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Abstract

Background Ring chromosome 14 syndrome is a rare disorder primarily marked by early-onset epilepsy,
microcephaly, distinctive craniofacial features, hypotonia, intellectual disability, and delay in both development and
language acquisition.

Case presentation A 21-year-old woman with a history of epileptic seizures since the age of 1.5 years presented with
distinctive craniofacial features, including a prominent and narrow forehead, sparse and short eyebrows, palpebral
ptosis, horizontal palpebral fissures, a broad nasal bridge, a prominent nasal tip, a flat philtrum, hypertelorism,
midfacial hypoplasia, horizontal labial fissures, a thin upper lip, crowded teeth, an ogival palate, retrognathia, and

a wide neck. Additional physical abnormalities included kyphosis, lumbar scoliosis, pectus carinatum, cubitus
valgus, thenar and hypothenar hypoplasia, bilateral hallux valgus, shortening of the Achilles tendon on the left
foot, and hypoplasia of the labia minora. Chromosomal analysis identified a ring 14 chromosome with breakpoints
in p11and g32.33. An aCGH study revealed a~ 1.7 Mb deletion on chromosome 14qter, encompassing 23 genes.
Genomic instability was evidenced by the presence of micronuclei and aneuploidies involving the ring and other
chromosomes.

Conclusion The clinical features of our patient closely resembled those observed in other individuals with ring
chromosome 14 syndrome. The most important point was that we were able to verify an instability of the r(14)
chromosome, mainly involving anaphasic lags and its exclusion from the nucleus in the form of a micronucleus.
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Background

Human ring chromosomes are structural abnormalities
resulting from two breaks in the DNA strand that fuse to
form a circular DNA molecule, often leading to genetic
material loss. These chromosomes can possess one or
more centromeres or lack one entirely, affecting their
segregation during anaphase. Ring chromosomes have
been reported for all human chromosomes, with approx-
imately half involving acrocentric chromosomes, includ-
ing chromosome 14 [1]. Numerous cases of chromosome
14 rings have been documented, with the deleted region’s
size ranging from 0.3 to 5 megabases (Mb) [2]. The sever-
ity of the phenotype, known as ring chromosome 14 syn-
drome [r(14) syndrome, Online Mendelian Inheritance
in Man (OMIM) #616,606], varies among patients [3].
Key clinical features include early-onset epilepsy, micro-
cephaly, hypotonia, intellectual disability, developmental
and language delays, and distinctive craniofacial dysmor-
phisms such as hypertelorism, micrognathia, a thin upper
lip, down-turned mouth corners, a high-arched palate,
and large, low-set ears [4]. Additional features include
motor skill issues, retinal abnormalities, feeding difficul-
ties, and behavioral disorders [2, 3, 5]. The deletion of
specific genes on 14q32.2-32.3 is believed to cause the
primary clinical features of the syndrome [3], although
other genes outside the deleted region might also influ-
ence the phenotype [6].

Ring chromosomes exhibit inherent instability due to
the sister chromatid exchange process, which can create
dicentric or interlocked ring chromosomes. During mito-
sis, these chromosomes can undergo anaphase lagging,
nondisjunction, or fragmentation, leading to cells with-
out the ring chromosome, cells with multiple ring chro-
mosomes, binucleated cells, internuclear bridges, nuclear
protrusions, and micronuclei (MN). This phenomenon
is known as tissue-specific dynamic mosaicism [7]. Ring
chromosomes show variable instability in vivo based on
their size and genetic content [8], but there is no clear
correlation between the size of a ring chromosome, the
occurrence of dynamic mosaicism, and clinical severity
[9].

In this report, we present the case of a female with a
ring chromosome 14, who exhibited epileptic seizures,
craniofacial dysmorphism, skeletal abnormalities, and
genital alterations. Chromosomal instability was also
observed through the presence of MN and aneuploidies.

Case presentation

A 21-year-old woman, the fifth child of healthy, unrelated
parents, experienced epileptic seizures beginning at 1.5
years old, which were managed with valproic acid. She
has been seizure-free since the age of 2 and has been off
treatment since the age of 8. Currently, she has a height
of 162 cm (50th percentile) and a head circumference of
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53.5 cm (10th-25th percentile), along with a high anterior
hairline. She exhibits craniofacial dysmorphism, includ-
ing a prominent and narrow forehead, sparse and short
eyebrows, palpebral ptosis, horizontal palpebral fissures,
a broad nasal bridge, a prominent nasal tip, a flat phil-
trum, hypertelorism, midfacial hypoplasia, horizontal
labial fissures, a thin upper lip, crowded teeth, an ogival
palate, retrognathia, and a wide neck. Additional fea-
tures include kyphosis, lumbar scoliosis, bilateral cubi-
tus valgus, thenar and hypothenar hypoplasia, bilateral
hallux valgus, shortening of the Achilles tendon on the
left foot, and hypoplasia of the labia minora. Although
clinical images are not provided due to lack of parental
authorization, her clinical characteristics align with those
typically reported for ring chromosome 14 syndrome
(Table 1).

