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Abstract

Alveolar capillary dysplasia with misalignment of pulmonary veins (ACDMPV) is a rare lethal
lung developmental disease. Affected infants manifest with severe respiratory distress and
refractory pulmonary hypertension and uniformly die in the first month of life. Heterozygous point
mutations or copy-number variant deletions involving FOXF1 and/or its upstream lung-specific
enhancer on 16¢g24.1 have been identified in the vast majority of ACDMPV patients. We have
previously described two unrelated families with a de novo pathogenic frameshift variant c.

691 698del (p.Ala231Argfs*61) in the exon 1 of FOXF1. Here, we present a third unrelated
ACDMPV family with the same de novo variant and propose that a direct tandem repeat of eight
consecutive nucleotides GCGGCGGC within the ~ 4 kb CpG island in FOXFI1 exon 1 is a novel
mutation hotspot causative for ACDMPV.
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1. INTRODUCTION

Alveolar capillary dysplasia with misalignment of pulmonary veins (ACDMPV, MIM#
265380) is a rare neonatal developmental lung disease, lethal due to severe respiratory
distress and refractory pulmonary hypertension (PAH) (Bishop, Stankiewicz, & Steinhorn,
2011). To date, more than 70 distinct ACDMPV-related FOXFI heterozygous point
mutations and 60 copy-number variant (CNV) deletions involving FOXF1 and/or its
upstream lung-specific enhancer at 16q24.1 have been identified in 80-90% of ACDMPV
patients (Abu-El-Haija et al., 2018; Everett, Ataliotis, Chioza, Shaw-Smith, & Chung, 2017;
Hayasaka et al., 2018; Ma et al., 2017; Nagano, Yoshikawa, Hosono, Takahashi, &
Nakayama, 2016; Pradhan et al., 2019; Sen, Gerychova, et al., 2013; Stankiewicz et al.,
2009; Szafranski et al., 2013, 2014, 2016). FOXF1 (Forkhead box F1, MIM#601089)
encodes a transcription factor of the fork-head family, and is regulated by the sonic
hedgehog (SHH) signaling pathway during lung development (Fernandes-Silva, Correia-
Pinto, & Moura, 2017; Kalinichenko et al., 2001).

Recently, we described a genomic instability hotspot at 16g24.1, involving two
evolutionarily young LINE-1 and A/uelements located at the edge of the FOXFI enhancer,
that mediate formation of different-sized CNVs (Szafranski et al., 2018). Here, we define a
novel indel mutation hotspot in FOXFI causative for ACDMPV.

2. MATERIAL AND METHODS

Ethical statement Patients were recruited and genetic testing was performed as a part of
research protocol after obtaining parental consents. The study protocol was approved by the
Institutional Review Board for Human Subject Research at Baylor College of Medicine
(H-8712).

Clinical descriptions Patient 69.4 was a Caucasian girl reported by Sen et al., (2013) (pt#6).
She was born at 39 weeks to a 28 years old G2P1 mother via vaginal delivery. Her
birthweight was 3200 g and Apgar scores were 8/1 and 9/5. She was placed on
extracorporeal membrane oxygenation (ECMO) and treated with nitric oxide, Milrinone, and
Epoprostenol and died at 28 days of age due to respiratory failure. Histopathological
evaluation of a lung biopsy sample revealed the characteristic constellation of changes seen
in ACDMPYV, including medial hyperplasia, small pulmonary arteries marked with extension
of arterial smooth muscle into small alveolar wall vessels, lobular simplification with
alveolar enlargement and poor subdivision, deficiency of normally positioned alveolar
capillaries, and malposition of pulmonary veins adjacent to small pulmonary arteries. In
addition to ACDMPV, there were interstitial changes highly suggestive of pulmonary
interstitial glycogenosis with alveolar wall widening by bland mesenchymal cells with
abundant clear to bubbly cytoplasm. An increased airway smooth muscle with intralobular
extension was also observed.
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Patient 187.3, reported by Pradhan et al., (2019), was born at 35 3/7 weeks with a
birthweight of 2325 g and Apgar scores 3/1 and 7/5. Pregnancy was complicated by fetal
hypoplastic left heart, polyhydramnios, and enlarged fetal stomach. Labor and delivery were
complicated by premature prolonged rupture of membranes with meconium stained fluid 55
hours prior to delivery. After delivery child required resuscitation. The child developed
apnea and was subsequently intubated. There were persistently hazy lung fields on chest x-
ray (CXR). The child received surfactant, antibiotics, and diuretics with no improvement on
CXR. Cardiac catheterization was completed to rule out anomalous pulmonary venous
return and the child was noted to have severe pulmonary venous desaturations. Lung biopsy
was completed and pathology was consistent with ACDMPV. Lung support was withdrawn
on day 16 of life.

