W) Check for updates

Molecular Function and Contribution of TBX4 in Development and
Disease

Justyna A. Karolak', Carrie L. Welch?, Christian Mosimann®, Katarzyna Bzdega', James D. West*, David Montani®,
Mélanie Eyries®, Mary P. Mullen”8, Steven H. Abman®, Matina Prapa'®, Stefan Graf'!, Nicholas W. Morrell'",
Anna R. Hemnes*, Frédéric Perros®, Rizwan Hamid'?, Malcolm P. O. Logan'3, Jeffrey Whitsett'*'°,

Csaba Galambos'®, Pawet Stankiewicz'’, Wendy K. Chung®'®, and Eric D. Austin'?; for the TBX4Life Initiative

'Chair and Department of Genetics and Pharmaceutical Microbiology, Poznan University of Medical Sciences, Poznan, Poland;
2Department of Pediatrics and "®Department of Medicine, Columbia University Irving Medical Center, New York, New York; Section of
Developmental Biology and °Pediatric Heart Lung Center Department of Pediatrics and 16De|oartment of Pathology University of
Colorado School of Medicine, and Children’s Hospital Colorado, Anschutz Medical Campus, Aurora, Colorado; “Division of Allergy,
Pulmonary and Critical Care Medicine, and 12Departmentot Pediatrics, Vanderbilt University Medical Center, Nashville, Tennessee;
SUniversité Paris-Saclay, Assistance Publique-Hopitaux de Paris, Service de Pneumologie et Soins Intensifs Respiratoires, Hopital de
Bicétre, DMU 5 Thorinno, Inserm UMR 8999 Le Kremlin-Bicétre, France; °Sorbonne Université, AP-HP, Département de Génétique,
Hopital Pitié-Salpétriere, Paris, France; Department of Card|o|ogy Boston Children’s Hospital, Boston, Massachusetts; ®Harvard
Med|cal School, Boston, Massachusetts; '°St. George'’s University Hospitals NHS Foundation Trust, London United Kingdom;

"Department of Medrcrne School of Clinical Medicine, University of Cambridge, Heart and Lung Research Instltute Cambridge,
United Kingdom; 'SRandall Centre for Cell and Molecular Biophysics, King’s College London, London, United Kingdom; “Division of
Neonatology, Perinatal and Pulmonary Biology, Cincinnati Children’s Hospital Medical Center Perinatal Institute, Cincinnati, Ohio;
'Department of Pediatrics, College of Medicine, University of Cincinnati, Cincinnati, Ohio; and '’Department of Molecular and Human
Genetics, Baylor College of Medicine, Houston, Texas

ORCID IDs: 0000-0002-2340-4513 (J.A.K.); 0000-0002-9358-6922 (D.M.); 0000-0002-0291-9630 (M.P.M.); 0000-0002-7292-2085 (S.H.A.);
0000-0002-1315-8873 (S.G.); 0000-0002-2755-5845 (A.R.H.); 0000-0001-7730-2427 (F.P.); 0000-0002-6456-7490 (P.S.); 0000-0002-1709-9022 (E.D.A.)

Abstract Here, we discuss the developmental, tissue-specific, and
pathological TBX4 functions identified through human and

Over the past decade, recognition of the profound impact of animal studies and review the published TBX4 variants

the TBX4 (T-box 4) gene, which encodes a member of the resulting in variable disease phenotypes. We also outline

evolutionarily conserved family of T-box—containing future research directions to fill the gaps in our understanding

transcription factors, on respiratory diseases has emerged. of TBX4 function and of how TBX4 disruption affects

The developmental importance of TBX4 is emphasized by the development.

association of TBX4 variants with congenital disorders involving

respiratory and skeletal structures; however, the exact role of Keywords: pulmonary arterial hypertension; lethal lung

TBX4 in human development remains incompletely understood. developmental disorders; TBX4 syndrome

The TBX4 (T-box 4) gene encodes a member by animal models and human studies, the respiratory and on skeletal systems (3-7).

of the evolutionarily conserved family of revealing its function as a key regulator of Heterogeneity in the clinical features and age

T-box-containing transcription factors. lung branching morphogenesis and at presentation observed in affected patients

Substantial insights into the developmental hindlimb formation (1, 2). The phenotypic suggests that heterozygous TBX4

and homeostatic role of Tbx4 and its severity of humans TBX4 variants ranges abnormalities alone are insufficient to cause

expression dynamics have been established from mild to lethal and includes effects on the specific phenotypes. Complex biallelic
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inheritance of coding and noncoding variants
within the TBX4 locus have been proposed to
explain some differences in disease severity

(5, 8), but complete understanding of the
variable phenotypic expressivity remains one
of the most challenging and important
aspects of TBX4 genetics.

Here, we systematically review current
knowledge about the TBX4 gene. We
summarize data on the cell- and tissue-
specific TBX4 expression pattern and discuss
how disruption of its function affects
development in human and studied model
systems. Finally, we characterize the
phenotypic spectrum of TBX4 variants and
describe current gaps in our understanding
of TBX4-related disorders.

