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Background

Lung evolution is recapitulated in humans in the five organogenesis phases: embryonic,
pseudoglandular, canalicular, saccular, and alveolar.! Interruption of any of them results in
irreversible malformations and lethal lung developmental disorders (LLDDs) in neonates. LLDDs
are a rarely diagnosed (~ 1:100,000) but important group of pediatric lung anomalies presenting
with severe progressive respiratory failure and persistent pulmonary arterial hypertension (PAH)
in neonates, refractory to treatment.? Based on the characteristic histopathological features at lung
biopsy or autopsy, LLDDs have been traditionally classified as Alveolar capillary dysplasia with
misalignment of the pulmonary veins (ACDMPV), Acinar dysplasia (AcDys), Congenital alveolar
dysplasia (CAD), and other unspecified primary pulmonary hypoplasias (PHs).>*

ACDMPV affects ~ 1 in 100,000 newborns®>>® and manifests clinically with progressive
hypoxemic respiratory failure and severe PAH often associated with additional malformations of
the cardiovascular, gastrointestinal, or genitourinary systems. Histopathologically, ACDMPV
features are consistent with disturbance of canalicular, saccular, and alveolar phases of lung
development! and include thickening of intra-alveolar septa, a reduced number of pulmonary
capillaries, the majority of which do not make contact with the alveolar epithelium, medial
hypertrophy of small peripheral pulmonary arteries and arterioles, and intrapulmonary vascular
anastomoses.” In the vast majority of ACDMPV patients, heterozygous SNVs within FOXF1 or
CNV deletions involving FOXF1 and/or its 60 kb non-coding lung-specific enhancer mapping ~
286 kb upstream to FOXF1 on chromosome 16g24.1 have been found.2? FOXF1 in the
developing lungs is expressed in peripheral lung mesenchyme where it mediates sonic hedgehog
(SHH) signaling from epithelial cells of branching tubular structures and plays a crucial role in
pulmonary angiogenesis.**” Foxf1” mice are embryonic lethal due to defects in mesodermal
differentiation and cell adhesion. Haploinsufficiency of Foxfl in Foxfl1*- mice causes 90%
perinatal lethality.8-1°

Intriguingly, in contrast to point mutations in FOXF1, the ACDMPV-causative CNV
deletions arise de novo almost exclusively on the maternal chr16q24.1.2%-12 Thus far, we and others
have described 50 de novo CNV deletions that arose on maternal chromosome 16 and only three
de novo CNV deletions that arose on paternal chr16g24.1 (Fig. S1). To explain this statistically
significant bias, we proposed a model with the FOXF1 enhancer on paternal copy of chr16q24.1
acting stronger.!! Most recently, we showed that deletion of this enhancer (chr16:86,212,040-
86,271,919) (found in ~ 25% of ACDMPV infants) results in a complete shutdown of FOXF1 and
the nearby IncRNA FENDRR expression in cis and the full ACDMPV lethal phenotype.?
Interestingly, mice deficient in Fendrr developed lethal heart defects and hypoplastic lungs.?!2?

Importantly, using genome sequencing (GS) in LLDD infants, we have identified
statistically significant enrichment of non-coding SNVs within the known or putative lung-
specific enhancers paired in trans with heterozygous pathogenic variants involving FOXF1, TBX4,
or FGF10 that imply a complex compound inheritance of LLDDs.?*?® They may act as hyper- or
hypomorphs, dramatically modifying the LLDD phenotypes. These findings have substantially
improved the diagnosis of LLDDs* and showed that they are more common than previously
thought.



Materials and methods

DNA and RNA isolation, genome sequencing, and variant characterization

The study ethical protocols H-8712 and H-46683 were approved by the Institutional Review Board
for Human Subject Research at Baylor College of Medicine. Blood sample from the proband (pt
204.3) and blood and sperm samples from the parents were collected after obtaining the informed
written consent. Moreover, lung tissues, umbilical cord, and blood samples from eight previously
reported ACDMPV patients (28.7, 60.4, 125.3, 155.3, 170.3, 179.3, 180.3, and 205.3) were also
analyzed.

