University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Wallis, M;Pope-Couston, R;Mansour, J;Amor, DJ;Tang, P;Stock-Myer, S

Title:
Lymphedema distichiasis syndrome may be caused by FOXC2 promoter-enhancer
dissociation and disruption of a topological associated domain

Date:
2021-01-01

Citation:

Wallis, M., Pope-Couston, R., Mansour, J., Amor, D. J., Tang, P. & Stock-Myer, S. (2021).
Lymphedema distichiasis syndrome may be caused by FOXC2 promoter-enhancer
dissociation and disruption of a topological associated domain. American Journal of
Medical Genetics Part A, 185 (1), pp.150-156. https://doi.org/10.1002/ajmg.a.61935.

Persistent Link:
https://hdl.handle.net/11343/276534



’.] Check for updates

Wallis Mathew (Orcid ID: 0000-0002-5441-1732)

Lymphedema distichiasis syndrome may be caused by FOXC2
promoter-enhancer dissociation and disruption of a topological
associated domain

Mathew Wallis>2, Rachel Pope-Couston?, Julia Mansour?!, David J. Amor®#, Paisu Tang>,
Sharyn Stock-Myer®

1. Tasmanian Clinical Genetics Service, Tasmanian Health Service, C/- The Royal Hobart
Hospital, Hobart Tasmania 7001 Australia

2. School of Medicine and Menzies Institute for Medical Research, University of
Tasmania, Hobart Tasmania 7001 Australia

3. University of Melbourne Department of Paediatrics,

4. Murdoch Children’s Research Institute, Royal Children's Hospital, Flemington Road,
Parkville Victoria 3052 Australia

5. Virtus Diagnostics, 344 Victoria Parade, East Melbourne Victoria 3002 Australia

Running title: LDS may be caused by FOXC2 promoter-enhancer dissociation
Funding: Nil

Disclosures: Nil from any author

Corresponding author: Mathew Wallis

Correspondence:

Dr Mathew Wallis

Tasmanian Clinical Genetics Service
C/- The Royal Hobart Hospital
Hobart Tasmania 7001 Australia
Email: mathew.wallis@utas.edu.au

This is the author manuscript accepted for publication and has undergone full peer review but
has not been through the copyediting, typesetting, pagination and proofreading process, which
may lead to differences between this version and the Version of Record. Please cite this article
as doi: 10.1002/ajmg.a.61935

This article is protected by copyright. All rights reserved.


http://orcid.org/0000-0002-5441-1732
http://dx.doi.org/10.1002/ajmg.a.61935
http://dx.doi.org/10.1002/ajmg.a.61935
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fajmg.a.61935&domain=pdf&date_stamp=2020-10-27

ABSTRACT

Lymphedema distichiasis syndrome (LDS) is a rare autosomal dominant condition
characterised by lower limb lymphedema, distichiasis, and variable additional features.

LDS is usually caused by heterozygous sequence variants in the FOXC2 gene located at
16924, but in one previous instance LDS has resulted from a balanced reciprocal
translocation with a breakpoint at 1624, 120kb distal to the FOXC2 gene suggesting a
position effect. Here we describe a second family with LDS caused by a translocation
involving 16g24. The family were ascertained after detection of a paternally inherited
balanced reciprocal translocation t(16;22)(q24;913.1) in a pregnancy complicated by severe
fetal hydrops. There was a past history of multiple miscarriages in the father’s family, and a
personal and family history of lymphedema and distichiasis, consistent with the diagnosis of
LDS. Using whole genome amplified DNA from single sperm of the male proband, bead
array analysis demonstrated that the FOXC2 gene was intact and the chromosome 16
breakpoint mapped to the same region 120Kb distal to the FOXC2 gene. This case highlights
the clinical consequences that can arise from a translocation of genomic material without
dosage imbalance, and that it is increasingly feasible to predict and characterise possible
effects with improved access to molecular techniques.
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MAIN TEXT

Introduction

Apparently balanced translocations (ABTs) are found in approximately 1 in 500 individuals,
are inherited at least 80% of the time, and affect all chromosomes in a seemingly randomly
distributed fashion (Fantes et al., 2008; Jacobs et al., 1992; Warburton, 1991). Carriers of
ABTs are seen frequently in clinical genetics services, mainly to discuss their chance of
having a child with either a balanced or unbalanced chromosome rearrangement. Less
commonly, the ABT itself can be pathogenic, via mechanisms that include alteration of
expression patterns in nearby cis regulatory elements, an imbalance at or near the
breakpoint region, production of a chimeric gene, or a position effect on a gene distant from
the breakpoint (De Gregori et al., 2007; Fantes et al., 2008; Higgins et al., 2008; Thomas et
al., 2010).