TBX4 Gene Location
and Structure

The human TBX4 gene is on 17q23.2, head to
head with its neighboring paralog TBX2 (9,
10). Phylogenetic analyses have revealed that
this gene pair likely arose from duplication in
cis and tandem duplication events of a single
ancestral gene during vertebrate evolution
before the divergence of bony fish and
tetrapods (9). The conservation of the physical
linkage of this gene cluster throughout
vertebrate evolution suggests a key functional
role of its physical linkage (9, 11).

The canonical TBX4 transcript
(NM_001321120.2) consists of nine exons
that encode a 60.3-kD protein with 546
amino acids. The conserved T-box DNA-
binding domain is positioned toward the
N-terminus and spans amino acid residues
71-251 encoded by a portion of exon 3,
exons 4-6, and a part of exon 7 (12). A
second transcript isoform (NM_018488.3)
contains eight exons, encoding a shorter 545
amino acid protein (60.2 kD) without the
alanine residue at position 341 (Figure 1A).

Expression and Function of
TBX4 in Development

Animal studies, including several mouse,
zebrafish, and Xenopus models, have shown
that TBX4 expression is dynamic and is
restricted to a subset of cell types during
development and mature tissues in a highly
conserved manner, conferring the framework
for our understanding of the role of TBX4 in
development and disease in humans.
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As documented by mRNA in situ
hybridization, immunohistochemistry, and
lineage tracing, TBX4 expression is first
detected in the lateral plate mesoderm and
extraembryonic mesoderm at the primitive
streak stage before implantation (13, 14), as
well as in mesodermal tissues, including the
forelimb, sternum, hindlimb, genital
tubercle, urogenital sinus, sinuses, umbilicus,
allantois, and placenta (10). In developing
chicken embryos, Tbx4 expression has been
documented in the lung buds, the trachea,
hindlimb, notochord, and body wall
surrounding the rostral end of the heart (15).
In zebrafish, thx4 expression has been
detected in the developing pelvic fin buds
emerging at 3—4 weeks of larval
development, as well as in select neuronal
populations in the diencephalon and retina
(16, 17). The expression pattern of tbx4 in
zebrafish is similar to the patterns observed
in tetrapods (e.g., birds and mammals),
indicating an ancient evolutionary origin of
its upstream regulation.

Lung Morphogenesis

In mice, Tbx4 is expressed throughout

the splanchnic mesenchyme during
formation of trachea and lung buds in close
apposition to epithelial cells in primordial
lung buds at embryonic day 9.5 (1). A day
later, Tbx4 is induced in tracheal
mesenchyme, where it plays an important
role in patterning tracheal-bronchial cartilage
and smooth muscle (18, 19). The involvement
of Thx4 in respiratory tract formation was
also found in chickens; studies showed that
Tbx4 expression induced Fgf10 (fibroblast
growth factor 10) transcription and lung bud
formation (20). Extending this work, both
TBX4 and TBX5 have been found to play
critical roles in formation of the respiratory
tract, where they regulate gene networks in
which reciprocal endodermal-mesodermal
signaling directs tissue morphogenesis via
Wnt, BMP4 (bone morphogenetic protein 4),
SHH (Sonic Hedgehog signaling molecule),
and FGF10 signaling (1, 5, 21-23) (Figure 2).
Mesodermal TBX5 regulates mesodermal
‘Wnt2/2B signaling to endodermal cells to
initiate formation of the lung buds. Epithelial
cells of the embryonic lung saccules express
SHH, activating GLI2 (GLI family zinc
finger 2), GLI3, TBX4, and TBX5 in the
mesenchyme. TBX4 regulates the precise
cell-selective spatial expression of FGF10 by
subsets of mesenchymal cells required for
normal branching morphogenesis (1, 24).
Cell-cell communications are mediated by a

complex FGF-SHH feedback loop dependent
on ETV4 (ETS variant transcription

factor 4) and ETV5, together orchestrating
interactions among epithelial, mesenchymal,
and endothelial cells (25-27) (Figure 2). In
turn, the FGF10 ligand activates the FGFR2-
3B (fibroblast growth factor receptor 2-3B)
receptors in respiratory epithelial cells to
direct migration and proliferation of
respiratory tubules during branching
morphogenesis. In tracheal mesenchyme,
TBX4 is regulated by canonical Wnt
signaling and BMP4, which are both required
for cartilage and smooth muscle patterning
of the conducting airways (19, 28).