Peripheral blood DNA was extracted using Gentra Purgene Blood Kit (Qiagen,
Germantown, MD). Sperm DNA was extracted using a Puregene Core Kit A (Qiagen). RNA was
isolated from foetal lung fibroblasts IMR-90 (ATCC, Manassas, VA) using miRNeasy Mini Kit
(Qiagen), followed by the removal of trace amounts of DNA using Turbo DNA-free Kit
(Invitrogen, Waltham, MA).

DNA sample from the proband (pt 204.3) was tested using the CytoSNP 850Kv1.2 array
and software BlueFuse Multi 4.4 (Illumina, San Diego, CA) and Nextera Rapid Capture Panel
NGS (TruSightTM One Panel Expanded, Illumina) with SegNext (JSI medical systems,
Ettenheim, Germany). Trio-based GS with 30X coverage was performed using a TruSeq Nano
DNA HT Library Prep Kit (lllumina) and the HiSeqX platform (lllumina) at CloudHealth
Genomics (Shanghai, China) as previously described.?® The raw sequencing data were processed
using bcl2fastq package (lllumina) and Trimmomatic tool followed by read alignment and
mapping to the human genome reference sequence with the BWA 0.7.12 tool.

The copy number variant (CNV) deletion junction was PCR amplified using primers 5°-
TGCCTGCTTCTACTGCTTAAA-3’ and 5’-ATCTGCTATGGGCTGGATTAAG-3’ and then
Sanger sequenced. Parental origin of the deletion-bearing chromosome 16 was determined using
informative SNPs amplified by PCR using primers 5’-
ATCCCTGATGTAGTCAGCTGTGACCAG-3’ and 5’-
AGAAGAGTTCCCGAATCTTGCCTTGAT-3’, of which the second mapped within the
heterozygous deletion region. All genomic coordinates refer to the human genome GRCh37/hg19
build.

Histopathology studies
Histopathological studies were performed on formalin-fixed paraffin-embedded (FFPE) lung
autopsy tissue stained with hematoxylin and eosin.

Luciferase reporter assays

To determine the pathogenicity of the identified CNV deletion within the FOXF1 enhancer, we
have cloned a 1.8 kb fragment (chr16:86,219,133-86,220,915) of this enhancer, mapping to the
deleted region and including evolutionary ultra-conserved sequence interval, in the FOXF1
promoter-containing luc2 reporter vector and analyzed it for the ability to regulate FOXF1
promoter activity. The FOXF1 promoter region (chrl6:86,541,532-86,544,295) was amplified
from a normal human DNA and cloned into Nhel-Xhol site within multiple cloning site (MCS) of
a promoter-less vector pGL4.10 (Promega, Madison, WI) as described previously (14). The 1.8
kb-large FOXF1 enhancer fragment was amplified from a normal human DNA sample using Kpnl
primer 5'-tatggtaccCGGATGTCACCTTCCTTGTTCAAAGTC-3' (containing the Kpnl site) and
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Nhel primer 5'-tatgctagcTAACTGGACTTCCTTACATGCCTCCT-3'". As negative controls for
the assay, we have PCR amplified two different genomic regions, comparable in size to the
analyzed enhancer fragment. One of the control fragments was chosen based on the ChlP-seq data
(ENCODE) showing that it does not specifically bind transcriptional regulators. It was amplified
from the human genomic DNA control using Kpnl primer 5’-
tatggtaccGTTCTGGAGAGGTGGGAAAATCAGT-3’ and Nhel primer 5’-
tatgctagcCTTACAGAAGACCCAGATGGTTGGA-3’. Another control fragment was amplified
from patient’s DNA using Kpnl primer 5’-tatggtaccCCTCCAGTATCACAGTTGCGTGTTAGG-
3> and Nhel primer 5’-tatgctagcGTGGCCATCTCTGGGATAGTATTCTG-3’, flanking the
analyzed CNV deletion. PCR was done using Phusion high-fidelity DNA polymerase (NEB,
Ipswich, MA), applying 30 cycles of incubation at 98 °C for 10's, 58 °C for 30 s and 72 °C for
1.5 min. The amplified fragments were digested with Kpnl and Nhel and cloned into Kpnl-Nhel
site of pGL4.10-FOXF1 promoter vector, upstream of the promoter. To determine whether the
RP11-805124.3 promoter is regulated by the 1.8 kb enhancer fragment, we have replaced the
FOXF1 promoter in the described above enhancer fragment-bearing and control vectors with the
1.1 kb fragment (chr16:86,232,068-86,233,141) containing the putative RP11-805124.3 promoter,
amplified from normal human DNA using Nhel primer 5’-
atagctagcGAGCTTGGCTAACATGGTCACTCAG-3’ and Hindlll primer 5’-
tataagcttTTCCCTACATTTCTCGAGTCTGTGC-3".