Patient 188.3 was a girl born through an emergency caesarian section at 38 weeks with a
birthweight of 3420 g. Pregnancy was complicated by polyhydramnios. The child had
omphalocele, pyloric atresia, and intestinal malrotation which were operated on day 1 of
life. The child also found to have severe PAH with structural cardiac anomalies. In spite of
intensive medical therapy, she continued to have severe PAH and hypoxemic respiratory
failure and was placed on veno-arterial ECMO on day 9 of her life After two weeks, she was
off the ECMO support. After less than 48 hours a second run of ECMO was initiated due to
worsening PAH and hypoxemic respiratory failure. ECMO support was discontinued on day
36 of life. No lung biopsy or autopsy was performed; ACDMPV diagnosis was based on
clinical and genetic findings.

Molecular studies The entire coding region of FOXF1 was amplified and sequenced in
patient 188.3 as described (Sen et al., 2013). To determine whether identified variants in
187.3 and 188.3 arose de novo, parental DNA samples were tested using PCR and Sanger
sequencing. In family 187.3, the level of somatic mosaicism in the patient’s mother was
ascertained using the Mutation Surveyor (SoftGenetics, State College, PA).

3. RESULTS

In patient 188.3, Sanger sequencing analysis revealed a deletion of one of two tandemly
repeated 8-mers GCGGCGGC (NC_000016.9:9.86544866_86544873del) within a ~ 4 kb
CpG island in the exon 1 of FOXFI (Figure 1), resulting in a predicted codon frameshift and
premature termination and protein truncation, c.691_698del, (p.Ala231Argfs*61). This
variant is absent in the ExAc (v1.0), gnomAD (v2.1.1), and dbSNP (build 151) databases
and its further investigation by PolyPhen and MutationTaster revealed that it is likely
deleterious due to reading frame alteration. NMDEscPredictor (Coban-Akdemir et al., 2018)
showed that the ¢.691_698del variant is expected to be subject to degradation by nonsense-
mediated decay and thus to lead to FOXFI haploinsufficiency. Interestingly, we have
reported the same variant in two unrelated ACDMPV patients 69.4 (pt#6) (Sen et al., 2013)
and 187.3 (Pradhan et al., 2019).

Based on the previous analyses using PCR with primers amplifying the proband-specific
junction fragment in the blood samples from the parents of patient 69.4, the ¢.691 698del
variant has been determined to be de novo. The latter result is consistent with the analyses

Am J Med Genet A. Author manuscript; available in PMC 2019 November 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Karolak et al.

Page 4

using the blocker displacement amplification (BDA) method, whereby a blocker
oligonucleotide that overlaps with the primer results in the preferred amplification of the
mutated allele (Wu, Chen, Wu, Patel, & Zhang, 2017, manuscript submitted). Unexpectedly,
Sanger sequencing of the blood sample of patient 187.3’s apparently unaffected mother,
revealed the presence of somatic mosaicism. We have estimated the level of maternal
somatic mosaicism at 25.08% (Figure S1).