TBX4, downstream of SHH and its
GLI effectors, is hypothesized to regulate
FOXF]1 (forkhead box F1), also required for
growth and patterning of the pulmonary
vasculature and respiratory tubules (23).
Studies with transgenic mice based on the
Tbx4 lung enhancer showed that angiogenic
vessels trigger lung mesenchymal stem cell
differentiation and commitment to
endothelial progenitor cells, playing a role in
the development of the lung vasculature (29).
These diverse critical roles of TBX4 in lung
and tracheal morphogenesis as well as in
pulmonary vasculature development and
function are consistent with pulmonary
or vascular malformations identified in
patients with variants in TBX4 (5, 6, 30).
Interestingly, Thx4-lineage mesenchymal
progenitors give rise to fibroblasts, smooth
muscle cells, pericytes, and endothelial cells
in the adult lung, indicating that TBX4 can
also regulate myofibroblast accumulation in
lung fibrosis (31).

Although most TBX4 data are derived
from studies in mice, analyses of human cells
have shown highly specific TBX4 expression
in pulmonary fibroblasts, likely regulated by
lung-specific superenhancers, providing
evidence for the critical role of TBX4 in
human lung functioning (32).

Recent single-cell RNA sequencing
analyses in humans have also provided new
insight into the temporal and cell-specific
expression of TBX4 in the developing lung
(33). Among 30 major cell types in
peripheral lung tissues from infants and
adults studied in a reference map of the
human lung single-cell RNA expression data,
TBX4 expression was detected in pulmonary
fibroblasts, airway vascular smooth muscle
cells, and pericytes, with highest expression
in matrix fibroblasts, a cell type serving as a
signaling center required for lung
morphogenesis (34).
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Figure 1. Schematic representation of TBX4 (T-box 4). (A) The upper panel depicts the arrangement of both TBX4 isoforms. Exons and untranslated
regions are shown as light and dark blue boxes, respectively. (B) The lower panel depicts the protein with the relative location of the T-box domain
(blue). The numbers indicate the positions of amino acid domains. All reported variants with their locations in TBX4 are presented as lollipops. Variants
located upstream to amino acids 323-325 could be subjects to degradation by nonsense-mediated decay. Variants identified in patients with pulmonary
arterial hypertension (PAH), ischiocoxopodopatellar syndrome (ICPPS), PAH with ICPPS, lethal lung developmental disorders, posterior amelia with
pelvic and pulmonary hypoplasia syndrome, and bilateral lung hypoplasia are shown in yellow, green, blue, red, black, and gray, respectively.

The role of TBX4 in human lung
function is further supported by bulk RNA
sequencing studies performed in neonates
with prenatal arrest of lung maturation
caused by TBX4 mutations. Lung tissues
from patients with TBX4 variants are
characterized by substantial dysregulation of
genes involved in pathways related to the
respiratory system, including TMEM100
(transmembrane protein 100), and those
with TBX4-binding sites detected in
chromatin immunoprecipitation
experiments (23, 35).

Limb Development

Hindlimb development, in particular during
the first phase of limb formation to establish
the hindlimb bud, is the most intensively
studied developmental aspect of TBX4. Its
activity is critical to initiate the formation of
the hindlimb buds, analogous to the
involvement of its paralog TBX5 in forelimb
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formation. In mice, activation of Thx4
expression in the hindlimb-forming region
of the lateral plate mesoderm at the pre-limb
bud stages is one of the earliest detectable
events that delineates the cells that ultimately
form the hindlimb buds (36, 37). As limb
development progresses, TBX4 has a more
specific role in ensuring the correct
formation of the limb connective tissues
(muscle and tendons) (38, 39). The hindlimb
buds contain all the progenitor cells of the
structures of the lower limb and pelvic girdle.
The core function of TBX4 and TBXS5 is to
activate Fgf10 expression in the limb-forming
regions, which leads to the establishment of
an FGF signaling-based positive feedback
loop driving limb bud outgrowth (40). Fgf10-
mutant mice lack both forelimbs and
hindlimbs; however, rudiments of the
pectoral and pelvic girdles do form (41).
Nonetheless, the gene regulatory networks
that establish Fgf10 expression in the lateral

plate mesoderm are different in the forelimb
and hindlimb. The forelimb-forming region
exclusively requires TBX5 to establish Fgf10
expression; in contrast, dual input from
TBX4 and the paired homeodomain
transcription factor PITX1 (paired like
homeodomain 1) are necessary to initiate the
equivalent Fgf10 expression in the hindlimb-
forming region (2). PITX1 positively
regulates TBX4, which in turn directly
regulates FGF10, while PITX1 also has
TBX4-independent input into the regulation
of Fgf10 that can establish hypomorphic
concentrations of FGF10 in the absence of
TBX4. Additional input from other
transcription factors, such as Isl1 (Isletl),
appears to be required for the establishment
of normal Fgf10 expression in the hindlimb
(42-44). Although the ISL1/LDB (LIM
domain binding) proteins are required for
Fgf10 expression and are still expressed in the
Tbx4/Pitx]1 double-mutant mouse, they are
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Figure 2. TBX4 (T-box 4) signaling in lung branching. TBX4 is expressed throughout the
splanchnic mesenchyme surrounding endodermally derived cells of the primordial lung

