allele’ hypothesis). Over
100 genes have been studied based on chromosomal
regions identified in family-based linkage studies or
biologic plausibility. For each candidate gene that
has been discovered and replicated as an asthma
susceptibility locus, there are additional studies
which have not shown significant associations.
The most replicated candidate genes belong to the
broad categories of innate immunity (HLA-DRB1,
HLA-DQB1), TH2 inflammatory pathway signaling
(IL4, IL13, IL4R), cellular inflammation (TNF), and
lung development (ADAM33) [39]. In many instan-
ces, inconsistencies in replication may have been
due to small, underpowered sample sizes. However,
thorized reproduction of this article is prohibited.

ins www.co-allergy.com 383



Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Ta
b

le
1

.
V

ar
ia

nt
al

le
le

fr
eq

ue
nc

ie
s

of
as

th
m

a
su

sc
ep

tib
ili

ty
lo

ci
in

di
ffe

re
nt

an
ce

st
ra

lp
op

ul
at

io
ns

an
d

U
S

et
hn

ic
gr

ou
ps

G
en

e
na

m
es

C
h

rP
o

s
G

en
e

ID
A

ss
o

ci
a

te
d

SN
P

lo
cu

sa
A

lle
le

s
m

a
jo

r/
m

in
o

r

M
in

o
r

a
lle

le
fr

eq
u

en
cy

b
y

ra
ci

a
l

g
ro

u
p

b

R
ef

er
en

ce
s

C
EU

Y
R

I
A

SW
M

EX
C

H
B

JP
T

In
te

rle
uk

in
-6

re
ce

pt
or

1
q2

1
IL
6
R

rs
4
1
2
9
2
6
7

C
/T

0
.3

5
0
.0

7
0
.1

5
0
.5

2
0
.3

9
0
.3

6
[1

7
]

Py
ri
n

an
d

H
IN

do
m

ai
n

fa
m

ily
m

em
be

r
1

1
q2

3
PY

H
IN

1
rs

1
1
0
2
0
0
0

A
/G

0
.0

0
0
.3

5
N

A
N

A
0

0
[1

8
]

In
te

rle
uk

in
-1

re
ce

pt
or

2
q1

2
IL
1
RL

1
rs

1
4
2
0
1
0
1

C
/T

0
.3

5
0
.3

2
0
.4

3
0
.2

7
0
.3

9
0
.4

6
[1

5
,1

6
&

&

]

In
te

rle
uk

in
-1

8
re

ce
pt

or
2
q1

2
IL
1
8
R1

rs
3
7
7
1
1
6
6

G
/A

0
.4

1
0
.7

2
0
.6

5
0
.2

8
0
.1

3
0
.1

8
[1

5
]

D
ip

ep
tid

yl
pe

pt
id

as
e-

1
0

2
q1

4
D

PP
1
0

rs
1
4
3
5
8
7
9

A
/G

0
.1

0
0
.0

3
0
.0

4
0
.1

9
0
.3

1
0
.3

0
[1

8
]

G
RB

2
-a

ss
oc

ia
te

d
bi

nd
in

g
pr

ot
ei

n
1

4
q3

1
G

A
B1

rs
1
3
9
7
5
2
7

G
/T

0
.4

5
0
.8

4
0
.7

4
N

A
0
.3

1
0
.3

0
[1

9
]

U
bi

qu
iti

n
sp

ec
ifi

c
pe

pt
id

as
e

3
8

4
q3

1
U

SP
3
8

rs
7
6
8
6
6
6
0

T/
G

0
.2

1
0
.4

7
0
.4

4
0
.5

2
0
.7

4
0
.7

2
[1

9
]

cA
M

P-
sp

ec
ifi

c
ph

os
ph

od
ie

st
er

as
e

4
D

5
q1

1
PD

E4
D

rs
1
5
8
8
2
6
5

A
/G

0
.3

6
0
.1

6
0
.2

2
0
.2

2
0
.7

0
0
.7

3
[2

0
]

W
D

re
pe

at
do

m
ai

n
3
6

5
q2

2
W

D
R3

6
rs

2
4
1
6
2
5
7

C
/T

0
.1

4
0
.1

4
0
.1

0
0
.0

6
0
.0

7
0
.0

4
[2

1
]

Th
ym

ic
st

ro
m

al
ly

m
ph

op
oi

et
in

5
q2

2
TS

LP
rs

1
8
3
7
2
5
3

C
/T

0
.2

8
0
.3

4
0
.2

9
0
.3

0
0
.6

2
0
.6

6
[1

5
,1

6
&

&

,1
8
,1

9
]

