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Abstract

Complex structural X chromosome abnormalities are rare in
humans and animals, and not recurrent. Yet, each case pro-
vides a fascinating opportunity to evaluate X chromosome
content and functional status in relation to the effect on the
phenotype. Here, we report the first equine case of a com-
plex unbalanced X-autosome rearrangement in a healthy
but short in stature Thoroughbred mare. Studies of about
200 cells by chromosome banding and FISH revealed an ab-
normal 2n = 63,X,der(X;16) karyotype with a large dicentric
derivative chromosome (der). The der was comprised of nor-
mal Xp material, a palindromic duplication of Xq12921, and
a translocation of chromosome 16 to the inverted Xq12q21
segment by the centromere, whereas the distal Xq22q29
was deleted from the der. Microsatellite genotyping deter-
mined a paternal origin of the der. While there was no option
to experimentally investigate the status of X chromosome
inactivation (XCl), the observed mild phenotype of this case
suggested the following scenario to retain an almost normal

genetic balance: active normal X, inactivated X-portion of
the der, but without XCl spreading into the translocated
chromosome 16. Cases like this present unique resources to
acquire information about species-specific features of X reg-
ulation and the role of X-linked genes in development,

health, and disease. © 2020 S. Karger AG, Basel

Introduction

Numerical and structural abnormalities of the X chro-
mosome in humans and animals are often compatible
with life, particularly in females [Ciaccio et al., 2020;
Raudsepp and Chowdhary, 2016]. This is largely attrib-
uted to random X chromosome inactivation (XCI) in
mammalian females [Lyon, 1961, 1962], which balances
X chromosome gene dosage between sexes but also buf-
fers deleterious effects of X chromosome mutations [Can-
tone and Fisher, 2017; Carrel and rown, 2017]. The pro-
cess of XClI is triggered by cis-spreading of a long, non-
coding RNA (IncRNA) transcribed from the X-linked
XIST gene [Disteche, 1999; Deng et al., 2014]. Due to the
cis-action of XIST, in cases of X-autosome rearrange-

karger@karger.com
www.karger.com/cgr

© 2020 S. Karger AG, Basel

il
Karger~

Terje Raudsepp

Molecular Cytogenetics Laboratory, Veterinary Integrative Biosciences

College of Veterinary Medicine and Biomedical Sciences, Texas A&M University
588 Raymond Stotzer Pkwy, College Station TX 77843-4458 (USA)

traudsepp @ cvim.tamu.edu



ments, inactivation can also spread to autosomes [Loda
et al., 2017]. However, under normal conditions, not all
genes undergo XCI [Abrams and Cotter, 2004; Alexan-
drou et al, 2016]. These include the pseudoautosomal
genes, gametologs, and an additional set of dosage sensi-
tive X-linked genes [Bellott et al., 2014; alaton and rown,
2016; Tukiainen et al., 2017]. Haploinsufficiency or over-
dose for these genes due to X chromosome rearrange-
ments, particularly aneuploidies, may affect normal de-
velopment and viability [Bellott et al., 2014]. Functional
compartmentalization of the X chromosome into regions
that undergo XCI and those that escape also means that
genetic consequences of X chromosome rearrangements
depend on which regions are involved. Furthermore, the
extent of XCI varies between species [Berletch et al., 2015;
Tukiainen et al., 2017], implying that homologous X
chromosome aberrations may have different phenotypic
effects in different species [Raudsepp et al., 2012; Raud-
sepp and Chowdhary, 2016].

In humans, the most common X chromosome rear-
rangements are aneuploidies with the reported frequency
of X trisomy (47,XXX) and X monosomy (45,X; also
known as Turner syndrome) of 1:1,000 and 1:2,500 live
female births, respectively [Skuse et al., 2018]. Likewise,
over 90% of all reported chromosome abnormalities in
the horse (Equus caballus, ECA; 2n = 64) involve the X
chromosome, of which X monosomy (63,X) makes up
almost a half [Bugno et al., 2007; Lear and Bailey, 2008;
Lear and Villagomez, 2011; Raudsepp et al., 2012; Raud-
sepp and Chowdhary, 2016]. Compared to aneuploidies,
reports about structural aberrations involving the X chro-
mosome are less common. Of these, rearrangements re-
sulting in the loss of the entire short arm either by Xp
deletion or due to the formation of isochromosomes of
the long arm i(Xq) typically have phenotypes similar to X
monosomy as reported in humans [Haltrich et al., 2015;
Skuse et al., 2018] and horses [Lear and Bailey, 2008; Lear
and Villagomez, 2011]. Other types of X chromosome
structural rearrangements, however, are rare in both spe-
cies. The frequency of balanced and unbalanced X-auto-
some translocations in humans is about 1:30,000 live
births [Watanabe et al., 2018] with about a hundred cases
described to date [Schmidt and Du Sart, 1992; Prueitt et
al., 2000; Abrams and Cotter, 2004; Moyses-Oliveira et
al., 2015; Watanabe et al., 2018]. In animals, only a hand-
ful of cases of X-autosome translocations have been re-
ported in pigs [Koykul et al., 2000; Szczerbal and Switon-
ski, 2016] and cattle [Gustavsson et al., 1968; Basrur et al.,
2001], and just 2 cases in the horse [Power, 1987; Bugno-
Poniewierska et al., 2018]. However, more complex X
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chromosome rearrangements with multiple breakpoints
are extremely rare, with just a few cases so far reported in
humans [Haltrich et al., 2015].