4. DISCUSSION

The local DNA environment, including sequence context and epigenetic modifications, has
been shown to mediate a formation of the significant fraction of point mutations and indels
in the human genome. Cooper et al. (2011) estimated that ~5% of point mutations causing
human genetic diseases could be linked to methylation-mediated deamination of 5-
methylcytosine (5mC) within a CpG context. Their hypermutability is a result of DNA
replication/repair errors generated during removal and base excision repair of guanine-
thymine mismatches, which are produced by spontaneous deamination of 5mC to thymine
(Cooper, Mort, Stenson, Ball, & Chuzhanova, 2010). The first evidence of increased
mutability at CpG motif related to human disease was identification of the recurrent
missense mutations in £8in patients with hemophilia A (Youssoufian et al., 1986). To date,
the CpG hotspots have been associated with several constitutional recurrent mutations in
multiple disease-related genes, e.g. FGFR3 (MIM# 134934), NF1 (MIM# 613113), RB1
(MIM# 614041), DMD (MIM# 300377), and NACCI (MIM#610672) in patients with
achondroplasia (MIM#100800), neurofibromatosis type 1 (MIM# 162200), retinoblastoma
(MIM# 180200), Duchenne muscular dystrophy (MIM# 310200), and neurodevelopmental
disorder (MIM# 617393), respectively.

The formation of indel hotspots has been associated also with the local nucleotide context
(Kondrashov & Rogozin, 2004). Recurring frameshifting indels have been described in
repeated sequences in APC (MIM# 611731), FOXG1 (MIM# 164874), PRRTZ (MIM#
614386), and RA/I (MIM# 607642) in patients with familial adenomatous polyposis 1
(MIM# 175100), congenital variant of Rett syndrome (MIM# 312750), episodic Kinesigenic
dyskinesia 1 (MIM#128200), and Smith-Magenis syndrome (MIM# 182290), respectively.

The presence of repetitive DNA sequences, including short direct or inverted repeats, have
been recognized as an important factor predisposing to the formation of indels, likely due to
slipped-strand mispairing during DNA replication/repair (Ball et al., 2005; Kondrashov &
Rogozin, 2004). Specifically, Kondrashov & Rogozin (2004) showed that the impact of
nucleotide periodicity on mutation rate increases with the number and length of repeated
segments. For example, homonucleotide tracts (sequences with period equal to one) are
more prone for mutations if they are four or more nucleotide long, while if the period is
three nucleotides or longer, even two direct repeats in tandem can increase the deletion rate
(Kondrashov & Rogozin, 2004). Moreover, it has been shown that the crystal structure for
the 8-mer presented here (GCGGCGGC),, containing the CGG RNA repeats associated with
the fragile X disorders, can form a duplex with non-canonical G-G pairing and G-
quadruplex DNA secondary structures; a hybrid between DNA (the non-template strand) and
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nascent RNA is also possible (Kiliszek, Kierzek, Krzyzosiak, & Rypniewski, 2011). The
region around the repeats is also prone to other secondary structures (Figure 1).

We propose that similar pre-or postzygotic DNA replication/repair errors predispose to the
formation of the recurrent frameshifting indel c¢.691_698del within the GCGGCGGC
tandem repeat in the CpG island of FOXF1 exon 1, leading to the lethal ACDMPV
phenotype.
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ACKNOWLEDGEMENTS

This work was supported by grant awarded by the US National Institutes of Health (NIH), National Heart Lung and
Blood Institute (NHLBI) RO1HL137203 (PSt), the Eunice Kennedy Shriver National Institute of Child Health and
Human Development (NICHD) R01HD087292 (PSt), and National Cancer Institute (NCI) RO1CA203964 (DY Z).

Funding The US National Institutes of Health (NIH), National Heart Lung and Blood Institute (NHLBI)
RO1HL137203 (PSt), the Eunice Kennedy Shriver National Institute of Child Health and Human Development
(NICHD) R0O1HD087292 (PSt), and National Cancer Institute (NCI) R0O1CA203964 (DYZ).