RA
D

5
0

ho
m

ol
og

5
q3

1
RA

D
5
0

rs
2
2
4
4
0
1
2

A
/G

0
.2

0
0
.7

3
0
.5

1
0
.1

8
0
.1

9
0
.1

9
[2

2
]

In
te

rle
uk

in
-1

3
5
q3

1
IL
1
3

rs
1
2
9
5
6
8
6

C
/T

0
.2

2
0
.7

3
0
.5

9
0
.4

8
0
.3

4
0
.3

0
[2

2
,2

3
]

a
-1

B-
ad

re
ne

rg
ic

re
ce

pt
or

5
q3

3
A

D
RA

1
B

rs
1
0
5
1
5
8
0
7

G
/A

0
.1

6
0
.0

3
N

A
N

A
0
.3

2
0
.3

4
[2

4
]

TN
FA

IP
3

in
te

ra
ct

in
g

pr
ot

ei
n

1
5
q3

3
TN

IP
1

rs
1
4
2
2
6
7
3

C
/T

0
.1

9
0
.4

3
0
.3

7
0
.4

7
0
.5

6
0
.5

1
[2

3
]

Ps
or

ia
si

s
su

sc
ep

tib
ili

ty
1

ca
nd

id
at

e
1

6
p2

1
PS

O
RS

1
C

1
rs

3
0
9
4
6
6
3

C
/T

0
.2

7
0
.2

4
0
.3

6
0
.2

8
0
.3

1
0
.3

5
[1

6
&

&

]

H
um

an
le

uk
oc

yt
e

an
tig

en
co

m
pl

ex
D

Q
B1

6
p2

1
H

LA
-D

Q
B1

rs
9
2
7
3
3
4
9

C
/T

0
.4

2
0
.4

8
0
.4

7
0
.2

3
0
.3

9
0
.4

4
[1

5
,1

6
&

&

,2
2
]

H
um

an
le

uk
oc

yt
e

an
tig

en
co

m
pl

ex
D

RA
6
p2

1
H

LA
-D

RA
rs

2
3
9
5
1
8
5

G
/T

0
.4

3
0
.1

9
0
.2

0
0
.3

5
0
.3

7
0
.3

9
[2

3
]

In
te

rle
uk

in
-3

3
9
p2

4
IL
3
3

rs
1
3
4
2
3
2
6

A
/C

0
.1

7
0
.3

5
0
.3

2
0
.1

5
0
.0

0
0
.0

0
[1

5
,1

6
&

&

,1
8
]

G
A

TA
bi

nd
in

g
pr

ot
ei

n
3

1
0
p1

4
G

A
TA

3
rs

1
0
5
0
8
3
7
2

G
/A

0
.0

4
0
.2

2
0
.2

1
0
.3

5
0
.5

9
0
.5

6
[1

9
]

Ik
ar

os
fa

m
ily

zi
nc

fin
g
er

4
1
2
q1

3
IK

Z
F4

rs
1
7
0
1
7
0
4

T/
G

0
.3

2
0
.0

7
0
.1

5
0
.2

1
0
.2

3
0
.2

2
[1

9
]

SM
A

D
fa

m
ily

m
em

be
r

3
1
5
q2

2
SM

A
D

3
rs

7
4
4
9
1
0

A
/G

0
.4

5
0
.6

8
0
.6

7
0
.5

4
0
.5

8
0
.5

6
[1

5
]

RA
R-

re
la

te
d

or
ph

an
re

ce
pt

or
A

1
5
q2

2
RO

RA
rs

1
1
0
7
1
5
5
9

C
/T

0
.1

5
0
.5

6
0
.4

3
0
.1

1
0
.1

4
0
.2

3
[1

5
]

O
RM

1
-li

ke
3

1
7
q1

2
O

RM
D

L3
rs

7
2
1
6
3
8
9

C
/T

0
.4

9
0
.8

8
0
.7

0
0
.6

0
0
.6

6
0
.7

2
[1

5
,1

8
,2

0
,2

5
–
2
8
]

G
as

de
rm

in
-li

ke
B

1
7
q1

2
G

SD
M

B
rs

2
3
0
5
4
8
0

G
/A

0
.4

7
0
.0

5
0
.2

5
0
.4

0
0
.3

3
0
.2

8
[1

5
,1

6
&

&

,2
3
,2

8
]