buds and in fibroblasts, pericytes, and airway smooth muscle cells throughout fetal lung
morphogenesis (not shown). Paracrine signals from mesenchymal cells are critical for the
proliferation and differentiation of respiratory tubules and pulmonary vasculature. SHH (Sonic
Hedgehog signaling molecule) signals from SOX9 (SRY-box transcription factor 9) epithelial
cells in the acinar buds activate GLI2/3 in mesenchymal cells inducing FOXF1, which interacts
in a complex gene regulatory network with TBX4 to regulate WNT2/2B and spatial expression
of FGF10 (fibroblast growth factor 10), and other secreted factors required for initiation and
growth of the lung tubules. FGF10 produced by mesenchymal cells activates FGFR2 in SOX9/
NKX2-1 epithelial progenitors, which produce VEGFA, required for formation of the pulmonary
vasculature. The FGF10-SHH feedback loop that controls the periodicity of lung branching is
dependent on ETV4/5. Disruption of the signaling network inhibits branching morphogenesis
and vasculogenesis. ETV4/5 = ETS variant transcription factor 4/5; FGFR2 = fibroblast growth
factor receptor 2; FOXF1 = forkhead box F1; GLI2/3 = GLI family zinc finger 2/3; NKX2-1=NK2
homeobox 1; VEGFA =vascular endothelial growth factor A.

not sufficient to rescue Fgf10 expression;
consequently, Isl1/Ldb appear to act as
obligate coregulators with TBX4 and PITX1
to control Fgf10 expression (2).
Homozygous Tbx4 loss-of-function
(LoF) alleles result in a prominent lack of
hindlimb structures in mice, Xenopus, and
zebrafish (pelvic fins) (45), linking to the
ischiocoxopodopatellar syndrome (ICPPS)
phenotype observed in patients. Given the
reported equivalent roles played by TBX4
and TBXS5 in establishing the lower and
upper limb buds, it is striking that the

spectrum of lower limb defects caused by
haploinsufficiency of TBX4 in patients with
ICPPS are less severe overall than those seen
in Holt-Oram syndrome due to
haploinsufficiency of TBX5. A possible
explanation for this is some degree of
compensation for the absence of TBX4 (in
establishing an FGF signaling positive
feedback loop) by PITX1, which is also
expressed in the hindlimb-forming territory
of the lateral plate mesoderm.

Such a model is supported by the results
of mouse studies in which the joint

homozygous deletions of Tbx4 and Pitx]1
produce a hindlimb-less phenotype
equivalent to that observed by homozygous
deletion of Thx5 in the forelimb region. After
deletion of both Tbx4 and PitxI, Fgf10 is not
expressed, and all hindlimb elements fail to
form (2). In the absence of Tbx4, low Fgf10
expression is present, and ultimately distal
hindlimb elements are produced, while more
proximal elements are missing.

The defects in the most proximal
structures of the hindlimb, including the
pelvic girdle, appear independent of the role
of TBX4 in regulating FGF signaling
feedback loops in the forming hindlimb, as
these most proximal elements can form in
the absence of FGF10. Recent data indicate
that the most proximal defects occur as a
direct result of a failure in the early
differentiation step of chondroprogenitors
into chondrocytes (2).

Reported TBX4 Variants in
Different Diseases

Most human TBX4-related diseases correlate
well with the developmental findings in
animal models and include a range of mild to
lethal conditions, affecting respiratory and
skeletal systems (Figure 1B; see Tables E1 and
E2 in the online supplement).

ICPPS

ICPPS is a rare autosomal-dominant skeletal
anomaly of the pelvis and feet. The
characteristic features associated with ICPPS
are patellar aplasia or hypoplasia, disrupted
ossification of the ischiopubic junction,
increased space between the first and second
toes, and short fourth and fifth rays of the
feet (3).

The role of TBX4 variants in ICPPS was
initially discovered by Bongers and
colleagues, who described the putative LoF
heterozygous variants in TBX4 in six
unrelated families with ICPPS (3). Additional
ICPPS-related TBX4 variants have been
identified in nine other families (46-48),
confirming that haploinsufficiency of TBX4
is causative for ICPPS.

Pulmonary Arterial Hypertension
Pulmonary arterial hypertension (PAH),
characterized by proliferative remodeling of
the small pulmonary arteries with increased
pulmonary pressure and resistance that can
lead to right heart failure (49), is another rare
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and often lethal manifestation associated
with TBX4 variants.

In 2010, Ballif and colleagues diagnosed
PAH in three of the seven children with a
large spectrum of congenital defects caused
by a recurrent heterozygous microdeletion
on chromosome 17q23.2, including TBX4
(50). Subsequently, other patients with child-
onset PAH and the same 17q23.2
microdeletion or heterozygous single-
nucleotide variants (SNVs) in TBX4 were
reported (4, 24, 51, 52).