ABTs are thought to arise from two random double-strand chromosome breaks followed by
ligation (non-homologous end joining; NHEJ). They are termed apparently balanced
because detailed analysis can reveal cryptic rearrangements in at least one third of cases
(Baptista et al., 2008; De Gregori et al., 2007; Schluth-Bolard et al., 2009), the presence of
which provides further evidence for NHEJ as the predominant causative mechanism, as does
a lack of sequence similarity between the breakpoint regions. The proportion of imbalances
at the breakpoint region is more common in patients with an abnormal phenotype;
however, patients with a de novo ABT and an abnormal phenotype may still have no obvious
detectable chromosome imbalance, suggesting an alternate mechanism of disease in some
individuals (Baptista et al., 2008; De Gregori et al., 2007; Fantes et al., 2008).

Most genes require several cis-acting distant genomic elements for spatiotemporally correct
expression, and these can be located up to 1 Mb 5’ or 3’ from the gene (Howard &
Davidson, 2004). These elements can be located within introns of nearby genes and most
do not contact the nearest promoter and skip one or more genes (Howard & Davidson,
2004; Kleinjan & van Heyningen, 2005). The cis-spreading of a silencing signal (such as Xist)
or signals that can move between chromosomes (including proteins and RNAs) can influence
long-range regulation, but distal regulatory elements are often brought together into
physical proximity through the formation of chromatin loops (Dekker & Mirny, 2016; Nora
et al., 2012) to form self-interacting topologically associating domains (TADs) (Rao et al.,
2014; Spielmann, Lupiafiez, & Mundlos, 2018). Balanced chromosomal abnormalities can
alter the copy number of regulatory elements, but they can also disrupt higher-order
chromatin organisation such as TADs, influencing the expression of genes distant from the
breakpoints and causing disease (Spielmann et al., 2018).

Lymphedema distichiasis syndrome (LDS; OMIM #153400) is characterised by lower limb
lymphedema that occurs from late childhood or puberty, frequently accompanied by
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distichiasis and its complications, including corneal irritation, recurrent conjunctivitis and
photophobia. In LDS, distichiasis can range from a full second row of eyelashes, through to
a few extra hairs. Other less common features of LDS include non-immune hydrops fetalis,
congenital heart disease, cleft palate, and renal anomalies. LDS is variable in presentation
both within and between families. LDS is caused by heterozygous pathogenic variants in the
FOXC2 gene, located at 16g24 (Fang et al., 2000). In the LDS gene discovery paper, the
authors identified truncating heterozygous variants in the FOXC2 gene in two families with
LDS and, in a third subject they hypothesised a position effect as the cause of LDS due to an
ABT (Fang et al., 2000). In that family, the presence of the ABT helped confirm that the
locus for LDS was at 16924 (Erickson et al., 1995; Fang et al., 2000). This article describes a
family with LDS diagnosed after a couple was referred to clinical genetics due to recurrent
pregnancy loss related to a familial ABT, t(16;22)(g24;q13.1), representing the second
example of LDS caused by an ABT with breakpoint at 16q24.

Case Report

The couple presented to the clinical genetics service when pregnant with their third child.
The male partner was known to carry a balanced reciprocal translocation
t(16;22)(g24;q13.1) and also reported history of lymphedema. On examination he was
found to have accessory eyelashes and lower limb lymphedema consistent with a diagnosis
of lymphedema distichiasis syndrome (LDS).

