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Single ABCA3 Mutations Increase Risk for Neonatal
Respiratory Distress Syndrome

WHAT’S KNOWN ON THIS SUBJECT: Neonatal respiratory distress
syndrome is the most common respiratory cause of mortality and
morbidity among US infants aged ,1 year. Although neonatal
respiratory distress syndrome is a heritable disorder, common
genetic variants do not fully explain disease heritability.

WHAT THIS STUDY ADDS: Single ABCA3 mutations are
overrepresented among term and late preterm ($34 weeks’
gestation) European-descent infants with RDS. Although ABCA3
mutations are individually rare, they are collectively common in
the European- and African-descent general population, present in
!4% of individuals.

abstract
BACKGROUND AND OBJECTIVE: Neonatal respiratory distress syn-
drome (RDS) due to pulmonary surfactant de!ciency is heritable,
but common variants do not fully explain disease heritability.

METHODS: Using next-generation, pooled sequencing of race-strati!ed
DNA samples from infants $34 weeks’ gestation with and without
RDS (n = 513) and from a Missouri population-based cohort (n =
1066), we scanned all exons of 5 surfactant-associated genes and
used in silico algorithms to identify functional mutations. We validated
each mutation with an independent genotyping platform and compared
race-strati!ed, collapsed frequencies of rare mutations by gene to
investigate disease associations and estimate attributable risk.

RESULTS: Single ABCA3 mutations were overrepresented among
European-descent RDS infants (14.3% of RDS vs 3.7% of non-RDS;
P = .002) but were not statistically overrepresented among African-
descent RDS infants (4.5% of RDS vs 1.5% of non-RDS; P = .23). In
the Missouri population-based cohort, 3.6% of European-descent and
1.5% of African-descent infants carried a single ABCA3 mutation. We
found no mutations among the RDS infants and no evidence of
contribution to population-based disease burden for SFTPC, CHPT1,
LPCAT1, or PCYT1B.

CONCLUSIONS: In contrast to lethal neonatal RDS resulting from ho-
mozygous or compound heterozygous ABCA3 mutations, single ABCA3
mutations are overrepresented among European-descent infants $34
weeks’ gestation with RDS and account for !10.9% of the attributable
risk among term and late preterm infants. Although ABCA3 mutations
are individually rare, they are collectively common among European-
and African-descent individuals in the general population. Pediatrics
2012;130:e1575–e1582
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Neonatal respiratory distress syn-
drome (RDS) is the most common
respiratory cause of mortality and
morbidity among infants aged,1 year
in the United States.1 RDS is usually
attributed to a developmentally regu-
lated de!ciency of pulmonary surfac-
tant, a phospholipid-protein complex
that is synthesized, packaged, and se-
creted by alveolar type 2 cells that
lowers surface tension and maintains
alveolar expansion at end expiration.
However, disease heritability demon-
strated in twin studies (!0.29–0.67),2,3
the persistence of gender and racial
disparities in disease risk despite
widespread use of surfactant re-
placement therapy,1 and lethal muta-
tions in surfactant-associated genes4–6

suggest that genetic mechanisms also
contribute to the risk for neonatal RDS.

Previous studies investigating the ge-
netic contribution to the risk for neona-
tal RDS demonstrated modest statistical
associations with common variants in
surfactant-associated candidate genes.7,8

However, these studies were limited by
small sample sizes, phenotypic hetero-
geneity, and genotyping of common
variants that are more likely to have
smaller effect sizes.9 Studies in other
complex diseases suggest that rare,
deleterious, highly penetrant variants at
multiple gene loci may account for dis-
ease heritability.9,10 Disruption of fetal–
neonatal pulmonary transition by RDS
exerts strong purifying selection pres-
sure to reduce frequencies of deleteri-
ous variants that cause RDS (minor
allele frequency ,0.05). For example,
surfactant protein B is required for
pulmonary surfactant function, and
deleterious variants in the surfactant
protein B gene (SFTPB) are extremely
rare (,0.1%of theMissouri population)
and not associated with increased risk
for RDS in case-control studies.11,12 Ho-
mozygous or compound heterozygous
mutations in SFTPB and the ATP-binding
cassette transporter-A3 gene (ABCA3)

result in lethal neonatal RDS, whereas
mutations in the surfactant protein C
gene act in a dominant manner.4–6

