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Abstract

The uptake of the two essential ingredients for life,
oxygen and nutrients, occurs primarily through the oral
cavity, but these two lifelines need to be separated
with high accuracy once inside the body. The two sys-
tems, the gas exchange pulmonary system and the
gastro-intestinal feeding system, are derived from the
same primitive embryonic structure during develop-
ment, the foregut, which need to be separated before
birth. In certain newborns, this separation occurs not
or insufficiently, leading to life threatening conditions,
sometimes incompatible with life. The development of
the foregut, trachea and lungs is influenced and coor-
dinated by a multitude of signaling cascades and tran-
scription factors. In this review, we will highlight the
development of the foregut and pulmonary system and
focus on associated congenital abnormalities in light of
known genetic alterations with specific attention to the
transcription factor SOX2.
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Core tip: Foregut abnormalities are complicated con-
genital diseases which still lack knowledge of the origin.
This review highlights foregut development and associ-
ated abnormalities, specifically focussing on the tran-
scription factor SOX2.
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FOREGUT DEVELOPMENT

Gastrulation is the process that adds complexity to the
developing organism and results in a triploblastic animal
by formation of the three germ layers, ectoderm, meso-
derm and endoderm. At embryonic day 8 (E8.0) in mice
(comparative to 3 wk in human), the sheet of endoder-
mal cells starts to invaginates ventrally at the anterior and
posterior intestinal portals, which subsequently migrate
towards each other to form the primitive gut from the
future mouth to anus'. At E9.0, the notochord delami-
nates from the dorsal endoderm and will eventually be
situated between the primitive gut and the neural tube.
The notochord serves in this phase of development as a
strong signaling center, secreting morphogens like Sonic
hedgehog (Shh) to pattern the endoderm as well as the
neural tube™. Another signaling center associated with
the early patterning and morphogenesis of the foregut is
the heart mesoderm, which secretes Fibroblast growth
factors (Fgf). High levels of Fgf signals activate lung spe-
cific genes while lower levels of Fgf activate liver specific
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Table 1 Gestational ages in human and mouse during the five
stages of lung development™

Phases of lung development Gestational age

Human Mouse
Embryonic phase Weeks 3-7 E9-11.5
Pseudoglandular phase Weeks 5-17 E11.5-16.6
Canalicular phase Weeks 16-25 E16.6-17.4
Saccular phase Weeks 24-38 E17.4-PN5
Alveolar phase Weeks 36 to maturity PN5-30

E: Embryonic age; PN: Post natal age.

genes”. The prospective lung field, the area which will
eventually lead to the emergence of the primitive lung
bud, is subsequently patterned by retinoic acid (RA) sig-
naling. The RA receptor (RARq) is required to maintain
RA signaling and to assist the effects of RAR, which
induces the expression of Fgfl0. RA signaling integrates
the Wnt and transforming growth factor beta (Tgfp)
pathways by inhibiting the expression of the Wnt an-
tagonist Dickkopf-1 and by preventing the expression of
TgfB™. Overall, the foregut is regionalized as shown by
the various dorsal-ventral gradients of morphogens and
subsequent transcription factors. This pattern of expres-
sion is essential for proper development of the trachea,
esophagus and lungs, and disturbances in these patterns
result in various trachea-lung defects (see below).

Lung development

The lung primordium arises from the ventral foregut
as a primary bud, just anterior to the developing stom-
ach around embryonic day 9.5 in mice or week 4 in
humans™”. The lung bud splits in two buds, the future
left and right bronchus, elongates and the proximal part
separates into oesophagus and trachea, while distally the
bronchial tree is formed through a process called branch-
ing morphogenesis'”.

Development of the lung can be divided into five dis-
tinct, but overlapping phases based on morphology (Table
1), During the earliest phase, the embryonic phase, the
lung buds are formed from the primitive foregut, the
mayor bronchi are formed and the tracheal-esophageal
tube is dividing, Several signaling cascades direct the eatly
embryonic morphogenetic events and cell fate decisions
including Tgff3, Bone Morphogenetic Proteins (BMPs),
Shh, Wnt, and Fgf families, which will be discussed in
more detail™. As development of the lung advances, the
embryonic endoderm undergoes progressive fate deci-
sions that generate epithelial progenitor cells with increas-
ingly restricted developmental potential over time. The
next phase, the pseudoglandular phase is characterized
by the commencement of differentiation of epithelial
cells. Also, the bronchial tree and all terminal bronchioles
are formed. The pseudoglandular phase is followed by
the canalicular phase and the saccular stage”. During the
canalicular phase, the conducting airways are completed
and the respiratory portions of the lung as well as the
capillary bed are formed, while during the saccular phase
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the terminal tubes narrow, giving rise to small saccules
and the endoderm begins to differentiate into specialized
alveolar type I and type 1I cells'”. The last phase, the
alveolar phase, is characterized by the establishment of
secondary septa resulting into alveolar formation, which
mainly takes places after birth™'",

