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Abstract

Haploinsufficiency of FOXF1 causes an autosomal dominant neonatally lethal lung disorder,

Alveolar Capillary Dysplasia with Misalignment of Pulmonary Veins (ACDMPV). We identified

novel 0.8-kb deletion within the 1.4-kb intron of FOXF1 in a deceased newborn diagnosed with

ACDMPV. The deletion arose de novo on the maternal copy of the chromosome 16, and did not

affect FOXF1 minigene splicing tested in lung fibroblasts. However, FOXF1 transcript level in the

ACDMPV peripheral lung tissue was reduced by almost 40%. We found that, in an in vitro

reporter assay, the FOXF1 intron exhibited moderate transcriptional enhancer activity, correlating

with the presence of binding sites for expression regulators CTCF and CEBPB, whereas its

truncated copy, that lost major CTCF and CEBPB binding sites, inhibited the FOXF1 promoter.

Our data further emphasize the importance of testing the non-protein coding regions of the

genome currently not covered by diagnostic chromosomal microarray analyses or whole exome

sequencing.
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Alveolar Capillary Dysplasia with Misalignment of Pulmonary Veins (ACDMPV; MIM#

265380) is a lung lethal developmental disorder manifesting in newborns with severe

respiratory distress, pulmonary hypertension, and characteristic histological features:
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reduced number of capillaries that are improperly position within the walls of alveoli and

thickening of muscle tissue of pulmonary arteries [Bishop et al., 2011]. Heterozygous point

mutations and genomic deletions of FOXF1 (MIM# 601089) have been causatively linked to

ACDMPV [Sen et al., 2013; Stankiewicz et al., 2009; Szafranski et al., 2013]. FOXF1

encodes a member of the FOX transcription factor family that shares a winged helix/

forkhead DNA-binding domain, and is expressed predominantly in mesoderm-derived

tissues of developing lung and other intestine-derived organs. Foxf1−/− homozygous mice

die in utero by E10 due to defects in mesoderm differentiation and cell adhesion and

approximately half of Foxf1+/− mice die from pulmonary insufficiency [Kalinichenko et al.

2001].

Regulation of FOXF1 expression is far from being understood. The FOXF1 promoter

resides in a large CpG island, does not contain a TATA box, and is apparently under control

of tissue specific cis-acting enhancer and suppressor DNA elements and long non-coding

RNAs (lncRNAs) [Khalil et al., 2009; Szafranski et al. 2013]. Recently, we identified a

distant enhancer of FOXF1 that likely functions by juxtaposing GLI-binding sites located

about 250 kb upstream of FOXF1 with the FOXF1 promoter, and contributes to its

suggested incomplete paternal imprinting in the human lungs [Szafranski et al., 2013].

Here, we sequenced the FOXF1 exons and intronic splice sites amplified from DNA isolated

from FFPE lung specimen of a deceased newborn diagnosed with ACDMPV (Fig. 1A,B,

and Supp. Materials and Methods) and did not find any causative mutation. Subsequent

custom-designed high-resolution chromosomal microarray analysis (CMA) revealed a small

0.8 kb deletion located deep within the single FOXF1 intron (Fig. 1C-E). This deletion was

absent in the FOXF1 intron amplified from 25 randomly chosen DNA samples representing

general population and was not found in the Database of Genomic Variants.

We sequenced the proximal breakpoint of the deletion at chr16:86,545,490/86,545,491 and

the distal breakpoint at 86,546,265/86,546,266 (GRCh37/hg19) (Fig. 1D). We did not find

any microhomology at the breakpoint regions, or a recombination-associated motif,

CCNCCNTNNCCNC, within 500 bases upstream and downstream of the breakpoints. Of

interest, the breakpoints were located in regions exhibiting an increased GC content (Supp.

Fig. S1).

We did not find any evidence of low-level somatic mosaicism in the parental blood samples

using PCR with primers amplifying the proband-specific junction fragment. Thus, the

deletion likely arose de novo (Fig. 1E). Consistent with all other reported deletions in

patients with ACDMPV [Sen et al. 2013; Stankiewicz et al., 2009; Szafranski et al., 2013],

this 775 bp deep intronic deletion arose on the maternal chromosome (Supp. Fig. S2).

We measured by qPCR the relative expression of FOXF1 using RNA from the patient's

FFPE lung tissue, normal lungs, and normal fetal lung fibroblasts IMR-90 (Supp. Materials

and Methods, Supp. Fig. S3). Notably, FOXF1 expression in the patient's lungs was reduced

by 37% when compared to IMR-90 cells and normal fetal lungs, raising a question whether

the deletion compromised the efficiency or pattern of FOXF1 splicing, leading to less stable
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mRNA, or it affected a transcription regulatory element that may be located within the

FOXF1 intron.