Ik
ar

os
fa

m
ily

zi
nc

fin
g
er

3
1
7
q1

2
IK

Z
F3

rs
9
0
7
0
9
2

G
/A

0
.4

9
0
.0

7
0
.2

8
0
.3

9
0
.3

3
0
.3

4
[1

6
&

&

]

Pr
io

n-
re

la
te

d
pr

ot
ei

n
2
0
p1

2
PR

N
P

rs
6
0
5
2
7
6
1

T/
C

0
.1

0
0
.3

5
0
.3

9
0
.1

7
0

0
.0

3
[2

4
]

In
te

rle
uk

in
-2

re
ce

pt
or

,
b

su
bu

ni
t

2
2
q1

2
IL
2
RB

rs
2
2
8
4
0
3
3

G
/A

0
.4

2
0
.3

9
0
.4

5
0
.3

2
0
.6

5
0
.5

8
[1

5
]

A
bb

re
vi

at
io

ns
fr
om

ea
ch

g
ro

up
ar

e
as

fo
llo

w
s:

A
SW

,
A

fr
ic

an
A

m
er

ic
an

s
fr
om

th
e

so
ut

hw
es

t
U

ni
te

d
St

at
es

;
C

EU
,

U
ta

h
re

si
de

nt
s

w
ith

an
ce

st
ry

fr
om

no
rth

er
n

an
d

w
es

te
rn

Eu
ro

pe
;

C
H

B,
H

an
C

hi
ne

se
fr
om

Be
iji

ng
,

C
hi

na
;

JP
T,

Ja
pa

ne
se

fr
om

To
ky

o,
Ja

pa
n;

M
EX

,
M

ex
ic

an
A

m
er

ic
an

s
fr
om

Lo
s

A
ng

el
es

,
C

A
;

Y
RI

,
In

di
vi

du
al

s
fr
om

Y
or

ub
a

in
Ib

ad
an

,
N

ig
er

ia
.

a
A

st
hm

a
su

sc
ep

tib
ili

ty
lo

ci
se

le
ct

ed
am

on
g

th
e

fir
st

id
en

tif
ie

d
by

g
en

om
e-

w
id

e
as

so
ci

at
io

n
st

ud
ie

s
or

ad
m

ix
tu

re
m

ap
pi

ng
an

d
de

no
te

d
by

re
fe

re
nc

e
se

qu
en

ce
nu

m
be

r
(r
s)

[1
5
,1

6
&
&

,1
7

–
2
8
].

b
M

in
or

or
le

ss
co

m
m

on
,

va
ri
an

ta
lle

le
fr
eq

ue
nc

ie
s

ar
e

ba
se

d
on

da
ta

fr
om

th
e

In
te

rn
at

io
na

l
H

ap
M

ap
Pr

oj
ec

t
G

en
om

e
Br

ow
se

r
re

le
as

e
2
8

ac
ce

ss
ed

on
2
3

Ju
ne

2
0
1
4

(h
ttp

:/
/h

ap
m

ap
.n

cb
i.n

lm
.n

ih
.g

ov
/c

g
i-p

er
l/

g
br

ow
se

/
ha

pm
ap

2
8
_B

3
6
/)

.

Genetics and epidemiology

384 www.co-allergy.com Volume 14 � Number 5 � October 2014

http://hapmap.ncbi.nlm.nih.gov/cgi-perl/gbrowse/hapmap28_B36/
http://hapmap.ncbi.nlm.nih.gov/cgi-perl/gbrowse/hapmap28_B36/


African Amerindian

European

African Americans
Puerto Ricans
Mexican Americans
Non-Hispanic Whites

FIGURE 2. Ancestral backgrounds of different United States
ethnic groups. The recent mixing of different ancestries
during the European colonization of the Americas and the
African slave trade has resulted in the complex population
structures of recently admixed populations such as African
Americans, Puerto Ricans, and Mexican Americans.
Individuals from each ethnic group have varying
percentages of African (dark triangle), Amerindian (gray
triangle), and European (light triangle) ancestries due to
different demographic histories; however, between
individuals from the same ethnic group, there can also be
significant variability in ancestral backgrounds. This Venn
diagram shows that, on average, non-Hispanic Whites (solid
circle) have undergone little recent admixture, whereas
African Americans (long-dashed circle), Puerto Ricans
(double circle), and Mexican Americans (dotted circle) have
varying proportions of different ancestries due to recent
mixing [29,30,31&].
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the variability in allele frequencies of associated
SNPs between populations could have resulted in
different variants within the same gene similarly
associated with asthma in different populations
(i.e. ‘loose’ replication; Fig. 1) [40,41].