Here, we describe a novel complex unbalanced X chro-
mosome rearrangement combined with X-autosome
translocation in a Thoroughbred mare. The highly rear-
ranged derivative chromosome (der) is delineated by
GTG- and CBG-banding, FISH analysis, and short tan-
dem repeat (STR) genotyping. Possible genetic conse-
quences of the rearrangement are discussed. The present-
ed rearrangement is the first of its kind found in the horse
and adds to our understanding of X chromosome regula-
tion in this species.

Material and Methods

Case Description

A 2-year-old Thoroughbred mare was referred to the Texas
A&M University Molecular Cytogenetics Laboratory for chromo-
some analysis because of short stature. At this age, the horse stood
from ground up to the highest point of the withers 13.5 hands (137
cm), which is abnormally short for the breed [Green, 1976]. Oth-
erwise, the animal had been healthy through her life and was suc-
cessfully used for riding and as a companion. However, there was
no information about fertility, because her reproductive tract was
never examined and, to the best of our knowledge, no attempts
have been made to breed her.

Cell Culture and Chromosome Preparation

Short-term blood lymphocyte cultures and chromosome prep-
arations followed standard procedures described elsewhere [Raud-
sepp and Chowdhary, 2008]. Briefly, 1 mL of sodium heparin sta-
bilized peripheral blood was grown for 72 h in 9 mL of culture
medium containing RPMI-1640 with HEPES and Glutamax (Gib-
o), 10% fetal bovine serum, 1x antibiotic-antimycotic (100x; In-
vitrogen, USA), and 15 pg/mL pokeweed mitogen (Sigma Al-
drich). The cells were harvested with 10 pg/mL demecolcine solu-
tion (Sigma Aldrich), treated with optimal hypotonic solution
(Rainbow Scientific), and fixed in 3:1 methanol/acetic acid. The
cells were dropped on pre-cleaned wet glass slides and air dried.
The quality of chromosome preparations was examined under a
light microscope with 20x phase contrast objective.

Karyotyping and Cytogenetic Analysis

Chromosomes were stained with Giemsa for initial analysis of
chromosome number and morphology. For refined analysis and
karyotyping, the chromosomes were stained by GTG-banding
[Seabright, 1971], and the X chromosome was further studied by
CBG-banding [Arrighi and Hsu, 1971]. A minimum of 20 cells
were captured and analyzed for each technique using an Axioplan2
microscope (Carl Zeiss, Inc., Jena, Germany) and IKAROS (Meta-
Systems GmbH, Altlussheim, Germany) software. The chromo-
somes were identified and arranged in a karyotype according to the
International System of Cytogenetic Nomenclature of the Domes-
tic Horse [Bowling et al., 1997].
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Table 1. FISH markers used to dissect the complex rearrangement

FISH probe/BAC BAC sequence, EquCab3 Cytogenetic Reference marker  Status in der FISH mapping reference
location
148G5 16:6,263,662-6,447,094 16q12q13 PPARG Present Raudsepp et al. [2008]
206L9 16:80,991,274-81,133,927  16q24 PLOD2 Present Raudsepp et al. [2008]
194E12 X:3,945-246,703 Xp24p25 PLCXD1 Present Raudsepp and Chowdhary
[2008]
288123 X:24,982-287,625 Xp24p25 SHOX Present Raudsepp and Chowdhary
[2008]
121H14 X:46,234,722-46,443,852 Xpl2pll KLF8 Present This study
ECAcons70; PCR product na Centromeres na Present Alkan et al. [2011]
279A6 X:49,788,996-49,959,217 Xqllql2 AMERI Duplicated/inverted This study
06D24 X:52,786,432-52,963,819 Xql2ql3 AR Duplicated/inverted Raudsepp et al. [2008]
155G10 X:58,215,815-58,432,305 Xql3 LOC102150010 Duplicated/inverted Raudsepp et al. [2004]
(likely XIST)
194K23 X:68,878,122-69,076,409 Xql6 CHM Duplicated/inverted Raudsepp et al. [2004]
ETSTY7 PCR product na Xql7 and Yq ETSTY7; Duplicated/inverted Janecka et al. [2018]
ampliconic array
125B23 X:83,050,951-83,248,364 Xq21 PCDH19 Duplicated/inverted This study
030D8 X:87,857,818-88,044,827 Xq22 SERPINA7 Deleted This study
072]3 X:89,900,666-90,131,458 Xq23 IRS4 Deleted Raudsepp et al. [2004]
332H13 X:95,555,675-95,752,571 Xq24 PLS3 Deleted This study
089G8 X:99,194,129-99,440,647 Xq26 LAMP2 Deleted Raudsepp et al. [2004]
194D2 X:126,548,219-126,768,411 Xq28 TEX28 Deleted This study

