Karolak et al. Respir Res (2021) 22:26
https://doi.org/10.1186/512931-021-01617-y

Respiratory Research

RESEARCH Open Access

Potential interactions

=

Check for
updates

between the TBX4-FGF10 and SHH-FOXF1
signaling during human lung development

revealed using ChlP-seq

Justyna A. Karolak'?, Tomasz Gambin'?, Przemyslaw Szafranski' and Pawet Stankiewicz'”

Abstract

Background: The epithelial-mesenchymal signaling involving SHH-FOXF1, TBX4-FGF 10, and TBX2 pathways is an
essential transcriptional network operating during early lung organogenesis. However, precise regulatory interactions
between different genes and proteins in this pathway are incompletely understood.

Methods: To identify TBX2 and TBX4 genome-wide binding sites, we performed chromatin immunoprecipitation
followed by next-generation sequencing (ChIP-seq) in human fetal lung fibroblasts IMR-90.

Results: We identified 14,322 and 1,862 sites strongly-enriched for binding of TBX2 and TBX4, respectively, 43.95%
and 18.79% of which are located in the gene promoter regions. Gene Ontology, pathway enrichment, and DNA bind-
ing motif analyses revealed a number of overrepresented cues and transcription factor binding motifs relevant for
lung branching that can be transcriptionally regulated by TBX2 and/or TBX4. In addition, TBX2 and TBX4 binding sites
were found enriched around and within FOXFT and its antisense long noncoding RNA FENDRR, indicating that the
TBX4-FGF10 cascade may directly interact with the SHH-FOXF1 signaling.

Conclusions: We highlight the complexity of transcriptional network driven by TBX2 and TBX4 and show that disrup-
tion of this crosstalk during morphogenesis can play a substantial role in etiology of lung developmental disorders.
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Background

Transcription factors (TFs) are essential proteins regulat-
ing gene activity through sequence-specific DNA bind-
ing. Coordinated cooperation between multiple TFs is
critical for the specificity and maintenance of different
cell types during development, including formation of the
respiratory tree [1]. The initial stages of lung organogen-
esis rely mainly on epithelial-mesenchymal crosstalk con-
trolled by diverse TF families [2] and include the Sonic
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hedgehog—Forkhead box protein F1 (SHH-FOXF1) and
T-box transcription factor 4—Fibroblast growth factor 10
(TBX4-FGF10) signaling pathways [3].

FOXF1 (MIM# 601089), a member of the Forkhead Box
family of TFs, is an important target of the SHH signal-
ing [4]. The transcriptional activation of FoxfI in mice
has been shown to be induced through the SHH-reg-
ulated GLI TFs [5]. In humans, transcription of FOXFI
on 16q24.1 is strongly regulated by a distant lung-spe-
cific enhancer located ~270 kb upstream to FOXFI [6].
Heterozygous copy-number variant (CNV) deletions of
FOXFI and/or their upstream regulatory region or point
mutations in FOXFI have been reported in patients with
a lethal lung developmental disorder (LLDD), alveolar
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capillary dysplasia with misalignment of pulmonary
veins (ACDMPV; MIM# 265380) [7]. FoxfI heterozygous
knockout mice die at the early embryonic stage due to
primarily lung developmental defects [5, 8]. Interestingly,
homozygous loss of the Foxf1 antisense long non-coding
RNA (IncRNA) gene, FOXF1 adjacent non-coding devel-
opmental regulatory RNA (FENDRR, MIM# 614975) has
also been demonstrated to be perinatal lethal due to mul-
tiple abnormalities of heart, lung, and gastrointestinal
tract [9, 10].

Recently, the T-box transcription factor 2 (TBX2) and
TBX4 TFs, and the ligand FGF10, known to be regulated
by SHH epithelial-mesenchymal signaling during lung
development [11, 12], have been associated with LLDDs
other than ACDMPV. Heterozygous single nucleotide
variants (SNVs) in TBX4 (MIM# 601719) or CNV dele-
tions involving TBX4 and its neighboring TBX2 (MIM#
600747) on 17q23.2 have been described in newborns
with acinar dysplasia (AcDys), congenital alveolar dys-
plasia (CAD), or other primary pulmonary hypoplasias
in newborns [13-15]. In support of this notion, homozy-
gous loss of Thx2 or Thx4 in mice results in reduced
lung branching [12, 16]. Heterozygous SNVs in TBX4
and CNV deletions involving TBX4 and TBX2 have been
reported also in pediatric and adult patients with pulmo-
nary arterial hypertension (PAH) [17, 18], ischiocoxopo-
dopatellar syndrome (MIM# 147891), and developmental
delay, heart defects, and limb abnormalities [19]. The
observed extrapulmonary anomalies likely result from
disruption of the TBX2/TBX4 pathway as these genes
are widely expressed, including heart and limbs [20, 21].
Recently, homozygous variants involving T7BX4 have been
associated with posterior amelia with pelvic and pulmo-
nary hypoplasia syndrome (MIM# 601360). Decreased
levels of Thx4 and T-box transcription factor 5 (7bx5)
have been shown to suppress Fgf10 expression in devel-
oping murine lung, suggesting that FgfI0 is likely a down-
stream target of TBX4 [16]. Corroboratively, homozygous
Fgf10 knockout is neonatal lethal due to complete disrup-
tion of branching morphogenesis [22] and heterozygous
SNVs or CNV deletions involving FGF10 on 5p12 have
been found in newborns with AcDys, CAD, or other pul-
monary hypoplasias [15]. Interestingly, heterozygous var-
iants in FGF10 have been described previously in patients
with milder phenotypes—aplasia of lacrimal and salivary
glands (MIM# 180920) and lacrimo-auriculo-dento-digi-
tal syndrome (MIM# 149730).