More importantly, association testing without
accounting for population structure or genetic
ancestry (i.e. population stratification) could result
in spurious differences (i.e. false-positives). If allele
frequencies differ between unrelated cases and con-
trols, then the frequencies are due to ethnic differ-
ences; this could lead to false-positive results. Most
candidate gene studies accounted for ancestry by
separating patients by self-reported ethnic groups;
however, whole-genome genotyping provides infor-
mation about population structure and ancestral
admixture. In addition, individuals from different
ethnic groups share similarities in languages, social
experiences, cultural behaviors, and geography,
which could result in common environmental
exposures or gene-by-environment interactions that
could confound genetic studies (Fig. 1) [42].
Copyright © Lippincott Williams & Wilkins. Unau
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GENETIC DIVERSITY AND POPULATION
STRUCTURE IN GENOME-WIDE
ASSOCIATION STUDIES
In most GWAS, the allele frequencies of a large
number of SNPs representing the entire genome
(500 000 to more than one million SNPs) are com-
pared between unrelated cases and controls. Whole-
genome genotyping with these chips also provides
information about ancestral differences to adjust
observed SNP associations and minimize confound-
ing by population stratification. The first GWAS for
asthma susceptibility were performed on European
non-Hispanic White asthma patients and controls.
Thus, it did not represent other racial or ethnic
groups with different ancestries when unique
susceptibility loci could have been identified. This
is particularly important for ethnic groups such as
African Americans and Puerto Ricans who experi-
ence a higher risk for asthma and greater asthma-
related morbidity compared with other ethnic
groups [1,3,4]. The first GWAS for asthma identified
a novel locus on 17q12 which contained the ORM1-
like 3 gene (ORMDL3) and the neighboring gasder-
min-like genes (GSDMB), which have become the
most replicated loci for asthma susceptibility
(Table 1) [17,18,20,25–27]. Subsequent GWAS in
primarily European and non-Hispanic White popu-
lations have also identified susceptibility loci at IL33
on chromosome 9p24, IL1RL1/IL18RL1 (between
the IL-1 and IL-18 receptor genes) on 2q12,
WDR36/TSLP on 5q22, HLA-DRA and HLA-DQB1
on 6p21, and IL13 on 5q31 (Table 1) [15,18,22,23].

The EVE consortium performed a large GWAS
meta-analysis of a combined, multiethnic popu-
lation of European Americans, African Americans,
African Caribbeans, Mexican Americans, and Puerto
Ricans, which confirmed asthma susceptibility loci
on chromosome 17q12 (GSDMB/ORMDL3), IL1RL1,
and TSLP, and IL33 in these ethnic groups (Table 1)
[15,18,25]. These loci and an adjacent SNP on 17q12
(IKZF3) were also associated with asthma in a recent
GWAS of Puerto Ricans and Mexican Americans
from the Genes-environments and Admixture in
Latino Americans study (GALA II) [16

&&

]; however,
other loci identified in non-Hispanic White popu-
lations have not been associated with asthma in
other ethnic groups [18]. These inter-ethnic differ-
ences may have possibly been due to varying inter-
ethnic allele frequencies of risk loci (Table 1), differ-
ences in the genomic regions tagged by selected
SNPs, or the fact that other genes are important loci
in these populations.

The EVE consortium GWAS meta-analysis ident-
ified one of the first asthma susceptibility loci
(PYHIN1) unique to African Americans and African
Caribbeans. The associated PYHIN1 SNPs occurred at
thorized reproduction of this article is prohibited.
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an allele frequency of 0.26–0.35 in African ancestral
populations, but were not polymorphic in European
Whites and rare in Hispanics (Table 1) [18]. GWAS
meta-analyses of additional populations from a
primarily African ancestry also identified novel
susceptibility loci in ADRA1B and PRNP while con-
firming dipeptidyl peptidase (DPP10) as a risk locus
from prior linkage studies [24,43]. These GWAS
demonstrate how the complexity of population
structure can lead to differences in genetic suscepti-
bility loci in populations from different ancestries.

