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Primary defects in lung branchingmorphogenesis, resulting in neonatal lethal pulmonary hypoplasias, are incompletely understood. To

elucidate the pathogenetics of human lung development, we studied a unique collection of samples obtained from deceased individuals

with clinically and histopathologically diagnosed interstitial neonatal lung disorders: acinar dysplasia (n ¼ 14), congenital alveolar

dysplasia (n ¼ 2), and other lethal lung hypoplasias (n ¼ 10). We identified rare heterozygous copy-number variant deletions or

single-nucleotide variants (SNVs) involving TBX4 (n ¼ 8 and n ¼ 2, respectively) or FGF10 (n ¼ 2 and n ¼ 2, respectively) in 16/26

(61%) individuals. In addition to TBX4, the overlapping �2 Mb recurrent and nonrecurrent deletions at 17q23.1q23.2 identified in

seven individuals with lung hypoplasia also remove a lung-specific enhancer region. Individuals with coding variants involving either

TBX4 or FGF10 also harbored at least one non-coding SNV in the predicted lung-specific enhancer region, which was absent in 13 con-

trol individuals with the overlapping deletions but without any structural lung anomalies. The occurrence of rare coding variants

involving TBX4 or FGF10 with the putative hypomorphic non-coding SNVs implies a complex compound inheritance of these pulmo-

nary hypoplasias. Moreover, they support the importance of TBX4-FGF10-FGFR2 epithelial-mesenchymal signaling in human lung

organogenesis and help to explain the histopathological continuum observed in these rare lethal developmental disorders of the lung.
Introduction

Diffuse developmental disorders of the lung comprise a

group of rare primary defects in lung branching morpho-

genesis and vasculogenesis, including acinar dysplasia
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(AcDys), congenital alveolar dysplasia (CAD), and alveolar

capillary dysplasia with misalignment of pulmonary veins

(ACDMPV [MIM: 265380]) (Figure 1).1,2 Diagnosis of these

disorders has been based largely on their histopathological

appearance at lung biopsy or autopsy, which demonstrate
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a spectrum of developmental arrest in lung growth and

maturation. Further characterization of these idiopathic

disorders has been hampered by their rarity and pleio-

tropic manifestations, as well as inconsistent use of disease

definition and nomenclature.3,4

To date, only 18 subjects diagnosed with AcDys of

different ethnic backgrounds have been reported; the mor-

tality rate approaches 100% (Table S1).4–17 AcDys lungs

show diffuse maldevelopment with bronchial and bron-

chiolar structures embedded in loose mesenchyme. Acinar

structures, when present, are immature with no alveoli and

limited formation of saccules.1,4 The lungs are frequently

small in size and have thickened interlobular septa. Based

on these features, it has been hypothesized that AcDys re-

flects lung growth arrest in the pseudoglandular or early

canalicular stage of lung development (Figure 1).1,2

CAD is an even rarer condition with only a few cases re-

ported to date.3,16,18,19 Newborns with CAD are born at

term and manifest with respiratory failure early in life;

the mortality rate also approaches 100%. Compared to

AcDys, CAD lungs contain easily identifiable distal acinar

spaces, suggesting that lung growth arrest occurred at the

late canalicular or early saccular stage of development

(Figure 1).1 Whereas the lung weight is usually normal

or even increased from congestion, the architecture is

notably immature for age with simplified acini and abun-

dant intervening mesenchyme and without well-formed

alveoli. The histologic appearance is similar to the lobular

maldevelopment often seen in ACDMPV, but vein

misalignment and marked hypertensive changes of the

pulmonary arteries are absent. Due to the spectrum of

immaturity in CAD, the diagnosis cannot be made with
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certainty in premature infants or those with suspected pul-

monary hypoplasia.

In contrast toACDMPVcausedby loss-of-function (LoF)of

FOXF1 (MIM: 601089),20,21 themolecular etiology of AcDys

and CAD is largely unknown. However, we have identified

a de novo heterozygous missense TBX4 (MIM: 601719,

GenBank: NM_018488.3) variant c.256G>C (p.Glu86Gln)

in a newborn with AcDys,6 and most recently, a de novo 4

base deletion (c.524_527del [p.Asn175Thrfs*52]) in TBX4

and a 2.2 Mb deletion at 17q23.1q23.2 encompassing

TBX4 have been reported in infants with CAD and alveolar

growth abnormality, respectively.19 Moreover, a homozy-

gous missense FGFR2 (MIM: 176943, GenBank:

NM_000141.4) variant c.764G>A (p.Arg255Gln) has been

described in an individual with AcDys and ectrodactyly.5

Recurrence of disease and reported consanguinity in some

of the pedigrees have suggested an autosomal-recessive

pattern of inheritance.4,5

Here, we report the clinical, histopathological, and

molecular findings in 26 deceased individuals with a spec-

trum of AcDys, CAD, and other rare lethal pulmonary

hypoplasia.
Subjects and Methods

Subjects
In total, 26 individuals with AcDys spectrum (n ¼ 14), CAD

(n¼ 2), or other rare lung hypoplasia (n ¼ 10) and 17 of their fam-

ily members were recruited following informed consent (Table S2).

Control individuals with 17q23.1q23.2 (n ¼ 13), 5p12 (n ¼ 3), or

an intragenic TBX4 (n ¼ 1) deletion but without developmental

lung disease and healthy parents of one control individual were
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Figure 1. Phases of Human Lung Develop-
ment and Histopathological Characteriza-
tion of the Lung Sections
(A) Schematic representation of phases of
human lung development and stages of
lung growth arrest in particular disorders
(adapted from Kimura and Deutsch83).
(B–G) Histologic sections of autopsy lung.
TBX4 mutations largely resemble the
earlier stages of lung development when
the majority of lung is composed
of conducting airways (pseudoglandular
stage).
(B) (P026) The distal acinar tubules are
dilated and more complex with abun-
dant intervening mesenchyme (canalicular
stage).
(C) (P006) Despite the immature appear-
ance, well-formed lamellar bodies were
seen in a single case by electronmicroscopy:
arrows denote lamellar bodies, original
magnification 4,8003) and there was
robust expression of surfactant related pro-
teins (thyroid transcription factor 1, surfac-
tant protein B, and pro surfactant protein
C by immunostaining [n ¼ 3], data not
shown).
(D and E) Two case subjects (P025 depicted)
showed a marked variation in histologic
appearance with areas of acinar dysplasia
(D) juxtaposed to more normal saccular
spaces (E).
(F and G) Lungs from subjects with
FGF10 mutations resemble later phases
of development when distal airspaces
are subdivided by secondary crests con-
taining a double-walled capillary network
(saccular stage), suggestive of congen-
ital alveolar dysplasia in a term infant
P042 (F), and mature alveoli are polyg-
onal with thin interalveolar septa and
a single capillary bed (alveolar stage). (G)
(P076) More mature appearing lung
architecture, but a reduced number of alve-
olar spaces, characteristic of pulmonary
hypoplasia.
ascertained from the Baylor Genetics database of 25,550 reported

copy-number variants (CNVs) from 19,537 subjects referred for

clinical array comparative genomic hybridization (aCGH), the

Database of Chromosomal Imbalance and Phenotype in Humans

using Ensembl Resources (DECIPHER),22 and from our collabora-

tors. The study protocol was approved by the Institutional Review

Board for Human Subject Research at Baylor College of Medicine

(BCM; H36612, H42409, H42680).