Even with recognizing these members of the tissue-
specific transcriptional network operating during early
lung development, precise regulatory interactions
between different TFs and their target genes in develop-
ing human lung are incompletely understood. In these
studies, we examined a genome-wide distribution of the
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TBX2 and TBX4 binding sites in human fetal lung fibro-
blasts IMR-90 using chromatin immunoprecipitation fol-
lowed by next-generation sequencing (ChIP-seq).

Methods

Cell culture

Human fetal lung fibroblasts IMR-90 (ATCC, Manas-
sas, VA, USA) were cultured in Eagle’s Minimal Essential
Medium (ATCC) supplemented with 10% fetal bovine
serum (ATCC) and 1% Penicillin-Streptomycin mixture
(100 units/ml) at 37 °C in a humidified atmosphere con-
taining 5% CO,. IMR-90 cell line derives from the lungs
of a 16-week fetus and has been used widely in various
studies aiming to identify the regulatory elements in the
human genome, e.g. ENCODE and Roadmap. Since lung
autopsy tissue does not offer best quality specimen and
weeks 8-17 of gestation are crucial for lung branching,
we elected this cell line was the most optimal system to
study mechanistically TBX2 and TBX4 regulation during
human lung development [12, 16].

Chromatin immunoprecipitation and next-generation
sequencing (ChIP-seq)

Chromatin immunoprecipitation was done using the
EZ-Magna ChIP™ A/G kit (Merck-Millipore, Burling-
ton, MA, USA). Briefly, intact cells were fixed using 1%
formaldehyde (Sigma-Aldrich, St. Louis, MO, USA), fol-
lowed by cell and nuclear lysis, according to the manufac-
turer’s instructions. Cross-linked DNA was then sheared
to~200-1000 bp fragments using Q125 Sonicator
(Qsonica, Newtown, CT, USA) with the following pulse
mode settings: 10 s with 50 s cooling, amplitude 30%, 8
cycles. DNA/protein complexes were immunoprecipi-
tated overnight using antiTBX2 (D-3) X and antiTBX4
(F-12) X antibodies (Santa Cruz Biotechnology, Dallas,
TX, USA). Mouse IgG antibody (Merck-Millipore) was
used as a negative control. Protein-DNA immune com-
plexes and input DNA (cross-linked and sonicated but
not immunoprecipitated sample) were decross-linked,
and deproteinized according to the manufacturer’s pro-
tocol. DNA was extracted using a spin filter column
(Merck-Millipore). The sequencing and generation
of short DNA reads were carried out at CloudHealth
Genomics (Shanghai, China) using the HiSeqX platform
(Ilumina, San Diego, CA, USA).

ChIP-seq data analyses

FASTQ files were processed using bcbio chip-seq pipe-
line that includes adapter trimming with atropos, map-
ping with bwa mem (v. 0.7.17), and peak calling with
MACS2 (v. 2.2.6). Obtained peaks were further ana-
lyzed using ChipSeeker R package [23] and custom R
scripts. Enriched peaks were annotated to the nearest
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ENSEMBL Release 100 (April 2020) gene and gene bio-
types extracted using Biomart data mining tool [24].

Comprehensive motif analyses

The MEME-ChIP within MEME Suite 5.1.1 [25] was used
to determine novel long (up to 30 nt; MEME tool) and
short (up to 8 nt; DREME tool) overrepresented DNA
binding motifs in the TBX2 and TBX4 peaks, and analyze
them for similarity to the known binding motifs (TOM-
TOM tool). The software was run for 100 nt sequences
from a peak summit using default parameters. The AME
tool was implemented to identify known motifs that
show enrichment for particular location within TBX2
and TBX4 peak summits.

Functional enrichment analyses

Functional annotation of the neighboring genes associ-
ated with the ChIP-seq peaks for TBX2 and TBX4 was
determined by Gene Ontology (GO) enrichment analyses
[26, 27] using PANTHER online tool [28]. The GO terms
with a corrected p-value<0.05 (FDR) were considered
significantly enriched. The overrepresentation analysis
of molecular pathways among genes surrounding TBX2
and TBX4 peaks was implemented using the Consensus-
PathDB tool [29]. Only pathways with p-value <0.05 and
sharing at least two genes with the ChIP-seq gene sets
were analyzed.

Intersection of TBX2 and TBX4 peaks with known
super-enhancers for IMR-90

Bedtools ‘Intersect intervals’ tool in Galaxy (Version
2.29.0) platform [30] were used to compare the positions
of enriched peaks identified for TBX2 and TBX4 with
known super-enhancers intervals, previously detected in
IMR-90 cells [31].

Results

TBX2 and TBX4 target genes in human fetal lung
fibroblasts

To detect the binding sites for TBX2 and TBX4 in IMR-
90 cells, chromatin was immunoprecipitated with their
antibodies followed by sequencing of both samples along
with DNA from the non-immunoprecipitated input. A
total of 10,958,104, 8,191,590, and 2,958,900 aligned frag-
ments were identified for TBX2, TBX4, and input DNA,
respectively. After data normalization, 14,322 and 1862
strongly-enriched binding sites with a 150 bp peak size
for TBX2 and TBX4 were detected (Additional file 1),
including 991 overlapping intervals.

Genomic annotations of TF binding peaks identified for
both TFs were analyzed and compared along the human
genome to determine whether TBX2 and TBX4 interact
with different regions. The genomic locations of enriched
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peaks, annotated to the most proximal transcription start
site (TSS), showed a wide distribution pattern (Fig. 1).
In total, 43.95% of TBX2 binding sites were located near
gene promoters (including 32.26% sites mapped< =1 kb
to the TSS) and 24.59% sites were located in intergenic
regions, while 18.04%, 8.54%, and 4.87% map to introns,
exons, and untranslated regions (UTRs), respectively
(Fig. 1). Conversely, the majority of TBX4 binding sites
were mapped to intergenic intervals (38.32%) followed by
introns (33.58%), near-promoter regions (18.79%, includ-
ing 11.65% sites mapped <1 kb to the nearest TSS), exons
(6.01%), and UTRs (3.31%) (Fig. 1).