For transfection, human fetal lung fibroblasts IMR-90 were cultured at 37°C in Eagle's
Minimal Essential Medium (ATCC), with 2 mM L-glutamine and 10% fetal bovine serum
(ATCC), in the presence of 5% CO2 on 12-well plates. The cells were transfected in serum-free
Opti-MEM (GIBCO, Waltham, MA) using Lipofectamine 3000 (Invitrogen) (4 pl/well) and 1 pg
per well of the pGL4.10-FOXF1 promoter plasmid, bearing either control or enhancer fragment,
and 0.1 pug of pGL4.75 (Promega), constitutively expressing Rluc. Following cell lysis in Qiazol
(Qiagen) 48 h after transfection, RNA was isolated and then converted to cDNA using SuperScript
I11 First-Strand Synthesis System (Invitrogen).

The expression of luc2 and Rluc were determined by measuring levels of their cDNA by
gPCR. Custom designed TagMan primers and probes (luc2: assay AP7DRTC, amplicon
coordinates: 247-312 in pGL4.10, AY738222; and Rluc: assay AP47W76, amplicon coordinates:
1,532-1,593 in pGL4.75, AY738231) were obtained from Applied Biosystems (Waltham, MA).
gPCRs were done on CFX Real Time thermocycler (BioRad, Hercules, CA) using TagMan
Universal PCR Master Mix (Applied Biosystems). gPCR conditions included 40 cycles of heating
the reaction mixtures for 15 s at 95°C followed by 1 min at 60°C. For relative quantification of the
cDNAs and thus transcripts, the comparative Ct method was used. Luc2 cDNA levels were
normalized to those of Rluc.

SiRNA knock-down of long non-coding RNAs (IncRNAS)

Gene knock-down experiments were done in human lung fibroblast IMR-90 cell line using the
Silencer or Custom Select siRNAs (Ambion, Foster City, CA) (Table S1). Two Silencer Select
Negative Controls (Ambion), constituting sSiRNAs that do not target any human gene transcript,
were used. Two (or one in case of RP11-805124.1) siRNAs were applied at a concentration of 35
pmol/ml of cell culture medium each. Transfections were done in 12-well plates using
Lipofectamine RNAIMAX (Invitrogen) at a concentration of 3 pl/ml. Cells for RNA preparation
were lysed in Qiazol (Qiagen) 48 h after the transfection. RNA purification, cDNA synthesis, and
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gPCR were done as described for the luciferase reporter assay except that the transcript levels were
normalized to GAPDH. Information on predesigned and custom-designed TagMan assays
(Applied Biosystems) is provided in Table S2.

We have also analyzed IncRNA AC040170.1 located within the Unit 2 of the FOXF1
enhancer (Fig. 1) and transcribed from its putative promoter located within the FOXF1 enhancer
and overlapping 3’ends of the longest LINC01081 isoforms and LINC02135 expressed divergently
from the LINC01081-202 putatively bi-directional promoter, antisense overlapping LINC01081-
201, and the other 5’-extended LINC01081 isoforms.