Histopathological Evaluation
Histopathological evaluation was performed using hematoxylin-

eosin-stained slides from formalin-fixed paraffin-embedded

(FFPE) lung obtained during autopsy and/or biopsy.
The American Journal of Human Ge
DNA and RNA Extraction
Genomic DNA was extracted from periph-

eral blood, saliva, skin, FFPE lung or liver,

or frozen lung using Gentra Puregene Blood

Kit (QIAGEN), DNeasy Blood & Tissue
Kit (QIAGEN), or standard proteinase K/phenol-chloroform

extraction-based protocol.23 Total RNA was extracted from frozen

lung using the miRNeasy Mini Kit (QIAGEN).

Chromosomal Microarray Analyses
aCGH was performed using GenomeDx v5 custom designed array

(GeneDx) (P006), Agilent Sureprint C3Hmn 400K array (P019), or

60K Agilent array (the ISCA v.2 design) (P003, P009, P012, P015/

16, P046, and P073) (Agilent Technologies). CNVs in individuals

P026, P033, P035, P038, C039, P042–045, and P048 were analyzed

using customized high-resolution 180Kmicroarrays (Agilent Tech-

nologies) with probes targeting genes involved in lung develop-

ment. SNP microarray analyses of subjects P006, P009, P012,
netics 104, 213–228, February 7, 2019 215



P019, P022, P025, and P026 and control individuals C051–055,

C058, and C059 were performed using Affymetrix CytoScan

HD array containing 750,000 genotype-able SNPs (Applied

Biosystems).

PCR and Sanger Sequencing
Deletion junctions were amplified with LA Taq DNA polymerase

(TaKaRa Bio) using two-step long range PCR in a final volume of

25 mL. PCR conditions included 30 cycles of 98�C for 10 s and

68�C for 60–420 s. Primers for long-range PCR were design using

the Primer3 software. PCR products were treated using FastAP

Thermosensitive Alkaline Phosphatase and Exonuclease I (Thermo

Scientific). The amplicons were directly sequenced using BigDye

Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems). The

sequence data were analyzed using Sequencher 5.4.6 software

(Gene Codes Corporation).

Parental Origin of CNVs and SNVs
Parental origin of the identified deletions was determined using

informative single-nucleotide variants (SNVs). To determine the

parental origin of the TBX4 point mutations, amplicons contain-

ing the SNV of interest and the neighboring informative marker

were cloned into the pGEM-T vector (Promega) and transformed

into Escherichia coli strain DH5a competent cells (Invitrogen).

Ten clones for each construct were used for plasmid isolation using

the PureLink Quick Plasmid Miniprep Kit (Invitrogen) and Sanger

sequenced.

Real-Time Quantitative PCR Analysis
RNA extracted from frozen lung obtained at autopsy from affected

subject with 17q23.1q23.2 deletion (P035) was reverse-transcribed

using SuperScript III First-Strand Synthesis System (Invitrogen).

TBX2 (MIM: 600747) and TBX4 transcript levels were normalized

to GAPDH (MIM: 138400) and ACTB (MIM: 102630). qPCR was

repeated three times using TaqMan probes and TaqMan Universal

PCR Master Mix (Applied Biosystems). qPCR conditions included

40 cycles of 95�C for 15 s and 60�C for 1 min. For relative

quantification of the studied transcripts, the comparative CT

method was used. Normal fetal lung was designated as a calibrator

sample.

Exome Sequencing (ES)
Fifteen subjects with hypoplastic lungs (P003, P009, P012, P015,

P025–028, P033, P042–046, and P048) were analyzed by ES. ES

in individuals P003 and P025–028 was performed at BCM Human

Genome Sequencing Center (BCM-HGSC) through the Baylor

Hopkins Center for Mendelian Genomics (BHCMG) initiative, ac-

cording to previously described protocol.24 ES in subject P033 was

analyzed at GeneDx; in subjects P009, P012, P042, and P044 at

Oxford Gene Technology using SureSelect XT Human all exon

V5; and in individuals P015, P043, and P045–P048 at Institut du

cerveau et de la moelle épinière, Hôpital de la Pitié Saléptrière us-

ingMedexome Nimblegen 47Mb (Roche NimbleGen) followed by

Illumina sequencing (Illumina). Sequence variants obtained for

each individual were filtered in a stepwise manner to exclude syn-

onymous or non-exonic SNV/indels and variants with minor

allele frequency (MAF) > 1% in the Exome Variant Server, the

1000 Genomes Project, and in our internal exome database. Vari-

ants predicted as neutral by MutationTaster and PolyPhen-2 tools

or variants with a negative conservation scores in PhyloP analysis

were parsed and filtered out.
216 The American Journal of Human Genetics 104, 213–228, Februar
Whole-Genome Sequencing (WGS)
WGSwas performed in 26 deceased subjects with lung disease and

in 13 control subjects without any severe lung phenotype.

Libraries were prepared with a TruSeq Nano DNA HT Library

Prep Kit (Illumina) according to the manufacturer’s protocol,

followed by sequencing on the HiSeqX platform (Illumina) at

CloudHealth Genomics. The raw sequencing data were processed

according to the specification of bcl2fastq package from Illumina.

Short reads obtained during sequencing were processed using

Trimmomatic25 to remove adapter sequences. Data were aligned

and mapped to the human genome reference sequence (hg38) us-

ing the BWA 0.7.12 tool.26 Variants were called using the GATK 3.7

software.27 The genome annotations were converted to the

GRCh37/hg19 human genome reference sequence.

Bioinformatic Analyses
Reference DNA sequences, coordinates of regulatory elements,

transcription factor binding sites, long non-coding RNAs

(lncRNAs), structural variants, conservation, and ChIP-seq data

for IMR-90 and NHLF cell lines were accessed using the UCSC

Genome Browser (GRCh37/hg19) and Roadmap. The eQTL vari-

ants were analyzed using the GTEx Portal. NMDEscPredictor was

used to predict the effect of the premature termination codon.28

The pLI scores and MAFs were obtained from the ExAC and

gnomAD (r2.0.2) databases, respectively. Protein structures were

analyzed using Phyre2 bioinformatic tool and Swiss-Model. The

chromatin interaction data were visualized using the 3D Genome

Browser.