TBX2 and TBX4 binding peaks annotated to the near-
est gene, classified according to the ENSEMBL biotypes,
revealed that some genes have more than one TBX2 or
TBX4 binding sites. Among the 14,322 enriched peaks
detected for TBX2, 7346 different genes were identified;
85.04% of them are protein genes, 6.26% IncRNAs, 6.09%
miRNAs, 2.02% pseudogenes, and 0.59% other RNA bio-
types, including miscRNAs, scaRNAs, snoRNAs, snR-
NAs, and rRNAs (Additional file 2). Similarly, 1862 TBX4
binding sites were annotated to 1456 different genes,
including 83.37% protein coding genes, 6.23% IncRNAs,
6.30% miRNAs, 3.44% pseudogenes, and 0.66% genes
classified as other RNA biotypes (Additional file 2).

Overrepresentation of novel and known TF binding sites
within enriched peaks for TBX2 and TBX4

The analysis of the binding motifs for TBX2 revealed sev-
eral overrepresented novel sequences (Table 1), includ-
ing TWYTYKGKAKKYTKAGKCRRGASRRTGKCK,
TGCAGTGGCGCGATCTCGGCTCACTGCAAG,
and CTGGGMAGTGAGGRGCKYMKCWSCCSG
found in 257, 156, and 469 of the TBX2 peaks, respec-
tively. Amongst the relatively short motifs, the most sig-
nificant were CNGGRA, CTCCWCAC, and AATGGC
GT observed in 13,048, 901, and 193 TBX2 peaks. The
detected sequences matched several known binding
motifs, including, MA0806.1 (TBX4), 0144.2 (STAT3),
MA1100.1 (ASCL1), MAO0830.1 (TCF4), MA0690.1
(TBX21), and MAO0807.1 (TBX5). The most enriched
known motifs detected within the 100 nt TBX2 peak
summits were MA0497.1 (MEF2C), MAO0136.2 (ELF5),
and MA1122.1 (TEDP1) (Additional file 3).

Similar analyses performed for TBX4 revealed six long
overrepresented novel motifs, including TCCMWYRG-
MTTGSRRKGARRTGTRGAGGRA, GCCGGGCAG
AGRCGCTCCTCACYTCC, and GGGCAGTGAGGG
GCTTAGCACCYGGGCCA as the most significant
ones found in 61, 47, and 36 peaks, respectively (Table 2).
Amongst the short motifs, the most significant were
CNGGRA, GGTKTGGA, and GCCTCTSC overrepre-
sented in 1753, 75, and 172 TBX4 peaks. A comparison
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Fig. 1 Genome-wide annotation of TBX2 and TBX4 binding sites in IMR-90 cells. a Pie charts showing the distribution of the TBX2 (left panel) and
TBX4 (right panel) binding sites according to peak location across different genomic regions in the human genome. b Distribution of TBX2 (left
panel) and TBX4 (right panel) binding sites relative to the nearest transcription start site (TSS) across the human genome
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of the identified novel motifs with the known TF bind-
ing sequences revealed that they matched the consen-
sus binding of other TFs, including MA0690.1 (TBX21),
MAO0688.1 (TBX2), and MA0689.1 (TBX20).

The enrichment results for the known motifs within
TBX4 binding sites were the strongest for MA1116.1
(RBPJ), MA1122.1 (TFDP1), and MAO0138.2 (REST)
(Additional file 3).

Transcriptional regulation of genes involved in lung
development

To identify the functional annotations of genes located in
the close proximity to the ChIP-seq peaks, 7346 and 1456
genes for TBX2 and TBX4, respectively, were subjected
to the GO enrichment analyses. We found 675 enriched
GO terms for TBX2 and 96 for TBX4 (Additional file 4).
For both TF gene sets, the most overrepresented GO bio-
logical processes included multicellular organism and
anatomical structure development (Fig. 2). Within GO
molecular function, the most enriched ones were associ-
ated with protein or nucleic acid binding and transcrip-
tion regulatory activity for TBX2 (Fig. 2), and channel
activities and nucleic acid binding for TBX4 (Fig. 2).

Overrepresentation analyses of the molecular pathways
among the enriched ChIP-seq peaks were carried out
to understand the high-level functions of the identified
genes. Numerous significantly overrepresented pathways
were detected, several of which are related to lung devel-
opment (Additional file 5). Prominent pathways associ-
ated with TBX2 in IMR-90 cells include Wnt signaling,
axon guidance, VEGFA-VEGFR?2 signaling, Notch sign-
aling, and hedgehog signaling. The Wnt signaling, axon
guidance, and differentiation pathways were enriched for
TBX4.

Of note, the significant enrichment of the TF bind-
ing sites was identified in regions located within or near
the components of the known TBX4-FGF10 signaling,
including TBX2, TBX4, TBX5, BMP4 (TBX2), WNT2,
and SPRY2 (TBX4). In addition, TBX4 binding sites were
found in the FOXF1 and FENDRR lung-specific core
enhancer interval (Fig. 3a). Both TBX2 and TBX4 bind-
ing sites were enriched within FENDRR, and TBX2 bind-
ing sites within the FOXFI intron and around 3'UTR of
FOXF1 (Fig. 3b). Schematic depiction of TBX4-FGF10
and SHH-FOXF1 signaling regulating branching mor-
phogenesis is presented in Fig. 4.
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Table 1 The significant motifs (E-value <0.05), found for the TBX2 peaks using the MEME and DREME programs, are
clustered by similarity and ordered by E-value
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Intersection of the detected peaks with known super-
enhancer intervals previously identified in IMR-90 cells
showed 544 and 19 overlapped regions for TBX2 and
TBX4.