Selection of Markers for Molecular Cytogenetic Analysis

We used information of the equine cytogenetic map [Raudsepp
et al., 2004, 2008], the horse X chromosome sequence map in the
recent genome assembly EquCab3 [Kalbfleisch et al., 2018], and
the corresponding CHORI-241 BAC clone track in NCBI Genome
(https://www.ncbinlm.nih.gov/genome/) to select markers for
molecular cytogenetic analysis. These included 2 BAC clones from
ECA16 and 13 BACs from the X chromosome (Table 1). The latter
were selected along ECAX to cover the most distal and most prox-
imal parts of the short (Xp) and the long (Xq) arms, regions in-
volved in the duplication/inversion and regions around the puta-
tive breakpoint. In addition, we used 2 PCR products as probes,
one obtained with primers for horse centromeric consensus se-
quences ECAcons70 [Alkan et al., 2011] and the other correspond-
ing to a 612-bp fragment of the ETSTY7 ampliconic array, which
is present in ECAXq17 and massively amplified in the proximal
2/3 of ECAY [Janecka et al., 2018].

Fluorescence in situ Hybridization
Delineation of the der and identification of aberration break-
points and centromere positions was done by 2-color FISH with

Dicentric X-Autosome Rearrangement in
Horse

probes listed in Table 1 following standard protocols [Raudsepp
and Chowdhary, 2008]. The probes were labeled with biotin or di-
goxigenin by nick translation using Biotin or DIG Nick Transla-
tion Mix (Roche Diagnostics), respectively, and the manufactur-
er’s protocol. Hybridization signals of biotin-labeled probes were
detected with Alexa Fluor® 488 streptavidin conjugate (Molecular
Probes, Life Technologies) and digoxigenin-labeled probes with
DyLight®594 anti-digoxigenin conjugate (Vector Laboratories).
Chromosomes were counterstained with 4',6-diamidino-2-phe-
nylindole (DAPI). At least 10 cells were captured and analyzed for
each experiment using a Zeiss Axioplan 2 fluorescence microscope
and Isis V5.2 (MetaSystems GmbH) software.

DNA Isolation and STR Genotyping

Genomic DNA was isolated from EDTA-stabilized blood
(case) with a QIAamp DNA Blood Mini Kit (Qiagen). DNA was
also isolated from the sire and dam of the case using standard pro-
cedures for routine parentage testing at the Veterinary Genetics
Laboratory, UC Davis. The DNA was genotyped for 15 autosomal
[Khanshour et al., 2013] and 8 X-linked STRs [Anaya et al., 2017]
(Table 2) using an ABI PRISM 377 (Applied Biosystems, Foster
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Table 2. X-linked STRs and their genotypes in the case and its sire and dam

Marker Genomic location, Cytogenetic NCBI Genotype Cytogenetic data
ECAX, Mb, EquCab3 location Accession .
Case Sire Dam
LEX026 20.3 Xp AF075628 L L L Present; 2 copies
LEX027 24.7 Xp AF075629 P p p Present; 2 copies
TKY270 49.7 Xqcen AB048312 0OQ O 0oQ Present; 2 copies
TKY38 89.5 Xq23 AB048344 Q Q Q Deleted; 1 copy
TKY598 99.2 Xq AB103816 N L NO Deleted; 1 copy
LEX022 108.7 Xq AF075624 N L NO Deleted; 1 copy
LEX003 114.5 Xqdist (q27-q29) AF075607 P N Deleted; 1 copy
TKY754 119.7 Xqdist (q28-q29) AB103972.1 M N M Deleted; 1 copy

City, CA, USA) following previously described methods [Juras et
al., 2003] or as routinely performed for parentage testing at the
Veterinary Genetics Laboratory, UC Davis.