High-resolution, high-throughput, low-
cost, next-generation sequencing strat-
egies, computational algorithms for rare
variant discovery, in silico algorithms
that predict functionality, and statistical
strategies for collapsing frequencies of
deleterious variants have permitted
discovery of gene loci with excess, rare
mutations associated with complex
phenotypes in feasibly sized cohorts.10

Based on previously recognized associ-
ations with severe neonatal RDS and/or
their critical roles in pulmonary surfac-
tant metabolism, 5 genes were selected:
surfactant protein C (SFTPC,NM_003018.3,
Gene ID 6440), ABCA3 (NM_001089.2,
Gene ID 21), cholinephosphotransferase
(CHPT1, NM_020244.2, Gene ID 56994),
lysophospholipid acyltransferase (LPCAT1,
NM_024830.3, Gene ID 79888), and choline-
phosphate cytidylyltransferase (PCYT1B,
NM_004845.4, Gene ID 9468). We per-
formed complete exonic resequencing
and independent validation to test the
hypothesis that excess, rare mutations
in these 5 genes increase the risk for
neonatal RDS.

METHODS

Patient Selection

Disease-Based Cohorts: Infants With
and Without RDS

To reduce the contribution of de-
velopmental immaturity and enrich
for genetic causes of surfactant de!-
ciency, consecutive newborn infants
$34 weeks’ gestation13 of European
and African descent (maternally desig-
nated) with and without RDS were
recruited from the nurseries at Washin-
gtonUniversityMedical Center (Table 1).14

A standardized de!nition of RDS was
used: need for supplemental oxygen
(fraction of inspired oxygen $0.3),
chest radiograph consistent with
neonatal RDS, and need for continuous

positive airway pressure or mechani-
cal ventilation within the !rst 48 hours
of life. Infants without RDS did not have
respiratory symptoms but required
hospitalization for other neonatal
problems (non-RDS). Gestational age
was assigned based on best obstetrical
estimate. Infants with cardiopulmonary
malformations, pulmonary hypoplasia,
culture-positive sepsis, chromosomal
anomalies, known surfactantmutations,
or rapidly resolving RDS (,24 hours
after birth) were excluded from study.
We randomly excluded 1 of monozygotic
twins or twins in whom zygosity could
not be reliably determined. Details of the
respiratory course and outcome were
extracted from clinical chart review.

Disease-Based Cohorts: Referred
Infant Samples

We recruited an independent group of
infants ($34 weeks’ gestation) from
outside Washington University Medical
Center referred for evaluation of severe
RDS (eg, prolonged need for ventilatory
support and oxygen supplementation)
to serve as a replication cohort (Sup-
plemental Table 5). Informed consent
was obtained from parents or legal
guardians of all participating infants.

Population-Based Cohort

Anonymized, unselected Guthrie cards
were obtained from the Missouri
Department of Health and Senior
Services Newborn Screening Program
(year 2000) with a racial composition
that re"ected the Missouri birth cohort
in 2000 (Table 2).11,15,16 The Washington
University School of Medicine Human
Research Protection Of!ce and the
Missouri Department of Health and
Senior Services approved this study.

Gene Selection

SFTPC and ABCA3 were selected be-
cause rare mutations in both genes
cause severe neonatal RDS.4,5 We se-
lected 3 genes encoding key enzymes
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in the surfactant phosphatidylcholine
synthetic pathway: PCYT1B encodes
the rate-limiting enzyme in phospha-
tidylcholine synthesis in fetal lung,
CHPT1 encodes the !nal enzyme of the
phosphatidylcholine synthetic pathway,
and LPCAT1 encodes the enzyme that
rearranges acyl groups to form dipal-
mitoylphosphatidylcholine, the major
phospholipid component of pulmonary
surfactant. LPCAT1 has also been as-
sociated with neonatal RDS in a hypo-
morphic murine model.17

DNA Isolation and Pool Preparation

Disease-Based Cohort

DNA was isolated from blood by using
Puregene DNA isolation kits (Qiagen,
Valencia, CA).14 Equimolar amounts from
each individual were combined into 4
race-strati!ed pools: African-descent
RDS (n = 44) or non-RDS (n = 196) and
European-descent RDS (n = 112) or non-
RDS (n = 161).