LINC01082 knock-in

The IncRNA LINC01082 gene, encoding the splicing variant LINC01082-201 (chr16:86,229,787-
86,233,326), was amplified from the normal control human genomic DNA using the primers 5’-
atggtaccGGTTTAGATTAGCCGTGGCCTA-3’ and 5’-
cgcgaattcTTCTGTTTGAGACATATTAAACAAGCT-3’, containing the added Kpnl and EcoRI
cutting sites, respectively. It was subsequently cloned into the Kpnl-EcoRl site within the MCS of
pcDNAS3.1 expression vector (Invitrogen). For a control, we have amplified the genomic fragment
(chr16:86,166,305-86,169,885) of the size comparable to LINC01082 from the gene and regulatory
sequence desert located over 40 kb upstream of LINC01082, using the primers 5’-
atggtaccCAACCACAGGGAGTATCTTATGTGCAG-3’ and 5’-
gcgaattcCGTAAGTCCTAGCTCAGAACCCACTGC-3’, and cloned it into the Kpnl-EcoRlI site
of pcDNAZ3.1. As an additional control, we used the empty pcDNAS3.1 vector. The constructs were
transfected into IMR-90 cells using Lipofectamine 3000, as described for the reporter assays.
LINCO01082 over-expression and its effect on the FOXF1 expression were analyzed by qPCR as
described for the knock-down experiments.

DNA methylation studies

To determine whether there are differences in parental chromosome methylation at CpG
dinucleotides within the FOXF1 enhancer region, we have analyzed DNA methylation status of
the selected enhancer intervals within the region of hemizygosity in five patients with the maternal
CNV deletion of the FOXF1 enhancer (pts 28.7, 60.4, 125.3, 155.3, and 170.3) and four patients
with the paternal CNV deletion (pts 179.3, 180.3, 204.3 and 205.3). Two analyzed regions were
from the Unit 1 and two from Unit 2 (Fig. 1, Table S3). Genomic DNA (500 ng) from the
ACDMPV patients with maternal or paternal deletion of the enhancer was digested overnight in
NEBuffer 1 with 10 units of Hpall (NEB), sensitive to cytosine methylation within CCGG
sequence. PCR amplification of selected enhancer regions containing Hpall site was done using
100 ng of undigested or digested DNA, primers listed in Table S3, and Tag DNA Pol in standard
PCR conditions with 30 amplification cycles.

Results
Clinical findings and histopathology

Clinical course and histopathological findings in the proband (pt 204.3) were consistent with
ACDMPV (Fig. S2).



A female newborn was transferred to an intensive care unit because of respiratory failure.
Intubation was required immediately after Caesarean delivery and pneumothorax was drained.
Despite of maximum respiratory support sufficient oxygenation could not be achieved. Nitric
oxide was administered with little or doubtful benefit. In addition, relevant catecholamine
vasopressor doses were needed to stabilize the hemodynamic function. Therefore, a decision was
made to support the patient with va-ECMO. In the transthoracic echocardiography examination, a
persistent fetal circulation with a small perimembranous atrial septal defect (leading to right-to-
left shunt) was found. Suspecting PAH, right heart catheterization was performed which revealed
borderline dysplasia of the pulmonary vessels. Following respiratory and haemodynamic
stabilisation, several attempts to wean the patient off ECMO support failed. Without clinical
improvement, angiography was repeated and the atrial septal defect was transiently occluded with
a balloon catheter. As this intervention lead to a rise in arterial oxygen saturation, the atrial septal
defect was closed surgically. The clinical status of the patient had imroved to such an extent that
va-ECMO support could be weaned. During surgical removal of the ECMO cannulas (a central
cannulation technique), the lungs were inspected and lung biopsy was performed. Shortly after
removing the patient off ECMO, cardiorespiratory function deteriorated again. Despite of renewed
extracorporeal support and in view of the absence of a causative therapy, the therapy goal was
changed to palliative care. The patient died at the age of 2.5 weeks.

Histopathological studies showed abnormal lung architecture with deficient terminal
alveolar development. The alveolar septa were widened with variable cellularity and paucity of
septal capillaries which were predominantly positioned within the center of the alveolar septa. The
autopsy was limited in nature with a single bronchovascular bundle which showed venous-like
vascular profiles within the connective tissue, intimately associated with pulmonary arteries. In
addition, pulmonary hypertensive changes with medial hypertrophy of pulmonary arteries and
arterioles was present.

