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Ultra-conserved non-coding sequences R
within the FOXF1 enhancer are critical for

human lung development

Heterozygous single nucleotide variants (SNVs) or copy-
number variant (CNV) deletions, involving the mesenchymal
forkhead box family transcription factor gene, FOXF1, or its
distant lung-specific enhancer, are responsible for 80%—90%
of cases of alveolar capillary dysplasia with misalignment of
pulmonary veins (ACDMPV)." ACDMPV is a lethal lung
developmental disorder with severe progressive respiratory
failure and persistent pulmonary arterial hypertension
(Supplemental Material). Intriguingly, in contrast to point
mutations in FOXF1, the ACDMPV-causative CNV deletions
arise de novo almost exclusively on the maternal chromo-
some 16q24.1. 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 chromosome 16q24.1 (Fig. S1). Here, we define an
~660 bp ultra-conserved non-coding interval (660UCR)
within the FOXF1 enhancer as critical for FOXF1 cis-regu-
lation and normal human lung development. Heterozygous
loss of this region on paternal chromosome 16 was found
causative for ACDMPV. We also describe a novel enhancer
IncRNA gene, RP11-805124.3, located in the proximity to
660UCR and overlapping another ~1 kb ultra-conserved
interval (1000UCR), as essential for the FOXF1 expression.
Based on the obtained data, we propose a bimodal struc-
ture and parental functional dimorphism of the FOXF1
enhancer.

The lung-specific FOXF1 enhancer in humans has a
complex structure, consisting of the proximal Unit 1 and
distal Unit 2 (Fig. 1A)."? Both units encode regulatory lung-
expressed IncRNAs and feature parent-of-origin-specific
epigenetic modifications. Using genome sequencing in
ACDMPV family trio (204.1-3), we have identified a path-
ogenic heterozygous, 8.8 kb CNV deletion within Unit 1 that
arose de novo on the paternal chr16q24.1 (Fig. 1A, S2—S6).
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Together with 33 other CNV deletions of the FOXF1
enhancer, this second smallest deletion enabled identifi-
cation of the ultra-conserved 660UCR interval. Longer
stretches of homology with 660UCR can be found in the
genomes of lobe-finned fishes, including coelacanth and
lungfish, whereas short sequence stretches are visible in
some actinopterygian fishes with the vascularized swim
bladder (Fig. 1A). For comparison, Unit 2 of the enhancer
contains two non-coding intervals which are conserved
down to turtles only.

Applying luc2 reporter assay in fetal lung fibroblasts IMR-
90, we have shown that the 660UCR interval increases the
activity of the FOXF1 promoter two-fold (Fig. 1B), consis-
tent with the fact that the CNV deletions of the paternal
660UCR allele in pts 204.3 and previously reported 122.3
(Fig. S1) led to full ACDMPV phenotype. A portion
(EH38E1835120) of this interval is annotated in ENCODE’s
Candidate Cis-Regulatory Elements (cCREs) database as
having distal enhancer-like signature. In addition, mouse
region syntenic to human 660UCR was shown to function as
the Foxf1 enhancer.? The second ultra-conserved region of
Unit 1, 1000UCR, is included in GeneHancer regulatory
element GH16J086193 and overlaps the IncRNA genes
LINCO1082 and RP11-805124.3. Knock-down of these
INncRNAs using siRNA in IMR-90 cells, showed that RP11-
805124. 3 positively regulates expression of FOXF1, FENDRR,
and other analyzed here IncRNAs (Fig. 1C), suggesting that
it may function as a general transcriptional activator. On
the other hand, LINCO1082 (Fig. S7), which has expression
of an order of magnitude lower than that of RP11-805/24.3,
decreases expression of FOXF1 when up-regulated in IMR-
90 cells from the pcDNA-based construct to the level of
RP11-805124.3 (Fig. 1D). Importantly, both 660UCR and
1000UCR bind EP300, a histone acetyltransferase that cat-
alyzes H3K27ac deposition typical for active enhancers and
partially overlap the RNA Polll binding site (ENCODE’s ChIP-
seq database). Moreover, EP300 is known to directly
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Bimodal structure and parental dimorphism of the ~60 kb FOXF1/FENDRR lung-specific enhancer. (A) UCSC genome
browser representation of the enhancer, defined by the smallest deletion overlap of 29 pathogenic CNV deletions at chromosome
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interact with HIF1A in regulation of hypoxia-induced VEGF
and with RNA Polll (GeneCards). Using luc2 reporter assay,
we have also found that the 660UCR interval does not
regulate RP11-805124.3 promoter (Fig. S8). Thus, 660UCR
and RP11-805124.3 seem to positively regulate FOXF1
expression independently of each other. Applying siRNA
knock-down to FOXF1, we sought whether FOXF1 controls
expression of its enhancer IncRNAs in a manner similar to
how it regulates FENDRR. We have found that FOXF1 posi-
tively regulated LINCO1082 but not RP11-805124.3 (Fig. 1C).
Thus, there is no evidence for a regulatory feedback loop
interaction between FOXF1 and IncRNAs encoded in its
enhancer.