The pedigree is shown in Figure 1. Elsewhere in the family, the male partner’s father also
carried the balanced translocation and was reported to have lower limb lymphedema and a
history of removal of eyelashes due to irritation. The paternal grandfather was also
reported to have a history of lymphedema but was deceased and no karyotype had been
performed. In addition, there was also a history of multiple miscarriages in the mother of
the male partner, as well as a stillbirth at 25 weeks gestation with a reported neck
abnormality that may have represented hydrops.

The couple had two previous pregnancies. Their first pregnancy resulted in the birth of a
healthy daughter with normal chromosome microarray analysis at prenatal diagnosis.
During their second pregnancy, a 12-week ultrasound detected increased nuchal thickness
and malformations of the kidneys and brain, and the pregnancy was terminated at 13 weeks
of gestation. Chromosome microarray (CMA) on the products of conception showed a
normal female molecular karyotype. A G-banded karyotype was not performed for either of
these two pregnancies.

In their third pregnancy a 12-week ultrasound showed a severely hydropic fetus with a
nuchal translucency of 5.6mm. Non-invasive prenatal screening and CMA from an
amniocentesis sample were normal. A G-banded karyotype on the amniocentesis sample
showed the t(16;22)(q24;q13.1) balanced translocation. Ultrasound at 22 weeks’ gestation
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showed increased hydrops causing bilateral pleural effusions and the couple elected to
terminate the pregnancy.

Methods

To determine if FOXC2 was interrupted by this translocation, and in preparation for
preimplantation genetic testing (PGT), single sperm from the male translocation carrier
were loaded into tubes containing 4ul 1x PBS (Cell Signalling Technology). The sperm
samples were then lysed, and the DNA was whole genome amplified (REPLI-g Single Cell Kit,
Qiagen). The amplified DNA was analysed using the Human Karyomap-12 bead array
(Hlumina USA), as per manufacturer’s instructions and Bluefuse Multi v4.3 software used to
determine the position of the translocation breakpoints. Single sperm that are unbalanced
for the translocation have loss and/or gain of the segments involved in the translocation,
and therefore the breakpoints of the translocation can clearly be visualised.

Results

A total of six single sperm were whole genome amplified and analysed on the bead array.
Three sperm were balanced for the translocation, showing normal copy number of
chromosomes 16 and 22. Three sperm were unbalanced, and two of these unbalanced
sperm contained derivative chromosome 22 with a clear 12 Mb deletion on the g arm of
chromosome 22. One sperm had the derivative chromosome 16, and a deletion of the 3.6
Mb of the g arm of chromosome 16. The high-resolution mapping on the bead array
revealed that the translocation breakpoint on chromosome 16 is within a 6.5 Kb region
between 116 and 123 Kb distal to the 3’ end of the FOXC2 gene (Figure 2), between GRCh37
Chr16:86,718,757-86,725,305.

Discussion

This couple had two pregnancies with abnormalities, one with nuchal edema and other
abnormalities and the other with severe fetal hydrops. The molecular karyotype in both
these pregnancies was normal, indicating no significant imbalance of chromosome material.
The male partner carried an ABT [t(16;22)(gq24;913.1)] and was clinically diagnosed with
LDS. The pregnancy with hydrops was confirmed to carry the ABT. It was therefore
proposed that the pregnancy with hydrops might have a severe form of LDS due to an ABT-
related disruption of the FOXC2 locus, as hydrops is a known presentation of LDS (Fang et
al., 2000; Lai et al., 2018; Sargent et al., 2014). The cause of the anomalies in the second
pregnancy may have been due to a similar mechanism, but no sample was available from
this pregnancy to test for the presence or absence of the ABT. Whole genome-amplified
single sperm analysis for the male proband with bead array analysis demonstrated that the
FOXC2 gene did not contain a copy number variant and the breakpoint was approximately
120Kb distal to the FOXC2 gene. This indicated that the cause of disease in this family was
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likely due to the fact that FOXC2 had been dissociated from its downstream regulatory
elements.