Genetic data from large cohorts of
pediatric patients with PAH from the
Netherlands, France, the United States, the
United Kingdom, and other populations
showed that rare inherited or de novo
heterozygous SNVs, or copy-number variant
(CNV) deletions including the TBX4 gene,
are enriched in patients with childhood-
onset PAH (6, 53-58). The prevalence of the
pathogenic TBX4 variants in childhood PAH
ranges from 5.6% in the U.S. PAH Biobank
(59, 60) to 11.4% in the Dutch National
Registry (57).

The link between TBX4 and pulmonary
vascular abnormalities has also been
confirmed in adulthood-onset PAH,
suggesting that after BMPR2 (bone
morphogenetic protein receptor type 2),
TBX4 variants are among the top genetic
causes of PAH in adults (4, 54, 56, 58, 59,
61-67). The frequency of TBX4 variants in
adult patients with PAH varies among
studied cohorts, ranging from 3% in a
French cohort (56) to 0.46% in the U.S. PAH
Biobank (59); however, it could be due to
different modes of collection of patients with
PAH among registries. Notably, it is
unknown whether these individuals have
adult manifestations of a developmental
pulmonary vascular disease, adult
presentation of PAH uniquely due to
alterations in injury response and repair, or
other causes. In these patients, other features
of developmental irregularities, including
airway branching defects and skeletal
abnormalities, have been observed (56).

Together, the data underline that
genetic diagnosis of a rare deleterious TBX4
variant or TBX4-containing microdeletion in
pediatric PAH is associated with a more
complex developmental phenotype: TBX4
syndrome (68). Why, and if, adult-onset
PAH represents a distinct phenotype from
early childhood-onset TBX4-associated PAH
remains unknown.

In addition to PAH, some patients with
TBX4 variants also have features of ICPPS or
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other skeletal anomalies. In the study by
Kerstjens-Frederikse and colleagues, all but
one of the living individuals with PAH with
TBX4 variants had ICPPS features (4).
Subsequent analyses also showed a high
frequency of skeletal anomalies coexistent
with TBX4-related PAH. Galambos and
colleagues reported ICPPS with typical foot
or other skeletal anomalies in 10 of 19
pediatric patients with PAH (6). A lower
frequency (4 of 14) of skeletal malformations
associated with PAH was observed in
French patients with TBX4 variants (56).
One child and one adult individual with
TBX4-related PAH and ICPPS have also
been reported in the U.S. PAH cohort and a
family with German-Bavarian ancestry,
respectively (54, 69).

Skeletal and other developmental
defects are not routinely assessed as part of a
PAH diagnosis, and as such, they may be
missed. Thus, chest imaging for severe and
diffuse features of pulmonary growth arrest,
assessment for congenital heart defects,
physical examination of the hands and feet,
and radiological assessment of the pelvis and
patella are recommended in patients with
PAH. In addition, a TBX4 diagnosis predicts
potential recurrence of PAH after neonatal
persistent pulmonary hypertension of the
newborn, and annual screening with
echocardiography may be useful (6).

Of note, a recent study provided
evidence that in adult patients with PAH
without TBX4 pathogenic variants,
transcriptional programs involved in lung
morphogenesis were epigenetically
derepressed in pulmonary artery fibroblasts,
leading to overexpression of TBX4 (70).
Increased concentration of TBX4 results in
myofibroblast accumulation and subsequent
pulmonary vascular remodeling, and further
studies are needed to clarify the role of TBX4
in PAH pathogenesis in patients without
TBX4 variants (70).

Lethal Lung Developmental Disorders
Recently, disruption of the TBX4-FGF10
epithelial-mesenchymal signaling pathway
has been reported in patients with acinar
dysplasia (AcDys), congenital alveolar
dysplasia (CAD), and other unspecified
primary pulmonary hypoplasias, which are
lethal lung developmental disorders (LLDDs)
(5, 30, 71-73). Although clinical and
histopathological variation occurs across
particular subtypes of LLDD, shortly after
birth, most newborns with LLDD present
with severe respiratory failure with PAH that

is often refractory to therapy (74). LLDDs are
associated with 80-90% neonatal mortality;
however, whereas newborns with AcDys die
within the first hours of life, patients with
CAD usually expire within the first weeks or
even months after birth (74, 75). TBX4
abnormalities tend to occur more often in
newborns with AcDys than those with CAD
(74). In 2016, Szafranski and colleagues
reported a newborn with AcDys and a
heterozygous de novo TBX4 missense
variant, suggesting the role of this gene in
maldevelopment of human lung (30). Suhrie
and colleagues described a patient with CAD
with a heterozygous de novo TBX4 frameshift
variant (72), and German and colleagues
identified a recurrent 17q23.2 CNV deletion,
involving TBX4, in a newborn with AcDys
(73). De novo recurrent heterozygous
missense TBX4 or nonrecurrent CNV
deletions on 17q23.1q23.2, involving TBX4,
have been subsequently detected in eight
additional patients with AcDys, CAD, or
primary pulmonary hypoplasias (5, 8). An
8.6-kb intragenic heterozygous frameshifting
deletion in TBX4 was identified in siblings
with CAD and AcDys spectrum, inherited
from their healthy mother (5).

