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Deletion in 2q35 excluding the IHH gene leads to fetal severe limb
anomalies and suggests a disruption of chromatin architecture
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Abstract
The organization of mammalian genomes into sub-megabase sized Topologically Associated Domains (TADs) has recently
been revealed by techniques derived from Chromosome Conformation Capture (3 C), such as High Chromosome Contact
map (Hi-C). Disruption of this organization by structural variations can lead to ectopic interactions between enhancers and
promoters, and to alteration of genes expression patterns. This mechanism has already been described as the main
pathophysiological mechanism in several syndromes with congenital malformations. We describe here the case of a fetus
with a severe multiple congenital anomalies syndrome, including extensive polydactyly of the four limbs. This fetus carries a
de novo deletion next to the IHH gene, encompassing a TAD boundary. Such an IHH TAD boundary deletion has already
been described in the Dbf mouse model, which shows a quite similar, but less severe phenotype. We hypothesize that the
deletion harbored by this fetus results in the same pathophysiological mechanisms as those of the Dbf model. The description
of this case expands the spectrum of the disruption of chromatin architecture of WNT6/IHH/EPHA4/PAX3 locus, and could
help to understand the mechanisms of chromatin interactions at this locus.

Introduction

The study of 3D genome organization by High Chromo-
some Contact map, derived from Chromosome Conforma-
tion Capture, revealed megabase to sub-megabase sized
chromatin domains named Topologically Associated
Domains (TADs) [1–3]. These domains are fundamental
structural units of the genome, and are essential to genes’
expression regulation. TADs allow interactions of enhan-
cers with their target promoters located in the same TAD,
and prevent interactions with promoters located in

neighboring TADs. Disruptions of TAD boundaries by
chromosomal rearrangements can lead to abnormal inter-
actions between gene promoter and enhancer. The dereg-
ulation of the transcriptional pattern of these genes can
result to Mendelian disorders [4–6]. Several loci affected
by such disruption of chromatin architecture have
already been described, such as the WNT6/IHH/EPHA4/
PAX3 locus [7].

The EPHA4 gene encodes a protein-tyrosine kinase
receptor of the ephrin subfamily, implicated in central
nervous system development. During development, Epha4
is expressed in various neural tissues, such cortex,
corpus callosum, cortico-spinal tract and diencephalon
[8], but also in limbs, where it is required for normal
innervation [9].

WNT6, IHH and PAX3 genes belong to 3 well-known
gene families playing critical roles during embryonic
development. Especially, IHH belongs to the hedgehog
family, and is required for endochondral bone formation by
regulating the proliferation and differentiation of chon-
drocytes [10]. During development IHH is predominantly
expressed in prehypertrophic chondrocytes.

Structural variants encompassing the TAD boundaries at
the WNT6/IHH/EPHA4/PAX3 locus can lead to three
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different phenotypes, each characterized by specific
abnormalities of the extremities.

The pathophysiological mechanism is a misexpression of
WNT6, IHH or PAX3 genes, due to an interaction with
EPHA4 distal limb enhancers [7].

We report here a fetus carrying a heterozygous de novo
deletion encompassing a boundary of the IHH gene TAD.
The fetus presented with a severe phenotype with extensive
polydactyly of the four limbs. This case expands the spec-
trum of developmental defects associated with WNT6/IHH/
EPHA4/PAX3 locus rearrangements.

Materials and methods

Array-CGH and Quantitative PCR

See Supplementary data for extended Materials and Meth-
ods. Array-CGH were performed using microarrays 4 ×
180K, G2565C scanner, and Cartagenia Bench Lab CNV
platform for interpretation (Agilent Technologies, Santa
Clara, CA, USA), according to the manufacturer’s
instructions.

Thirteen quantitative PCR were performed in breakpoint
uncertainty intervals, using SYBR Green Mix on the
Light Cycler 480 System, under standard conditions, in
triplicate.

Breakpoint spanning PCR

A primer pair was designed in close non-deleted regions pre-
viously determined by qPCR: Forward primer 1 5′-
TTGGGGCTGAACTGCTTGTA-3′ and Reverse primer 1 5′-
GCATTTGAGGCTATGGCTATTTTCT-3′. A main PCR
product at around 1300 bp was amplified. A hemi-nested PCR
was then performed using the same PCR mix replacing the
Forward primer 1 by Forward primer 2 5′-ATAGGC
CGGCCCGTTTGTT-3′ in a closer non-deleted region. An
800 bp PCR product was amplified and Sanger sequenced.
Data has been analyzed using CutePeaks software [11].