Population-Based Cohort

DNA was extracted from Guthrie cards
as previously described.11,16 We com-
bined equimolar amounts of DNA from
each bloodspot into 5 race-strati!ed
pools of similar size.

Next-Generation Sequencing

Using a next-generation sequencing
platform (Illumina, Inc, San Diego, CA),
we sequenced all exons and "anking
regions (!50 base pairs) of the 5
genes.15 (Supplemental Table 6) To
optimize selection of signi!cance
thresholds for detection of rare var-
iants in each sequencing run, we added
a 1934 base pair oligonucleotide with
no variation and a 335 base pair oli-
gonucleotide containing 15 known in-
sertions, deletions, and substitutions
at a frequency of ,1 allele per pool
(Supplemental Methods).18

The computational algorithm SPLINTER
(short indel prediction by large de-
viation inference and nonlinear true
frequency estimation by recursion)18

was used to detect rare variants. We
conservatively de!ned variants as
mutations if they resulted in an amino
acid change that was predicted by both
SIFT (Sorting Intolerant from Tolerant)19

and PolyPhen20 to disrupt protein func-
tion or if the variant was previously
associated with childhood respiratory
disease. Each mutation was con!rmed
with an independent genotyping strat-
egy (Sequenom, TaqMan, or Sanger

resequencing) and linked to its individual
sample (Supplemental Tables 7–10).

Statistical Methods

Race-strati!ed,gene-speci!c, collapsed
frequencies of mutations in RDS and
non-RDS infants were compared by
using x2 tests and Fisher’s exact
probability tests.10 Because it is un-
likely that an individual carries .1
rare mutation at a single gene locus,
the number of mutations in a single
gene can be collapsed for statistical
purposes and compared by using
a univariate test.10 Logistic regression
was used to determine if rare muta-
tions increase the risk for RDS or have
gestational age–speci!c effects. Fish-
er’s exact tests and Student’s t tests
were used to compare demographic
characteristics and disease severity
measures between groups. We cor-
rected for multiple comparisons by
using the Bonferroni method; the statis-
tical signi!cance level after Bonferroni
correction was P # .005 (0.05/10, with
10 being the number of total com-
parisons for 5 genes and 2 racial
groups). Because RDS incidence among
infants $34 weeks’ gestation is rare
(,0.025),13 attributable risk (AR) was
calculated by using the formula:

AR ! n1m0 2m1n0
m0n

;

where n0 and n1 are the numbers of
unexposed and exposed cases, m0 and
m1 are the numbers of unexposed and
exposed controls, and n = n0+n1.21 SAS
version 9.2 (SAS Institute, Inc, Cary, NC)
was used for all statistical analyses.

RESULTS

Next-Generation Sequencing

Inclusion of negative and positive
controls for run-speci!c error models
permitted us to achieve high sensitivity
(0.99) and speci!city (0.99) for detection
of rare variants within each pool.
We sequenced !37 kb per individual
with a mean coverage of 823 in the

TABLE 1 Characteristics of European- and African-Descent Disease-Based Groups (N = 513)

Characteristic European Descent P Value African Descent P Value

RDS
(n = 112)

Non-RDS
(n = 161)

RDS
(n = 44)

Non-RDS
(n = 196)

Gendera .51 ,.001
Female 47 (0.42) 74 (0.46) 10 (0.23) 101 (0.52)
Male 65 (0.58) 87 (0.54) 34 (0.77) 95 (0.48)

Gestational age,
mean 6 SD, wk

37.0 6 1.7 38.2 6 1.6 ,.001 37.6 6 2.7 38.9 6 1.7 .003

Birth weight, mean 6 SD, kg 3.1 6 0.6 3.1 6 0.7 .37 2.9 6 1.0 3.1 6 0.4 .08
Route of deliverya .54 ,.001
Vaginal 55 (0.49) 73 (0.45) 15 (0.34) 133 (0.68)
Cesarean 57 (0.51) 88 (0.55) 29 (0.66) 63 (0.32)

a Number of infants (percent).