Variant Enrichment Analysis
To verify the enrichment of non-coding variants within and up-

stream to TBX4, we selected variants carried by at least two individ-

uals with lung disease and 17q23.1q23.2 deletion (P006, P009,

P012, P019, P026, P035, and P073) whichwere absent in 13 control

individuals with the same deletion but without any structural lung

abnormalities. Upon further consideration, we excluded the most

common variants (MAF > 10%, gnomAD r2.0.2). To test whether

there is an excess of selected variants in a given region A, we

used a Monte Carlo approach. We estimated the empirical distribu-

tion of the number of variants selected in the previous step that fall

into randomly selected genomic intervals of the fixed size (equal to

the size of region A) sampled from the 17q23.1q23.2 deletion re-

gion. p value was calculated by dividing the number of intervals

containing the same number or more variants than in the region

A by the total number of sampled intervals. Haplotypes were

analyzed using LDlink. Probability of distribution of SNPs

rs35827636 and rs192153557 (frequencies 7.9% and 3.5%, respec-

tively) which were observed in four (P006, P012, P022, P035) and

two (P009, P035) subjects, respectively, and absent in the control

individuals was calculated using a formula: [0.921̂13* 0.079̂4 *

0.921̂5 * factorial (9) / (factorial (4)* factorial (5)].
Results

Clinical and Histopathological Findings

A total of 26 deceased individuals from 23 unrelated fam-

ilies with a lethal developmental lung disorder were

enrolled into the study (Table S2, Supplemental Note).

Pregnancy histories were predominantly uneventful

except for intrauterine growth restriction in 4/26 (15%)
y 7, 2019



subjects. Lung hypoplasia was detected prenatally in 4/26

(15%) case subjects and resulted in voluntary medical

termination of two pregnancies. The remaining children

were born at term (>37 weeks), except six individuals

born between 32 and 36 weeks. Lifespans ranged between

a few minutes and 10 weeks. Recurrence in siblings was

observed in four families, and consanguinity was reported

in one family.

Twenty-three subjects had autopsy lung available for re-

view by one pathologist (G.D.). Two of these subjects also

had a surgical biopsy prior to demise that showed similar

features to the subsequent lung histology at autopsy. In

all cases in which lung weight/body weight was docu-

mented (n ¼ 19), criteria for pulmonary hypoplasia were

met.29 Evaluation of lung sections revealed a variable de-

gree of abnormal lung development, ranging from AcDys,

to CAD, to pulmonary hypoplasia. In two case subjects, the

degree of abnormal lung development could not be deter-

mined due to early gestational age (Table S2).

CNV Deletions on 17q23 and 5p12

For CNV analyses, we applied aCGH and WGS. A het-

erozygous recurrent �2.2 Mb CNV deletion on

17q23.1q23.2, involving TBX2 and TBX4 and de novo het-

erozygous nonrecurrent �2.12 Mb CNV deletion on

17q23.2q23.3, also involving TBX2 and TBX4, were

found in six (P006, P009, P012, P019, P026, and P073)

and one (P035) affected individuals, respectively (Figure 2,

Tables 1 and S3). In two siblings, P015 with CAD and

P016 with AcDys spectrum, we identified a small �8.6

kb heterozygous intragenic frameshifting deletion,

involving exons 4 and 5 of TBX4 (Figure 2B), inherited

from their healthy mother. In one subject (P038), an

�10.45 kb heterozygous CNV deletion on 17q23.2,

involving a portion of intron six of BCAS3 (MIM:

607470) (Figure 2), inherited from the apparently healthy

father was detected (Tables 1 and S3). This small deletion

was found in two individuals in the 1000 Genomes

database, suggesting that it may be a nonpathogenic poly-

morphism. Moreover, in two unrelated families, overlap-

ping heterozygous deletions at 5p12 (�2.18 Mb and

�2.32 Mb in size) including FGF10 were identified. In

both cases, deletions were inherited from a parent pre-

senting with lacrimoauriculodentodigital (LADD) syn-

drome (MIM: 149730) (Figure 3, Tables 1 and S3).

The recurrent 17q23.1q23.2 deletions flanked by large

complex low-copy repeats (LCRs) were likely mediated by

nonallelic homologous recombination (NAHR). Using

long-range PCR with primers flanking the directly

oriented paralogous subunit pairs, we narrowed the pre-

dicted NAHR junctions to an �15 kb subunit (core dupli-

con; chr17:58,083,346–58,098,450/chr17:60,339,929–

60,355,017) responsible for genomic instability on

chromosome 1730 (Figure 2, Tables 1 and S3).

The mutational signatures and features of the sequenced

breakpoints of four nonrecurrent CNV deletions are

consistent with being derived by a microhomology-medi-
The America
ated break induced replication (MMBIR) mechanism

(Tables 1 and S3).31

Identification of SNVs in the Coding Regions of TBX4,

FGF10, and Other Genes Involved in Lung Development

We further examined SNVs in the coding portions of the

candidate genes involved in lung development. Analysis

of TBX4 (GenBank: NM_018488.3) on 17q23.2 revealed a

de novo missense variant c.256G>A (p.Glu86Lys) at a

CpG site (subject P022) (Figure 2) which is predicted to

invert the polarity of amino acids from negative to positive

and might affect the stabilization of the hydrophobic pro-

tein core close to the active site, compromising binding

ability of TBX4 (Figure S1). A de novo missense variant at

the same nucleotide position (c.256G>C) but resulting in

a different amino acid substitution (p.Glu86Gln) was pre-

viously reported in subject P025 (Figure 2).6

In FGF10 (GenBank: NM_004465.1) on 5p12, two vari-

ants were identified: a heterozygous nonsense variant

c.577C>T (p.Arg193*) of unknown parental origin (P042)

and a heterozygous frameshift deletion c.526delA

(p.Met176Cysfs*5) (P033, IV-6 in Figure 3C) inherited

from the father with LADD syndrome (Figure 3, Tables 1,

S3, and S4). This paternally inherited frameshift variant

is predicted to escape nonsense-mediated decay.28

In siblings P015 and P016, in addition to the intragenic

frameshifting deletion in TBX4 inherited from the healthy

mother (Figure 2), a rare heterozygous c.331G>T

(p.Asp111Tyr) variant in TBX5 (MIM: 601620; GenBank:

NM_000192.3) inherited from the healthy father was iden-

tified (Figure S1, Tables 1 and S4). In five other subjects

(P003, P026, P027, P028, and P048), deleterious SNVs

were identified in TCF21 (MIM: 603306), BTBD7 (MIM:

610386), DSPP (MIM: 125485), and BCLAF1 (MIM:

612588) (Tables 1 and S4). Absence of heterozygosity

(AOH) analyses revealed that one subject (P048) was

from a consanguineous family, confirming clinical find-

ings (Tables S2 and S5).