Genomic structure of the deletion region

Single nucleotide polymorphism (SNP) array analysis in the proband revealed no large CNV
abnormalities involving the FOXF1 gene. No pathogenic variants were detected in FOXF1 in the
targeted panel NGS analysis. However, trio GS revealed an apparently pathogenic de novo ~ 8.8
kb CNV deletion mapping ~ 322 kb upstream to the FOXF1 gene within the centromeric portion
(Unit 1) of the ~ 60 kb FOXF1 lung-specific enhancer region (Fig. 1, S3). The breakpoints of this
deletion were mapped to the non-repetitive sequences: chrl6:86,213,689-86,213,691 and
chrl6:86,222,496-86,222,498 with a 5°-CTG-3 microhomology) (Fig. S4). Deletion junction-
specific PCR showed no evidence of parental mosaicism in the blood samples and the father’s
sperm sample, indicating that this deletion arose de novo (Fig. S5). DNA sequencing of two
informative SNPs, rs12711495 and rs12711496, centromeric to the deletion region, revealed that
the deletion arose on the paternal chromosome 16 (Fig. S6). This CNV deletion completely
overlaps the previously reported pathogenic 4,115 bp CNV deletion (chrl6:86,216,561-
86,220,676) and is overlapped by 32 other FOXF1 enhancer CNV deletions that did not harbor
FOXFL1 (Fig. S1), defining the smallest deletion overlap region for all ACDMPV-causative CNV
deletions. Importantly, both 8.8 kb and 4.1 kb deletion interval encompass the ~ 660 bp-large
evolutionarily ultra-conserved region 660UCR (chr16:86,219,697-86,220,358). Of note, 660UCR
overlaps also with the ENCODE candidate Cis-Regulatory Element (cCRE), EH38E1835120
featuring distal enhancer-like signature. Based on the ENCODE 3 database of transcription factor
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binding sites identified by ChIP-seq experiments in lung-derived cells, it binds EP300 and is
adjacent to the RNA Polll and RAD21 binding sites. Notably, 660UCR region is located in the
vicinity of another ultra-conserved ~ 1 kb DNA interval (1000UCR; ~ chr16:86,229,400-
86,230,400) that overlaps lung-expressed INcRNA LINC01082 and its antisense RP11-805124.3.
This ultra-conserved region contains the binding sites for EZH2 and several other transcription
factors (TFs), suggesting that both ultra-conserved elements constitute a functional Unit 1 of the
FOXF1 enhancer.

Functional analyses of the deletion region

FOXF1 regulation by the ultra-conserved ~ 660 bp enhancer interval

Using luciferase reporter assay in lung IMR-90 cells, we have found that the 1.8 kb enhancer
fragment, containing the 660UCR, increased the transcription of luc2 reporter gene from the
subcloned FOXF1 promoter two-fold (p=0.003) (Fig. 1B).

Enhancer IncRNA genes adjacent to the deleted region

We have then characterized the expression and the effect of the enhancer IncRNA genes
neighboring and overlapping the ultra-conserved enhancer regions in the Unit 1 on FOXF1. We
have found that the mutually overlapping LINC01082 and its antisense RP11-805124.3
(AC135012.3), located ~ 7 and ~ 1 kb from the region deleted in the proband (pt 204.3),
respectively, are expressed in IMR-90 fibroblasts at much lower levels in comparison to, e.g.,
FENDRR or FOXF1 (regulated by the same enhancer region (21), with LINC01082 being the least
abundant (Fig. S7). Using siRNA-based gene silencing, we have found that the decrease of RP11-
805124.3 expression to 16% (P < 0.001) reduced the FOXF1 transcript level to 39% (P < 0.001).
The expression of FENDRR was reduced by 38% (P = 0.005). Depletion of RP11-805124.3 to 31%
(P < 0.001) resulted in a 50% decrease of the FOXFL1 transcript level (P < 0.001) (Fig. 1C). In
response to the depletion of RP11-805124.3, the expressions of IncRNAs LINC01082, LINC01081
(encoded in the enhancer Unit 2), and LINC02135 were reduced also to 50-60%. On the other
hand, the depletion of LINC01082 to 18% (P < 0.001) did not have any significant effects on the
expression of FOXF1 or any analyzed here IncRNAs. However, the overexpression of LINC01082
to about the level of RP11-805124.3 resulted in two-fold decrease of FOXF1 expression (Fig. 1D).