Results

We report here the case of a female fetus. The mother was
23 years old, and she reported in her medical history a
previous early spontaneous miscarriage, without further
examination. This second pregnancy was interrupted at 15
gestational weeks because of a severe fetal phenotype
with a large cystic hygroma, polydactyly, phocomelia,
hyperechoic kidneys and megacisterna magna. The fetus
was macerated, with epidermolysis on 80% of the skin
surface, and was hypotrophic. External examination
showed a bilateral cleft lip and palate, and ambiguous
external genitalia, with an incomplete fusion of urethral

Fig. 1 Right and left hands of the fetus, and fetal X-rays: We observe an extensive polydactyly, with 8 fingers on each hand, and a right mirror
hand, associated with phocomelia
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Fig. 2 Disruption of chromatin architecture of IHH/EPHA4 locus. a
2q35 region visualized with the 3D Genome Browser [23]. On top, Hi-
C data from Rao et al. [15] (GM12878 cell line, 25 kb resolution). This
region encompasses several TADs, shown as alternating blue and
yellow lines. The region between block dots is represented in Fig. 2b.
b On top, representation of the IHH/EPHA4 locus. The deletion of the
Dbf mouse model removes the TAD boundary between the IHH and
the EPHA4 TADs, allowing an interaction between an enhancer
cluster, and the IHH gene. The deletion of the fetal case also
encompasses this TADs boundary, but the cluster enhancer too.

However, the EPHA4 TAD involved other putative enhancers and
could lead to the same deregulation mechanism. In particular one of
the predicted enhancer of the FANTOM5 database [22] (coordinates:
NC_000002.1: g.(221360545_221360555)) is significantly over-
represented in chondrocytes, and could be involved in this mechanism.
On bottom, Sanger sequence of the breakpoints spanning PCR. The
deletion is 988,839 base pairs, with an additional insertion of 11 base
pairs between the two breakpoints. The coordinate of this deletion/
insertion is: GRCh37 NC_000002.11 g.219925666_220914504
delinsTAGTGCCTCGA
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folds. Rhizomelic micromelia of all four limbs, and
pterygium colli were observed. Examination of the four
limbs showed polydactyly, with 8 fingers on each hand
with a right mirror hand, 7 toes on the left foot and 6 toes
on the right foot with an enlarged hallux (Fig. 1). On
visceral examination, the gall bladder was missing, and
there was polysplenia. The internal genitalia were female,
but abnormal, with a hypoplastic uterus. Dissection of the
heart showed a single great vessel. The two atria were
visible, with normal situs. There was an overriding aorta,
with a large interventricular communication. There was
no identifiable pulmonary artery trunk and no pulmonary
artery emerging from the single artery trunk. Examination
of the aortic arch showed a possible aortopulmonary
collateral artery from the aortic isthmus reaching the right
lung, and another one from the aorta reaching the left
lung. The venous pulmonary return seemed normal.
Microscopic examination showed significant autolytic
alterations. However we were able to see that the pul-
monary parenchyma was at the canalicular stage. On
kidney slides, there were corticomedullary cystic tubular
dilations, but the gestational term and the maceration
rendered the examination difficult. The brain was com-
pletely autolyzed.

X-rays showed a bilateral humeral and femoral agenesis,
associated with a bilateral tibiofibular hypoplasia, and
abnormal scapulae.

180 K array-CGH performed on chorionic villus sample
showed a de novo 2q35 deletion with a maximal size range
of 1019 kb:

GRCh37 NC_000002.11 g.(219912758_219928949)_
(220900731_220931554)del (ISCN 2016 nomenclature: arr
[GRCh37] 2q35(219912758 × 2,219928949_220900731 ×
1,220931554 × 2)dn)

Thirteen qPCRs were performed to reduce the region of
uncertainty, then the breakpoints of the deletion were
defined at a molecular level by spanning PCR sequencing as:

GRCh37 NC_000002.11 g.219925666_220914504delinsT
AGTGCCTCGA.

This deletion encompasses 988,839 base pairs, and
sequence analysis showed an additional insertion of 11 base
pairs between the two breakpoints. The chromosomal
rearrangement has been submitted to the Clinvar database
(Accession: SCV000786655).

The centromeric breakpoint is located 429 basepairs
upstream the IHH gene transcription start site.