Parental Origin of 17q23.1q23.2 Deletion CNVs and

TBX4 SNVs

To determine whether the abnormal phenotypes of indi-

viduals with the recurrent 17q23.1q23.2 CNV deletion

result from the parent-of-origin effect, we investigated

their origin in an individual with lung disease (P006) and

a control subject without any reported lung anomalies

(C051). The analyses showed that both CNVs arose

de novo on maternal chromosome 17, arguing against

genomic imprinting at this locus. In agreement, de novo

missense variants in TBX4 in affected subjects P022 and

P025 occurred on maternal and paternal chromosome

17, respectively.

TBX2 and TBX4 Expression

To investigate the influence of the 17q23.1q23.2 CNV

deletion on TBX2 and TBX4 expression, we applied quan-

titative PCR. Analysis of TBX2 and TBX4 mRNA extracted
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Figure 2. Schematic Representations of SNVs and CNVs Involving TBX4
(A) Topologically associating domains (TADs) detected in fetal lung fibroblasts at 17q23.1q23.2
(B) The 17q23.1q23.2 region depicting deletions identified in nine subjects with pulmonary hypoplasia (red bars) overlapping the en-
hancers identified in IMR-90 cell line84 or the super-enhancer in lung fibroblasts32 (black bars). Complex LCRs flanking the recurrent
17q23.1q23.2 deletions are shown.58 H3KMe1 and H3KMe3marks in the fetal lung, conservation scores, and lncRNAs are shown below
deletion track. Regions enriched in non-coding variants are highlighted in blue.
(C) Distribution of variants in the 17q23.1q23.2 deletion region showing SNV enrichment (variants with MAF < 10% shared by at least
two affected subjects with 17q23.1q23.2 deletion and two affected subjects with de novo TBX4missense variant and absent in 13 control
individuals with the same deletion but without lung abnormalities).
(D) The TBX4 gene and variants identified in two subjects mapping in CpG island.
(E) The TBX4 protein showing T-box domain (blue). Missense mutations and 4 bp deletion identified in three unrelated subjects with
lung hypoplasia (red). Previously reported variants identified in individuals with pulmonary hypertension (PAH), ischiocoxopodopatel-
lar syndrome, or PAH with coexisting ischiocoxopodopatellar syndrome (black, blue, and green, respectively).6,54–59
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Table 1. Genetic Findings in Studied Individuals with Lung Hypoplasia

Subject Diagnosis
Deletion CNV Coordinates
(hg19)

Repetitive
Element at the
Breakpoints SNV WGS ES aCGH

17q23.1q23.2 Deletions Involving Entire TBX4

P006 AcDys chr17:58,089,454/58,090,137–
60,346,028/60,346,711

LCR/LCR � x x x

P009 AcDys chr17:58,090,283/58,090,656–
60,346,857/60,347,230

LCR/LCR � x x x

P012 AcDys chr17:58,088,933/58,089,453–
60,345,508/60,346,028

LCR/LCR � x x x

P019 NA �chr17:58,167,485–
60,174,066

LCR/LCR � x � x

P026 AcDys chr17:58,088,933/58,089,453–
60,345,508/60,346,028

LCR/LCR BCLAF1 (NM_001077440.1);
c.1615G>A (p.Asp539Asn)

x x x

P073 NA chr17:58,086,876/58,087,936–
60,343,456/60,344,516

LCR/LCR � x � x

P035 AcDys chr17:59,272,842/59,272,846–
61,392,993/61,392,997

AluJb/- � x � x

TBX4 Intragenic Deletion at 17q23.2

P015/
P016

CAD/AcDys Spectrum chr17:59,542,891/59,542,894–
59,551,500/59,551,503

�/� TBX5 (NM_000192.3);
c.331G>T (p.Asp111Tyr)

x x x

TBX4 Point Mutations

P022 AcDys NA NA TBX4 (NM_018488.3);
c.256G>A (p.Glu86Lys)

x � �

P025 marked variation with
AcDys ranging to
near normal

NA NA TBX4 (NM_018488.3);
c.256G>C (p.Glu86Gln)

x x �

17q23 Deletions Involving BCAS3

P038 AcDys chr17:58,857,889/58,857,898–
58,868,328/58,868,337

AluSx1/AluSx � x � x

5p12 Deletions Involving FGF10

P040/
P041

pulmonary hypoplasia/
CAD versus pulmonary
hypoplasia

chr5:43,957,152/43,957,220–
46,135,141/46,135,209

L1PA4/L1PA4 � x � �

P076 pulmonary hypoplasia chr5:42,985,023�45,244,787 �/L1PA15 � x � �

FGF10 Mutations

P033 AcDys NA NA FGF10 (NM_004465.1);
c.526delA (p.Met176Cysfs*5)
STRA6 (NM_001142617.1);
c.653T>C (p.Phe218Ser)

x x x

P042 CAD NA NA FGF10 (NM_004465.1);
c.577C>T (p.Arg193*)
FRAS1 (NM_025074.6);
c.10245G>C (p.Gln3415His)

x x x

Other Mutations

P003 marked variation with
AcDys ranging to near
normal

NA NA BTBD7 (NM_018167.4);
c.1075G>A (p.Ala359Thr)
FRAS1 (NM_025074.6);
c.4648C>T (p.Leu1550Phe);
c.7039C>T (p.Val2347Phe)

x x x

P027 AcDys NA NA FRAS1 (NM_025074.6);
c.7451G>T (p.Thr2484Met)

x x �

(Continued on next page)
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Table 1. Continued

Subject Diagnosis
Deletion CNV Coordinates
(hg19)

Repetitive
Element at the
Breakpoints SNV WGS ES aCGH

P028 AcDys NA NA DSPP (NM_014208.3);
c.3660_3661insATCT
(p.Asp1221Ilefs*2);
c.3734_3742delGACAGCAGCA
(p.Asn1248_Ser1250del)

x x �

P046 AcDys NA NA TCF21 (NM_003206.3);
c.329C>T (p.Pro110Leu)

x x x

Abbreviations are as follows: �, absent; aCGH, array comparative genomic hybridization; AcDys, acinar dysplasia; CAD, congenital alveolar dysplasia; CNV, copy
number variant; ES, exome sequencing; LCR, low-copy repeats; SNV, single-nucleotide variant; WGS, whole-genome sequencing; LCR, low-copy repeats; NA, not
applicable.
from the frozen lung in a subject with 17q23.1q23.2 dele-

tion (P035) showed an 11.9-fold change lower expression

of TBX2 and 7.7-fold change lower expression of TBX4,

when compared to control lung (Figure S2).

