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Heterozygous single nucleotide variants (SNVs) or copy-number variant deletions involving FOXF1 or its distant lung-specific
enhancer on chromosome 16g24.1 have been identified in 80-90% of patients with Alveolar capillary dysplasia with misalignment
of pulmonary veins (ACDMPV), a lethal neonatal lung developmental disorder. We describe a four-generation family with a
deceased ACDMPV neonate, her sibling from the electively terminated pregnancy, healthy mother with a history of

pulmonary arterial hypertension (PAH), an unaffected aunt, an aunt deceased due to findings consistent with ACDMPV, and a
reportedly unaffected grandmother, all with the frameshifting variant c¢.881_902dup (p.Gly302Profs*46) in FOXF1, and a deceased
great-grandmother with a history of PAH. Genome sequencing analyses in the proband’s unaffected mother revealed a non-coding
putative regulatory SNV rs560517434-A within the lung-specific distant FOXF1 enhancer in trans to the FOXF1 frameshift mutation.
Functional testing of this variant using an in vitro luciferase reporter assay showed that it increased FOXF1 promoter activity 10-fold.
Our studies further demonstrate that non-coding SNVs in the FOXF1 enhancer region can rescue the lethal ACDMPV phenotype and

support the compound inheritance gene dosage model.
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INTRODUCTION

Lethal lung developmental disorders (LLDDs) are rare diseases
of neonates manifesting with severe progressive respiratory
failure and persistent pulmonary arterial hypertension (PAH).
Based on histopathological appearance at lung biopsy or
autopsy, they have been classified into Alveolar capillary
dysplasia with misalignment of the pulmonary veins (ACDMPV;
MIM# 265380), Acinar dysplasia (AcDys), Congenital alveolar
dysplasia (CAD), and other unspecified primary pulmonary
hypoplasias (PHs) [1, 2].

The majority of patients with AcDys or CAD have been found to
have alterations involving TBX4, FGF10, or FGFR2, whereas greater
than 80-90% of histopathologically-verified ACDMPV patients
have heterozygous single nucleotide variants (SNVs) or copy-
number variant (CNV) deletions involving the transcription factor
(TF) Forkhead Box 1 gene (FOXF1; MIM# 601089) and/or its lung-

specific enhancer located ~ 270kb upstream to the gene on
chromosome 16g24.1 [3-5].

In LLDD infants, we have identified a statistically significant
enrichment of non-coding SNVs, within the lung-specific enhan-
cers, located in trans to pathogenic heterozygous variants
involving FOXF1, TBX4, or FGF10 that might act as hyper- or
hypomorphs dramatically changing the critical gene expression
levels and thus, modifying the LLDD and PAH phenotype,
implying a complex compound inheritance gene dosage (CIGD)
model of LLDDs [6-10].

Here, we describe clinical, histopathological, and molecular
findings in a four-generation family with an ACDMPV with a
segregating FOXF1 frameshifting variant. We propose that a non-
coding hypermorphic SNV located in trans within the affected
FOXF1 allele might have rescued the lethal ACDMPV phenotype in
the proband’s mother and aunt.
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Table 1. Summary of the phenotypes and genotypes of the individuals from the studied family.

I:1 1I:1 11:2 1:2 13 1:4 Iv:1
FOXFI: c. N/A 4 = IF 4F aF aF
881_902dup
(p.Gly302Profs*46)
rs560517434-A N/A - + + Ambiguous + -
Gestational age N/A Term  Term 31 Term 35 28+ 6
Persistent = = = aF F = aF
pulmonary
hypertension of
the newborn
Other pulmonary Adult onset - - Bilateral - - -
features pulmonary pneumothoraces

arterial as neonate

hypertension

Other features - - - _

Lung histology - - - -

Adult - - -

N/A not available; +, present; -, absent.

Deceased

METHODS

Human subjects

Blood samples from the deceased neonate proband (IV:1), her parents (Ill:1
and Ill:2), grandparents (lI:1 and 1I:2), and the unaffected aunt (lll:4), and the
formalin-fixed paraffin-embedded lung tissue obtained at autopsy from
the proband (IV:1) and her deceased aunt (lll:3) were collected after
obtaining written informed consent (Table 1, Fig. 1 and Supplementary
Fig. 1).