The histology of lungs with TBX4-
related AcDys is believed to represent an
arrest in the pseudoglandular phase of
embryonic and fetal lung development,
normally seen from 6-8 to 16 weeks of
gestation in humans and dominated by the
lack of acinar development with scattered
primitive conducting airway profiles
surrounded by loose mesenchymal tissue.
Features of more advanced lung maturation,
including airspace development to form
canaliculi and/or saccules with variably
thickened interstitium, are seen most
commonly in symptomatic infants with
TBX4 abnormalities (Figures 3A-3C) (5, 6,
74). These features occur in CAD, which
resembles growth arrest in the canalicular to
early saccular stage of lung development seen
from 16 to 26 weeks of human gestation.

Interestingly, features of less severe
interstitial lung disease or abnormal lung
growth have been also observed in other
patients with TBX4-associated PAH (6, 71,
76). The lung histology of patients who
undergo biopsy and/or transplantation later
in childhood or adolescence shows evidence
of compromised airway and/or alveolar
growth, characterized by variations of
alveolar simplification and back-to-back
bronchiolar structures with minimal or no
intervening alveolar formation (Figure 3D).
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Figure 3. Heterogeneous histologic appearance with variable degree of lung development
arrest seen in patients with TBX4 (T-box 4) gene deficiency. (A) Lung biopsy (hematoxylin and
eosin [H&E], 4X) at 4 months of age shows markedly underdeveloped lung parenchyma
characterized by extensive interstitial thickening, canalicular airspace development, and
bronchiolar structures with abnormally close proximity to the pleura (arrow). These features are
most consistent with developmental arrest in the late canalicular stage of fetal lung
development. (B) Lung biopsy (trichrome, 4X) at 3 months of age shows marked vascular
remodeling, including pulmonary arterial vessel wall muscularization and intimal thickening
(arrows). (C) Lung biopsy (H&E, 4X) at 2 months shows maldeveloped lung with variably
thickened interstitium and large simplified saclike airspaces (asterisks). These features are
most consistent with developmental arrest at the early saccular stage of fetal lung
development. (D) Lung transplant sections (H&E, 10X) at 18 years show abnormally formed
lung with back-to-back bronchiolar profiles, absent alveolar formation, and patchy interstitial
fibrosis. A moderately remodeled pulmonary artery with muscular wall thickening is also shown

(arrow).

Vascular maldevelopment and remodeling,
including wall thickening of pulmonary
arteries, lymphatic and pleural vessels, as well
as formation of plexiform lesions, are
significant features. The bronchial vascular
system is expanded, with congested and
dilated bronchial veins and capillaries.
Prominent intrapulmonary
bronchopulmonary anastomoses have also
been noted. In addition, evidence of patchy
mesenchymal maldevelopment, including
foci of metaplastic bone formation,
interstitial capillary proliferation, and pleural
and/or interstitial muscularization and
fibrosis have been described (6).

Although SNVs and CNVs of TBX4
confer a risk of AcDys, CAD, or other
primary pulmonary hypoplasias, the
heterogeneity of clinical features associated
with TBX4 abnormalities suggests that the
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heterozygous variants involving TBX4 are
incompletely penetrant. A model of biallelic
inheritance in which both TBX4 coding and
noncoding variants in trans in the lung-
specific enhancer of TBX4 contribute to
LLDD has been proposed recently, as
discussed in the next section.

Posterior Amelia with Pelvic and
Pulmonary Hypoplasia Syndrome

In 2019, Kariminejad and colleagues
reported two unrelated consanguineous
Iranian families with fetuses affected with
autosomal recessive posterior amelia with
pelvic and pulmonary hypoplasia syndrome
(PAPPAS; Mendelian Inheritance in Man
[MIM] #601360) due to homozygous TBX4
missense and nonsense variants inherited
from heterozygous parents with ICPPS (7).
In an Indian family with a fetus affected by

PAPPAS, biallelic TBX4 variants were
identified, as inherited from the
consanguineous parents with mild ICPPS
and heterozygous nonsense TBX4 variants
(77). These results show that biallelic
variants in the TBX4 gene are associated
with a severe prenatally lethal syndromic

phenotype.

Congenital Clubfoot
Congenital clubfoot is one of the most
common congenital malformations that
affects bones, muscles, connective tissue, and
vascular or neurological structures in limbs
(78). The etiology of clubfoot includes
environmental and genetic factors.
Recurrent (2.2 Mb, 17g23.1q23.2) and
nonrecurrent (~350 kb, 17g23.2) CNV
duplications, involving TBX4, have been
identified in patients with familial isolated
clubfoot (79, 80). Clubfoot deformity has also
been rarely reported in association with the
recurrent reciprocal 17q23 deletion (MIM
#613355) albeit without a clear association to
date (81). Of note, one patient with a TBX4
CNV deletion from a PAH cohort described
by Galambos and colleagues also has
clubfoot (6).