Regulation of foregut and lung development

The morphogenesis of the foregut and lung is subse-
quently regulated by a myriad of transcription factors and
signaling cascades. The molecular and cellular events con-
tributing to lung development and the separation of the
trachea and esophagus have been extensively described
in recent reviews' "', Regionalization of the different
parts of the gut is controlled by the localized expres-
sion of Homeobox (Hox) genes'”. Hoxa3 and Hoxb4
are expressed in the foregut endoderm, whereas Hoxe5
and Hoxa13 are expressed in the midgut and hindgut
endoderm, respectivelym’m. During tracheal-eosophageal
development, Shh is specifically and dynamically ex-
pressed during the patterning of the ventral foregut
whereas its expression is transiently expressed in the tra-
cheal endoderm". During the early stages of branching
morphogenesis, Shh is expressed in the epithelium, with
the highest levels of expression in the tips. Later, there is
downregulation of Shh in the proximal parts of the air-
ways while distally the expression sustains'®

SOX GENES AND FOREGUT
DEVELOPMENT

Transcription factors that show specific expression profil-
es in the endoderm, include members of the SRY-related
High-Mobility Group (HMG) transcription factors' ™.
The Sex-determining region on the Y chromosome ($7y)
gene, was the first identified member of the SOX family
of transcription factors”*". SOX family members are
highly conserved across species and they were originally
identified by homology, as they contain an HMG box
closely related to that of the Sry genem]. Therefore, Sty
gave the SOX gene family its name; Sry-related HMG
box, hence “SOX?”, followed by a number corresponding
to the order of discovery”. SOX proteins have proper-
ties of both classical transcription factors and architec-
tural proteins™. They function as classical transcription
factors, either activating or repressing specific target
genes through interaction with different partner proteins.

All SOX factors bind DNA viz theit HMG domain
and recognize the same consensus motif 5-(A/T)(A/
T)CAA(A/T)G-3", The transcriptional function of
SOX proteins dependent on the cell type and the pro-
moter context, and they often have functional redun-

dancy among each other'™. In contrast to other transcrip-
tion factors which mainly target the major groove, SOX
proteins interact with the minor groove of the DNA
helix and, as a consequence, induce a sharp bend in the
DNAP. The DNA bending capacity of SOX proteins

can be functionally important for several reasons. It may
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Table 2 The role of SOX genes in diseases

SOX gene Chromosome location Disease

SOX2 3q26.3-q27 Microphthalmia, syndromic 3 optic nerve hypoplasia, abnormalities of the central nervous system, CHARGE-
syndrome[65], AEG-syndrome[57], EA/ TEF™ cpPAM™®*!

SOX3 Xq27.1 Mental retardation, X-linked with isolated growth hormone deficiency, infundibular hypoplasia,
hypopituitarism™”

SOX9 17q23 Campomelic dysplasia with autonomic XY sex reversal”"”), Pierre-Robin syndrome!

SOX10 22q13.1 Waardenburg-Shah syndrome, Yemenite deaf-blind hypopigmentation syndrome, peripheral demyelinating
neuropathy, central dysmyelinating leukodystrophy, Waardenburgh syndrome, Hirschprung's disease!"”

SOX11 2p25 Unknown

SOX17 8q11.23 Unknown

SOX18 20q13.33 Hypotrichosis-lymphedema-telangiectasia syndrome"”

EA/TEF: Esophageal atresia/ tracheoesophageal fistula; CPAM: Congenital pulmonary and airway malformations.

bring different regulatory regions of the target gene into
close proximity. Thereby, it facilitates the formation of
enhanceosomes, 7e., functionally active complexes of
transcription factors on different gene enhancer sequenc-
es™. It also allows the interaction of distant enhancer
nucleoprotein complexes with the basal transcription
machinerylzs’%]. The local changes in chromatin structure
induced by SOX proteins may facilitate the recruitment
of higher-order architectural factors (like polycomb or
trithorax protein groups)””. Bending of DNA by SOX
proteins could also act in a negative way by preventing
the binding of other factors to adjacent sites in the major

SOX proteins have been identified in all animal spe-
cies (birds, reptiles, amphibians, fish, insects, and nema-
todes)” and mutations in several of the SOX genes have
been implicated in the pathogenesis of human congenital
anomalies and syndromes (Table 2).