Interestingly, Unit 1 of the FOXF1 enhancer was previ-
ously shown to be differentially methylated at CpG di-
nucleotides.?* Here, using methylation sensitive digestion
assay, we have found methylation of paternal but not
maternal allele of 1000UCR (Fig. 1E), whereas both
parental alleles of the 660UCR were methylated, although
showing a trend towards stronger methylation of the
paternal allele (Fig. S9).

Unit 2 features lung-specific epigenetic histone 3 modi-
fications typical of an active enhancer, and includes the 3’
portion of the lung-expressed IncRNA gene LINCO1081
(Fig. 1A). In this ~5 kb-large interval, we have described
previously four rare non-coding SNVs mapping in trans to
heterozygous pathogenic SNV and CNV deletions involving
FOXF1 and/or its enhancer, that, likely acting as hyper-
morphs, might have ameliorated the lethal ACDMPV
phenotype. Interestingly, Unit 2 was also reported to
exhibit features of differential CpG methylation (SNP
rs1621902)” and partially overlaps ChIP-seq-determined
TBX4 binding region (Fig. 1A). Moreover, it features puta-
tive allelic differences of the H3K27Ac profile and the
presence of two differentially methylated regions (Fig. 1A).
Using methylation-sensitive restriction digestion, we have
determined that the region neighboring rs1621902 is
methylated stronger on the paternal chr16q24.1 (Fig. S9).

Previously, we have proposed that FOXF1 locus may be
responsible for key features of the maternal uniparental
disomy 16, UPD(16), phenotype.® In contrast to phenotyp-
ically benign paternal UPD(16), patients with maternal
UPD(16) sometimes manifest features observed in ACDMPV,
including heart defects, pulmonary arterial hypertension,

tracheoesophageal fistula, gut malrotation, absent gall-
bladder, renal agenesis, hydronephrosis, imperforate anus,
and single umbilical artery.” This suggests that the stronger
paternal enhancer may also act more ubiquitously than its
maternal allele which may be more lung-specific. Corrob-
oratively, the full lethal ACDMPV phenotype associated
with CNV deletions on paternal chr16q24.1 in patients 122.3
and 204.3 and milder ACDMPV phenotype in the longer
surviving patient 99.3 (who had lung transplantation) with a
larger-sized CNV deletion on maternal chr16q24.1 (Fig. 1,
S1) suggest that Unit 1 may act as a stronger lung enhancer
on paternal chr16q24.1. According to the "seesaw” mech-
anism, higher methylation level of the 660UCR on paternal
chr16g24.1 would favor binding of enhancerous EP300
through the exclusion of H3K4me3 methylases, whereas
lower methylation of maternal allele of the LINCO1082
regulatory interval in Unit 1 might increase expression of
LINCO1082 and thus suppress FOXF1. In contrast, the asso-
ciation of CNV deletion on maternal chromosome 16g24.1 in
patient 144.3 (Fig. 1, S1) with full ACDMPV implies Unit 2
acting as a stronger lung enhancer on maternal chromo-
some 16q24.1.

In conclusion, we propose that two ultra-conserved
intervals of the FOXF1 enhancer, 660UCR and 1000UCR,
the latter overlapping the IncRNA genes LINCO1082 and
RP11-805124.3, form Unit 1 that plays an essential role in
human lung development. We propose that this unit acts
as a stronger FOXF1/FENDRR enhancer on the paternal
copy of chromosome 16q24.1 whereas Unit 2, with the
typical chromatin epigenetic features of an active
enhancer, may play a modifier role and act as a stronger
lung enhancer on the maternal copy of chromosome
16g24.1. Moreover, the ultra-conserved non-coding
enhancer intervals, especially those within Unit 1, can be
traced down to lungfish, coelacanth (sarcopterygians) and
even spotted gar (actinopterygians), suggesting that their
appearance in fishes might have been one of important
steps in lung evolution.
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