Genotyping for Deletions in the SHOX Gene

To determine if the short stature of this case was explained by
either of the 2 previously identified deletions in the short stature
homeobox (SHOX) gene [Rafati et al., 2016], located within the
pseudoautosomal region of X/Y, DNA from the case was geno-
typed using the commercially available assay (Veterinary Genetics
Laboratory, UC Davis, Davis, CA, USA).

Results

Karyotyping and Analysis of GTG-Banded

Chromosomes

Karyotyping of GTG-banded metaphases revealed an
abnormal diploid number of 21 = 63 with 1 normal ECAX
and 1 normal ECA16 and the presence of an abnormally
large der (Fig. 1a, b). Detailed GTG-banding analysis of
the der from multiple cells indicated that it is comprised
of the entire Xp, X centromere, the proximal part of Xq,
whereas the distal half of the long arm of the der corre-
sponded to the entire ECA16 (Fig. 1c). The region be-
tween the Xq proximal portion and ECA16 in the der sug-
gested the presence of more complex rearrangements,
such as a possible duplication, inversion, and deletion,
and was further examined by FISH analysis (see below).
The abnormal karyotype was consistent in all peripheral
blood lymphocytes analyzed with no evidence of mosa-
icism, suggesting a constitutional nature of the rearrange-
ment.

Analysis of Heterochromatic Sequences
Close inspection of the GTG-banding pattern of the
der and comparison with the banding patterns of the nor-
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mal ECAX and ECA16 suggested that the der may be di-
centric (Fig. 1c). This was confirmed by CBG-banding,
which clearly showed the presence of a single centromere
in the normal ECAX and 2 distinct centromeres in the der
(Fig. 2). The CBG-banding also revealed an interstitial
heterochromatic band in ECAXql7, which is a known
cytogenetic landmark of ECAX, corresponding at the
molecular level to the equine sex chromosome specific
ampliconic transcript ETSTY7 [Janecka et al., 2018]. In
the der, however, there were 2 interstitial CBG-bands,
suggesting a duplication (Fig. 2). The centromeric and in-
terstitial heterochromatic patterns were further studied
by FISH with horse centromeric consensus sequences
ECAcons70and ETSTY?7. The results of the FISH analysis
were in full agreement with CBG-banding, confirming
that the der was dicentric and had a duplication involving
ETSTY7 at ECAXq17 (Fig. 2).

Delineation of the Derivative Chromosome by FISH

The organization of the der was delineated by a series
of dual-color FISH experiments (Fig. 3) using probes de-
scribed in Table 1. As the first step, FISH with 2 ECA16
BACs containing the PPARG and PLOD2 genes con-
tirmed that the distal half of the long arm of the der cor-
responded to ECA16 (Fig. 3a, b;4). Next, FISH with BACs
containing the SHOX and PLCXD1 genes from the termi-

Fig. 1. Cytogenetic analysis by GTG-banding. Arranged karyotype
(a) and corresponding metaphase (b) spread showing 2n = 63 with
a single ECAX and ECA16, and a derivative (der) chromosome.
c Alignment of ECAX and ECA16 with the der from 2 cells, show-
ing that the der is comprised of Xp, X centromere, part of Xq-prox,
and ECA16, including the ECA16 centromere. The region denoted
with a question mark indicates complex rearrangements. Dotted
lines denote centromeres and likely rearrangement breakpoints.

(For figure see next page.)
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Fig. 2. Detection of centromeric and inter- f
stitial heterochromatin by CBG-banding
and FISH. Two normal X chromosomes
with CBG-banding and FISH signals (left);

2 derivative chromosomes with CBG-
banding and FISH signals (middle), and

ECA16 with FISH signals (right) are shown.
Two-headed arrows connect correspond-
ing regions between the chromosomes.
Green signals correspond to ECAcons70.
The single purple signal in normal ECAX
and the upper broad purple signal in the
der correspond to ETSTY7. The lower pur-
ple signals in the der and ECA16 corre-
spond to PPARG, which was used for
ECA16 identification.

Normal X der
r 1
X-cen : Xcen . X-cen .
EISTYT, EISTYZ, EISTYT
- > B EISTY7,
chr16
1G-cen _16-cen "
FISH PPARG
CBG FISH FISH

nal part of the pseudoautosomal region (PAR) at Xpter
(Fig. 3¢) and a BAC (121H14) from the most proximal
Xpl2pl1 (Fig. 3d, j) showed that the short arm of the der
corresponded to the entire ECAXp (Fig. 4).