SOX genes are expressed in diverse and dynamic pat-
terns during embryogenesis. During development mem-
bers of the SOX family are expressed in almost every
tissue of the embryo, and also in a number of adult tis-
sues”". The expression of a specific SOX transcription
factor is not necessarily restricted to a particular cell type
or lineage. Their expression pattern during development
appears to correlate with early cell fate decisions. For
example, Sty is expressed in the undifferentiated male
gonad and is quickly down regulated once the decision is
made to initiate male development” ™.

To date, four members from the SOX gene family
are known to be involved in lung organogenesis, SOX2,
SOX9, SOX11 and SOX17 §OX9 was found
throughout lung morphogenesis as a downstream gene of
Shh and modulated by BMP4 and Noggin. Using epithe-
lial specific gain and loss function mouse models, SOX9
has been shown to play a crucial role in branching mor-
phogenesis through controlling a balance between prolif-
eration and differentiation™”. In another study, knock out
of SOX9 in the mesenchyme demonstrated that it plays a
crucial role in differentiation of the lung tracheal epitheli-
um™. SOX9 is required for formation and patterning of
tracheal cartilage by a mechanism mediated by Fgfl gH>+l,
SOX9 promotes proper branching morphogenesis by
controlling the balance between proliferation and differ-
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entiation and regulating the extracellular matrix and can
be used as a marker for the distal epithelium™’. SOX11
has been suggested to be involved in development and
plays a key function in tissue remodeling, including the
lung™, SOX11 deficient mice die immediately after birth
because of significant lung hypoplasia and other tissue
defects™. SOX17 was shown to be crucial early after
gastrulation for the formation of definitive endoderm,
which gives rise to the lung, liver, pancreas, stomach, and
gastrointestinal tract™. In the lung, SOX17 is expressed
in the respiratory epithelial cells at embryonic day 18 in
mice and becomes primarily restricted to ciliated cell in
the postnatal and adult lung®™. Ectopic expression of
SOX17 in lung epithelial cells inhibits peripheral epithelial
cell differentiation and results in the activation of the cell
cycle and the initiation of progenitor-like cell behavior
in mature lung cells™. SOX17 has been shown to impair
the expression of Tgff1 responsive inhibitors, p15, p21
and p57, while inhibiting Tgf1 and Smad3 transcrip-
tional activity™,

SOX2

The mouse SOX2 gene has been mapped to chromo-
some 3" SOX2 plays crucial roles during different
stages of vertebrate embryonic development and its
expression is temporally and spatially regulated™’. SOX2
expression starts at the morula-stage of embryo devel-
opment. In blastocysts it is specifically detected within
the cells of the inner cell mass (ICM). Expression con-
tinues in the epiblast, the tissue that will give rise to the
embryo and germ cells"”. SOX2 is also expressed in
embryonic stem cells, which are detived from the ICM.
During early gastrulation, SOX2 expression in the em-
bryo is restricted to the anterior ectoderm, which gives
rise to neuroectoderm and anterior surface ectoderm,
while the extraembryonic expression becomes confined
to the chorion™*. At later stages of embryonic devel-
opment, SOX2 is expressed in the brain, neural tube,
eyes, sensory placodes, branchial arches, gut endoderm,
and the germ cells""”"*. When the arches develop,
SOX2 continues to be expressed in the primitive foregut
endoderm. Later, SOX2 is present in the epithelium of
foregut-derived organs, including the tongue, esophagus,
trachea, proximal lung and stomach®****",
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The lack of SOX2 expression in mice results in early
embryonic lethality™”. OX2 null mutant mouse embryos
implant but fail to develop an egg cylinder or epiblast,
and they die before gastrulation because SOX2 is re-
quired in the ICM of the blastocyst"”. Other mutations
that only affect SOX2 regulatory elements can cause
deafness, defects in the inner ear, circling behavior, and a
yellow coat color'™, The use of two SOX2 hypomorphic
mutants showed a dose-dependent role of SOX2 in the
development of the retina and the differentiation of the
foregut endoderm™™, Heterozygous mutations in SOX2
have been associated in human with severe structural
malformations of the eye, bilateral anophthalmia (absent
eye) and microphthalmia (small eye), and anophthalmia-
esophageal-genital (AEG) syndrome””. In AEG infants
the esophagus and trachea fail to separate normally and
the trachea is connected to the stomach by an abnormal
distal esophagus[57’59’6m. These symptoms underwrite the
developmental functions for SOX2, as found in SOX2
hypomorphic mice described above.

SOX2 in foregut and lung development: SOX2 is
expressed throughout the early foregut epithelium, but
becomes restricted to the dorsal epithelial cells at embry-
onic day 9.5, whereas Nkx2.1 is reciprocally expressed
in the ventral epithelium[ss’(’ﬂ. SOX2 is expressed in the
epithelial cells of the foregut at E9.5. From E11.5 until
E14.5, SOX2 is exclusively expressed in the epithelial
cells of the non-branching developing airways and it re-
mains expressed in the epithelial cells of the conducting
airways after birth. So SOX2 is exclusively expressed at
the non-branching airways™.