Next generation sequencing
DNA extraction, clinical exome sequencing (ES) and genome sequencing
(GS) are detailed in Supplementary Information.

Luciferase reporter assay

The functional significance of the candidate regulatory non-coding SNV,
rs560517434-A, was assessed by sub-cloning it next to the FOXF1 promoter
previously inserted into a luc2 reporter plasmid pGL4.10 (Promega,
Madison, WI) and using this construct in the luciferase reporter assay
in fetal lung fibroblasts IMR-90 (ATCC, Manassas, VA,) as described in [6]
and Supplementary Information. Statistical significance was calculated by
One-way ANOVA with post-hoc Tuckey HSD test.

RESULTS

Clinical findings

The proband (IV:1) was born by an emergency Caesarean section
at 28 + 6 weeks gestation following a pregnancy complicated by
grade 4 placenta praevia and antepartum haemorrhages at 26
and 28 weeks. The mother received a complete course of
antenatal steroids at first presentation, with a rescue dose 2 days
prior to delivery. APGAR scores were 6, 4, and 9. She was placed
on CPAP initially, was intubated at 2h of age for increasing
oxygen requirements and received 3 doses of surfactant. She
deteriorated at 24 h of age and was clinically diagnosed as
persistent pulmonary hypertension of the newborn. She devel-
oped systemic hypotension and jaundice of prematurity, and
despite escalation of respiratory support she passed away
on day 4.
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Antepartum haemorrhage,
systemic hypotension,
jaundice

Diffuse bilateral
lymphangiectasia with
thickened alveolar septa and
pulmonary veins juxtaposed
with pulmonary arterioles and

Thickened alveolar septa -
lined by plump
pneumocytes, centrally
placed capillaries and
misaligned pulmonary

venules distal bronchioles
3 days - 4 days
Her mother (ll:2) was born at 31 weeks gestation and

developed pulmonary hypertension and bilateral pneu-
mothoraces. These were treated successfully, and she has not
had any significant medical issues since. A recent echocardiogram
was unremarkable. A maternal aunt (lll:3) was born at term
following an unremarkable pregnancy. From 14h of age, she
experienced recurrent episodes of cyanosis and hypoxia which
could not be managed with ventilation and she passed away at
3 days of age. Her maternal great-grandmother is reported to have
had PAH as an adult.

Histopathological studies

A review of the lung histopathology from the proband (IV:1)
fetopsy showed diffuse bilateral lymphangiectasia with thickened
alveolar septa and pulmonary veins juxtaposed with pulmonary
arterioles and distal bronchioles. The pulmonary arteries were
slightly thickened and accompanied by dilated congested veins.
There were a few veins within interlobular septa. The “alveolar”
walls had marked decreased vasculature. The CD31 showed
enhanced septal capillarization. The D2-40 was weak but showed
a mild increase in lymphatics within the pleura and possibly
accounting for some of the cystic spaces within the parenchyma
(Supplementary Fig. 2A, B).

Re-evaluation of the slides from lung autopsy performed in the
proband’s deceased aunt (lll:3) revealed thickened alveolar septa
lined by plump pneumocytes, centrally placed capillaries and
misaligned pulmonary venules. The lungs were very immature,
arrested in the canalicular to saccular stage of development with
airspaces lined by cuboidal epithelium (Supplementary Fig. 2C, D).