Since both the 660UCR and RP11-805124.3 positively regulate expression of FOXF1, we
sought whether FOXF1 expression requires their mutual interaction. The luciferase reporter assay
with this ultra-conserved region showed that its spatial proximity to the RP11-805124.3 promoter
does not modify the activity of this promoter (Fig. S8). Thus, our data indicate that 660UCR and
RP11-805124.3 regulate FOXF1 independently.

We have previously shown that FOXF1 positively regulates the expression of FENDRR
(21). We thus sought whether FOXF1 depletion might also affect the expression of IncRNAs
transcribed from the FOXF1 enhancer. We found that FOXF1 positively regulated expression of
LINC01082 but did not regulate expression of RP11-805124.3. Thus, there is no evidence for a
regulatory feedback loop interaction between IncRNAs FENDRR, LINC01082, and RP11-
805124.3 and FOXF1.

In the FOXF1 enhancer Unit 2, the levels of LINC01081 isoforms, including AC040170.1
(LINC01081:14), were higher than that of the NCBI-annotated LINC01081-202 isoform (data not
shown), whereas the expression of LINC02135, divergently transcribed from LINC01081
promoter, was six times higher than the expression of RP11-805124.3 (Fig. S7). Of note, the
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putative promoter of AC040170.1 is located within one of evolutionary conserved intervals of Unit
2. The IncRNA LINC01081, whose gene 3’end overlaps with GeneHancer element GH16J086219,
only weakly regulates FOXF1 (22).

Differential methylation within enhancer Unit 1

Consistent with the previous findings (23,24), using PCR following methylation sensitive
restriction digestion, we have found that the CpG-rich region overlapping the LINC01082 and
RP11-805124.3 genes and including the GLI12 binding sites (chr16:86,232,367-86,232,979) (21) is
methylated on paternal (4/5) but not on maternal (0/4) chromosome 16 (Fig. 1E). We have also
found that both parental alleles of the conserved 660UCR within Unit 1 are methylated (maternal:
3/4; paternal: 5/5), although with a some potential parental methylation bias that we could not
determine. Within Unit 2, two intervals were found to be methylated on both parental alleles,
although the methylation of the region within LINC01081:14, corresponding to the exon 7 of
LINC01081-202, was weaker on the maternal allele of the enhancer in two out of four ACDMPV
samples analyzed (Fig. S9). In summary, we have found stronger methylation of the enhancer
CCGG cytosines on paternally inherited chromosome 16 compared to maternal chromosome 16,
including primarily a CpG-rich region with GLI2 binding sites within the Unit 1 and another ultra-
conserved non-coding interval located within Unit 2, overlapping LINC01081.
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Table S1. siRNA used in knockdown experiments.

siRNA-targeted | Targeted exon siRNA ID | Sense and anti-sense sequences for
gene (GENCODE transcript ID) | / design | custom-designed siRNA
RP11-805124.3 | 3 (ENST00000599841.1) 555500/ | 5-GCAGAGACUUAGAUUUGAALt-3
ABKAL12 | 5-UUCAAAUCUAAGUCUCUGCag-3’
LINC01082 1 (ENST00000669926.1) 461135 | NA
2 (ENST00000669926.1) s59760 NA
LINC01081 7 (ENST00000602425.2) s552842 | 5-UGAUCAAGAUUUUUGCAGALt-3
5-UCUGCAAAAAUCUUGAUCACct-3’
8 (ENST00000602425.2) s552843 | 5-CGCAAAAUCUGCACCUGGALtt-3
5-UCCAGGUGCAGAUUUUGCGtc-3’
FOXF1 1 s5221 NA
2 s5220 NA

Table S2. TagMan gene expression assays used in knockdown experiments.

TagMan- Targeted exon (GENCODE | Assay ID Amplicon coordinates

targeted gene | transcript ID) (GRCh37/hg19) for custom-designed
assay

RP11- 3 (ENST00000599841.1) AP47VTU chrl6:86,227,530-86,227,586

805I124.3

LINC01082 1/2 (ENST00000669926.1) Hs01388639 | NA

LINCO01081 1 (ENST00000602425.2) AP32Z7W chrl6:86,319,717-86,319,789

7/8 (ENST00000602425.2) ARGZGMA | chrl6:86,256,198-86,256,222(context

seq.)