REFERENCES

Abu-El-Haija A, Fineman J, Connolly AJ, Murali P, Judge LM, & Slavotinek AM (2018). Two patients
with FOXF1 mutations with alveolar capillary dysplasia with misalignment of pulmonary veins and
other malformations: Two different presentations and outcomes. American Journal of Medical
Genetics. Part A, 176(12), 2877-2881. [PubMed: 30380203]

Ball EV, Stenson PD, Abeysinghe SS, Krawczak M, Cooper DN, & Chuzhanova NA (2005).
Microdeletions and microinsertions causing human genetic disease: common mechanisms of
mutagenesis and the role of local DNA sequence complexity. Human Mutation, 26(3), 205-213.
[PubMed: 16086312]

Bishop NB, Stankiewicz P, & Steinhorn RH (2011). Alveolar capillary dysplasia. American Journal of
Respiratory and Critical Care Medicine, 184(2), 172-179. [PubMed: 21471096]

Coban-Akdemir Z, White JJ, Song X, Jhangiani SN, Fatih JM, Gambin T, ... Carvalho CMB (2018).
Identifying Genes Whose Mutant Transcripts Cause Dominant Disease Traits by Potential Gain-of-
Function Alleles. American Journal of Human Genetics, 103(2), 171-187. [PubMed: 30032986]

Cooper DN, Bacolla A, Férec C, Vasquez KM, Kehrer-Sawatzki H, & Chen J-M (2011). On the
sequence-directed nature of human gene mutation: the role of genomic architecture and the local
DNA sequence environment in mediating gene mutations underlying human inherited disease.
Human Mutation, 32(10), 1075-1099. [PubMed: 21853507]

Cooper DN, Mort M, Stenson PD, Ball EV, & Chuzhanova NA (2010). Methylation-mediated
deamination of 5-methylcytosine appears to give rise to mutations causing human inherited disease
in CpNpG trinucleotides, as well as in CpG dinucleotides. Human Genomics, 4(6), 406—410.
[PubMed: 20846930]

Everett KV, Ataliotis P, Chioza BA, Shaw-Smith C, & Chung EMK (2017). A novel missense mutation
in the transcription factor FOXF1 cosegregating with infantile hypertrophic pyloric stenosis in the
extended pedigree linked to IHPS5 on chromosome 16g24. Pediatric Research, 81(4), 632-638.
[PubMed: 27855150]

Fernandes-Silva H, Correia-Pinto J, & Moura RS (2017). Canonical Sonic Hedgehog Signaling in
Early Lung Development. Journal of Developmental Biology, 5(1), 3.

Hayasaka I, Cho K, Akimoto T, Ikeda M, Uzuki Y, Yamada M, ... Minakami H (2018). Genetic basis
for childhood interstitial lung disease among Japanese infants and children. Pediatric Research,
83(2), 477-483. [PubMed: 29569581]

Am J Med Genet A. Author manuscript; available in PMC 2019 November 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Karolak et al.

Page 6

Kalinichenko V'V, Lim L, Stolz DB, Shin B, Rausa FM, Clark J, ... Costa RH (2001). Defects in
pulmonary vasculature and perinatal lung hemorrhage in mice heterozygous null for the Forkhead
Box f1 transcription factor. Developmental Biology, 235(2), 489-506. [PubMed: 11437453]

Kiliszek A, Kierzek R, Krzyzosiak WJ, & Rypniewski W (2011). Crystal structures of CGG RNA
repeats with implications for fragile X-associated tremor ataxia syndrome. Nucleic Acids
Research, 39(16), 7308-7315. [PubMed: 21596781]

Kondrashov AS, & Rogozin 1B (2004). Context of deletions and insertions in human coding
sequences. Human Mutation, 23(2), 177-185. [PubMed: 14722921]