Previously, it was shown that ectopic expression of
SOX2 in epithelial cells of the lung result in abnormal
alveolar formation, enlarged airspaces and a decrease in
the number of airways, indicating that SOX2 modulates
branching morphogenesis. Also, an increased number of
neuroepithelial cells and (pre-) basal cells was observed.
This indicates that SOX2 is important in cell fate choice
and epithelial differentiation””. More recently it was
shown that SOX2 regulates the emergence of lung basal
cells by directly activating the transcription of the basal
cell master gene Trp63, and the emergence of bron-
chioalveolar stem cells'®”.

The proper dorsal-ventral patterning of SOX2 and
Nkx2.1 is critical for foregut morphogenesis. Down-
regulation of SOX2 leads to the formation of esophageal
atresia/tracheoesophageal fistula (EA/TEF) in SOX2
P¥ whereas deletion of Nkx2.1
leads to defects in foregut separation and the formation
of EA/TEF associated with high SOX2 expression in
the epithelium®*, Similarly, the epithelial cells in the fis-
tula of SOX2 hypomorphic mutants express high levels
of Nkx2.1 suggesting that low level of SOX2 is required
for Nkx2.1 expression to expand dorsally and reprogram
the dorsal epithelium to a respiratory fate®™. These find-
ings suggested that the dorsal-ventral arrangement of
SOX2 and Nkx2.1 is essential for foregut separation and

hypomorphic mutants
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the subsequent differentiation of epithelial progenitor
cells into oesophageal and tracheal epithelium and lung
buds?.

Using Chromatin Immuno Precipitation it was shown
that SOX2 directly binds to the promoter region of the
NKX2.1 gene in human embryonic stem cells and this
binding resulted in the inhibiton of NKX2.1 transcrip-
4 Other interesting SOX2 target genes that are
involved in early lung morphogenesis are members of
the Notch (JAG1) pathway and Shh pathway (GLI2,
GLI3)™. Since the activity of SOX2 depends on its in-
teraction with other proteins it is of high importance to
reveal its interacting partners. Recently some of these

tion

partners were identified in embryonic and neural stem
cells'™. One of the partners identified is Chromodo-
main-Helicase-DNA-Binding Protein7 (CHD7), which
plays a major role in CHARGE syndrome. As mentioned
before, SOX2 plays a role in AEG syndrome which shows
many similarities with CHARGE syndrome. SOX2 and
CHD7 also regulate common target genes, like MYCN,
JAGT and GLI2/3. These genes ate involved in syn-
dromes that are characterized by the same malformations
as AEG and CHARGE syndromes. Gene networks like
this SOX2-CHD7-regulated network can be used to better
understand the molecular basis of various human diseases
and therefore associating partners in the lung epithelium
could help us to reveal the mechanisms underlying lung-
related abnormalities™

FGF SIGNALING

Another study using 7z vitro organ cultures demonstrated
that Fgf10 signaling inhibits SOX2 expression in the
mouse foregut[ss]. Mesenchymal expression of Fgf10
around the distal ends of the lung epithelium functions as
a chemoattractant by binding to the epithelial expressed
Fef receptor 2b (Fgfr2b) leading to branching and out-
growth of the epitheliumw’(’s], The functional interac-
tion between Fgf10 and Fgft2b was shown by the high
similarity between the Fgf10-null and Fgfr2b-null mouse
mutants™*”. Fgf10 knockout mice developed normal tra-

69,70
7 Whereas

chea, but completely lacked lung structures
targeted deletion of Fgfr2b prevented branching, causing
the trachea to terminate as a blind-ended sac”". Condi-
tional gene inactivation studies further demonstrate that
both Fgf10 and Fgfr2b are required for a normal branch-
ing program and proper proximal-distal patterning of the
lungm. Recently, it was shown that ubiquitous overex-
pression of Fgf10 throughout the lung could rescue lung
agenesis in Fgf10 knockout mice, suggesting that precise
localization of Fgfl0 expression is not required for lung
branching morphogenesis. Rather, Fgf10 signaling pre-
vents cells from expressing SOX2 by the activation of
B-catenin. As the lung bud grows, the cells become more
distant from the Fgf10 source and start to adopt a more
proximal cell fate expressing SOX2. When SOX2 is ec-
topically expressed in the distal epithelial cells of the de-
veloping airways, these cells are no longer responsive to
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Fgf10 and differentiate into proximal cells, which results

in reduced branching and formation of cyst-like struc-
39,62]
tures .