However, hybridizations with BACs containing the
genes SERPINA7, IRS4, PLS3, LAMP2, and TEX28 from
the distal and terminal parts of Xq produced FISH signals
only in the normal X but not in the der (Fig. 3b, h, i, j),
indicating the deletion of Xq22q29 in the rearranged
chromosome (Fig. 4). Given that the BAC containing
SERPINA7 starts at 87.8 Mb (Table 1) and the ECAXq
terminal end is at 128.2 Mb in EquCab3 (https://www.
ncbi.nlm.nih.gov/genome/), we estimated the size of the
Xq deletion in the der to be at least 40 Mb.

The proximal part of the long arm of the der, the re-
gion where GTG- and CBG-banding suggested more
complex rearrangements (Fig. 1; 2), was dissected with 6
ECAXq proximal markers (Table 1). All, except PCDH19,
produced 2 distinct FISH signals each in metaphase
(Fig. 3a, d, e, f, g). Notably, one set of signals of these
markers followed their known order as cen-AMERI-AR-
XIST-CHM-ETSTY7-PCDH19, whereas the second set of
FISH signals mirrored this orientation (Fig. 4). We con-
cluded that the proximal part of the long arm of the der
comprised a duplication and inversion, i. e., palindromic
duplication of ECAXq12q21. The rearrangement break-
point was located in a large G-negative band q21 (Fig. 4).
The closest marker to the breakpoint was BAC 125B23,
which contains PCDHI9. FISH maps this gene to
ECAXgq21, and it is located at X:83.0-83.2 Mb in Eq-
uCab3 (Table 1). While in metaphase we observed a sin-
gle PCDH19 FISH signal (Fig. 3g), there were 2 distinct
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closely located hybridization sites in the der in interphase
(Fig. 3h). Given that interphase FISH resolution is 0.05-1
Mb [Palotie et al., 1996], we inferred that the rearrange-
ment breakpoint in Xq21 was about 1 Mb distal to
PCDHI9. Because of the duplication, all genes in the
ECAXq12q21 region, including XIST, had 3 copies in the
genome of this Thoroughbred mare: 1 copy in the normal
X and 2 copies in the der (Fig. 4).

Altogether, karyotyping, chromosome banding, and
FISH analyses revealed that the mare had an abnormal
unbalanced karyotype with a deletion of Xq22q29 and a
complex X;16 translocation, giving rise to a dicentric der.
The latter comprised of normal Xp material, a palin-
dromic duplication of Xq12q21, and ECA16, which was
attached to the inverted duplicated segment by the cen-
tromere (Fig. 4). Based on this description and following
the international cytogenetic nomenclature for chromo-
some aberrations in humans [ISCN, 1995], the karyotype
of the mare was designated as follows: 63,X,der(X)
del(q22)dup(q21ql1)t(X;16)(q21;q11)dic(X;16).
Though, due to the complexity of the rearrangement and
to avoid ambiguity, the rearrangement is better described
in words and by illustrations (Fig. 1; 4).

STR Genotyping and Parental Origin of the Derivative

Chromosome

The Thoroughbred mare with the aberrant chromo-
some was genotyped for the standard genome-wide set of
STRs confirming the parentage of her sire and dam. To
determine the parental origin of the der and the efficien-
cy of STR genotyping for the detection of X chromosome
abnormalities, we genotyped the Thoroughbred mare

Mendoza/Schalnus/Thomson/Bellone/
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Xq:155G10 XIST Xq:89G8 LAMP2
16q12:148G5 PPARG 16q:148G5 PPARG
16qter: 206L9 PLODZ2

Xp:194

X:194K23 CH
Xq: ETSTY?

XQ:ETSTY7
Xq:125B23 PCDH19

E12 PLCXD1
Xp:288L23 SHOX

XqQ:332H13 P
Xq:30D8 SERPINA7 Xq:194D2 TEX28

Xq:125B23 PCDH19

Xp:121H14 KLF8
Xq:279A6 AMER1

Xq:155G10 XIST
Xq:6D24 AR

PLS3 Xq:72J3 IRS4 Xp:121H14 KLF8

Xq:194D2 TEX28

Fig. 3. Delineation of the derivative chromosome by FISH. a, b
Dual-color FISH results with combinations of ECAX and ECA16
markers in ECAX (left), der (middle), and ECA16 (right). c-j Dual
color FISH with combinations of ECAX markers in ECAX (left)
and der (right). k Four interphase cells showing FISH signals with

and her sire and dam for a set of ECAX STR-markers:
LEX026 and LEX027 from Xp, TKY270 from Xq proxi-
mal region, and TKY38, TKY598, LEX022, LEX003, and
TKY754 spanning 89.5-119.7 Mb from the distal Xq (Ta-
ble 2). All Xp markers in the trio were homozygous and