Discussion

The molecular pathways that control each of the five
histologically-defined stages of lung organogenesis have
been extensively analyzed [3, 32]. However, the unique
crosstalk between TFs and genes implicated in lung for-
mation is still poorly understood.

The ChIP-seq analyses revealed 14,322 and 1862
potential targets for TBX2 and TBX4 across the human
genome in IMR-90 cells, including 991 binding sites
shared by both of them. The annotation of the TBX2
and TBX4 peaks to the most proximal TSS showed a
distinct biding pattern. The association of TBX2 with
chromatin may have a most important role at gene pro-
moters and distal intergenic regions. In contrast, TBX4
interactions are most prominent within intergenic
regions away from genes and intronic intervals. The
results of annotation of enriched peaks to the nearest
gene classified based on gene biotype suggest that both
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Table 2 The significant motifs (E-value <0.05), found for theTBX4 peaks by the MEME and DREME programs, are

clustered by similarity and ordered by E-value

e Number Motifs with the most
Discovered motif value of sites Width Consesnus significant matches to
the discovery motif
1.1e- 61 30 TCCMWYRGMTTGSRRKGARRTGTRGAGGR | MA0689.1 (TBX20
1 ; 158 A MAQ528.1 (ZNF263
5.9e-
2 H 116 47 26 GCCGGGCAGAGRCGCTCCTCACYTCC
96 MAQ657.1 (KLF13
.6e-
3 H 121 36 29 GGGCAGTGAGGGGCTTAGCACCYGGGCCA MA0467.1 (Crx
X MA0648.1 (GSC
1.4e-
4 2 110 30 25 CGGGCAGAGGSGCTCCTCACWTCYC
3.4e-
5 2 T 101 41 30 CGAKTTCTCGCCRGGCYTYAGCYKCCTYCY MAQ527.1 (ZBTB33
AT I
SRR TAS e = c2 s n R 3 ® ®
1.6e-
6 093 40 30 TTCYWTTYSAKTCHWTTYCWTTCSAKTCCA
2.3e-
7 2 014 1753 6 CNGGRA MA1116.1 (RBPJ
MA0690.1 (TBX21
MA0802.1 (TBR1
9.8e- MA0689.1 (TBX20
8 - 75 8 GGTKTGGA
b 011 MA0688.1 (TBX2
mee R he e MAQ039.3 (KLF4)
MA0800.1 (EOMES)
MA0493.1 (KIf1
MA1107.1 (KLF9)
2
2 e 1100 8 GCCTCTSC
9 ® C 009
o
2 13 MAO0670.1 (NFIA)
3e-
10 £ T CTAA 007 42 8 GGTGCTAA MAQ138.2 (REST;
ChA S A S LA MA0671.1 (NFIX)
2
2.3e-
11 i C 007 104 8 GTGGGCTY MAQ738.1 (HIC2
A B | N'[
1.4e-
12 gﬁ C 006 149 8 CGGGGCYG
2.1le- MA0521.1 (Tcf12
13 £ 338 7 CTSCAGC
005 MA0500.1 (Myog

TFs may control not only protein coding genes but also
non-coding RNAs, including IncRNAs. These findings
are important, particularly due to the relevance of non-
coding RNAs in lung development [33].

The functional classification of genes overlap-
ping TBX2- and TBX4-binding peaks indicated that

significant biological processes and molecular functions,
including multicellular organism development, devel-
opmental process, and anatomical structure develop-
ment as well as nucleic acid binding, can be regulated by
TBX2 and TBX4. Interestingly, further analyses of the
genes overlapping the identified peak intervals revealed
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” 2.9e-
14 £ 110 8 CCSGAGCC
c 004
26 MA0748.1 (YY2)
.be-
15 £ T c 003 103 7 ATGGYGG MA0095.2 (YY1)
ALSTTEN MA1109.1 (NEUROD1
» 2.7e-
16 £ 100 8 RCTCCTCA MAO0140.2 (GATAL::TAL1)
003
A
3.2e-
17 - 68 6 AATAVA
. 003
2
2 364 8 CCCATCGW
=1
18 H -I!\- 003
3 62 MA0625.1 (NFATC3)
.2e-
19 21 AAT AA 003 72 8 GAATGGAM MAO0606.1 (NFATS5)
JYIMYE YT < MA0624.1 (NFATC1
.
a 6.2e-
20 S 26 8 GCAGCTAA
003
e Qo e w o~
8.3e-
21 58 7 GCAAWGA
003
1.5e-
22 002 57 8 CACMCAGA MA0258.2 (ESR2)
2.3e-
23 25 7 AGTACAC
002
2.3e-
24 25 8 CCGAGATY
002
2.4e- MAO0865.1 (E2F8)
25 27 8 GYGAGAAA
002 MAQ758.1 (E2F7)
2.6e-
26 002 51 8 GTCCCCCA MA0748.1 (YY2)

enrichment for a number of pathways that interact with
each other and orchestrate lung development.