WNT SIGNALLING

Receptor tyrosine kinases (RTKSs), like the Fgfr, are able
to activate Wnt/B-catenin through the Erk/MAPK me-
diated phosphorylation of the Wnt co-receptor Lrp6 on
Ser1490 and Thr1572, leading to an increased cellular re-
sponse to Wnt. Moreover, RTKSs directly phosphorylate
[-catenin on the Tyr142 residue, which causes its release

from membrane bound cadherin complexesw‘ﬂ. In turn,
Fgfr2b expression is induced by activation of epithe-
lial B-catenin activation, which results in an increase of
Fgf10 signalingm]. This regulation of distal epithelial pro-
genitors by B-catenin suggests the progressive signaling
cascade where Fgfl0 regulates branching morphogenesis
via Wnt signaling, Epithelial specific expression of Wnt-
less, a cargo receptor protein important for directing Wnt
ligands, has recently been shown to be important for lung
differentiation and vasculature development probably by
modulating the secretion of Wnt ligandsm.

At embryonic day 9.5, Wnt signaling is active in the
ventral side of the unseparated foregut tube, where the
Wnt ligands Wnt2 and Wnt2b are highly expressed[m’m.
Wnt2 and Wnt2b are secteted by mesenchymal cells
of the ventral foregut and signal through the canoni-
cal B-catenin pathway to specify lung progenitors in
the foregut endoderm!™™. Conditional inactivation of
[-catenin in the foregut endoderm results in the absence
of both trachea and lung, whereas expression of a con-
stitutively active J-catenin mutant results in the expan-
sion of the earliest respiratory marker, Nkx2.1, and a loss
of the SOX2 positive domain®". Later in development,
Wnt/ [-catenin signaling is required for proper proximal-
distal patterning of the lungm. Wnt7b is expressed in
the endoderm of the early foregut and its deletion does
not disrupt foregut separation, but results in irregular
lung branching morphogenesis and vasculature devel-
opment . Mesenchymal Wnt2 and epithelial Wnt7b
cooperate with Pdgf signaling to promote mesenchymal
differentiation'™.

Respiratory endodermal specific expression of a
constitutive active (3-catenin isoform showed that canoni-
cal Wnt signaling is not required for the development
of alveolar epitheliumm’gm. However, the formation of
proximal epithelium was impaired, because ectopic Wnt
signaling induced the expression of Tcfl and Lefl at the
expense of SOX2 and Trp63[79]. On the other hand, con-
ditional deletion of [B-catenin in respiratory epithelium
resulted in the loss of alveolar structures. Selective loss
of bronchiolar lineages with continued proliferation may
result in cystic lesions of the lung resembling an anomaly
known in humans as congenital pulmonary and airway
malformations (CPAM) Ea,

Ectopic expression of Wntba in the respiratory epithe-
lium resulted in increased Fgf10 expression and a reduc-
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tion in epithelial Shh expression[sﬂ. The precise dose and
timing of Fgf and Wnt signaling lead to the induction
of Shh expression in the respiratory epithelium[3’76]. The
paracrine effect of Shh on the surrounding mesenchyme
results in the Foxfl and Glil/Gli3 mediated expression
of BMP4.

BMP SIGNALING

BMP signaling plays prominent roles in foregut sepa-

ration and lung development, however the molecular
mechanisms controlling temporal-spatial BMP signal-
ing dynamics in foregut organogenesis are pootly un-
derstood™. In the unseparated foregut tube, BMP4 is
expressed in the ventral mesenchyme, while BMP7 and
the BMP antagonist Noggin are enriched in the dorsal
endoderm™. Ablation of Noggin resulted in increased
BMP signaling in the foregut and the formation of EA/
TEF®™. These embryos showed abnormal delamination
of the notochord from the early definite endoderm epi-
thelial sheet, resulting in epithelial cells of endodermal
origin being present in the notochord™. Subsequent dele-
tion of either BMP4 or BMP7 in these Noggin null mice
rescued the separation defects™. Recently, it was shown
that Noggin is required to attenuate BMP signaling in
order to allow the notochord to delaminate form the
dorsal foregut endoderm™!. Tissue specific ablation of
BMP4 in the eartly foregut endoderm resulted in tracheal
agenesis accompanied by reduced cellular proliferation
in the epithelial and mesenchymal compartments. How-
evert, the trachea does not separate from the foregut and
Nkx2.1 expression is conserved in the ventral endoder-
mal epithelium, suggesting that BMP4-mediated signaling
1s essential for separation but not for the initial specifica-
tion of the tracheal epithelium®™. Similarly, conditional
inactivation of BMPrla and BMPr1b in the foregut leads
to tracheal agenesis, a decrease of Nkx2.1 expression
and a ventral expansion of SOX2 and Trp63 expression.
Subsequent activation of Wnt signaling did not promote
respiratory differentiation. Deletion of SOX2 in the BM-
Prla/b deficient mouse rescued the foregut separation
defect, showing that SOX2 is downstream of BMP sig-
naling[gﬂ. Ectopic expression of SOX2 in the distal lung
buds showed that Fgf-Erk signaling was abrogated at the
expense of BMP-Smad signalingm].