Ma'Y, Jang MA, Yoo HS, Ahn SY, Sung SI, Chang YS, ... Park WS (2017). A Novel De Novo
Pathogenic Variant in FOXF1 in a Newborn with Alveolar Capillary Dysplasia with Misalignment
of Pulmonary Veins. Yonsei Medical Journal, 58(3), 672-675. [PubMed: 28332379]

Nagano N, Yoshikawa K, Hosono S, Takahashi S, & Nakayama T (2016). Alveolar capillary dysplasia
with misalignment of the pulmonary veins due to novel insertion mutation of FOXF1. Pediatrics
International: Official Journal of the Japan Pediatric Society, 58(12), 1371-1372. [PubMed:
28008732]

Pradhan A, Dunn A, Ustiyan V, Bolte C, Wang G, Whitsett JA, ... Kalinichenko VV (2019). The S52F
FOXF1 Mutation Inhibits STAT3 Signaling and Causes Alveolar Capillary Dysplasia. American
Journal of Respiratory and Critical Care Medicine. 10.1164/rccm.201810-18970C

Sen P, Gerychova R, Janku P, Jezova M, Valaskova |, Navarro C, ... Stankiewicz P (2013). A familial
case of alveolar capillary dysplasia with misalignment of pulmonary veins supports paternal
imprinting of FOXF1 in human. European Journal of Human Genetics, 21(4), 474-477. [PubMed:
22990143]

Sen P, Yang Y, Navarro C, Silva I, Szafranski P, Kolodziejska KE, ... Stankiewicz P (2013). Novel
FOXF1 mutations in sporadic and familial cases of alveolar capillary dysplasia with misaligned
pulmonary veins imply a role for its DNA binding domain. Human Mutation, 34(6), 801-811.
[PubMed: 23505205]

Stankiewicz P, Sen P, Bhatt SS, Storer M, Xia Z, Bejjani BA, ... Shaw-Smith C (2009). Genomic and
genic deletions of the FOX gene cluster on 16¢g24.1 and inactivating mutations of FOXF1 cause
alveolar capillary dysplasia and other malformations. American Journal of Human Genetics, 84(6),
780-791. [PubMed: 19500772]

Szafranski P, Dharmadhikari AV, Brosens E, Gurha P, Kolodziejska KE, Zhishuo O, ... Stankiewicz P
(2013). Small noncoding differentially methylated copy-number variants, including IncRNA
genes, cause a lethal lung developmental disorder. Genome Research, 23(1), 23-33. [PubMed:
23034409]

Szafranski P, Dharmadhikari AV, Wambach JA, Towe CT, White FV, Grady RM, ... Stankiewicz P
(2014). Two deletions overlapping a distant FOXF1 enhancer unravel the role of IncRNA
LINCO01081 in etiology of alveolar capillary dysplasia with misalignment of pulmonary veins.
American Journal of Medical Genetics. Part A, 164A(8), 2013-2019. [PubMed: 24842713]

Szafranski P, Gambin T, Dharmadhikari AV, Akdemir KC, Jhangiani SN, Schuette J, ... Stankiewicz P
(2016). Pathogenetics of alveolar capillary dysplasia with misalignment of pulmonary veins.
Human Genetics, 135(5), 569-586. [PubMed: 27071622]

Szafranski P, KoSmider E, Liu Q, Karolak JA, Currie L, Parkash S, ... Stankiewicz P (2018). LINE-
and Alu-containing genomic instability hotspot at 16g24.1 associated with recurrent and
nonrecurrent CNV deletions causative for ACDMPV. Human Mutation, 39(12), 1916-1925.
[PubMed: 30084155]

Wu LR, Chen SX, Wu Y, Patel AA, & Zhang DY (2017). Multiplexed enrichment of rare DNA
variants via sequence-selective and temperature-robust amplification. Nature Biomedical
Engineering, 1, 714-723.