The Wnt signaling, enriched for both TFs, has a diverse
role in regulating cell functions during morphogen-
esis. The Wnt/B-catenin pathway orchestrates cell fate
decisions and differentiation of lung cells and is thus
required for lung development in utero [34]. In the post-
natal period, the Wnt signaling pathway controls both
lung tissue homeostasis and repair, and its disruption
leads to asthmatic remodeling or tissue fibrosis [35, 36].
Several animal studies revealed that modulation of the

Wnt pathway by gene knockouts resulted in early lethal-
ity often associated with impaired respiratory develop-
ment due to prevention of distal lung buds formation
[37]. Recently, we also reported variants in CTNNBI
and TBX4, encoding crucial members of the Wnt and
FGF signaling, in a newborn with abnormal lung growth,
PAH, severe microcephaly, and spasticity, suggesting that
mutations in these genes could act synergistically result-
ing in a lethal respiratory failure during the neonatal
period [38].
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Fig. 2 Gene ontology analysis of the genes located in close proximity to TBX2 and TBX4 binding sites. A bar chart of the most significant gene
ontology (GO) biological processes (blue) and molecular function (green) terms for genes that are located around enriched TBX2 (upper panel) and
TBX4 (bottom panel) binding
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Fig. 3 Schematic representation of FOXF1 and FENDRR locus on chromosome 16g24.1. The 16g24.1 region depicting a TBX4 (red) binding sites
within FOXFT and FENDRR lung-specific core enhancer interval and b TBX2 (blue) and TBX4 (red) binding sites within the FOXF1 and FENDRR locus
detected using ChIP-seq in IMR-90 cells. Input signals are shown in grey. Binding sites for both transcription factors partially overlap super-enhancer

Another identified pathway associated with lung bud
formation and enriched in TBX2 and TBX4 binding sites
in our analyses is axon guidance. Whereas genes involved
in this pathway were initially described in nervous system
as regulators of neural network formation, many recent
studies indicated an essential role of axon guidance in
regulating extracellular matrix interactions during mor-
phogenesis [39]. Axon guidance proteins, including sem-
aphorins or ephrins, act at early steps of lung branching
when they shape the architecture of the lung bud and are
also responsible for normal alveolar development [39].

Among the prominent pathways potentially regulated
by TBX2 in studied IMR-90 cells are VEGF and Notch
signaling, which control pulmonary vasculogenesis in

EPitheIiumU

Mesenchyme

Fig. 4 Schematic depiction of TBX4-FGF10 and SHH-FOXF1 signaling
regulating branching morphogenesis. Dark grey denotes epithelium
and light grey represents mesenchyme. Suggested regulation of
FOXF1 by TBX4 and TBX2 (solid lines) is based on TF binding pattern
detected in ChIP-seq experiment presented in this work. Interactions
between epithelial SHH and mesenchymal FOXF1 and FGF10 (dotted
lines) as well as T-Box TF and FGF10 (dashed lines) are proposed
based on the literature data [5, 16, 47]. Arrowheads indicate direction
of protein—protein interactions

fetal lungs [40, 41]. Interestingly, VEGF inhibition and
disruption of Notch signaling in mice were shown to
impair alveolarization [42, 43]. Deregulation of VEGF or
Notch signaling can result in PAH [44] and other respira-
tory diseases, including pulmonary fibrosis [45, 46].

In this study, one of the most significantly enriched
molecular pathways for TBX2 is SHH signaling. In mice,
SHH progressively limits lung bud outgrowth by down-
regulation of Fgfi0 expression in the distal mesoderm
[3]. On the other hand, SHH-induced Hhipl inhibits
SHH signaling and allows for local Fgfi0 expression and
bud development in lung branching zones [3]. Through
regulation of GLI processing in lung epithelium, SHH
also regulates expression of the Foxfl and Thx genes,
promoting lung proliferation [47]. Mice studies showed
that TBX4 may indirectly control Fgf10 expression [16].
However, we found no evidence of TBX4 binding in the
vicinity of FGF10, suggesting that FGF10 may be regulat-
ing TBX4.

Interestingly, our ChIP-seq analyses revealed that
TBX4 specifically binds to the recently narrowed down
FOXFI lung-specific distal core enhancer interval [6, 48]
and that TBX2 binds to the FOXFI intron, also featuring
enhancer activity, and FOXFI 3'UTR, suggesting that it
may also regulate FOXFI expression. In addition, TBX2
and TBX4 binding sites were found to be enriched within
FENDRR. These data indicate that the TBX4-FGF10
cascade may interact with the SHH-FOXF1 signaling in
human lung development. The crosstalk between these
pathways may also partially explain some similarities
in histopathological appearance of TBX4- or FOXF1-
derived LLDDs at lung biopsy or autopsy, demonstrating
a spectrum of developmental arrest in lung growth and/
or maturation.
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The analyses of DNA sequences within the bind-
ing sites for TBX2 or TBX4 showed overrepresentation
of several novel and known motifs. Among the novel
sequences were those that also matched binding motifs
of the known TFs, including TBX21, STAT3, ASCLI,
and TCF4. While TBX21 is not known to be involved in
lung morphogenesis, mice studies showed that Thx21
deficiency induces a phenotype reminiscent of human
asthma [49]. STAT3 is associated with maintenance of
surfactant homeostasis and lung function during hyper-
oxia [50] and ASCLI is critical for the development of
pulmonary neuroendocrine cells [51]. TCF4 is a part of
canonical Wnt/catenin-f signaling and it forms a com-
plex with LEF and catenin-p in the nucleus, activating
Wnt target genes required for lung development [52].

Analyses of the known TF motifs within the TBX2 and
TBX4 binding peaks in IMR-90 cells revealed a strong
enrichment for TFDP1. This TF binds DNA of the E2F
family members that regulate cell cycle [53]. Loss of
Tfdpl1 in mice induced pulmonary artery remodeling in
response to hypoxia [54]. The Rbpj TF, enriched in TBX4
binding sites, is the effector of Notch signaling regulat-
ing the balance between ciliated and secretory cell fates
during airway differentiation [43], while ELF5, enriched
in TBX2 binding sites, is an FGF-sensitive TF that can
regulate differentiation of epithelial cells in the develop-
ing lung [55].