TABLE 2 Characteristics of Population-
Based Cohort (N = 1066)

Characteristic African
Descent
(n = 195)

European
Descent
(n = 871)

Females/males 94/99 424/437
EGA, mean 6 SD, wk 38.7 6 1.8 38.9 6 1.6
Birth weight,

mean 6 SD, kg
3.2 6 0.5 3.4 6 0.5

Twelve of the 1066 infants did not have demographic in-
formation available other than race. EGA, estimated gesta-
tional age.
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disease-based cohort and 703 in the
population-based cohort.

Disease-Based Cohort

European-Descent Infants

Single mutations in ABCA3 were over-
represented among European-descent
infantswith neonatal RDS: 14.3% of RDS
infants carried a single ABCA3 muta-
tion compared with 3.7% of non-
RDS infants (P = .002) (Table 3). Two
mutations previously associated with
respiratory disease in newborns and
children, p.R288K (c.863G.A) and
p.E292V (c.875A.T),22–24 accounted for
13 of the 16 mutated alleles among RDS
infants. Because our sequencing strat-
egy also included exon-"anking regions,
we identi!ed 1 RDS infant with an
intronic mutation (c.3863-98 C.T) that
results in an insertion of 50 amino acids
and has been identi!ed in children with
lethal RDS.25 No infant had 2 ABCA3
mutations, and no mutations in SFTPC,
CHPT1, LPCAT1, or PCYT1Bwere detected
among any European-descent infants in
the disease-based cohort.

Logistic regression models were used
that included gestational age, gender,
andmodeofdelivery, 3covariatesknown
to be associated with risk for RDS. We
found that single ABCA3 mutations in-
dependently predicted risk for RDS
among European-descent infants (odds
ratio: 5.7 [95% con!dence interval: 2.0–
16.1]). Although gestational age was
also an independent predictor of RDS
(P , .001), further modeling did not
detect a statistically signi!cant inter-
action between presence of an ABCA3
mutation and gestational age (P = .43).
Although the European-descent RDS
infants had a lower mean gestational
age than non-RDS infants (Table 1), there
was no statistical difference in mean
gestational age or birth weight for
European-descent infants with or
without ABCA3 mutations, thereby
suggesting that ABCA3 mutations
are associated with RDS rather than

TABLE 3 Rare Mutations Identi!ed Among Infants of European Descent

Gene Mutation RDS (n = 112) Non-RDS
(n = 161)

Missouri Population
(n = 871)

ESP (n = 3510)

ABCA3 R20W 2
R43C 1
V129M 1
A132T 1
V133M 1
R208W 1
L212M 3 14
P246L 1
R280C 1
R280H 12
R288K 6 (5.3%)a 2 (1.2%)a 14 (1.6%)a 54 (1.5%)a

E292V 7 (6.2%)a 1 (0.6%)a 1 (0.1%)a 32 (0.9%)a

V480M 1
E522K 1
I561F 1
G594R 1
L654V 2
G668D 1
R671C 1
S693L 1 7
E725K 1
T761K 1
R1081W 1
I1117M 1
A1119E 1
A1297T 1
I1382M 1
T1424M 1
M1428L 2
R1457Q 1
A1466T 1
R1474W 1 3 8 29
V1495M 1
S1516N 1
R1561Q 1
V1588M 1

c.3863-98 C.T 1
ABCA3 allele (carrier) frequency 16 (14.3%)a 6 (3.7%)a 31 (3.6%)a 176 (5.0%)a