This chromosomal rearrangement was not present in the
CNV (Copy Number Variation) databases (Decipher [12],
ISCA [13] and DGV [14]). This interval includes 25 RefSeq
genes.

Previous studies [7, 15] determined that this chromosomal
region is organized in three different TADs: a centromeric
TAD encompassing WNT6 and IHH, a median TAD

encompassing EPHA4 and a cluster of enhancers
regulating its expression, and a telomeric TAD encompassing
PAX3 (Fig. 2). The identified deletion encompasses the
boundary between the WNT6/IHH TAD and the EPHA4
TAD.

Discussion

The fetal case reported here carried a de novo heterozygous
deletion encompassing the telomeric WNT6/IHH TAD
boundary, without involving the IHH gene.

The pathophysiological mechanisms of chromosomal rear-
rangements at theWNT6, IHH, EPHA4, and PAX3 genes locus
in the mouse model have been delineated by Lupiáñez et al.
[7]. Deletions, duplications or inversions involving one of the
median TAD boundaries lead to an ectopic interaction between
WNT6, IHH or PAX3 and the cluster of enhancers located in
the EPHA4 TAD, and thus to a specific phenotype. For
example, heterozygous duplications encompassing IHH and
the boundary between the telomeric and the median TADs lead
to a phenotype mimicking the acrocallosal syndrome in human,
with polysyndactyly of the hands and feet, agenesis of the
corpus callosum, dysmorphism and severe intellectual dis-
ability [16]. A deletion involving the same TAD boundary has
been identified in the Doublefoot mice model (Dbf) [17, 18].
This mutant mouse strain shows a similar phenotype, with
preaxial polydactyly with 6–9 triphalangeal digits in all four
limbs, tibial hypoplasia, broadened skull, hydrocephalus, and
thickened, kinked tail.

Interestingly, the clinical features of the fetus are quite
similar to the phenotype of the Dbf mice model and to the
acrocallosal-like syndrome due to IHH duplication. In par-
ticular the polydactyly of this fetus are the same, with
mirror configuration of the fingers. Therefore, we can
hypothesize that the main pathophysiological effect of the
deletion of this fetus is the same: an ectopic interaction
between the IHH gene and enhancers in the EPHA4 TAD.

Even if this hypothesis is supported by the current knowl-
edge of the chromatin architecture at this locus, we cannot rule
an effect of the 25 deleted genes. However, the implication of
24 of them is unlikely according to literature and loss-of-
function mutations frequency in databases (Supplemental data).
The remaining gene, ATG9A, encodes a subunit of the adaptor
protein 4 complex. This complex contains other subunits
encoded by genes involved in autosomal recessive spastic
paraplegia [19]. The KO mice model for ATG9A shows hin-
dlimb clasping, decreased motor coordination, weak grip
strength and thin corpus callosum, without any other congenital
malformations. The heterozygous mice do not present any
clinical features. Furthermore there is no other data in the lit-
erature arguing for an implication of the heterozygous deletion
of this gene in the phenotype of the fetus.
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The centromeric breakpoint of the deletion is close to IHH
transcription start site, and thus encompasses part of the IHH
promoter. However, IHH is thought to be still expressed.
Indeed, annotation by GPMiner software [20] shows that the
TATA box is still present in the promoter, located at −206 bp.
Furthermore, Ushijima et al [21]. showed by promoter deletion
analysis that the C/EBPβ and RUNX2 responsive element of
the IHH promoter, responsible of the IHH expression in
chondrocytes, is located between −214 and −210 bp, and thus
is not encompassed by the deletion.

The deletion of the fetus is larger than the Dbf deletion
and encompassed the cluster of limb enhancers identified in
the EPHA4 TAD by Lupiáñez [7] (Fig. 2).

However, the EPHA4 TAD involved several other
putative enhancers, as identified by CAGE experiments by
the FANTOM5 consortium project [22], with one of them
significantly overrepresented in chondrocytes (Fig. 2).

The different number of enhancers involved in this
pathophysiological mechanism between the Dbf model
mouse and this fetus could explain his more severe pheno-
type, with phocomelia, and several visceral malformations.

In conclusion, we report here the first human case of dele-
tion of IHH TAD boundary, which showed a similar but more
severe phenotype than the Dbf mouse model. The delineation
of the diverse phenotypes associated with CNVs at this specific
WNT6/IHH/EPHA4/PAX3 locus could help to understand the
mechanisms of chromatin interactions at this locus.
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