The identification of the known TFs motifs involved in
lung function within the detected TBX2 and TBX4 bind-
ing sequences indicates that they both can interact with
other TFs and thus cooperatively mediate lung develop-
ment. In addition, the genomic loci marked previously
as super-enhancers in IMR-90 cells [31] were enriched
with the TBX2 (544) and TBX4 (19) marks, suggesting
that both TFs play a role in cell-specific transcriptional
regulation of genes involved in lung development also via
super-enhancers.

Conclusions

In summary, our results imply that TBX2 and TBX4
together or separately regulate genes mediating
branching morphogenesis and vascular development
in human lungs. ChIP-seq analyses enabled us to map
physical interactions between DNA and TBX2 or TBX4
in IMR-90 human fetal lung fibroblasts, facilitating a
better understanding of the specific regulatory net-
works maintaining tissue homeostasis required for
proper lung development. By identifying enrichment
of TBX2 and TBX4 DNA target sites within or around
genes from molecular pathways as well as known TFs
involved in lung development, we highlight the com-
plexity of transcriptional regulation driven by both
studied TFs. We also show that the TBX4-FGF10
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cascade might interact with the SHH-FOXF1 signal-
ing orchestrating lung development, providing further
indications that disruption of this crosstalk during
morphogenesis can play a role in the etiology of lethal
lung developmental disorders. The detailed molecular
mechanisms of its regulation require additional inves-
tigation. To gain further functional insights into TBX4-
FGF10 signaling, we plan to use RNA sequencing in
lung autopsy/biopsy tissues from patients with various
LLDDs due to variants in TBX4 or FGF10.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512931-021-01617-y.

Additional file 1: Enriched binding sites for TBX2 and TBX4 determined
by ChiP-seq analysis in IMR-90 cells.

Additional file 2: Gene biotype distribution of genes with at least one
TBX2 or TBX4 binding site in their surrounding areas. Pie charts showing
the distribution of the annotated genes for TBX2 (left panel) and TBX4
(right panel) binding sites, according to their ENCODE biotype.

Additional file 3: The list of known motifs enriched within TBX2 and TBX4
100 nt peak summits. Analysis was performed using AME tool. Only motifs
with enrichment E-values no greater than 10 was reported (the E-value is
the motif p-value multiplied by the number motifs in the input).

Additional file 4: Gene ontology (GO) analysis of the neighboring genes
associated with the ChIP-seq peaks for TBX2 and TBX4. Analysis was per-
formed for GO biological process and GO molecular function terms using
PANTHER tool. The GO terms with a corrected p-value <0.05 (FDR) were
considered significantly enriched.

Additional file 5: Overrepresented molecular pathways associated with
genes located near TBX2 and TBX4 binding sites. Analyses were performed
using ConsensusPathDB tool. Only pathways with p-value <0.05 and shar-
ing at least two genes with the ChiP-seq gene sets were analyzed.

Abbreviations

AcDys: Acinar dysplasia; ACDMPV: Alveolar capillary dysplasia with misalign-
ment of pulmonary veins; CAD: Congenital alveolar dysplasia; ChIP-Seq:
Chromatin immunoprecipitation followed by next-generation sequenc-

ing; CNV: Copy number variant; FGF10: Fibroblast growth factor 10; FOXF1:
Forkhead box protein F1; LLDD: Lethal lung developmental disorder; PAH:
Pulmonary arterial hypertension; SNV: Single nucleotide variant; SHH: Sonic
hedgehog; TBX2/4/5: T-box transcription factor 2/4/5; TF: Transcription factor;
UTR: Untranslated region.

Acknowledgements
Not applicable

Authors’ contributions

JAK and PSz performed the experiments, JAK and TG analyzed the data, JAK,
TG, PSz, and PSt interpreted the data, JAK and PSt drafted the manuscript. All
authors read and approved the final manuscript.

Funding

Design of the study and collection, analysis, and interpretation of data and

in writing the manuscript were supported by grants awarded by the US
National Institutes of Health (NIH), National Heart Lung and Blood Institute
(NHLBI) ROTHL 137203 (PSt.) and National Science Centre in Poland 2019/35/D/
NZ5/02896 (JAK).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.


https://doi.org/10.1186/s12931-021-01617-y
https://doi.org/10.1186/s12931-021-01617-y

Karolak et al. Respir Res

(2021) 22:26

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Department of Molecular & Human Genetics, Baylor College of Medicine,
One Baylor Plaza, Rm ABBR-R809, Houston, TX 77030, USA. 2 Chair and Depart-
ment of Genetics and Pharmaceutical Microbiology, Poznan University

of Medical Sciences, 60-781 Poznan, Poland. * Institute of Computer Science,
Warsaw University of Technology, 00-665 Warsaw, Poland.

Received: 14 September 2020 Accepted: 6 January 2021
Published online: 21 January 2021

References

1.

Fulton DL, Sundararajan S, Badis G, Hughes TR, Wasserman WW, Roach
JC, et al. TFCat: the curated catalog of mouse and human transcription
factors. Genome Biol. 2009;10:R29.

Herriges M, Morrisey EE. Lung development: orchestrating the generation
and regeneration of a complex organ. Development. 2014;141:502-13.
Fernandes-Silva H, Correia-Pinto J, Moura RS. Canonical sonic hedgehog
signaling in early lung development. J Dev Biol. 2017;5:3.

Mahlapuu M, Ormestad M, Enerback S, Carlsson P. The forkhead transcrip-
tion factor Foxf1 is required for differentiation of extra-embryonic and
lateral plate mesoderm. Development. 2001;128:155-66.

Mahlapuu M, Enerbdck S, Carlsson P. Haploinsufficiency of the forkhead
gene Foxf1, a target for sonic hedgehog signaling, causes lung and
foregut malformations. Development. 2001;128:2397-406.

Szafranski P, Liu Q, Karolak JA, Song X, de Leeuw N, Faas B, et al. Associa-
tion of rare non-coding SNVs in the lung-specific FOXFT enhancer

with a mitigation of the lethal ACDMPV phenotype. Hum Genet.
2019;138:1301-11.