Multigene Deletions versus Discrete
Variations in TBX4

Whereas SNVs and CNV deletions involving
TBX4 have been described in patients with
various abnormalities, it is unclear how the
variant type correlates with the phenotype.
Frameshift and missense variants in TBX4
have been found in individuals ICPPS and/or
PAH, accounting for two-thirds of the
associated variants (see Table E1). Recurrent
CNV deletions are less frequently observed
in ICPPS and PAH and are more common
in patients with LLDD and PAH associated
with parenchymal abnormalities (see Table
E2). A higher prevalence of developmental
delay has also been observed among TBX4
CNV carriers (4, 50).

Beyond TBX4

In contrast to the high penetrance of TBX4
variants in ICPPS, segregating TBX4 variants
in families with PAH show variable
expressivity and incomplete penetrance,
suggesting the involvement of other
environmental or genetic factors (4, 54, 55).
Of note, digenic heterozygous variants
involving TBX4 and BMPR2 have been
identified in one patient with PAH from
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Lebanon (82) and another from the PAH
Biobank (59). One patient was reported with
rare deleterious variants in TBX4 and
ACVRLI (activin A receptor like type 1) (54).
The high incidence of PAH in patients with
ICPPS implies that families with ICPPS
should be informed about the risk of PAH
and that patients with PAH should be
screened for the presence of ICPPS features
(4, 6, 56).

In addition, recent functional
assessment of TBX4 variants describing both
gain-of-function (GoF) and LoF effects, have
revealed that GoF variants are associated
with older age at diagnosis of lung disease
compared with LoF variants (83). In
addition, it has been suggested that variants
located in the T-box or nuclear localization
domains are associated with earlier onset and
increased incidence of interstitial lung
disease (83). Studies in families with rare
LLDDs have revealed heterozygous TBX4
variants inherited from unaffected parents or
parents with milder phenotypes, indicating
that the coding heterozygous TBX4 variants
alone are not sufficient to cause abnormal
lung phenotype and suggesting the presence
of additional genetic modifiers. Of note, the
probability of being LoF intolerant score (84)
for TBX4 is 0.5, indicating its partial
tolerance for LoF variants which would be
expected to associate with complete LoF of
the resultant gene transcript. In addition,
LLDD infants studied by Karolak and
colleagues have been found to also harbor at
least one noncoding SNV mapped in trans to
the coding variants involving TBX4 (5).
These noncoding variants are located in an
intronic predicted lung-specific enhancer
region (85) within BCAS3 (BCAS3
microtubule associated cell migration factor)
(MIM #607470), approximately 70 kb
upstream of TBX4 (5). The cooccurrence of
rare coding variants involving TBX4 with the
putative hypomorphic noncoding SNVs in
trans suggests a complex biallelic model for
these diseases (5).

A model of compound inheritance
involving a combination of rare coding
variants and common coding and noncoding
variants has been also described for TBX6-
related developmental anomalies of the spine
(86). Moreover, a rare noncoding variant in
the lung-specific enhancer in trans to the
FOXFI mutated allele has been described,
acting as a hypermorph and mitigating the
lethal phenotype of alveolar capillary
dysplasia with misalignment of the
pulmonary veins (87). These studies
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demonstrate that noncoding modifying
variants can act as hyper- or hypomorphs
and suggest newer mutational models for
disease such as the compound inheritance
gene dosage (CIGD) model, blending

the effects of coding and noncoding
variants (86).

Further supporting the CIGD model,
most recently, a heterozygous frameshift
variant, ¢.1112dup (p.Pro372Serfs*14), in
TBX4 was described, previously reported in
patients with ICPPS or PAH (46, 47),in a
three-generation family with mild interstitial
lung disease, bronchiolitis obliterans,
recurrent pneumothorax, ICPPS, and LLDD
and in unaffected individuals (88). In two
deceased neonates with LLDD, a noncoding
SNV, 1562069651-C, was present in trans to
the mutated TBX4 allele within the predicted
binding site of nuclear transcription factor,
X-box binding-like 1. This variant, absent in
other family members with the frameshift
mutation, reduces TBX4 promoter activity
by 63% in a reporter assay. These findings
provide functional evidence for the reported
model of complex compound inheritance
in which both TBX4 coding and trans
noncoding hypomorphic variants in the
lung-specific enhancer of TBX4 contribute
to LLDD (88).