Dicentric X-Autosome Rearrangement in
Horse

the closest marker to the Xq21 breakpoint in normal X (Xy) and
the der (Xge). For each marker, chromosome arm location, BAC
ID, and a representative gene are given. Markers in green font cor-
respond to green FISH signals and markers in red font to red FISH
signals. Details for each marker are presented in Table 1.

thus uninformative. The marker from the Xq proximal
region was heterozygous in the case and in agreement
with cytogenetic findings that this region is present both
in the normal X and the der. All markers from the distal
Xq region were homozygous in the case, which is unex-
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pected when compared with both mare and sire types,
thus in agreement with the loss of this region in the der.
Comparison of STR genotypes for the ECAXq23q29 re-
gion (deleted in the der) in the trio determined that the
Thoroughbred mare carried only maternal alleles in this
region (Table 2), inferring that the der was of paternal
origin.

SHOX Genotype

The SHOX gene is located on the proximal portion of
the p arm of the X chromosome, and previously 2 dele-
tions in this gene were identified as causal for skeletal at-
avism, a recessive abnormal bone developmental disor-
der [Rafati et al., 2016]. While the location of this gene
and copy number appear to be unaffected by the der, we
aimed to rule these mutations out as the cause of the short
statue in this mare. Genotyping for these deletions was
performed using the commercially available assay at the
Veterinary Genetics Laboratory and neither of the skele-
tal atavism deletions were detected (reported genotype
N/N).
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Discussion

We described here an unusually complex unbalanced
intra-X chromosome rearrangement combined with an
X-autosome translocation in an overall healthy but small
in stature Thoroughbred mare. Cytogenetically, the case
is unique with hardly anything comparable reported in
horses or other domestic species. Of the 2 previously de-
scribed X-autosome translocations in the horse, one was
balanced and reciprocal [64,X,t(1p;Xp)(1q;Xq); Bugno-
Poniewierska et al., 2018] and the other unbalanced
[64,X,der(X),t(Xq;15q)] with Xp deletion and trisomy
ECA15 [Power, 1987]. Some of the few complex X chro-
mosome rearrangements described in humans share ele-
ments with the presented equine case, but at the same
time, are also different [Haltrich et al., 2015; Villa et al.,
2017; Peterson et al., 2018]. Unfortunately, as we did not
have access to additional tissue samples, it was not pos-
sible to study this case for chromatin features, replication
patterns, or methylation to determine the functional sta-
tus of the der and its centromeres. Therefore, as follows,
we will discuss the elements of this complex rearrange-
ment one by one in the light of similar human cases and
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available information for X-autosome translocations in
horses and other domestic animals.

Altogether, we analyzed almost 200 blood lymphocyte
metaphase cells by GTG- and CBG-banding and FISH,
observed the presence of the aberration in all, and in-
ferred that the rearrangement was likely constitutional
(nonmosaic) and of prezygotic origin. However, cytoge-
netic analysis of an additional tissue, if available, would
be needed to confirm this conclusion.

Comparison of X chromosome STR genotypes of the
case and its parents showed that the abnormal chromo-
some was of paternal origin (Table 2). This excludes the
possibility that the sire was a carrier, because deletion of
over 40 Mb of Xq (Table 1; Fig. 4) in a male will result in
nullosomy for this genomic segment and would not be
compatible with life. Therefore, the rearrangements giv-
ing rise to the der must have occurred in meiosis during
the sire’s spermatogenesis. While STR genotyping con-
firmed cytogenetic findings, it also showed the limita-
tions of this approach for discriminating between true
homozygosity and hemizygosity caused by aneuploidy or
deletion. For example, after initial parentage testing for
the studbook registry, the case mare was identified as a
possible X monosomy case because of homozygosity for
the X markers tested and evidence that she was missing
some X paternal alleles. Cytogenetic analysis refuted this,
showing the presence of 2 copies of Xp material in the
genome (Fig. 1; 3¢, d, j). At the same time, homozygosity
for all STRs in Xq22-q29 (Table 2) correctly reflected
hemizygosity due to deletion of this region in the der as
determined by cytogenetics (Fig. 3h, i, j). Furthermore,
STR genotyping cannot detect intrachromosomal rear-
rangements such as inversions and duplications. There-
fore, while STR genotyping is an efficient high-through-
put method for initial screening of large populations for
sex chromosome aneuploidies and large segmental dele-
tions [Kakoi et al., 2005], karyotyping remains as an es-
sential method for validation and final diagnosis.