Szafranski P, Gambin T, Dharmadhikari AV, Akdemir KC, Jhangiani SN,
Schuette J, et al. Pathogenetics of alveolar capillary dysplasia with mis-
alignment of pulmonary veins. Hum Genet. 2016;135:569-86.
Kalinichenko VWV, Lim L, Stolz DB, Shin B, Rausa FM, Clark J, et al. Defects

in pulmonary vasculature and perinatal lung hemorrhage in mice
heterozygous null for the Forkhead Box f1 transcription factor. Dev Biol.
2001;235:489-506.

Grote P, Wittler L, Hendrix D, Koch F, Wahrisch S, Beisaw A, et al. The tissue-
specific INCRNA Fendirr is an essential regulator of heart and body wall
development in the mouse. Dev Cell. 2013;24:206-14.

Sauvageau M, Goff LA, Lodato S, Bonev B, Groff AF, Gerhardinger C, et al.
Multiple knockout mouse models reveal lincRNAs are required for life and
brain development. Elife. 2013;2:e01749.

. LiC, HuL, Xiao J, Chen H, Li JT, Bellusci S, et al. Wnt5a regulates Shh and

Fgf10 signaling during lung development. Dev Biol. 2005;287:86-97.
Ludtke TH, Rudat C, Wojahn |, Weiss A-C, Kleppa M-J, Kurz J, et al. Tbx2 and
Thx3 Act downstream of Shh to maintain canonical Wnt signaling during
branching morphogenesis of the murine lung. Dev Cell. 2016;39:239-53.
Szafranski P, Coban-Akdemir ZH, Rupps R, Grazioli S, Wensley D, Jhangiani
SN, et al. Phenotypic expansion of TBX4 mutations to include acinar
dysplasia of the lungs. Am J Med Genet A. 2016;170:2440-4.

Suhrie K, Pajor NM, Ahlfeld SK, Dawson DB, Dufendach KR, Kitzmiller JA,
et al. Neonatal lung disease associated with TBX4 mutations. J Pediatr.
2019;206:286-292.e1.

Karolak JA, Vincent M, Deutsch G, Gambin T, Cogné B, Pichon O,

et al. Complex compound inheritance of lethal lung developmental
disorders due to disruption of the TBX-FGF pathway. Am J Hum Genet.
2019;104:213-28.

Arora R, Metzger RJ, Papaioannou VE. Multiple roles and interactions of
Tbx4 and Tbx5 in development of the respiratory system. PLoS Genet.
2012;8:21002866.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 14 of 15

Galambos C, Mullen MP, Shieh JT, Schwerk N, Kielt MJ, Ullmann N, et al.
Phenotype characterisation of TBX4 mutation and deletion carriers

with neonatal and paediatric pulmonary hypertension. Eur Respir J.
2019;54:1801965.

Thoré P, Girerd B, Jais X, Savale L, Ghigna M-R, Eyries M, et al. Phenotype
and outcome of pulmonary arterial hypertension patients carrying a TBX4
mutation. Eur Respir J. 2020;55:1902340.

Ballif BC, Theisen A, Rosenfeld JA, Traylor RN, Gastier-Foster J, Thrush DL,
et al. Identification of a recurrent microdeletion at 17g23.1g23.2 flanked
by segmental duplications associated with heart defects and limb abnor-
malities. Am J Hum Genet. 2010,86:454-61.

Chapman DL, Garvey N, Hancock S, Alexiou M, Agulnik SI, Gibson-Brown
JJ, et al. Expression of the T-box family genes, Tox1-Tbx5, during early
mouse development. Dev Dyn. 1996;206:379-90.

Papaioannou VE. The T-box gene family: emerging roles in development,
stem cells and cancer. Development. 2014;141:3819-33.

Sekine K, Ohuchi H, Fujiwara M, Yamasaki M, Yoshizawa T, Sato T, et al.
Fgf10 is essential for limb and lung formation. Nat Genet. 1999;21:138-41.
Yu G, Wang L-G, He Q-Y. ChiPseeker: an R/Bioconductor package for

ChIP peak annotation, comparison and visualization. Bioinformatics.
2015;31:2382-3.

Yates AD, Achuthan P, Akanni W, Allen J, Allen J, Alvarez-Jarreta J, et al.
Ensembl 2020. Nucleic Acids Res. 2020;48:D682-8.

Machanick P, Bailey TL. MEME-ChIP: motif analysis of large DNA datasets.
Bioinformatics. 2011,27:1696~7.

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene
ontology: tool for the unification of biology. The Gene Ontology Consor-
tium. Nat Genet. 2000;25:25-9.

The Gene Ontology Consortium. The Gene Ontology Resource: 20 years
and still GOing strong. Nucleic Acids Res. 2019;47:D330-8.

Mi H, Muruganujan A, Ebert D, Huang X, Thomas PD. PANTHER version 14:
more genomes, a new PANTHER GO-slim and improvements in enrich-
ment analysis tools. Nucleic Acids Res. 2019;47:D419-26.

Kamburov A, Stelzl U, Lehrach H, Herwig R. The ConsensusPathDB inter-
action database: 2013 update. Nucleic Acids Res. 2013;41:0793-800.
Afgan E, Baker D, Batut B, van den Beek M, Bouvier D, Cech M, et al. The
Galaxy platform for accessible, reproducible and collaborative biomedical
analyses: 2018 update. Nucleic Acids Res. 2018;46:W537-44.

Hnisz D, Abraham BJ, Lee Tl, Lau A, Saint-André V, Sigova AA, et al.
Super-enhancers in the control of cell identity and disease. Cell.
2013;155:934-47.