Enrichment of the Non-coding Variants in the

17q23.1q23.2 Locus

Given the phenotypic differences between subjects and

control individuals carrying the TBX4 and FGF10 null al-

leles, we hypothesized that additional genetic modifiers

are required to cause severe lung disease. To this aim, we

first performed SNP microarray analyses of DNA from

two subjects with the TBX4 missense variant (P022 and

P025), five affected individuals with the recurrent

17q23.1q23.2 deletion (P006, P009, P012, P019, and

P026), and five control subjects with the same deletion

but without any structural lung anomalies (C051, C054,

C055, C058, and C059). Results of these studies showed

enrichment of non-coding variants mapping within and

upstream to TBX4 in individuals with lung abnormalities

(Table S6, Figure S3). These data were validated using

WGS analyses in the larger group of affected and control

individuals. Interestingly, we observed enrichment of

non-coding variants mapping within (chr17:59,457,361–

59,562,471, p ¼ 0.0598) and upstream to (chr17:59,279,

024–59,462,062, p ¼ 0.0169) TBX4, shared by at least

two affected individuals with the 17q23.1q23.2 CNV dele-

tion (P006, P009, P012, P019, P026, P035, and P073) or

TBX4 missense variant (P022, P025) and absent in 13 con-

trol individuals with the same deletion (C051, C052, C054,

C055, C058–65, C072) (Figures 2, 4, S4, and S5, Table 2).

The above regions overlap the predicted regulatory

elements identified in human fetal lung fibroblasts (IMR-

90) (Figures 2 and 4), including a lung-specific super-

enhancer.32 In fetal lung fibroblasts, they are located in

the same topologically associating domain (TAD), but in

two different subdomains33 (Figure 2).

To investigate the possibility of common SNVs contrib-

uting to the lung phenotype, we performed haplotype ana-

lyses in seven individuals with TBX4 deletion CNVs and

found different-sized haplotype blocks in all of them

(Figure S6). Analysis of the enriched SNVs mapping in the
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region upstream to TBX4 revealed two very closely located

(113 bp apart) SNPs—rs35827636 and rs192153557 (popu-

lation frequency 7.9% and 3.5%, respectively)—in the last

intron of BCAS3. These SNVs are present in 4 (P006, P012,

P022, P035) and 2 (P009, P035) subjects, respectively, and

absent in 13 control individuals (Figure 4, Table 2). The

probability of such distribution is 0.001115712. Analysis

of the region within TBX4 revealed a block of six non-cod-

ing SNVs (Figure S7), which was observed in full (n ¼ 5) or

partially (n ¼ 3) in subjects with coding TBX4 CNVs or

SNVs (Table S7). However, these six SNVs were also found

in two control subjects (C060 and C061) with the

17q23.1q23.2 CNV deletion, but without any lung abnor-

malities, making this haplotype unlikely to contribute to

the lethal lung phenotype (Table S7).

Comparison of the 5p12 region in affected members of

two unrelated families with overlapping FGF10 deletions

(Figure 3) and in the control individuals carrying differently

sized FGF10deletions butwithout structural lung anomalies

revealed no significant variants on the non-deleted alleles.

In one family, WGS showed 21 non-coding SNVs located

on the remaining allele, shared by two individuals with

lung hypoplasia (P040 and P041, IV-1 and III-3 in

Figure 3A, respectively) and absent in the individual with

the same 5p12 CNV deletion and LADD syndrome (C039,

III-2 in Figure 3A) (Table S8). In the second family with the

overlapping 5p12 CNV deletion, none of these variants

were found in subject P076 (III-1 in Figure 3B), her father

with LADD syndrome (C074, II-1 in Figure 3B), or her sister

(C077, III-2 in Figure 3B), also with LADD syndrome

(Figure 3). Importantly, while subject P041 (III-3 in

Figure 3A) and her sister without lung abnormalities

(C039, III-2 in Figure 3A) inherited the alternative 5p12 al-

leles from their healthy mother, in the other family both

affected and healthy children with the deletion inherited

the same allele from their mother. With the exception of

breast cancer,34 no lung-specific enhancer has been pre-

dicted in the 5p12 deleted region.35 Thus, in these patients

weelected to study the17q23.1q23.2 region to search forpo-

tential variants that could contribute to the abnormal lung

phenotype. Notably, analysis of the predicted lung-specific

enhancer region, located upstream to TBX4 in affected
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Figure 3. Schematic Representations of SNVs and CNVs Involving FGF10
(A–C) Pedigrees of families with 5p12 CNV deletions (A) (P040/P041), (B) (P076), and SNV (C) (P033) involving FGF10 are shown.
(D) Topologically associating domains (TADs) detected in fetal lung fibroblasts in the region of 5p12 deletion.
(E) The 5p12 genomic region depicting CNV deletions identified in three individuals from two unrelated families with pulmonary hy-
poplasia (red bars) overlapping the enhancers identified in IMR-90 cell line.84 H3KMe1 and H3KMe3 marks in the human lung, chro-
matin state annotation based on ChIP-seq mapping (Roadmap) in the IMR-90 cell line, conservation scores (PhyloP) and lncRNAs are
shown below deletion track.
(F) The FGF10 gene and variants identified in two subjects with lung hypoplasia.
(G) The FGF10 protein showing FGF domain (blue). Variants identified in two AcDys subjects are indicated in red. Previously reported
variants identified in individuals with LADD syndrome or aplasia of lacrimal and salivary glands (ALSG) are shown in black.49,62–65
individualswith FGF10 SNVsorCNVsdeletion, revealed the

presence of rare non-coding variants that were absent in the

control 17q23.1q23.2 deletion samples (Figure S8).