Youssoufian H, Kazazian HH, Phillips DG, Aronis S, Tsiftis G, Brown VA, & Antonarakis SE (1986).
Recurrent mutations in haemophilia A give evidence for CpG mutation hotspots. Nature,
324(6095), 380-382. [PubMed: 3097553]

Zuker M (2003). Mfold web server for nucleic acid folding and hybridization prediction. Nucleic
Acids Research, 31(13), 3406-3415. [PubMed: 12824337]

Am J Med Genet A. Author manuscript; available in PMC 2019 November 12.



1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

1duosnuely Joyiny

Karolak et al. Page 7

h
w0 50 500 | 86.547.000 | 8547500 | 86 588,000 | 20548500 | 86549000 |

| GCAGAGCRGCGGCGGCAGCGGCGECGGCGGCAGCAGCCACCCGATGTCTTCGGCGCCCGAGAAGCAGCAGCCACCGCACGGCGGCGGCGGLGGECEGCGECEGGEGGAGGE |
:GGCGCGGCCATGGACCCCGCGTCGTCCGGCCCGTCCAAGGCCAAGAAGACCAACGCCGGCATCCGGCGCCCGGAGAAGCCGCCCTATTCCTACATCGCGCTCATCGTCA|

| TGGCCATCCAGAGTTCACCCACCARGCGCCTGACGCTGAGCGAGATCTACCAGTTCCTGCAGAGCCGCTTCCCCTTCTTCCGGGGCTCCTACCAGGGCTGGARGARCTC l
|CGTGCGCCACAACCTCTCGCTCAACGRGTGCTTCRTCAAGCTACCCAAGGGCCTTGGGCGGCCCGGCRAGGGCCBCTACTGGACCATCGRCCCGGCCAGCGAGTTCATG|

| TTCGAGGAGGGCTCCTTTCGGCGGCGGCCGCGCGGLTTCCGRAGGARATGCCAGGCGCTCARGCCCATGTACAGCATGATGARCGGGCTCGGCTTCARCCACCTCCCGE |
| ACACCTACGGCTTCCAGGGLTCGGCCGGECEGCCTCTCGTGCCCGCCCAACAGCCTGGCGCTGGAGGGCGGCCTGGGCATGATGARCGGCCACTTGCCGGGCARCGTGGA |
:CGGCATGGCCCTGCCCRGCCACTCGGTGCCCCACCTGCCTTCCAACGGCGGCCACTCGTACATGGGCGGCTGCGGCGGCGCGGCGGCCGGCGAGTACCCGCACCACGAC'
IAGCTCGGTGCCCGCCTCCCCGCTGCTGCCCACCGGCGCCGGTGGGGTCATGGAGCCGCACGCCGTCTACTCGGGCTCGGCGGCGGCCTGGCCGCCCTCGGCGTCCGCGG:
| CGCTCARCAGCGGCGCCTCTTATATCARGCAGCAGCCCCTGTCCCCCTGTARCCCCGCGGLCRARCCCCCTGTCCGGCAGCCTCTCCACGCRACTCCCTGGAGCAGCCGTA |

| TCTGCACCAGAACAGCCACAACGCCCCAGCCGAGCTGCAAG |

- '— 13
éﬁh—’i’lﬁ‘r I 100 g o

dG=-5096 ' _w e ® o &€
8%3

Figure 1. Schematic representation of the FOXF1 region with exon 1 sequence.
A) The described mutation identified in three unrelated patients with ACDMPV is shown

below the gene track. The CpG islands are marked in green. H3KMe3 and H3K27Ac¢ marks
in the fetal lungs are shown in pink. B) The nucleotide sequence of exon 1 of FOXF1. The 8-
bp GCGGCGGC repeats are underlined. The 8-bp GCGGCGGC tandem repeat sequence
with one motif deleted in three unrelated ACDMPV patients is in red. C) Predicted hairpin
structure (only the folding of the most stable conformer is shown) of 200 bp sequences
around the 8-bp GCGGCGGC repeat assessed using the mfold software (Zuker, 2003).
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