LINC02135 3 (ENST00000599486.1) APNKTVY chrl6:86,325,781-86,325,852

FENDRR 1/2 (ENST00000662100.1) Hs00419733 | NA

FOXF1 1/2 Hs00230962 | NA

GAPDH 718 Hs02758991 | NA

Table S3. Primers used in methylation analysis.

Analyzed region Genomic coordinates of | PCR primers

the amplicon
(GRCh37/hg19)

Enhancer Unit 1:

650 bp conserved region

86,220,347

chr16:86,219,739-

5-AGACACACTCAGGTGGCTTCTG-3
5-TGTTGCCCTATGTCATACCAATG-3’

Enhancer Unit 1:

CpG region with GLI2 sites

86,232,836

chr16:86,232,369-

5-CCTGCGCTAATAAATGCTCCTT-3’
5-GGTGGTCATCCATTAGCAGTCA-3’

Enhancer Unit 2:
LINC01081 exon

proximity to a putative
promoter of LINC01081
isoforms: TCONS_00025081,
00024760, 00024762, and

00025084

7;in 86,256,591

chrl6: 86,256,080-

5'-
GAGGAAGAAACTGAGACAAACCAAA-3’
5-CTTGCACGTTTGGCTTCTTCTA-3

Enhancer Unit 2:

TBX4-binding region

86,258,282

chr16:86,257,709-

5-AGACCCAGGAGCAAAGTACAGG-3
5-CAGCAACACCAATGGTAACAGC-3
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Alusq AluSq D1
LIMEL MER1 D2
Alusx AluSx D3
Alusx Alusgl 49 (D4)
Alusx AluSx D5
Alusx Alusx 21.6 (D8)
unk unk Yu et al. (2010)
unig AluYas Zufferey et al. (2011)
unk unk Garabedian et al. (2012)
unk unk Handrigan et al. (2013)
unk/ unk 90.3
AlFLAM_C Aluscs 104.3
Alusx Alulb Prothro et al. (2016) 118.3
Aluy Aluy 120.3
Aluy AluJb 1253
ERV1 / Aluy 133.3
unk unk 135.3
unk unk 140.3
unk unk Lovrecic et al. (2017)
Alusx1 Aluy 158.3
AlUSK| | e——— AlUSQ 1473
AluSz Alusxl 160.3
AluSx1 Alusz 1703
unig / uniq 180.3
Aluy L1M5 181.3
unk unk 192.3
uniq uniq 2053
AlUY m— Al D6
unk =i unk 41.4
Low rich ® SINE/MIR 59.4
uniq fem== Charliela 94.3
uniq = uniq 115.3
uniq ¢ unig 129.3
unk == unk 164.3
uniq 4 unig 176.3
UNIQ wemme UNIQY 183.3
uniq & uniq 122.3
Uk w—— ik 28.7 (D10)
) ple_repeat uniq 47.4 (D9)
LIPAS f L1PA2 57.3
L1HS f L1PA2 60.4
AluSz mems= AluSx 64.5
AluSc AluSq2 77.3
UNK  s— Unk 81.3
AluJh s AluSX 95.3
LTR/ ERVL uniq 96.3
Aluscs f Ay 993
LTR/ERVL L1PA3 111.3
AluSp AluSx1 1173
AlUY s— |_1PA2 119.3
AluSx1 AluSx 126.3
L1PAS g | 1PA2 127.3
L1PAS fem= [1PA2 153.3
unk unk 136.3
uniq L1PA3 139.3
L1PAS L1PA3 54.3
(CATATA),/Simple repeat mem | uniq 1443
L1HS / L1PA3 155.3
LIHS / L1PA3 165.3
unig (A),/Simple repeat 171.3
L1PA2 ,’ L1PA3 177.3
L1HS I L1PA2 179.3
L1HS I L1PA2 Dello Russo et al. (2015)
A\qul, Alusx1 185.3
AluSx1 Alusx 189.3
unk unk 193.3
AluSp AluSx 202.3
uniq = | unig 204.3
Alusx3 Alusc 206.3
AluSx1 II Alusz 208.3
LTR16C ==mm L1PA3 209.3