SFTPC D15N 1
I26V 1
A53T 1 1
L110R 1

SFTPC allele (carrier) frequency 1 (0.1%)a 4 (0.1%)a

CHPT1 S40W 4
W60C 1
D132E 2

CHPT1 allele (carrier) frequency 7 (0.2%)a

LPCAT1 G110S 1
P230S 1
R237Q 1
M298V 1
E312K 1
F460V 1
R526W 1

LPCAT1 allele (carrier) frequency 1 (0.1%)a 6 (0.2%)a

PCYT1B V192F 1(0.03%)a

Identi!ed mutations are predicted to be damaging according to both SIFT and PolyPhen (accessed March 2012) or previous
association with pediatric respiratory disease. Blank boxes indicate the mutations were not observed in that speci!c cohort.
a Number (carrier frequency, assuming 1 mutation per individual).
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prematurity (Supplemental Table 11).
In addition, no differences were found
in measures of disease severity be-
tween European-descent RDS infants
with and without an ABCA3 mutation,
including duration of need for me-
chanical ventilation or supplemental
oxygen, pneumothorax, need for ex-
tracorporeal membrane oxygenation,
need for home oxygen, or death (Sup-
plemental Table 12).

The estimated attributable risk of RDS
associated with single ABCA3mutations
was 10.9% (95% con!dence interval:
3.8–17.2) among European-descent
infants $34 weeks’ gestation.

African-Descent Infants

The demographic characteristics of the
Missouri population, the lower risk of
RDS among African-descent infants,26

and our consecutive enrollment strategy
limited access to a cohort of similar size
as the European-descent cohort. There
was no statistically signi!cant over-
representation of ABCA3 mutations
among African-descent infants with
RDS (4.5% of RDS infants vs 1.5% of non-
RDS infants; P = .23) (Table 4); however,
post-hoc analysis revealed our co-
hort was signi!cantly underpowered
(20% power, a = .05) to detect a differ-
ence. With 1 exception (c.4420C.T, p.

R1474W), the ABCA3 mutations were
unique to the African-descent disease-
based infants (Tables 3 and 4). No
mutations were detected in the
remaining 4 genes among the African-
descent disease-based infants.

Referred Infant Samples

We found that infants with single
ABCA3mutations were overrepresented
among the European-descent (11 of 40
[27.5%]) and African-descent (1 of 8
[12.5%]) infants referred from other
institutions (Supplemental Table 13).
Only 1 of these infants was compound
heterozygous for ABCA3 mutations
(p.E292V/p.P933L) and therefore had
ABCA3 de!ciency. These data further
support the observations from our
cohort of infants with and without RDS.

Population-Based Cohort

The collapsed frequencies of ABCA3
mutations in the population-based and
non-RDS cohorts were similar for both
European-descent (3.6% vs 3.7%) and
African-descent (1.5% [both]) infants
(Tables 3 and 4). No infant in the
population-based cohort had 2 ABCA3
mutations. To compare our ABCA3 mu-
tation frequencies with an independent
cohort, we used the same mutation
selection strategy to interrogate the
Exome Variant Server (National Heart,
Lung, and Blood Institute Exome Se-
quencing Project [ESP]),27 a database
of .5400 individuals from up to 18 dif-
ferent US populations who participated
in longitudinal cardiovascular- and
pulmonary-related research. The col-
lapsed carrier frequencies of ABCA3
mutations in both the ESP European-
descent population and the African-
descent population were similar to the
Missouri cohort (European descent:
5.0% vs 3.6%, respectively [P = .07]; Af-
rican descent: 3.9% vs 1.5%, respectively
[P = .10]). The ESP database con!rmed
the very low frequencies of mutations in
the other 4 surfactant-associated genes.

TABLE 4 Rare Mutations Identi!ed Among Infants of African Descent

Gene Mutations RDS (n = 44) Non-RDS
(n = 196)

Missouri Population
(n = 195)

ESP
(n = 1869)