To determine whether the intronic deletion affected FOXF1 splicing, we generated the

pcDNA3 plasmid-based minigene expression constructs containing either wildtype FOXF1

intron or the truncated intron with the flanking exon sequences, and transiently introduced

them into the human fetal lung fibroblasts, IMR-90, and peripheral blood lymphoblasts

(Supp. Materials and Methods). The junction between exons 1 and 2 was amplified from

cDNA prepared using RNA isolated from the transfected cells. We found that the splicing

pattern and the amount of FOXF1-minigene mRNA in fetal lung fibroblasts were not

affected by the intronic deletion (Fig. 2A). Lack of difference in FOXF1-minigene transcript

levels from the constructs with normal and truncated intron was verified by qPCR with

pcDNA3 AmpR gene used as an internal control. This result was not surprising since the

deletion did not remove any of the essential splice sites, and the size of the remaining part of

the intron did not place structural constrains on the intron that might interfere with its

splicing [Wang et al., 2002]. Thus, an aberrant splicing could not be responsible for the

almost 40% decrease of FOXF1 expression. In lymphoblasts that do not express endogenous

FOXF1, we observed a retention of the truncated intron in about 10% of the FOXF1-

minigene transcript (Supp. Fig. S4 and S5A).

We then hypothesized that FOXF1 intron might harbor a regulatory element controlling the

FOXF1 promoter. To verify this hypothesis, we generated the luciferase reporter constructs

containing FOXF1 promoter adjacent to firefly luciferase reporter gene either alone or

together with the FOXF1 complete intron, its deleted part, or truncated intron, and

transiently transfected them into the lung fibroblasts, IMR-90 (Fig. 2B, and Supp. Materials

and Methods). We found that both the entire intron and its deleted part increase transcription

from the FOXF1 promoter ∼2.5 times. Surprisingly, the ACDMPV truncated intron not only

lost its putative transcriptional enhancer potential, but it behaved in our in vitro assay as a

suppressor of the FOXF1 promoter.

To shed more light on the structure and function of the identified putative FOXF1 intronic

enhancer, we searched the ENCODE database for the presence in the FOXF1 intron of

epigenetic marks associated with active chromatin and transcription factor binding. First, we

queried the datasets generated in fetal lung fibroblasts, IMR-90, the same that we used in our

assays, as well as in other cell lines for histone modifications. We found that IMR-90, but

not other tested cell lines, are positive in the FOXF1 intron for H3K4Me3 and H3K27Ac

active chromatin marks that were overlapping with the DNaseI hypersensitive sites (Fig.

1C). The H3K4Me3 chromatin mark is mainly present around the active promoters and

other regulatory elements in the vicinity of the transcribed regions, and H3K27Ac is a

general mark for open chromatin.

We also analyzed the ChIP-seq datasets for the evidence of transcriptional regulator binding

within the FOXF1 intron. We found several transcription regulators with strong binding

signals mapping to the FOXF1 intron in IMR-90 but not in other cells (Fig. 1C). We further

focused on two of them, CTCF and CEBPB, because of their crucial involvement in

chromatin folding and transcription enhancer function, as well as in lung development. Both
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factors exhibit the strongest intronic ChIP-seq signal within the part of the FOXF1 intron

that was deleted in our patient ACDMPV and a weaker signal in the remaining portion of

the intron (Fig. 1C). For both transcriptional regulators, their ChIP-seq-detected binding

regions overlap with the bioinformatically predicted binding sequences (Supp. Fig. S5A,B).

Moreover, they exhibit apparently tissue-specific binding pattern along the FOXF1 intron.

Of the two binding sites for each CTCF and CEBPB, one is occupied in fetal lung

fibroblasts, the other one in embryonic stem cells, and none of them interacts with CTCF

and CEBPB in lymphocytes.

CTCF insulator loops have been shown to have a positive effect on enhancer-mediated gene

expression [Mishiro et al., 2009], and many of the CTCF-mediated long-range interaction

sites coincide with transcriptional enhancers and promoters [Handoco et al., 2011].

Interestingly, the expression of CEBPB is significantly increased in the lungs when

compared with other organs (http://biogps.org), and CEBPB has been shown recently to

bind to intronic enhancer of the ABCC6 gene and mediate looping interaction that juxtaposes

this enhancer with the ABCC6 promoter [Ratajewski et al., 2012]. We propose that similar

interaction could take place in human fetal lung cells expressing FOXF1. For instance, direct

interaction between CTCFs bound within the FOXF1 promoter region (http://

genome.ucsc.edu) and the FOXF1 intron would result in chromatin looping that would

juxtapose intron-bound CEBPB and the promoter, thus facilitating interactions of CEBPB-

bound transcription regulators and PolII transcription complex (Supp. Fig. S6). Additional

support for this model comes from the ChIP-seq data on PolII binding sites in the FOXF1

region (http://genome.ucsc.edu). ChIP-seq signals of PolII at 16q24.1 suggest close spatial

proximity of PolII and FOXF1 intron, especially around the CTCF binding sites detected in

IMR-90 cells, but not in other cell types. Of interest, it seems possible that this intronic

transcriptional enhancer switched from a positive to a negative regulator of the FOXF1

promoter following deletion of its major CTCF and CEBPB binding sites. We propose that

CTCF, bound at the remaining minor CTCF-binding site within the intron, may interact with

promoter-bound CTCF, resulting in promoter suppression, or promoter-bound CTCF

interacts with other that intron-bound CTCF molecules, resulting in altered chromatin

architecture around the promoter that suppresses its activity.