A notable feature of the der was the presence of 2 cen-
tromeres — one being the original ECAX centromere and
the other most likely the ECA16 centromere. Both cen-
tromeres were detectable by conventional CBG-banding
and FISH with horse centromeric consensus sequences
ECAcons70 (Fig. 2). However, these 2 methods only re-
veal the presence of centromeric heterochromatin com-
posed of the tandemly repeated arrays of satellite DNA
[Cerutti et al., 2016] but provide no information about
centromere function. The latter is epigenetically defined
by centromere-specific proteins, particularly CENPA,
and can be detected by immunostaining with anti-CEN-

Dicentric X-Autosome Rearrangement in
Horse

PA antibodies [Nergadze et al., 2018], which, unfortu-
nately, was not an option for this case study. Even though
dicentric chromosomes have been extensively described
and studied in humans, there is no single answer for their
functional regulation [Therman et al., 1986; Stimpson et
al., 2012]. Both naturally occurring or engineered dicen-
tric human chromosomes show functional plasticity, in-
cluding inactivation of 1 centromere, retaining 2 func-
tional centromeres, or having heterogeneous and clonal
regulation [Higgins et al., 2005; Stimpson et al., 2012].
While the functional status of the centromeres in the di-
centric der in this study remained unresolved, the mild
phenotype of the carrier horse suggests that the dicentric
chromosome must have successfully passed through pre-
and postnatal mitotic cell divisions, suggesting the pres-
ence of only 1 functional centromere.

Perhaps one of the most intriguing features of this case
was the distinctive short stature of 137 cm at the age of 2
years compared to an average height of 153 cm of female
Thoroughbreds at this age [Green, 1976]. It is not surpris-
ing that the horse was initially flagged as a possible case
of X monosomy, because short stature due to haploinsuf-
ficiency for the SHOX gene in the PAR at Xpter is one of
the most characteristic features of X monosomy in hu-
mans [Blaschke and Rappold, 2006] and horses [Chowd-
hary and Raudsepp, 2000; Lear and Villagomez, 2011].
However, our cytogenetic findings and FISH analysis did
not support monosomy for Xp or haploinsufficiency for
SHOX (Fig. 3¢; 4). In humans, some idiopathic short stat-
ure phenotypes and Leri-Weill dyschondrosteosis have
been associated with microdeletions in SHOX or nearby
regulatory regions [Alexandrou et al., 2016; Benito-Sanz
et al., 2017]. Likewise, 2 SHOX deletions cause skeletal
atavism in ponies [Rafati et al., 2016]. The condition,
however, has not been found in other breeds, and unsur-
prisingly, the Thoroughbred mare tested negative for the
skeletal atavism deletions. We therefore theorize that the
observed short stature could be caused by novel SHOX
mutations or mutations and/or dysregulation in other X-
linked or ECA16 genes. For example, another good X-
linked candidate for short stature is biglycan (BGN). The
gene encodes an extracellular matrix protein, and BGN
mutations cause skeletal dysplasia and dwarfism in hu-
mans [Cho et al., 2016; Meester et al., 2017]. The equine
BGN gene maps to chrX:126,002,378-126,018,099, the
region that was deleted in the der, thus being hemizygous
with any mutation exposed in the Thoroughbred mare.
Alternatively, the rearrangement may have affected ex-
pression of the above mentioned or other growth-related
X-linked or ECA16 genes, which brings us to another im-
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portant point of discussion in this case — the X chromo-
some inactivation (XCI).

Patterns of XCI have been extensively studied in hu-
man females carrying various X chromosome structural
rearrangements with a general observation that X chro-
mosome aberrations skew the normally random XCI
[Schmidt and Du Sart, 1992; Leppig and Disteche, 2001].
In cases of intra-X chromosome rearrangements, typical-
ly the abnormal X is inactivated. If one X is involved in a
balanced translocation with an autosome, the normal X
is preferentially inactivated, because inactivation of the
derivative chromosome may create a partially functional
autosomal monosomy and X disomy [Schmidt and Du
Sart, 1992; Eggermann et al., 1998; Watanabe et al., 2018].
However, unbalanced X-autosome translocations display
various XCI patterns depending on the specific features
of the rearrangement [Eggermann et al., 1998]. In the ma-
jority of cases, the abnormal X is inactivated, and often
XCI spreads to the autosomal region to buffer the impact
of genomic imbalance of autosomal trisomy [Leppig and
Disteche, 2001; Watanabe et al., 2018]. This kind of XCI
pattern was also observed in the single previously report-
ed case of unbalanced X;15 translocation in the horse
[Power, 1987]. However, occasionally XCI is skewed to-
ward the normal X, and in some cases the cells retain the
original random XCI [Disteche et al., 1984; Eggermann et
al., 1998; Ciaccio et al., 2020].