Figure S1. A compilation of the ACDMPV-causative CNV deletions on chromosome 16q24.1.
CNV deletions that occurred on maternal chr16g24.1 are shown in red, paternal chromosome in
blue, and those for which parental origin could not be determined are in black. The vast majority
of CNV deletion breakpoints are mapped within repetitive elements that mediated the
rearrangements. SRO, previously determined smallest region of deletion overlap delineating the
upstream enhancer region; unk, exact breakpoint sequence unknown; unig, breakpoint in unique
sequence.
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Figure S2. Microscopic findings on lung autopsy. Hematoxylin and eosin stain. (A) Low-power
view to highlight enlarged and simplified lung architecture with deficient terminal alveolar
development. (B) Broncho-vascular bundle that shows venous like profiles (black asterisks) within
connective tissue, intimately associated with pulmonary artery branches. (C) Expanded alveolar
septa with loose connective tissue and variably increased cellularity. There is paucity of capillaries
which are centrally placed within the alveolar septa. Deficient terminal alveolar development is
also appreciated.
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Chrl6g24.1 CNV deletion: 86,213,689-86,222,498

| » LA L8} ;; ;;m
86,193,600 ) 86,203,600 . 86,213,600 ) 86,223,600 ) 86,233,600 ) 86,243,600

Proband
204.3
Father
204.1
Mother
204.2
b_) IncRNAs
660UCR 1000UCR

Figure S3. Genome sequencing reads of family trio (ACDMPYV case 204) showing a de novo 8.8
kb CNV deletion (chr16:86,213,689-86,222,498) within the centromeric portion (Unit 1) of the

FOXF1 lung-specific enhancer.
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Figure S4. Chromatogram showing the sequence of the chrl6g24.1 deletion junction.
Microhomology region containing deletion breakpoints is shown on black background.

2043 204.2 204.1 2041 2041 Control
Blood Blood Blood Sperm Sperm Blood

Deletion junction-specific Control primers
primers

Figure S5. Agarose gel image of the deletion junction-specific PCR in the family 204 trio.
Deletion specific amplicon is clearly visible in the proband (204.3) but not in her mother (204.2)
or father (204.1), indicating that there is no evidence of parental mosaicism, and the deletion arose

de novo.
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1s12711495  rs12711496

SNPs AC GT

lSNPsl

oaLFu:)-t FLSE"‘ ) AD1 F, rrathasa 55. Base 155 of 1,153
A A A C G T T G T G C A C C C C
H ['. ['. T G ['. A G

AWAM/\/\/\A/\/\AMMW\/\/\AN\A{\{\M{\{\{\

A

rs12711495
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Father cC

@
®

C
C

Mother AC | GT

\/\/\/\/\AN\/\N\/\/\/\/\A/\A/\/\N\/\/\/\N\/\/\AAA/\A/\K\/M

G EHHHE G H

Proband A T

Figure S6. Sequence chromatograms showing parental origin of the deletion. The segregation of
informative SNPs (black arrows) indicated that the deletion arose on chromosome 16 inherited
from the proband’s father.
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Figure S7. Expression levels in IMR-90 fetal lung fibroblasts of INcRNAs encoded within the
FOXF1 enhancer compared to FENDRR (P<0.001).

P=0.32
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Relative activity of the RP17-805/24.3
promoter (luc2 transcript levels)

Control Enhancer

Figure S8. Luciferase reporter assay showing the lack of significant regulation of the RP11-
805124.3 promoter by the 660UCR interval of the FOXF1 enhancer.
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Figure S9. Analysis of the methylation status of 660UCR of FOXF1 enhancer Unit 1, and two
regions of the Unit 2: one overlapping with the 3” end of LINC01081 and the other located within
TBX4-binding region, respectively. DNA was from lungs (pts 179.3, 28.3, 60.4, 125.3, 155.3,
170.3), blood (pts 204.3, 205.3) and umbilical cord (pt 180.3). PCR was done using undigested (u)
and digested (c) DNA.
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