Maeda Y, Davé V, Whitsett JA. Transcriptional control of lung morphogen-
esis. Physiol Rev. 2007,87:219-44.

Perry RB-T, Ulitsky I. The functions of long noncoding RNAs in develop-
ment and stem cells. Development. 2016;143:3882-94.

Pongracz JE, Stockley RA. Wnt signalling in lung development and
diseases. Respir Res. 2006;7:15.

Chilosi M, PolettiV, Zamo A, Lestani M, Montagna L, Piccoli P et al.
Aberrant Wnt/beta-catenin pathway activation in idiopathic pulmonary
fibrosis. Am J Pathol. 2003;162:1495-502.

Hussain M, Xu C, Lu M, Wu X, Tang L, Wu X. Wnt/B-catenin signaling links
embryonic lung development and asthmatic airway remodeling. Biochim
Biophys Acta Mol Basis Dis. 2017;1863:3226-42.

Caprioli A, Villasenor A, Wylie LA, Braitsch C, Marty-Santos L, Barry D, et al.
Wnt4 is essential to normal mammalian lung development. Dev Biol.
2015;406:222-34.

Karolak JA, Szafranski P, Kilner D, Patel C, Scurry B, Kinning E, et al.
Heterozygous CTNNBT and TBX4 variants in a patient with abnormal

lung growth, pulmonary hypertension, microcephaly, and spasticity. Clin
Genet. 2019;96:366-70.

Hinck L. The versatile roles of “axon guidance” cues in tissue morphogen-
esis. Dev Cell. 2004;7:783-93.

Benedito R, Hellstrom M. Notch as a hub for signaling in angiogenesis.
Exp Cell Res. 2013;319:1281-8.

Voelkel NF, Vandivier RW, Tuder RM. Vascular endothelial growth factor in
the lung. Am J Physiol Lung Cell Mol Physiol. 2006;290:.209-221.
Thébaud B, Ladha F, Michelakis ED, Sawicka M, Thurston G, Eaton

F, et al. Vascular endothelial growth factor gene therapy increases
survival, promotes lung angiogenesis, and prevents alveolar damage in
hyperoxia-induced lung injury: evidence that angiogenesis participates
in alveolarization. Circulation. 2005;112:2477-86.



Karolak et al. Respir Res (2021) 22:26

43.

44,

45.

46.

47.

48.

49.

50.

Tsao P-N, Vasconcelos M, Izvolsky KI, Qian J, Lu J, Cardoso WV. Notch
signaling controls the balance of ciliated and secretory cell fates in devel-
oping airways. Development. 2009;136:2297-307.

Voelkel NF, Gomez-Arroyo J. The role of vascular endothelial growth fac-
tor in pulmonary arterial hypertension. The angiogenesis paradox. Am J
Respir Cell Mol Biol. 2014;51:474-84.

Hu B, Phan SH. Notch in fibrosis and as a target of anti-fibrotic therapy.
Pharmacol Res. 2016;108:57-64.

Barratt SL, Flower VA, Pauling JD, Millar AB. VEGF (Vascular Endothelial
Growth Factor) and Fibrotic Lung Disease. Int J Mol Sci. 2018;19:1269.
Cardoso WV, LU J. Regulation of early lung morphogenesis: questions,
facts and controversies. Development. 2006;133:1611-24.

Szafranski P, Herrera C, Proe LA, Coffman B, Kearney DL, Popek E, et al.
Narrowing the FOXFT distant enhancer region on 16g24.1 critical for
ACDMPV. Clin Epigenetics. 2016;8:112.

Finotto S, Neurath MF, Glickman JN, Qin S, Lehr HA, Green FHY, et al.
Development of spontaneous airway changes consistent with human
asthma in mice lacking T-bet. Science. 2002,295:336-8.

Hokuto |, Ikegami M, Yoshida M, Takeda K, Akira S, Perl A-KT, et al. Stat-3
is required for pulmonary homeostasis during hyperoxia. J Clin Invest.
2004;113:28-37.

Page 15 of 15

51. Borges M, Linnoila R, van de Velde HJ, Chen H, Nelkin BD, Mabry M, et al.
An achaete-scute homologue essential for neuroendocrine differentia-
tion in the lung. Nature. 1997,386:852-5.

52. Tebar M, Destrée O, de Vree WJ, Ten Have-Opbroek AA. Expression of Tcf/
Lef and sFrp and localization of beta-catenin in the developing mouse
lung. Mech Dev. 2001;109:437-40.

53. Wu CL, Zukerberg LR, Ngwu C, Harlow E, Lees JA. In vivo association of
E2F and DP family proteins. Mol Cell Biol. 1995;15:2536-46.

54. HeY, Zuo C, Jia D, Bai P, Kong D, Chen D, et al. Loss of DP1 aggravates
vascular remodeling in pulmonary arterial hypertension via mTORC1
signaling. Am J Respir Crit Care Med. 2020,201:1263-76.

55. Metzger DE, Stahlman MT, Shannon JM. Misexpression of ELF5 dis-
rupts lung branching and inhibits epithelial differentiation. Dev Biol.
2008;320:149-60.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Potential interactions between the TBX4-FGF10 and SHH-FOXF1 signaling during human lung development revealed using ChIP-seq
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Cell culture
	Chromatin immunoprecipitation and next-generation sequencing (ChIP-seq)
	ChIP-seq data analyses
	Comprehensive motif analyses
	Functional enrichment analyses
	Intersection of TBX2 and TBX4 peaks with known super-enhancers for IMR-90

	Results
	TBX2 and TBX4 target genes in human fetal lung fibroblasts
	Overrepresentation of novel and known TF binding sites within enriched peaks for TBX2 and TBX4
	Transcriptional regulation of genes involved in lung development

	Discussion
	Conclusions
	Acknowledgements
	References