Analysis of the lung-specific expression quantitative trait

loci (eQTLs) SNVs mapping within the deleted regions at

17q23.1q23.2 and 5p12 revealed no specific haplotype

(Table S9).
The America
Discussion

In contrast to other developmental anomalies such as

congenital heart defects associated with hundreds of genes

in numerous syndromic and non-syndromic disorders,36

only a few genes have been implicated as contributing to

developmental lung diseases.1,37,38 These genes include
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Figure 4. Lung-Specific Enhancer Region Located Upstream to TBX2 and TBX4
(A) Chromatin state annotation based on ChIP-seqmapping (Roadmap) in the IMR-90 cell line within the chr17:59,279,024–59,462,062
genomic region. SNVs identified in subjects are presented in the top of chromatin state annotation scheme, while SNVs identified in
controls are shown below this track. SNVs with gnomAD (r2.0.2) MAFR 0.2 are shown in red; SNVs withMAF> 0.2 are shown in black,
and SNVs with unknownMAF are shown in blue. The variants identified in more than one individual with lung disease are indicated by
black dashed rectangles.
(B) H3KMe1 and H3KMe3 marks in the IMR-90 cell line and fetal lung, conservation scores (PhyloP), and the enhancers identified in
IMR-90 cell line within the chr17:59,279,024–59,462,062 genomic region.84
four T-box genes (TBX2, TBX3, TBX4, and TBX5) and

FGF10.39–43

The T-box protein family encodes transcription factors

characterized by a conserved DNA-binding motif (T-box

domain). TBX3 (MIM: 601621) and TBX5 on chromo-

some 12q24.21 as well as TBX2 and TBX4 on 17q23.2

are closely localized gene sets that are products of evolu-

tionary gene duplications.44 While in vitro depletion of

Tbx4 in murine lung organ cultures results in reduction

of lung branching, simultaneous depletion of Tbx4 and

Tbx5 completely inhibits formation of new lung

branches.41 Similar results have been obtained in vivo,

suggesting that regulation of lung branching is mediated

by interactions between these T-box genes.39 Tbx2-defi-

cient mice also have hypoplastic lungs, indicating that

Tbx2 is one of the key members of the network regulating

mouse lung organogenesis.40

In addition to T-box genes, mesenchyme-expressed

FGF10 is required for lung branch formation.45,46 In the

developing lung, FGF10 is regulated by SHH epithelial

mesenchymal signaling and is dependent on its own re-

ceptor FGFR2.45,47 Animal studies have demonstrated

that decreased expression of Tbx4 and Tbx5 in murine

lungs or Tbx4 in chicken embryos suppress Fgf10 expres-

sion, indicating that Fgf10 is likely a downstream target

of Tbx4.39,48 Whereas heterozygous Fgf10 knockout leads

to aplasia of lacrimal glands and hypoplasia of salivary

glands in mice,49 homozygous Fgf10 knockout mice die

shortly after birth due to complete disruption of pulmo-

nary branching morphogenesis.50
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With three exceptions,6,19 variants in TBX2, TBX4, and

FGF10 have not been reported in subjects with severe pul-

monary hypoplasia. Recently, missense SNVs in TBX2

have been described in individuals with a syndromic

cardiovascular and skeletal developmental disorder,51

whereas SNVs or CNVs involving TBX4 have been associ-

ated with pulmonary hypertension (PAH),52–54 ischio-

coxopodopatellar syndrome (MIM: 147891),53,55–57 and

developmental delay with coexisting PAH,58 heart defects,

and limb abnormalities52,53,58–60 (Table S10). The pLI

score61 for TBX4 is 0.41, indicating it is more tolerant for

LoF variants than TBX2 whose pLI score is 0.96. Since

TBX2 and TBX4 are located in two different subdomains

of the same TAD identified in fetal lung fibroblasts, and

the decrease of TBX2 expression was larger than TBX4 in

the subject with the 17q23.1q23.2 CNV deletion, we hy-

pothesize that the putative hypomorphic variants in the

predicted lung-specific enhancer located upstream to these

two genes may affect TBX2 more than TBX4.

FGF10 is also predicted to be intolerant for LoF variants

(pLI score 0.92) and heterozygous SNVs and CNVs dele-

tions are associated with aplasia of lacrimal and salivary

glands (ALSG [MIM: 180920])49,62,63 and LADD syndrome,

indicating that, similar to murine organs, during human

organogenesis, lacrimal and salivary glands are more

dosage sensitive than lungs.64,65 However, whereas chil-

dren with ALSG do not show lung defects, adult ALSG-

affected individuals with LoF variants in FGF10 had

decreased spirometric values, indicating that FGF10 defects

might manifest later in life with lung dysfunction.66 The
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Table 2. Non-coding SNVs Identified in Affected Individuals with Heterozygous Coding CNVs and Point Mutations Involving TBX4 Absent
in the Control Individuals with 17q23.1q23.2 Deletion

Position [hg19] rsa Ref Alt MAFb P006 P009 P012 P015/016 P019 P022 P025 P026 P035 P073