Bioinformatics analyses of human gene introns revealed that the first introns are often

enriched in TATA, CAAT and GC boxes, suggesting that they might be involved in

transcriptional regulation (Li et al., 2012). However, reports of pathogenic point mutations

or CNVs deep within introns are rare, likely because currently used diagnostic assays (e.g.

exon sequencing, CMA) do not systematically interrogate non-coding genomic regions. The

majority of the reported pathogenic intronic deletions were shown to affect RNA splicing

either through removal of the existing splice sites or generation of new sites [Khelifi et al.,

2011] or by imposing size constrains on the truncated introns [Peral et al., 1995; Wang et al.

2002]. Some of the most recent discoveries of intronic regulatory elements interfering with

transcription of the disease-associated genes include finding of a deletion within COL6A2

gene that caused loss of the expression of the affected allele, likely due to abolishment of a

cis-acting regulatory element or loss of the genomic configuration around the promoter

region [Bovolenta et al., 2010], observation that ABCC6 expression was regulated by
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CEBPB binding within the ABCC6 first intron [Ratajewski et al., 2012], and finding that

SLC22A5/OCTN2 expression was controlled by an intronic enhancer containing an estrogen-

responsive element [Wang et al., 2012].

Our identification of the first deep intronic deletion in FOXF1 that likely disabled an

intronic enhancer of the FOXF1 promoter expands the list of the putative intronic regulators

of promoter activity that have been compromised in human diseases. It also further

emphasizes the importance of analyzing intronic and other non-coding genomic regions to

provide comprehensive diagnostic tests for ACDMPV and other disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of the FOXF1 deep intronic deletion and the associated phenotype. A, B:

Histopathology of the ACDMPV case. A: Pulmonary artery with a wall thickened by

increased medial smooth muscle (double arrow) and associated with a malpositioned vein

(asterisk); H&E, 40×. B: Simplified lobular architecture with paucity of capillary properly

located near the alveolar epithelium, presence of dysplastic dilated capillary in the

interstitium (arrow) and peripheral thickened artery accompanied by malpositioned vein

(arrowhead); H&E, 20×. C: Regulatory potential of the FOXF1 intron. Deleted part of the

intron is marked in red. Abbreviations: LF, normal fetal lung fibroblasts, IMR-90; NB,

normal B-lymphocytes; CB, leukemia mesodermal cell line; ES, embryonic stem cells; CpG,

CpG islands; DNaseI, DNaseI hypersensitive sites. ChIP-seq data for transcription

regulators other than CTCF and CEBPB were obtained using LF (top ribbon) and NB cells

(bottom ribbon) with the exception of RAD2 for which they were obtained from LF and ES
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cells. Histone modification mark for seven cell lines from ENCODE shows H3 acetylation

and tri-methylation at lysine 4 in normal fetal lung fibroblasts, but not other tested cell lines.

ChIP-seq signal for CTCF, CEBPB, and other transcriptional regulators (ENCODE) shows

preferential interaction and/or unique pattern of interaction of these polypeptides with the

FOXF1 intron in fetal lung fibroblasts. D: Chromatopherogram of the DNA sequence across

the deletion breakpoints. The RefSeq transcript used was NM_001451.2 and the mutation

was named as g.1358_2133del776 or g.[1_1357del;2134_3938del], following the standard

human sequence variant nomenclature using Mutalyzer program (http://www.lovd.nl/

mutalyzer/). E: PCR amplification of the normal (n) and truncated (d) copies of the FOXF1

intron from genomic DNA.
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Figure 2.
Functional analysis of the deletion. A: Splicing pattern of FOXF1 minigenes, cloned into

pcDNA3, bearing normal and truncated copies of the FOXF1 intron. Boxes 1 and 2

correspond to intron-flanking regions of the FOXF1 exon 1 and 2, respectively. The 0.4 kb

band represents RT-PCR product of correctly spliced mRNA of minigenes from plasmids

transfected into human fetal lung fibroblasts. PCR primers were partially homologous to the

MCS of the pcDNA3 vector to prevent amplification of cDNA from the FOXF1 endogenous

transcript. B: Regulation of the FOXF1 promoter activity by different intronic regions

cloned upstream of the FOXF1 promoter in pGL4.10 vector in fetal lung fibroblasts. The

boxes in the plot cover percentiles 25-75 and the bar within each box represents the median.

Mann-Whitney P values are shown for indicated comparisons next to the box-plot.
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