RELATIONSHIP BETWEEN SOX2
AND CONGENITAL DEFECTS OF THE
FOREGUT

Congenital malformations of the lung constitute a spec-

trum of lesions that originate during the embryonic
period. Incidences of congenital defects of the foregut
are in the range of 1:11.000-35.000 pregnancies (World
Health Organization). Patients present a broad range of
clinical manifestations ranging from intra uterine death
to significant illnesses at birth with a variable severity of
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respiratory symptoms and later on distress and repeated
chest infections. However a number, although impressive
at repeated prenatal ultrasound or magnetic resonance
imaging may remain asymptomatic for long periods and
significantly regress in the course of pregnancy. Congeni-
tal defects of the foregut occur either in isolated cases or
as part of a complex syndrorne[ss]. The causes of most
of these malformations as well as their molecular genetic
background are still unknown. Different types of con-
genital lung malformations can be distinguished, which
will be briefly discussed.

CPAM

CPAM constitute a spectrum of lesions that originate
during the embryonic period. The prevalence of congeni-
tal lung malformations has seemingly increased over the
last decade probably due to better antenatal ultrasound
screening and is estimated at 1 in 3000 pregnancies[89]
Although most newborns with antenatally diagnosed
congenital lung malformations are asymptomatic at birth,
approximately 10% show respiratory insufficiency. Sec-
ondary infections of these lesions occur in approximately
5% of unoperated children.

The different types of congenital pulmonary and ait-
way malformations are classified in bronchopulmonary
malformations, pulmonary hyperplasia, congenital lobar
overinflation and other cystic lesions

Bronchogenic cyst: A bronchogenic cyst is often a soli-
tary cyst in the mediastinum or in the lung parenchyma
filled with fluid. Their structural lining resembles that of
the bronchus, cartilage and bronchial-type glands includ-
ed. Symptoms at birth are mostly due to compression of
surrounding structures, especially bronchial structures
resulting in hyperinflation of lung parenchyma distal to
the obstruction. Symptoms at later age are mainly due to
infection. Etiology is probably similar to other duplica-
tion cysts as aberrant bud formation from the foregut
structures. The molecular biology has not been studied
so far.

Bronchial atresia: Bronchial atresia, mostly asymptom-
atic often results in overinflation of a lobe, segment or
even smaller part of the lung depending on the level of
bronchus being atretic. Symptoms are rate. Etiology is
unknown and may be similar to the reasons of bronchial
blockage in congenital lobar overinflation.

Cystic adenomatoid malformation stocker type 1
and type 2: Although congenital cystic adenomatoid
malformation (CCAM) pathogenesis is unknown, several
authors have hypothesized that different types of CCAM
originate at different stages of lung development. Abnor-
mal airway development during branching morphogen-
esis probably results in specific areas of the lung where
terminal bronchioles overgrow and alveolar formations
are absent™. Another hypothesis postulates that CCAM
originate as a result of imbalance between cell prolifera-
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tion and apoptosis during airway branching®*”""?. Type
1 CCAM consists of a few large cysts with bronchiolar
configuration and a lining of respiratory epithelium over-
lying fibroelastic tissue and small amounts of smooth
muscles. It may have a systemic arterial supply. Type 2
CCAM are multicystic lesions (cysts < 2 cm) often local-
ized in one lobe, although multiple lobes can be affected.

Aberrant expression of genes involved in lung devel-
opment has been shown to result in CCAM-like pheno-
types. Transiently induced overexpression of SOX2%,
FgflO[%], orthotopic overexpression of Fgf9 and hetero-
topic overexpression of Fgf7 show perturbations of lung
morphogenesis some mimicking CCAM type 1 and 2
depending on the time of overexpression.