A major emphasis of genetic studies in asthma
has been on susceptibility. However, there is emerg-
ing evidence that genes which influence disease
severity or progression differ from those that influ-
ence disease risk [23,44]. The identification of
loci which determine disease severity requires well
phenotyped asthma cohorts and has the potential
to expose important pathways which underlie inter-
ethnic differences in asthma disease severity [1,3].

Lung function is a fundamental determinant of
asthma severity influenced by multiple gene loci
that were identified in GWAS of primarily European
White general populations [45–48]. Gene variation
in one of these genes coding for the hedgehog
interacting protein (HHIP) was associated with lung
function in non-Hispanic White and African Amer-
ican asthmatic patients from the NHLBI-sponsored
Severe Asthma Research Program (SARP). Each copy
of the HHIP risk variant allele was associated with
an 85 ml reduced forced expiratory volume in one
second (FEV1) in non-Hispanic White asthmatic
patients and a 252 ml reduced FEV1 in the African
Americans. SNPs in five additional genes associated
with lung function in the general population
(FAM13A, NOTCH4, THSD4, PTCH1, and PID1) were
also associated with lung function and asthma
severity in non-Hispanic White asthmatic patients
with additive effects, but these associations were not
found in the African American asthmatic patients
[49]. These inter-ethnic differences might be related
to differences in linkage disequilibrium tagged by
the selected SNPs; however, it is possible that dis-
tinct loci from an African ancestry determine lung
function and asthma severity in admixed African
descent populations in a similar, additive fashion
[30,49,50].
ANCESTRY-BASED GENETIC STUDIES

Differences in asthma susceptibility and severity
between recently admixed ethnic groups are a
rationale for ancestry-based genetic studies to
identify genetic loci. Whole-genome genotyping
provides data on SNPs with marked variable allele
frequencies between different ancestral populations
opyright © Lippincott Williams & Wilkins. Unautho
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which can estimate genetic ancestry for ancestry-
based genetic studies [51]. Studies [29,30] of whole-
genome or global genetic ancestry have shown that
African Americans have an estimated 80% African
ancestry, on average (20% European ancestry),
whereas Puerto Ricans and Mexican Americans have
a combination of three different ancestries – Euro-
pean, African Ancestry, and Amerindian (Fig. 2).
Studies of global African ancestry have shown that
African ancestry is higher in African Americans with
self-reported asthma compared with controls,
suggesting that genetic variation from an African
ancestry could influence asthma susceptibility [52].

Ancestry-based genetic studies in different ethnic
groups have suggested a role for gene variation
related to African ancestry on lung function. Global
African ancestry was inversely associated with base-
line lung function measures in three independent
African American general populations and Puerto
Rican asthmatic patients– a trend predicted by race-
based lung function-predictive equations [30,50,53].
Global African ancestry was also associated with
severe asthma exacerbations in a male subset of
asthmatic patients from the Study of Asthma Pheno-
types and Pharmacogenomic Interactions by Race-
ethnicity (SAPPHIRE) cohort [54]. The relationship
between African ancestry and asthma severity
requires replication and evaluation using ancestry-
based genetic approaches focused on identifying a
causative locus.

Admixture mapping (i.e. mapping by admixture
linkage disequilibrium; Fig. 3a and b [55,56]) is a
whole-genome scanning approach which has
mostly been used to identify asthma susceptibility
loci. In contrast to GWAS, admixture mapping tests
for associations between estimates of ancestry at
each SNP and a phenotype of interest. Admixture
mapping requires a substantially smaller number of
genetic markers than GWAS and can identify
regions with rare variants (Fig. 3a and b). An admix-
ture mapping study of African Americans from SARP
and the NHLBI-sponsored Collaborative Study on
the Genetics of Asthma (CSGA) identified an admix-
ture mapping association peak on chromosome
6q14. This peak contained a novel SNP locus only
associated with asthma in the African Americans
with a local European ancestral background
suggesting that the risk allele was inherited from
recent European admixture. These novel SNP associ-
ations were replicated in the Puerto Ricans from the
Genetics of Asthma in Latino Americans (GALA)
cohort, demonstrating that genetic ancestry has
the potential to interact with susceptibility loci in
recently admixed populations [57].