chr17:59279120–59279120 NA C CTT NA � � � � � � � � � þ

chr17:59287811–59287811 145662401 G T 0.0039 þ � � � � � � � � �

chr17:59288406–59288406 8070692 T G 0.2246 � þ � � � � � � � þ

chr17:59292085–59292085 117188060 C A 0.0063 � � � � � � þ � � �

chr17:59303786–59303786 139983813 G A 0.0051 þ � � � � � � � � �

chr17:59307503–59307503 NA T TACAC NA � � � � � � � � � þ

chr17:59309085–59309085 72832589 T C 0.0810 � þ � � � � � � � �

chr17:59312457–59312457 138660616 G A 0.0106 � � � � � � � � � þ

chr17:59313654–59313654 150043642 T C 0.0003 � � � � � � þ � � �

chr17:59315155–59315155 940861097 A G N/A � � � � � þ � � � �

chr17:59324435–59324435 753135645 C T 0.0002 � � � � � � � � � þ

chr17:59327165–59327165 35636245 G GA 0.0407 � � þ � � � � þ � �

chr17:59348785–59348785 NA A ATTTTTTT
TTTTTTTT

NA þ � � � � � � � � þ

chr17:59349997–59349997 NA C CAAAA NA � � � � � � � � þ �

chr17:59354561–59354561 75380888 T C 0.0248 � � � � � � � þ � �

chr17:59355734–59355734 567208829 G A 0.0027 � þ � � � � � � � �

chr17:59360179–59360179 146403465 T C 0.0217 � � � � � þ � � � �

chr17:59363288–59363288 117484839 C T 0.0063 þ � � � � � � � � �

chr17:59363880–59363880 117798644 G A 0.0072 � � � þ � � � � � �

chr17:59368180–59368180 35827636 T C 0.0793 þ � þ � � þ � � þ �

chr17:59368293–59368293 192153557 C A 0.0347 � þ � � � � � � � þ

chr17:59370539–59370539 112164816 A T 0.0102 � � � � � � � � � þ

chr17:59373345–59373345 148383088 C T 0.0194 þ � � � � þ � � � �

chr17:59376344–59376344 139134582 C T 0.0020 � � � � � � þ � � �

chr17:59376380–59376380 561102192 C T 0.0003 � þ � � � � � � � �

chr17:59378757–59378757 34867966 G A 0.1443 � � � � � � � � þ �

chr17:59379480–59379480 NA T C NA � � � � � � � � þ �

chr17:59383687–59383687 117259668 G A 0.0107 � � � þ � � � � � �

chr17:59387086–59387086 973627683 G A 0.0001 � � � � � þ � � � �

chr17:59393463–59393463 NA C T NA � � � � � � � � � þ

chr17:59401781–59401781 117993484 G A 0.0076 � � � þ � � � � � �

chr17:59408027–59408027 113520216 C T 0.0102 � � � � � � � � � þ

chr17:59408341–59408341 3785850 G A 0.1219 � � � � � � þ � � þ

chr17:59408765–59408765 190888982 G C NA � � � � � � þ � � �

chr17:59412341–59412341 117088470 C T 0.0069 � � � � � � � � þ �

chr17:59413482–59413482 7224107 C T 0.1016 � � � � � � � þ � �

chr17:59414473–59414473 566255513 C CAA 0.1022 � � � � � � � þ þ �

chr17:59420152–59420152 35383405 G T 0.1169 � � � � � � þ � � �

chr17:59422277–59422277 143541906 T TAC 0.0937 � � � � � � � � � þ

chr17:59424604–59424604 143968095 G A 0.0662 � � þ � � � � � � �

(Continued on next page)
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Table 2. Continued

Position [hg19] rsa Ref Alt MAFb P006 P009 P012 P015/016 P019 P022 P025 P026 P035 P073

chr17:59427643–59427643 75073226 G A 0.1128 � � þ � � � � � � �

chr17:59427829–59427829 116271272 G A 0.1074 � � þ � � � � � � �

chr17:59429503–59429503 79390380 G A 0.0741 � � þ � � � � � � �

chr17:59440490–59440490 918478913 G A NA � þ � � � � � � � �

chr17:59442994–59442994 116842887 C T 0.0078 � � � � � � � � þ �

chr17:59451090–59451090 NA G GCCCCC NA � � þ � � � � � � �

chr17:59456218–59456218 80207525 C T 0.0019 � � � � � � þ � � �

chr17:59460811–59460811 188999860 G C 0.0001 � � � � � � þ � � �

chr17:59462062–59462062 117518238 C T 0.0180 � � � � þ � � � � �

Abbreviations are as follows: þ, present; �, absent; Alt, altered allele; MAF, minor allele frequency; NA, not applicable; Ref, reference allele.
ars numbers based on dbSNP v.150
bMAF based on the GnomAD database (r2.0.2)
presence of a phenotypic difference in the described

affected and control individuals suggests variable pheno-

typic expressivity of LoF involving TBX4, TBX2, and

FGF10, a phenomenon well known to other microdeletion

syndromes.67–69

Several lines of evidence support our hypothesis that

compound heterozygosity of coding variants involving

TBX4 or FGF10 and an additional non-coding variant in

trans on the other allele or a genetic modifier(s) elsewhere

in the genome may be responsible for AcDys, CAD, or

other rare pulmonary hypoplasias. For example, as we

noted from identification of variants in TBX4, heterozy-

gous variation of TBX4 alone is not sufficient to cause dis-

ease. Similarly, occurrence of heterozygous FGF10 SNVs

and CNVs in subjects with severe lethal lung hypoplasia

inherited from the parents with LADD syndrome, or the

presence of the same nonsense variant in subject with

CAD which was previously found in a family with

ALSG,49 suggests that these lung phenotypes cannot be

explained by FGF10 haploinsufficiency alone. Taken

together, these data support the possibility of compound

inheritance in the described lung hypoplasias.

There is growing evidence that along with coding vari-

ants, non-coding changes (de novo or inherited) within reg-

ulatory elements can be responsible for diverse disease

manifestation.70–73 Precedent for compound inheritance

of rare variant pathogenic coding and common non-cod-

ing variants has been demonstrated for thrombocytopenia

absent radius (TAR) syndrome with recurrent 1q21 dele-

tion and congenital scoliosis with recurrent 16p11.2

deletion, both in which compound coding and in trans

non-coding variant alleles at the same locus are required

for phenotypic manifestation.72–76 In this study, we have

identified a statistically significant enrichment of the

non-coding variants (either common or rare) on the other

allele in the subjects with AcDys, CAD, or pulmonary hy-

poplasia and heterozygous SNVs or CNVs involving

TBX4. Many of the identified variants mapping within
224 The American Journal of Human Genetics 104, 213–228, Februar
TBX4 overlap the putative regulatory elements, including

enhancers specific for the gene expression in mouse

lung77 or human lung fibroblasts, discovered in the previ-

ous Roadmap large-scale epigenomics study. On the other

hand, variants located upstream to TBX4 overlap the hin-

dlimb-specific enhancer in mice77 and the putative en-

hancers specific for human lung fibroblasts. Interestingly,

in addition to histone marks indicative of regulatory po-

tential, the region upstream to TBX2/TBX4 also harbors

lncRNAs highly expressed in the human lung (Figures 2

and S9). Fetal lung-specific RNAs identified in the

enhancer region upstream to FOXF1 at 16q24.1 have

been proposed to play an important role in its regula-

tion, and disruption of this process may result in

ACDMPV.20,21,78 Identification of rare SNVs in the

enhancer region upstream to TBX2 and TBX4 in affected

subjects with FGF10 SNVs or deletion CNVs, as well as

the presence of double heterozygous TBX4 and TBX5 var-

iants in two affected siblings, suggest epistatic interactions

of protein variants from the same signaling pathway. How-

ever, stochastic or environmental factors influencing the

phenotypic manifestation should also be considered.

In addition to TBX4 or FGF10 variants found in more

than 60% of the studied case subjects, we have also identi-

fied exonic variants in TCF21, BTBD7, DSPP, and BCLAF1

(Tables 1, S3, and S4). While all of these genes are known

to play a role in lung development,79–82 identified changes

are predicted as deleterious using only in silico tools. Thus,

we cannot conclude that those variants are sufficient for

causing the phenotype.

The histologic appearance of the described subjects’

lungs reflects a spectrum of lung maturational arrest,

ranging from the morphologic pseudoglandular to

saccular stages of development. Whereas variation exists

both between and within individual cases, the phenotype

of individuals with TBX4 variants are more severe, within

the spectrum of AcDys, while the FGF10 group has

more developed lungs, resembling CAD and pulmonary
y 7, 2019



hypoplasia. This suggests that the dosage of TBX4 is more

crucial for early phases of lung development. However,

both genes have been found to be expressed in the newly

formed lung buds inmice at E9.5 (equivalent to embryonic

days 22–23 in humans), suggesting that both of them are

required for normal lung development around the same

time.39,46 The histopathological continuum between

AcDys, CAD, and pulmonary hypoplasia supports the

notion that these rare disorders share a common pathway

and require genetic interrogation for disease classification.

However, assessment of additional case subjects will be

required to assess the frequency of these variants and spec-

trum of pathology.