In human resection specimens increased levels of the
transcription factors HOXB5, TTF1, Fgf9[94’95] as well as
changed expression patterns of the adhesion molecules
a-2 integrins and E-cadherin, increased levels of Clara
cell marker CC-10 and reduced expression of Fatty acid
binding protein-7 have been described”. Moreover, mi-
croarray data revealed a 6 fold up-regulation of SOX2 in
CCAM tissue compared with controls”. These findings
correspond with recently published data, describing the
generation of CCAM-like phenotype by overexpressing
SOX2 in mouse. In a comparative study, expression of
SOX2 in human CCAM tissue was identified”. Differ-
ent etiology for type 1 and type 2 may be supported by
recent findings that SOX2 is expressed in epithelial lining
of cystic lesions in CCAM type 2, but not in CCAM type
1. Moreover, TRP63 was co-expression in SOX2 positive
cells, suggesting that the epithelium had proximal charac-
teristics (Ochieng ez al™; 2014).

Extralobar sequestration: Extralobar sequestration
(ELS) are charactetized by normal, non-functioning lung
tissue without connection with the bronchial tree and
often receive blood supply from the systemic circulation.
Mainly found in the left lower chest, these lesions can
also be found in or below the diaphragm. In contrast to
CCAM, associated anomalies like vertebral and chest wall
deformities and congenital heart disease are described. In
5%-15% of patients with congenital diaphragmatic her-
nia an ELS is found at operation. Although often asymp-
tomatic, antenatal diagnosis can be very helpful to detect
congestive heart failure caused by the arteriovenous
shunting through the anomalous systemic blood supply.
Late symptoms are mainly infectious. One of the genes
that 1s thought to be involved in the pathogenesis of this
anomaly is the HOXB5 gene. It is previously shown that

. I . . . 97,98
this gene is involved in airway branching”™"”.,

Pulmonary hyperplasia and related lesions

Laryngeal atresia: Laryngeal atresia causes congenital
high airway obstruction syndrome (CHAOS) at birth
in the absence of a tracheoesophageal fistula. Prena-
tally, a polyhydramnios, large lung volume and inverted
diaphragm are associated with fetal hydrops. Survivors
are only described in those patients who have a tracheo-
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esophageal fistula or a pinpoint laryngeal connection
to relieve pressure from the lungs. Still, these patients
may suffer from tracheobronchomalacia and diaphrag-
matic dysfunction due to increased lung extension dur-
ing pregnancy. CHAOS can be associated with Fraser
syndrome””!. If a bigger tracheoesophageal connection
exists, prenatal diagnosis is difficult and diagnosis is only
made at birth due to severe dyspnea. As a cause of la-
ryngeal atresia, failure of recanalization of the laryngeal
membrane is described. No detailed molecular analysis
of lungs of laryngeal atresia, either pre- or postnatally,
has been reported.

Solid or cystic adenomatoid malformation, stocker
type 3: The type 3 lesion, which accounts for 5%-10%
of cases, occurs almost exclusively in males, and is as-
sociated with maternal polyhydramnios in nearly 80%
of the cases. These are large, non-cystic bulky lesions,
compressing the adjacent lung and mediastinum. Micro-
scopically, randomly scattered bronchiolar/alveolar duct-
like structures ate lined by low cuboidal epithelium and
surrounded by “alveoli” also lined by cuboidal epithe-
lium. The virtual absence of any small, medium, or large
pulmonary arteries in this type of lesion is remarkable.

Congenital lobar overinflation

Congenital Iobar overinflation, or Congenital lobar
emphysema (CLE), is a rare lung malformation with
an incidence ranging from 1:20000 births to 1:30000
births"""". CLE is characterised by distended alveoli dis-
tal to the terminal bronchiole with destruction of the lin-
ing of the lobes, in contrast to a polyalveolar lobe where
the number of alveoli is increased. CLE usually affects
the left upper or right middle lobe!"”. Prenatal diagnosis
can be made when a hyperechogenic lung is seen, but
discrimination with CCAM and ELS is difficult at that
point. Although respiratory failure can be present at birth
due to compression of normal lung and displacement
of the heart, many patients are asymptomatic. As a cause
of CLE, a disruption of normal bronchopulmonary tree
development is described with dysplastic cartilage, muco-
sal overgrowth, main stem bronchial atresia or external
compression from abnormal cardiovascular structures.
No specific genetic anomalies have been linked to this
anomaly so far.

Bochdalek type of Congenital diaphragmatic hernia

Bochdalek type of Congenital diaphragmatic hernia
(CDH) is characterized by a posterolateral defect mostly
in the left diaphragm, which results in herniation of the
abdominal organs into the chest!""*'", Subsequent pul-
monary hypoplasia and pulmonary hypertension cause
severe respiratory failure at birth. Lung hypoplasia is
characterized by reduced alveolar air spaces lacking sec-
ondary septae, thickened alveolar walls and increased
interstitial tissue. In the pulmonary vessels hyperplasia of
the median and increased adventitial layer of the arterial
wall is well described. The incidence of CDH is approxi-
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mately one in 2500 births and the underlying cause of
CDH is still unknown in a large number of patients.
Several links to gene loci have been found partly
based on animal experimentsmﬁ] and several members
of the vitamin A-RA pathway have been implicated in
the occurrence of CDH, such as vitamin A deficiency,
STRAG and RALDH2!""™*'">' Moreover, some genes
that are downstream of this pathway, like COUP-TFII,
FOG2, GATA4 and GATAG, have also been found to
be associated with CDH review!'
quencing identified a novel candidate gene, PIGN, aside
from the known FOG2 involvement!”""". A direct link

of CDH and SOX2 has not been described.