ABCA3 R20W 2
V129M 12
F245L 1
R280C 1
R280H 2
R288K 7 (0.4%)a

E292V 4 (0.2%)a

F353L 3
N555S 5
G571R 1
T574I 1 2
P585S 1
L707F 14
G739A 2 15
V968M 1 1
F1164V 1
N1418S 1
R1474W 1 1
A1660V 1

Infants with variant 2 (4.5%)a 3 (1.5%)a 3 (1.5%)a 72 (3.9%)a

SFTPC R35C 1
V39M 1
G57S 1
R81C 1

SFTPC allele (carrier) frequency 4 (0.2%)a

CHPT1 G70R 2
T87M 1
G115A 1
Y365H 3

CHPT1 allele (carrier) frequency 7 (0.4%)a

LPCAT1 A194V 6
L255Q 2
D392H 1
R526W 1

LPCAT1 allele (carrier) frequency 10 (0.5%)a

PCYT1B G199D 1 (0.05%)a

Identi!ed mutations are predicted to be damaging according to both SIFT and PolyPhen (accessed March 2012) or previous
association with pediatric respiratory disease. Blank boxes indicate the mutations were not observed in that speci!c cohort.
a Number (carrier frequency).
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DISCUSSION

ABCA3 mediates uptake of choline
phospholipids and is required for la-
mellar body biogenesis.23 Studies in
surrogate cell systems suggest that
ABCA3 mutations impair surfactant
metabolism by altering intracellular
traf!cking or folding of the ABCA3
protein or impairing ATP hydrolysis.28,29

Similar to other misfolded proteins,
mutations in ABCA3 can also induce
endoplasmic reticulum stress and ap-
optosis.30 Infants with homozygous or
compound heterozygous ABCA3 mu-
tations develop progressive, lethal,
neonatal-onset respiratory distress
due to reduced phosphatidylcholine
content and surface tension–lowering
function of pulmonary surfactant.4,31

Our results suggest that term and late
preterm European-descent infantswith
single ABCA3 mutations are at in-
creased risk for non-lethal RDS. By
selecting more mature ($34 weeks’
gestation) infants who are less likely to
suffer from developmental pulmonary
immaturity, our cohort was enriched
for infants with genetic causes of sur-
factant de!ciency. In affected infants,
single ABCA3 mutations may act in-
dependently or interact with other
variants in key ABCA3 regulatory ele-
ments (promoter, introns, untranslated
regions, synonymous variants, and
large insertions or deletions) not cov-
ered by our sequencing or variant se-
lection strategy,14,32,33 mutations in
other genes,34 or other epigenetic, en-
vironmental, or developmental factors.
Because ABCA3 expression is de-
velopmentally regulated,35 a single mu-
tation coupled with developmental
immaturity could reduce ABCA3 ex-
pression below a functional threshold
that results in RDS. This speculation is
supported by our referred group of
infants and reports of premature
infants with a single ABCA3 mutation
with more severe disease than antici-
pated for gestational age.24,36 Similarly,

individuals heterozygous for mutations
in another ABC transporter ABCC7, the
cystic !brosis transmembrane regula-
tor, are at increased risk for chronic
pancreatitis and rhinosinustitis,37,38 sug-
gesting that even single alleles, typically
expressed in a recessive fashion, may
contribute to disease susceptibility.

The very low frequencies of mutations
in SFTPB,11 SFTPC, PCYT1B, CHPT1, and
LPCAT1 suggest signi!cant negative
selection pressure and nonredundant,
critical functions for these proteins.
The relatively common frequency of
mutations in ABCA3 may re"ect an un-
identi!ed, selective mutation advan-
tage similar to the cystic !brosis
transmembrane regulator in which
mutations may protect from bovine-
transmitted infections39 or expression
of molecules with redundant function
(eg, ABCA1240). The similarity of the
population-based and non-RDS ABCA3
mutation frequencies suggests that
these 2 groups share a common ge-
netic background. The lower frequency
of ABCA3 mutations in the Missouri
European and African-descent pop-
ulations relative to the ESP database
(3.6% vs 5.0% and 1.5% vs 3.9%, re-
spectively), although not statistically
signi!cant, may re"ect the variation of
estimated mutation frequencies due to
different sample sizes and/or differ-
ences in genetic admixture.41