The case described in this study involved both an un-
balanced X-autosome translocation and intra-X rear-
rangements. This included a loss of about 40 Mb with 530
annotated coding and RNA genes of distal Xq and a pal-
indromic duplication of the remaining proximal Xq (Ta-
ble 1; Fig. 4), containing 178 protein-coding and RNA
genes (Ensembl: http://useast.ensembl.org/index.html).
The latter encompassed the X inactivation center (XIC)
with the XIST gene which is, as yet, not annotated in the
horse genome and denoted as LOC102150010 (Table 1;
https://www.ncbi.nlm.nih.gov/gene/). Even though we
could not experimentally investigate XCI, the unbalanced
complex dicentric X-autosome rearrangement on one
hand and a very mild, almost normal phenotype on the
other hand provide reasonable basis for speculations
about the most plausible XCI scenarios. We are confident
that inactivation of the normal X is unlikely, because this
will cause nullosomy for the deleted 40 Mb of Xq and can-
not be compatible with cellular and organismal viability.
This implies that XCI must be skewed toward the der
which has 2 XICs and XIST genes and poses questions
such as (1) Were both XIST copies functionally active and
if so, could they interfere with each other? (2) Could 2 ac-
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tive XICs affect (increase/reduce) XIST RNA spreading
and if so, could this interfere with XCI escape genes and
their functional diploidy? For obvious reasons, these
questions remained unanswered in this study and are
hard to resolve even by more advanced approaches,
mainly due to technical challenges to study XCI and our
limited knowledge about the XCI escape genes in species
other than human or mouse [Berletch et al., 2015; Tuki-
ainen et al., 2017]. Though, a recent transcriptome analy-
sis in a woman with a large Xq deletion shows that there
may be mechanisms that counterbalance Xq loss by com-
pensatory upregulation of XCI escape genes in the nor-
mal X chromosome [Santos-Reboucas et al., 2020]. Fur-
ther, the overall healthy phenotype of the carrier mare
allowed us to theorize that XCI most likely did not spread
to the ECA16 segment of the der. This would have caused
functional monosomy for an 88.9-Mb autosome with 695
coding genes (http://useast.ensembl.org/index.html) and
cannot be compatible with life and normal development.
It is possible that the satellite DNA of the second centro-
mere at the X-autosome fusion site (Fig. 2; 4) or some
other sequence features of the translocation hindered the
spreading of XIST RNA to ECA16. This is consistent with
a similar human case with a dicentric X-autosome trans-
location 45,X,dic(X;17) where the X portion of the abnor-
mal chromosome was inactivated but the autosomal por-
tion remained active [Eggermann et al., 1998]. General
observations from human X-autosome translocations are
that the spreading of XCI is usually partial and patchy in
the autosomal portion, suggesting that autosomal mate-
rial lacks the features of the X chromosome that are as-
sociated with the progression and/or maintenance of XCI
[Leppig and Disteche, 2001; White et al., 1998]. In con-
clusion, we propose that in this equine case, the normal
X remained active and the abnormal X was inactive,
whereas XCI did not spread into the autosomal portion
of the der. Only this way the genome could have retained
an almost normal genetic balance for ECA16 and X-
linked genes, which is in line with the mild phenotypic
effect on the carrier.

Conclusions and Future Approaches

Complex structural abnormalities of the X chromo-
some, like the one described in this study, are not recur-
rent and occur rarely both in humans [Haltrich et al,,
2015] and animals [Lear and Bailey, 2008; Lear and Vil-
lagomez, 2011; Raudsepp and Chowdhary, 2016; Szczer-
bal and Switonski, 2016]. At the same time, each case pro-
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vides a unique and fascinating opportunity to evaluate X
chromosome content and inactivation status in relation
to the effect on the phenotype. Like the case described
here, complex X chromosome structural abnormalities
result in extensive genetic imbalances of the X chromo-
some and autosomal material. Yet, because of XCI, com-
pensatory upregulation of the active X, and cell selection,
these genetic imbalances can be compatible with life and,
like in this equine case, have only mild phenotypes. At the
same time, other forms of X chromosome structural rear-
rangements may cause severe developmental, reproduc-
tive, and behavioral abnormalities [Leppig and Disteche,
2001]. The effects may also vary between species, which
makes every case a unique resource to acquire informa-
tion about the species-specific features of X regulation
and the role of X-linked genes in development, health,
and disease. Therefore, efforts will be made to obtain ad-
ditional samples for the presented case, so that cutting-
edge genomics platforms could be applied to precisely de-
termine sequence features of the rearrangement sites and
the functional status of the normal and aberrant X chro-
mosomes and their centromeres.
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