Conclusions

The observed concomitance of coding and non-coding

SNVs or CNVs involving TBX4 or FGF10 loci in our sub-

jects with lethal lung maldevelopment, including AcDys

and CAD spectrum, supports the previously proposed

role of a TBX4-FGF10-FGFR2 epithelial-mesenchymal

signaling in lung organogenesis. Our studies also demon-

strate that while heterozygous coding CNV deletions or

SNVs involving FGF10 co-segregate with the LADD syn-

drome phenotype, and those involving TBX4 co-segregate

in families with childhood-onset PAH, ischiocoxopodopa-

tellar syndrome, or 17q23.1q23.2 deletion syndrome,

these variants also can confer a significantly increased

risk for lethal developmental lung disorders along a spec-

trum of growth arrest. However, the presence of a LoF

variant per se cannot be used as a predictor of the likely

phenotype in the subjects, since the additional modifier

may be required for lung disease manifestation.

We provide evidence that biallelic variation at TBX4 or

FGF10, as a compound inheritance model with rare coding

and rare or common non-coding variant alleles, can result

in a mutational burden and perturbation of the epithelial-

mesenchymal signaling pathway involved in lung organo-

genesis, resulting in lethal lung disease. Functional charac-

terization of non-coding regulatory variants in vitro or in

animalmodels is necessary to gain further insight into their

mechanistic role underlying human genetic disorders.
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Hermanns-Sachweh, B., and Seghaye, M.-C. (2007). Congen-

ital cystic adenomatoid malformation type 0-a rare cause of

neonatal death. Pediatr. Crit. Care Med. 8, 580–581.

14. DeBoer, E.M., Keene, S., Winkler, A.M., and Shehata, B.M.

(2012). Identical twins with lethal congenital pulmonary

airway malformation type 0 (acinar dysplasia): further evi-

dence of familial tendency. Fetal Pediatr. Pathol. 31, 217–224.

15. Langenstroer,M., Carlan, S.J., Fanaian, N., and Attia, S. (2013).

Congenital acinar dysplasia: report of a case and review of

literature. AJP Rep. 3, 9–12.

16. Don, M., Orsaria, M., Da Dalt, E., Tringali, C., and Sacher, B.

(2014). Rapidly fatal ‘‘congenital lung dysplasia’’: a case

report and review of the literature. Fetal Pediatr. Pathol. 33,

109–113.

17. Lertsburapa, T., Vargas, D., Lambert-Messerlian, G., Tantra-

vahi, U., Gündo�gan, F., DeLaMonte, S., Coyle, M.G., and De

Paepe, M.E. (2014). Lethal hypoplasia and developmental

anomalies of the lungs in a newborn with intrauterine adrenal
226 The American Journal of Human Genetics 104, 213–228, Februar
hemorrhage and cerebral infarcts: a proposed pulmonary

disruption sequence. Pediatr. Dev. Pathol. 17, 374–381.

18. MacMahon, H.E. (1948). Congenital alveolar dysplasia; a

developmental anomaly involving pulmonary alveoli. Pediat-

rics 2, 43–57.

19. Suhrie, K., Pajor, N.M., Ahlfeld, S.K., Dawson, D.B., Dufen-

dach, K.R., Kitzmiller, J.A., Leino, D., Lombardo, R.C.,

Smolarek, T.A., Rathbun, P.A., et al. (2018). Neonatal lung dis-

ease associated with TBX4mutations. J. Pediatr. Published on-

line November 7, 2018. https://doi.org/10.1016/j.jpeds.2018.

10.018.

20. Szafranski, P., Dharmadhikari, A.V., Brosens, E., Gurha, P.,

Kolodziejska, K.E., Zhishuo, O., Dittwald, P., Majewski, T., Mo-

han, K.N., Chen, B., et al. (2013). Small noncoding differen-

tially methylated copy-number variants, including lncRNA

genes, cause a lethal lung developmental disorder. Genome

Res. 23, 23–33.

21. Szafranski, P., Gambin, T., Dharmadhikari, A.V., Akdemir,

K.C., Jhangiani, S.N., Schuette, J., Godiwala, N., Yatsenko,

S.A., Sebastian, J., Madan-Khetarpal, S., et al. (2016). Pathoge-

netics of alveolar capillary dysplasia with misalignment of

pulmonary veins. Hum. Genet. 135, 569–586.

22. Firth, H.V., Richards, S.M., Bevan, A.P., Clayton, S., Corpas,

M., Rajan, D., Van Vooren, S., Moreau, Y., Pettett, R.M., and

Carter, N.P. (2009). DECIPHER: Database of Chromosomal

Imbalance and Phenotype in Humans Using Ensembl Re-

sources. Am. J. Hum. Genet. 84, 524–533.

23. Sambrook, J., Fritsch, E.F., Maniatis, T., and Laboratory, C.S.H.

(1989). Molecular Cloning : A Laboratory Manual (New York:

Cold Spring Harbor Laboratory Press).

24. Lupski, J.R., Gonzaga-Jauregui, C., Yang, Y., Bainbridge, M.N.,

Jhangiani, S., Buhay, C.J., Kovar, C.L., Wang, M., Hawes, A.C.,

Reid, J.G., et al. (2013). Exome sequencing resolves apparent

incidental findings and reveals further complexity of

SH3TC2 variant alleles causing Charcot-Marie-Tooth neuropa-

thy. Genome Med. 5, 57.

25. Bolger, A.M., Lohse, M., and Usadel, B. (2014). Trimmomatic:

a flexible trimmer for Illumina sequence data. Bioinformatics

30, 2114–2120.

26. Li, H., and Durbin, R. (2009). Fast and accurate short read

alignment with Burrows-Wheeler transform. Bioinformatics

25, 1754–1760.

27. McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis,

K., Kernytsky, A., Garimella, K., Altshuler, D., Gabriel, S., Daly,

M., and DePristo, M.A. (2010). The Genome Analysis Toolkit:

a MapReduce framework for analyzing next-generation DNA

sequencing data. Genome Res. 20, 1297–1303.

28. Coban-Akdemir, Z., White, J.J., Song, X., Jhangiani, S.N., Fa-

tih, J.M., Gambin, T., Bayram, Y., Chinn, I.K., Karaca, E., Pune-

tha, J., et al.; Baylor-Hopkins Center for Mendelian Genomics

(2018). Identifying genes whose mutant transcripts cause

dominant disease traits by potential gain-of-function alleles.

Am. J. Hum. Genet. 103, 171–187.

29. Archie, J.G., Collins, J.S., and Lebel, R.R. (2006). Quantitative

standards for fetal and neonatal autopsy. Am. J. Clin. Pathol.

126, 256–265.

30. Ou, Z., Jarmuz, M., Sparagana, S.P., Michaud, J., Décarie, J.-C.,
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