107,108
| Recent exome se-

Esophageal atresia

Esophageal atresia with or without TEF has an incidence
ranging between one in 2500 to one in 4500 births"".
In EA, the proximal esophagus is blunt-ended, while the
distal part is connected to the trachea. This connection
and the position of the atresia varies between patients
and leads to the classification of five subtypes[”z]. In 85%
of cases the esophageal atresia (EA) is accompanied by
a distal tracheoesophageal fistula. Approximately half of
the patients suffer from associated anomalies, as recently
been reviewed" .

The genetics of EA/TEF is complex, and several
studies have indicated putative factors associated with
either the multifactorial syndromes, or with EA/TEE
Based on murine models of this anomaly, several candi-
date genes and pathways have been identified, such as the
receptors of the RAR(),/RARB, members of the SHH-
PTC-GLI pathway (Shh, Gli2/3, Foxfl), BMP signaling
(Noggin) and some transcription factors (Hoxc4, Ttf-1,
Pcsk5, Thx4, SOX2)!",

Some of these candidate genes seem to be associ-
ated with human EA/TEF, such as FOXF1, PCSK5,
SHH, NOG and SOX2. Moreover, other human genes
have been associated with EA/TEF as part of several
syndromes, such as Feingold (MYCN), Opitz G (MID1),
Fanconi anemia (FANCA/C/D/G) and CHARGE
(CHDY7). Recently, CHD7 was shown to directly associate
with SOX2, thereby linking CHARGE syndrome with
AEG™. Moreover, it was shown that these two proteins
activated the transcription of a number of genes that are

implicated in related syndromes, like Shh, G/i2/ 3, Mycn.

Alveolar capillary dysplasia

Although alveolar capillary dysplasia with misalighment
of pulmonary veins (ACD/MPV) is a very rare condi-
tion without known incidence it has a dismal prognosis.
The diagnosis is most likely underreported because it can
only be made by histological examination of lung tissue.
Newborn patients present with respiratory failure, hypox-
emia, metabolic acidosis, pulmonary hypertension and
right ventricular failure. Chest X-ray can be interpreted
as normal but might show diffuse haziness or ground-
glass opacities. Associated congenital anomalies may be
present, especially of the genitourinary, gastrointestinal
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and cardiovascular system. Histologically, a decreased
number of pulmonary capillaries is observed, distantly
from the alveolar epithelium and thickened septae with
a malposition of pulmonary veins close to pulmonary
arteries. Often lymphangiectases are seen. Pulmonary ar-
teries show medial hypertrophy with muscularization of
distal arterioles. Although treatment response especially
to therapy relieving pulmonary hypertension has been
described, effects are transient. Late presenters and long-
term survivors very rarely have been described and might
be due to a lesser degree of histological changes.
Deletions in chromosomal region 16q24.1q24.2 have
been described. The smallest region of overlap in these
deletions contains the FOX transcription factor gene
cluster, including FOXF7, FOXC2 and FOXL1. Find-
ings in the mouse model with heterozygous deficiency of
FOXF1 are similar to those in humans with ACD/MPV
whereas mouse embryos with homozygous deficiency die
at E9,5 due to pulmonary vascular abnormalities. A rela-
tionship with SOX2 never has been described" ",

CONCLUSION

SOX2 has only been found to be associated with a lim-
ited number of specific subsets of congenital anomalies.
Modulating the expression levels of SOX2 during trachea
and lung development in mice have led to abnormalities
which relate to human conditions, such as CPAM and
EA/TEF™, Tnterestingly, CHD7, which is linked to
CHARGE syndrome, was recently shown to be a binding
partner of SOX2'”. SOX2 is linked to AEG syndrome,
which is clinically related to CHARGE syndrome. In
fact, in some the diagnosis of AEG or CHARGE is hard
to distinguish from each othet™ . Thus, some of the
congenital pulmonary abnormalities may be part of very

complex syndromes, and it may be that the interactions
between SOX2 and CHD7, or other proteins, may result
in combinations of different clinical parameters. There-
fore, mutations that change the interactions between
SOX2 and other proteins, like CHD7, may result in the
various clinical manifestations observed in syndromes.
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