Ancestry mapping studies in the Puerto Rican
and the Mexican American asthma cases and
rized reproduction of this article is prohibited.
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FIGURE 3. Illustration of admixture mapping. (a) The hypothesis behind mapping by admixture linkage disequilibrium or
admixture mapping is that chromosomes from an admixed population (shown with darker and lighter-colored genetic regions
from different ancestries) contain a susceptibility allele which is more frequent in the darker ancestral regions versus the lighter
regions. Admixture mapping identifies increased ancestry at a susceptibility locus in the affected individuals (region intersected
by thick black line). (b) Loci with significant associations between ancestry and disease risk are represented by admixture
mapping peaks or chromosomal regions with an overrepresentation of ancestry from the ancestral population, with the highest
proportion of risk alleles at the locus containing the risk-invoking variant. Reproduced with permission from [55,56].
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controls from the GALA cohort also identified 62
admixture mapping peaks of which 6 contained
loci previously associated with asthma. One peak
contained the LYN gene which was associated with
airways disease in a LYN-knockout murine model
[58,59]. More recently, admixture mapping of a
larger Latino cohort from GALA II was combined
with allelic association testing to identify a novel
susceptibility locus in PSORS1C1 [16

&&

].
Another recent admixture-based study ident-

ified novel rare variation associated with broncho-
dilator lung function reversibility in response to the
short-acting beta2-adrenergic receptor agonist (beta
agonist or SABA) albuterol, a diagnostic asthma
phenotype. In the Puerto Rican and Mexican Amer-
ican asthmatic patients from GALA II, admixture
mapping in combination with GWAS identified rare
variants within two solute carrier genes (SLC24A4
and SLC22A15) associated with SABA bronchodila-
tion [60

&&

]. Admixture-based approaches should be
employed in combination with allelic association
testing to identify the genetic basis for inter-ethnic
differences in asthma susceptibility, severity, and
response to pharmacologic therapies [31

&

,61].
DNA SEQUENCING AND RARE VARIANTS

Most genetic studies of asthma susceptibility and
severity have been limited to common ‘tagging’
SNPs; however, large-scale next-generation sequenc-
ing projects from the NHLBI, GO ESP, CAAPA, and
the 1000 Genomes Project now provide an
Copyright © Lippincott Williams & Wilkins. Unau
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increasingly diverse map of the genomes of different
admixed populations including an expanding cata-
logue of rare variation [10,32]. Rare variant studies
of nine resequenced asthma candidate genes ident-
ified rare coding variants associated with asthma
susceptibility in DPP10 and IL12RB1 in African
Americans and non-Hispanic Whites, respectively
[14]. Another study [13] identified rare variants in
the receptor target for beta agonists, the beta2-
adrenergic receptor gene (ADRB2), associated with
severe exacerbations requiring hospitalization in
the African Americans and the non-Hispanic Whites
treated with a long-acting beta agonist. In both the
rare variant studies, associated rare variants differed
between ethnic groups, but resulted in similar
effects, which is an example of allelic heterogeneity
[13,14,62]. In these studies [13,14,31

&

,61], African
Americans had a greater frequency of rare variants
compared with non-Hispanic Whites, providing a
potential genetic basis for inter-ethnic differences in
asthma risk, severity, and therapeutic responsive-
ness.
GENETIC DIVERSITY AND THE FUTURE OF
PRECISION MEDICINE

The ability to account for the consequences of
genetic diversity in different racial and ethnic
groups in genetic studies will be critical in develop-
ing genetic profiles for personalized or precision
medicine approaches tailored to asthmatic patients
from different ethnic groups [63]. These profiles will
thorized reproduction of this article is prohibited.
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primarily be identified through multigene models
which account for gene variation, both common
and rare, specific to individuals from different ances-
tral populations. Future genetic studies in all racial
and ethnic groups will require integration of more
comprehensive genotyping and next-generation
sequencing data with analytical methods which
account for the varying diversity and population
structure of different ancestral backgrounds. Future
studies will also require the enrollment of a larger
number of patients from underrepresented ethnic
groups into asthma susceptibility or severity studies,
as well as clinical trials for GWAS, admixture-based
genetic studies, and candidate gene studies.
CONCLUSION

Genetic studies have the potential to identify loci
important for asthma risk in individuals from differ-
ent ancestries while also identifying gene pathways
which influence asthma progression and severity.
For the individual asthmatic patient, the develop-
ment of genetic profiles would provide guidance on
the risk for disease onset and progression and indi-
vidualize an appropriate intervention or treatment
[63]. For diverse asthma populations, these genetic
profiles have the potential to define the genes for
asthma susceptibility and severity unique to differ-
ent ethnic and racial groups, which could account
for the healthcare-related disparities we are chal-
lenged with today.
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