Molecular and computational analyses

Family trio ES revealed in the proband (IV:1) a heterozygous
frameshift variant ¢.881_902dup (p.Gly302Profs*46; NM_001451.3)
in exon 1 of FOXF1, inherited from the mother (lll:2). Using Sanger
sequencing, this variant was also found in the proband’s grand-
mother (II:1), sibling (IV:2, electively terminated pregnancy),
maternal deceased aunt (lll:3), and unaffected aunt (lll:4) (Table 1,
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1:1
*
11:1 11:2
GIG G/IA
* * *
11:1 111:2 :3 1:4
G/G G/A ? G/A
* *
V:1 V:2
/ G/IG
Fig. 1

u
—

expressior

Relative normalized

| v
pGL4.10 +FOXF1 $560517434-G
Promoter

1$560517434-A

Pedigree of the four-generation family and results of the luciferase reporter assay. A The pathogenic segregating frameshifting

FOXF1 variant ¢.881_902dup (p.Gly302Profs*46) is depicted as an asterix. The hypermorphic non-coding SNV rs560517434 in the distant lung-
specific enhancer region upstream to FOXF1 is shown as A. Proband (IV:1) and her aunt (ll:3) (black shade) died due to ACDMPV at the age two
and three days, respectively; the proband’s mother (lll:2) and maternal great-grandmother (I:1) (vertical lines) had pulmonary arterial
hypertension at birth. The other family members have no abnormal lung phenotype. B Reporter assay showing about 10-fold increase of
FOXF1 promoter activity by the enhancer SNV rs560517434-A (One-way ANOVA with post-hoc Tuckey HSD test, compared to the
sole promoter or promoter with the common variant G, p < 0.01). Data represent means of triplicate experiments + SD. Data points are shown

with dots.

Fig. 1 and Supplementary Fig. 1). This variant is absent in the
gnomAD (v2.1.1) and (v3.1.2) databases and predicted to truncate
FOXF1 by replacing 78 amino acid C-terminal sequence (~24% of
protein) with the new 45 amino acids.

GS analyses in the proband'’s unaffected mother revealed a non-
coding SNV rs560517434-A (gnomAD minor allele frequency
(MAF): 0.1%), in the ~ 7 kb interval (chr16:86,252,422-86,258,902;
hg19) within the ~ 60 kb distant FOXF1 lung-specific enhancer
region mapping upstream to FOXF1 [4, 6] in the vicinity of the
previously reported other putative hypermorphic variants mitigat-
ing ACDMPV lethality [6]. This variant is also present in her healthy
sister and absent in the proband and 22 ACDMPV patients with
the 16g24.1 CNV deletions (Table 1, Fig. 1 and Supplementary
Fig. 1). This SNV is located within the binding site of the RAD21
and EZH2 TFs (ENCODE). The reporter assay in lung fibroblast cells
IMR-90 showed that, in comparison to the common variant G of
rs560517434, the A allele increased the FOXF1 promoter activity
~10-fold (p <0.01) (Fig. 1).

GS analysis of the ~60 kb lung-specific enhancer region in the
grandmother (II:1) revealed 31 non-coding SNVs with variant allele
fraction >0.2 that are absent in the proband. Thirteen of them are
also absent in the 12 ACDMPV patients with 16924.1 deletion
(Supplementary Table 1). Two out of 31 detected non-coding
SNVs, rs79338875-T (MAF: 7%) and rs74618630-T (MAF: 7%) are
located in the ~ 7kb core enhancer interval (Supplementary
Fig. 1). However, reporter assay showed no significant difference
in the FOXF1 promoter activity (Supplementary Fig. 3).

DISCUSSION

The pLl score 0.96 for FOXF1 indicates that it is almost intolerant to
loss-of-function variants. Thus, the observed variable expressivity
and incomplete penetrance of ACDMPV suggests the involvement
of the modifiers mitigating disease manifestation in the proband’s
mother, aunt, maternal grandmother, and potentially great-
grandmother. Based on our previous results and the CIGD model
for LLDDs [6-10], we have considered a possibility of a modifier in
trans to FOXF1 in the proband’s mother and the unaffected aunt
inherited from their father and absent in the affected aunt, and a
different modifier in the grandmother. Alternatively, in the
grandmother (and likely in the great-grandmother) other modi-
fier(s) on the different chromosome(s) might have been trans-
mitted to her two unaffected daughters and not to the deceased
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daughter. However, too small pedigree precludes obtaining an
informative LOD score in the latter scenario.