Summary and
Future Directions

Animal models have provided key insights
into TBX4 and its function in vertebrate
development, yet numerous answers to more
nuanced questions remain. Studying Tbx4
loss in the lungs of mice using genetic
manipulations remains challenging, as
homozygous Tbx4 knockout is fetal lethal,
and heterozygous knockouts have no
obvious phenotype without additional
stressors. However, as floxed Tbx4 alleles

are available, creation of inducible and
conditional knockouts is possible and will be
necessary to better understand the critical
role of Thx4 at various developmental stages.
Such conditional LoF will also be
instrumental to address the role of Thx4
during development as well as for
maintenance of normal lung physiology.
Complementary, although zebrafish do not
form a lung, the deep conservation of the
Tbx4 gene and of its paralogs including
Tbx5 indicate that this model can provide
insights into the basic developmental

contribution of Tbx4 to select endothelial
and mesenchymal lineages. Understanding
the times at which TBX4 function is key

for therapeutic intervention. Studies of Tbx4
mutations in animal models in a cell
type-specific manner as well as intersection
with drug screening and signaling
modulation will be critical to considering
future genetic therapeutic strategies in
humans.

Understanding the true natural history
of rare genetic conditions and the frequency
of associated features is challenging, in part
because of the ascertainment bias of the first
reported individuals, as they are usually
ascertained and genetically tested on the
basis of striking clinical features and/or
strong family history. Our challenge is to
accelerate the expansion of our knowledge
by increasing the number of individuals
known to have these rare genotypes
by using the power of collaborative
international consortia to combine data
using standardized and complete clinical
evaluations. Increased availability of genetic
testing for patients with pulmonary disease,
PAH, and orthopedic issues should identify
additional mutation carriers. Cascade genetic
testing of family members across multiple
generations for features of TBX4 syndrome
can quickly identify many additional
mutation carriers of all ages. Engagement of
these families in research should help
identify resiliency factors, especially in older
individuals who have mutations yet remain
symptom free.

Large population-scale genomic
medicine efforts (i.e., UK Biobank, the
Genomics England Ltd. 100,000 Genomes
Project, and the NIH All of Us Research
Program [89-91]) provide a completely
different method of ascertainment and could
identify individuals without classical
symptoms or features of TBX4 deficiency
(and potentially other new symptoms) who
have not come to clinical attention on the
basis of orthopedic or pulmonary symptoms.
All methods of ascertainment are helpful to
identify the full spectrum and frequency of
disease manifestations and better understand
the age- and sex-related penetrance of each
clinical feature.

It will be necessary to allow as many
individuals as possible around the world to
participate and provide their longitudinal
clinical data over time and biospecimens.
Such a registry should provide value to the
participants individually and collectively and
ideally should include free family-based
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genetic testing, education, and/or genetic
counseling to understand the information
and how to use it for medical care and health
surveillance. However, there can be a
reluctance to pursue genetic testing because
of feelings of guilt for transmission of a
mutation to an affected child or if individuals
believe that knowing this information does
not provide medical benefit through the
ability to prevent, cure, or effectively treat
disease.

Among the T-box-associated human
diseases resulting from haploinsufficiency,
there is a range of manifestations, which
most frequently involve the heart and skeletal
systems (i.e., Holt-Oram syndrome through
TBX5). All T-box haploinsufficiency
conditions are similarly associated with
variable expressivity and incomplete
penetrance. There may be lessons learned
from other T-box-associated conditions that
will be applicable to TBX4.

What is likely to account for the
heterogeneity of manifestations in T-box
conditions and in TBX4-associated disease in
particular? One source of heterogeneity is
allelic differences and the amount of TBX4
expression associated with each allele, which
could lead to differences in TBX4 activity. It
is currently unclear whether there is a

minimal threshold of TBX4 expression
required for normal development and
whether that threshold is the same in each
cell type or tissue. Also unclear remains the
critical window of development that requires
TBX4 activity and whether TBX4 expression
is mainly required during development or
also whether its persistent expression is
required for maintenance of pulmonary
vascular integrity and to prevent disease
progression over time. Addressing these
possibilities is critical to understanding the
therapeutic window for treatment strategies.

Even within a single family with the
same TBX4 variant, there is often phenotypic
heterogeneity. Factors that could alter TBX4
expression include genetic variation in cis or
in trans. Identifying involved genomic
modifiers remains challenging unless they
are small in number and large in effect, given
the limited number of TBX4 mutation
carriers. Once clinically characterized cohorts
are established, it may be possible to begin
exploring genetic and environmental
modifiers affecting penetrance and
expressivity.

Although there are still many
unanswered questions in the richness of
TBX4 biology, studying this particular
T-box factor gene has the potential to

illuminate secrets of development and
human disease as proxy for T-box factor
function in general. Collaborative research
priorities to build international cohorts
with human biospecimens and relevant
animal models bring the promise to
advance our understanding of the
variabilities observed with TBX4-associated
conditions. TBX4Life (https://tbx4.org) is a
global initiative bringing together leading
clinicians, geneticists, developmental
biologists, and patient families through the
common interest in the biology and
pathophysiology of TBX4, to help identify
TBX4 variant carriers and facilitate TBX4
research. Ultimately, discovering genetic
and environmental factors and details

that modify disease severity will be
instrumental in prevention, prognosis, and
treatment.
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