We did not !nd a statistically signi!-
cant overrepresentation of ABCA3 mu-
tations among African-descent infants
with RDS, which may be due to our
cohort being underpowered. However,
because African-descent populations
are genetically more diverse than Eu-
ropean populations,42,43 it is noteworthy
that the prevalence of ABCA3 mutations
among African-descent individuals was
lower than among European-descent
individuals, both in the Missouri pop-
ulation (1.5% vs 3.6%) and the ESP da-
tabase (3.9% vs 5.0%), suggesting
possible selection against disruptive

mutations in this gene. In addition, we
relied onmaternally designated race for
the disease-based cohort and pop-
ulation samples and may be under-
estimating genetic admixture, especially
among African-descent individuals.44,45

Based on the frequency of ABCA3
mutations in the Missouri population
and assuming recessive inheritance, we
estimate the frequencies of ABCA3 de-
!ciency at!1 in 3100 European-descent
individuals and 1 in 18 000 African-
descent individuals, which predicts
!750 ABCA3-de!cient individuals born
annually in the United States. These
frequencies are similar to cystic !bro-
sis (1 in 2500 European-descent infants
and 1 in 15 000 African-descent in-
fants).46 Although the true frequency of
severe neonatal respiratory disease
due to ABCA3 de!ciency is unknown,
,10 infants aged,1 year receive lung
transplants each year in the United
States for surfactant de!ciency or
neonatal-onset diseases.47 Thus, the
phenotypes associated with ABCA3 de-
!ciency may be unrecognized, may be
lethal in utero, may not have pulmonary
manifestations, or may present beyond
the newborn period.5,23 The proportion
of childhood or adult respiratory dis-
ease attributable to ABCA3mutations is
unknown.

Because we conservatively de!ned
mutations, we may be misestimating
the risk and frequency of disease at-
tributable to single ABCA3 mutations.
For example, although p.R1474W is
predicted to be deleterious according
to both SIFTand PolyPhen and has been
detected in children with respiratory
disease, its high carrier frequency
(!1%) and similar frequencies among
infants with and without RDS suggest
lower penetrance than estimated by
the prediction algorithms. Conversely,
our stringent computational criteria and
biological precedent for mutation selec-
tion may discount important functional
mutations and underestimate genetic
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contributions to respiratory disease. For
example, p.R288K is predicted to be be-
nign (tolerated) by both prediction algo-
rithms and would not have been included
in our analysis had it not been previously
associated with pediatric respiratory
disease.22 Its threefold to fourfold en-
richment among the European-descent
RDS infants suggests an important role
in the genetic pathogenesis of RDS. In
addition, some mutations predicted to be
disruptive by computational algorithms
may not impair protein function in vivo
but may be protective or exhibit in-
complete penetrance.

Functional studies of the.150 reported
ABCA3 mutations in model systems are
critical to understanding disease path-
ogenesis.26,41 Approximately 17 ABCA3
mutations have thus far been studied
in vitro to determine the mechanisms
that disrupt ABCA3 protein function or
expression. Only 2 of these mutations
were found in our study: p.R280C, which
disrupts ABCA3 folding and traf!cking,
and p.E292V, which disrupts ATP hydro-
lysis and decreases phospholipid
transport across the lamellar body
membrane.29,30 Our combined genomic,

computational, and disease-based vari-
ant discovery strategy permits prioriti-
zation of mutations for further
functional investigation, which is critical
for understanding disease pathogene-
sis.

CONCLUSIONS

Although homozygous or compound
heterozygous ABCA3 mutations are
well-established causes of lethal neo-
natal RDS, our study identi!ed that
single ABCA3 mutations are over-
represented among term and late
preterm European-descent infantswith
RDS and account for !10.9% of the at-
tributable risk for neonatal RDS. Al-
though confounders may overestimate
attributable risk, the high frequency of
ABCA3 mutations among European-
descent RDS term and late preterm
infants suggests that these mutations
account for a portion of disease heri-
tability. Furthermore, ABCA3 mutations
are collectively common in the general
population, present in !4% of Euro-
pean- and African-descent individuals in
the general population. Prospective

evaluation of the predictive value of
screening European-descent infants
$34 weeks’ gestation for ABCA3 muta-
tions might inform clinical assessment
of genetic risk for RDS. Next generation,
exome, or whole genome sequencing
methods will permit more comprehen-
sive genetic discovery of mutations that
contribute to RDS heritability without
the bias associated with a candidate
gene approach.
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