The position of the 16924 translocation breakpoint in this family maps to within a 6.5kb
region that is almost entirely nested within the 12kb region to which the translocation
breakpoint was mapped in the gene discovery paper (Fang et al., 2000). A breakpoint at this
position is likely to disrupt the TAD in which FOXC2 resides and dissociate it from the
majority of its enhancer elements (see Figure 3). FOXC2 is located near the boundary of a
putative TAD and the majority of enhancer elements for FOXC2 appear to be located
downstream of the gene and within the same TAD. Although pathogenic sequence variant
in FOXC2 has not been excluded in this family, the breakpoint at 16q24.3 is almost identical
to that seen in the gene discovery paper, and the translocation tracked with disease in both
families. Additionally, this mechanism of disease has been identified in other forkhead-
domain genes where pathogenic sequence variants were not found in the relevant gene
(Crisponi et al., 2004; Lai et al., 2001).

A proportion of human disease-associated chromosomal deletions may be pathogenic due
to the elimination of TAD boundaries (lbn-Salem et al., 2014), and multiple different types
of structural chromosomal changes can disturb TAD structure and give rise to the same
phenotype (Lupiafiez et al., 2015). For example, in patients with congenital anomalies,
balanced chromosomal abnormalities may disrupt TADs encompassing known syndromic
loci in at least 7% (Redin et al., 2017) of cases.

FOXC2 is a developmental regulator gene from the 'forkhead' (or winged helix) gene family.
Several developmental regulator genes with well-established haploinsufficiency
phenotypes, including the forkhead/winged helix group of transcription factors, have been
documented to give rise to loss-of-function phenotypes through disruption of long-range
control (Kleinjan & van Heyningen, 2005) and there are multiple examples of translocations
causing a position effect on pleiotropic developmental regulator genes (Belloni et al., 1996;
Flomen et al., 1998; Roessler et al., 1996; 1997; Trembath et al., 2004; Wallis et al., 1999;
Wild et al., 1997). TADs are generally up to 1 Mb in size and are associated with convergent
CCCTC-binding factor (CTCF) sites that appear to facilitate cohesion binding and chromatin
loop extrusion (Dekker & Mirny, 2016; Rao et al., 2014). The majority of interactions
between promoters and enhancers occur within TAD boundaries and certain types of genes
(transfer RNA and housekeeping genes) appear to be enriched near TAD boundaries. TAD
boundaries appear to be largely conserved across different species and cell types, and TAD
rearrangements disrupt the normal topology of protein-coding genes and their enhancers
relative to TAD boundaries, resulting in inappropriate interactions and misexpression
(Lupiafiez et al., 2015).
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While ABTs can occasionally be pathogenic, most balanced structural chromosome
rearrangements do not directly cause disease and are relatively common in the general
population. Reciprocal translocations, Robertsonian translocations, pericentric inversions,
and paracentric inversions have a collective birth prevalence of approximately 1 in 200
(Jacobs et al., 1992), while the prevalence of de novo balanced rearrangements is
approximately 1 in 2000 (Halgren et al., 2018). The rapid uptake of high-resolution
molecular karyotyping techniques has led to a vast improvement in our understanding of
the mechanisms and burden of chromosomal disease due to copy number variants (CNVs);
however, the proportion of disease caused by ABTs without apparent gain or loss of
chromosome material is less well understood (Redin et al., 2015; Halgren et al., 2018). In
some part, this may be because standard cytogenetics techniques are no longer employed
as a first line test and identifying structural chromosome rearrangements using massively
parallel sequencing data is difficult and not yet widely available.

The risk of congenital abnormalities or intellectual disability in prenatally ascertained de
novo ABTs is at least 10% (Warburton, 1991), and closer to 30% when long-term follow-up
for neurodevelopmental and/or neuropsychiatric disorders is taken into account (Halgren et
al., 2018). It is therefore important to identify those rare ABTs that might themselves cause
a risk of disease and this case demonstrates the importance of taking a full family history
when counselling during pregnancy and the importance of thinking broadly about the
possibility that an ABT may be associated with another condition in the family. However,
the potential clinical consequences arising from a translocation of genomic material without
dosage imbalance may be important to consider for all ABT carriers, irrespective of family
history or examination findings. With improved access to molecular techniques and a better
understanding of spatial gene expression control, it is increasingly feasible to predict and
characterise the possible effects of ABTs. Halgren et al. recommended mapping the
breakpoints as a first-tier diagnostic test in pregnancies with a de novo ABT, and using
blinded interpretation of mate-pair sequencing data, showed that this was able to
accurately predict a benign outcome for healthy carriers while also predicting an untoward
outcome, due to expected disruption of known disease-associated genes or regulatory
domains, in almost half of the affected carriers (Halgren et al., 2018).