Recently Szafranski et al. reported three rare hypermorphic non-
coding SNVs in trans to the heterozygous pathogenic SNV and
CNV deletions involving FOXFT and/or its lung-specific enhancer
that likely mitigated the lethal ACDMPV phenotype [6]. Consistent
with the complex compound inheritance reported by Karolak et al.
[7], most recently, Yildiz Bolikbasi et al. described a non-coding
SNV located in trans to frameshift variant in TBX4 within the
putative lung-specific enhancer in a multi-generation family with a
wide spectrum of phenotypes, acting as a hypomorphic modifier
[9].

Here, we describe the rare non-coding SNVs rs560517434-A,
located within the ~7 kb core enhancer interval of the distant
FOXF1 lung-specific enhancer in trans to the FOXFI-truncating
variant ¢.881_902dup, and propose that it acts as a hypermorph,
substantially alleviating the phenotypes in the proband’s mother
and aunt. In an in vitro assay, it increased the activity of the FOXF1
promoter 10-fold, suggesting that it might have increased
expression of FOXF1 on the wild-type allele in trans (Fig. 2). This
variant is located within the ChIP-seq-determined EZH2 and
RAD21 binding sites and might have modified stringency of their
binding to DNA. Interestingly, this variant is in close proximity to
the previously reported other putative hypermorphic variants
mitigating ACDMPV lethality [6] (Fig. 2).

However, in the proband’s unaffected grandmother, we have
not identified any candidate variant in the ~60 kb lung-specific
enhancer region that might have rescued the ACDMPV pheno-
type. Thirteen SNVs present in the proband’'s grandmother and
absent in the proband and 12 ACDMPV patients with 16924.1 CNV
deletion involving the ~60 kb lung-specific enhancer region, are
not located in the conserved region and most of them do not
overlap any TF binding site although some of them may have
regulatory function and warrant further investigation. Thus, it is
more likely that a putative modifier maps to a different genomic
region.

Unfortunately, due to an insufficient amount of poor-quality
DNA sample we were not able to unambiguously conclude
whether the younger ACDMPV sibling of the mother (1ll:3) had
rs560517434-A.

Nevertheless, although episomal reporter assay is a powerful
tool to access the effect of an enhancer region on the promoter by
measuring luciferase gene expression, it also has some limitations.

European Journal of Human Genetics (2022) 30:1182-1186



~ 7kb core enhancer

E. Yildiz Boliikbasi et al.

— Upstream gnhancer

e 2 B | =

~270 kb ¢.881_902dup

p.Gly rofs
(p.Gly302Profs*46)

/_\ .

~7kb core enhancer

— Upstream gnhancer

I—»
— | 2 HEmF

Rs560517434-A

Fig. 2 Schematic representation of the proposed model of in cis

~270 kb

regulation of FOXF1 expression by its ~60 kb upstream lung-specific

enhancer. The identified rare (MAF = 0.1%) hypermorphic non-coding SNV rs560517434-A mapping to the ~ 7 kb interval (chr16:86,252,422-

86,258,902; hg19) is located in trans to the pathogenic ¢.881_902dup

(p.Gly302Profs*46; NM_001451.3) variant in exon 1 of FOXF1 on the other

allele. Luciferase reporter assay revealed that rs560517434-A increased the FOXF1 promoter activity ~10-fold when compared to the common
wildtype variant G. The previously reported hypermorphic non-coding SNVs [6] are shown in light gray. One of them, rs150502618-A,

increased the FOXFT promoter activity in the luciferase reporter ass

It assumes a priori that a tested interval is in vivo in immediate
vicinity of the promoter. Moreover, it can only test a limited region
of an enhancer or a variant that has been taken out of native
chromatin context.

In summary, our studies provide further functional evidence
that rare non-coding SNVs present within the distant regulatory
region of FOXF1 might mitigate the expressivity of lethal ACDMPV
phenotype and confirm the CIGD model of involvement of the
coding and the non-coding variants in LLDDs.

DATA AVAILABILITY

This variant has been submitted to the ClinVar database under the submission
number SUB10968355. The data that support this study are available from the
corresponding author upon reasonable request.
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