Haploinsufficiency is the main suspected mechanism of disease in most cases of LDS and
while the lymphedema associated with LDS is typically puberty-onset, it can present as
hydrops fetalis in its most severe form (Fang et al., 2000; Lai et al., 2018; Sargent et al.,
2014). Truncating heterozygous pathogenic variants in FOXC2 have been reported in other
families with LDS ascertained due to hydrops fetalis (Fang et al., 2000), but the factors
underlying severity and variability in LDS are not well understood and there are no apparent
genotype-phenotype correlations (Bell et al., 2001; Berry et al., 2005; Brice, 2002; Erickson,
2001; Erickson et al., 2001; Sholto-Douglas-Vernon et al., 2005; Tavian et al., 2016). The
report of phenotype-discordant MZ twins with LDS and truncating FOXC2 variant suggests
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that phenotype disparity in LDS is not necessarily due to other modifying genomic loci
(Kumar et al., 2007). It remains possible that the specific translocation in our family is
associated with an increased risk of hydrops compared to other FOXC2 variants; however,
several members of our family had a classic LDS picture without hydrops, suggesting that
the penetrance of hydrops in this family is not significantly different to other families with
LDS (Tavian et al., 2020).

Conclusion

The advice given to couples regarding ABTs often focuses on the fact that chromosomal
rearrangements are common and when balanced they are usually benign. Pathogenic ABTs
are rare and genetic counselling should largely be reassuring about the clinical impact on
carriers for balanced forms. However, it should not be assumed, and health professionals
should keep an open mind when evaluating phenotypes that cannot be explained by an
unbalanced form of the ABT. After small dosage imbalances have been excluded, fine
mapping of the ABT breakpoint region is important to consider as it can help identify nearby
genes of interest, especially pleiotropic developmental regulators known to be associated
with disease, and may give insight into the possible effects on local TAD structure and gene
expression. While likely to be rare, the proportion of human disease due to balanced
translocations remains largely unknown. The incidence of de novo translocations in simplex
cases should, however, be better understood as analyses for complex cytogenetic
rearrangements becomes common practice for patients undergoing clinical diagnostic
genomic testing. Similarly, our ability to ascribe pathogenesis will progress as our
understanding of spatial gene expression control continues to improve.
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FIGURE LEGENDS

Figure 1 - Pedigree

Figure 2 — Breakpoint Mapping

a) Using single sperm analysis, the breakpoint of the translocation was mapped to a region
approximately 120 Kb distal to the FOXC2 gene— between GRCh37 Chr16:86,718,757-
86,725,305.

b) Single amplified sperm sample analysed using Human Karyomap-12 bead array and
Bluefuse Multi software showing the LogR ratio for the FOXC2 region on chromosome 16.
This amplified sperm is unbalanced for the translocation and has a loss of the 16q arm after
the breakpoint. Black arrows point to FOXC2 gene and the translocation breakpoint.
Decision tracks at the bottom show the location of genes in this region.

Figure 3 - Chromatin interactions at the 16p24.1 locus showing that the translocation
breakpoint (green arrow) would likely dissociate FOXC2 from most of its enhancer
elements (promoter-enhancer interactions in blue arches)

Approximate location of the 16g24.1 translocation breakpoint is indicated by a green arrow.
Chromatin interactions were obtained from 3D Genome Browser (see Web Resources) using
the following Hi-C parameters: human hg19; human umbilical vein endothelial cell (HUVEC);
Lieberman-raw; resolution 25k. The promoter-enhancer interactions were obtained from 3D
Genome Browser (see Web Resources) using the following Capture Hi-C parameters:
Human, hg19; tissue: endothelial precursors; target: promoter; lab: Fraser; Gene Symbol or

This article is protected by copyright. All rights reserved.


http://promoter.bx.psu.edu/hi-c/

SNP rsid: FOXC2; extended region in kb (default + 500kb): 850; checked to show only
interactions for the queried gene or genomic feature.
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