Conventional cytogenetic studies

Peripheral blood lymphocytes from the patient were cul-
tured and harvested using standard methods for karyo-
type analysis. Chromosomal analysis of GTG-banded
metaphases revealed the presence of a ring chromo-
some 14 (Fig. 1A). Both parents had a normal karyotype.
FISH (fluorescense in situ hybridization) analysis using
the TCL1 break-apart and IGH/BCL2 probes indicated
the breakpoint occurred distal to the TCL1 (q32.13) but
proximal to the /IGH (q32.33) genes (Fig. 1B and D). Addi-
tionally, FISH with a nucleolus organizer region (NOR)
specific probe showed no signal in the r(14) chromosome
(Fig. 1C). The frequencies of cells with TCL1 break-apart
signals in interphase FISH were as follows: 198/243 cells
(81.5%) had two signals, 30/243 cells (12.3%) had only
one signal, suggesting the loss of the r(14) chromosome,
and 15/243 cells (6.2%) had three signals, likely indicating
a duplicated dicentric r(14) chromosome.

Microarray study

To determine the extent of the genomic imbalance,
array comparative genomic hybridization (aCGH)
was performed using CytoScan™ Technology (Thermo
Fisher Scientific Inc). The processes of digestion, liga-
tion, Polymerase chain reaction (PCR), purification of
PCR products, quantification, fragmentation, labeling,
matrix hybridization, washing, staining, and scanning
arrays were carried out following the supplier’s recom-
mendations. Data analysis was conducted with ChAS
4.3 software. Results were interpreted using several
databases, including the Database of Genomic Variants,
Cytogenomics, Array Group CNV Database, Ensembl
Resources, OMIM, UCSC Genome Browser, ClinGen,
ClinVar, and CHD wiki. The analysis revealed a termi-
nal deletion of approximately 1.7 Mb on chromosome
14, encompassing 23 genes: BRFI, BTBD6, PACS2,
TEX22, MTAI, CRIP2, CRIP1, TEDCI, IGH, TMEMI21,
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TCL1 break apart
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Fig. 1 Cells from the patient cultured, harvested, and stained using standard methods for karyotype analysis. A GTG-banded metaphase showing the
r(14) chromosome. B The same metaphase was sequentially analyzed by FISH with IGH/BCL2 probes, revealing that the r(14) chromosome lacks the IGH
signal. C FISH with NORs probes showed that the r(14) chromosome lacks NORs signals. D FISH with the TCL1 probe indicated that the deleted region is
distal to the TCLT gene. Additionally, two abnormal cells were identified: one with three signals, likely indicating a dicentric r(14), and one with only one

signal, suggesting a loss of the r(14) chromosome

LOC105370697,  MIR8071-1, MIR8071-2, ELK2,
MIR4539, MIR4507, MIR4538, MIR4537, FAMB30A,
ADAMS6, LINC00226, LINC00221, and MIR5195 (Fig. 2).

Based on all the studies, the patient’s karyotype was
concluded to be 46,XX, r(14).ish r(14)(p11q32.33) (NOR-
,TCL1+,IGH-).arr[GRCh38] 14q32.33(105,194,385_106,8
76,229)x1 dn.

Ring mitotic instability
Given the known mitotic instability of several ring chro-
mosomes, we investigated this phenomenon in our
patient. A new culture of the patient’s peripheral blood
lymphocytes, stimulated with phytohaemagglutinin, was
prepared. Unlike the standard culture used for karyotype
analysis, this culture was directly fixed and washed in a
cold solution of absolute methanol: glacial acetic acid
(3:1) after 72 h of incubation, without exposure to colchi-
cine or hypotonic shock. Cells suspended in fixative solu-
tion were dropped onto microscope slides and stained
with Giemsa. Cells in metaphase, anaphase, telophase, or
cytokinesis were analyzed for mitotic disturbances, and
micronucleated cells were counted. Selected microscopic
coordinates were recorded for subsequent FISH analyses
using IGH and TCL1 break-apart probes. This method
revealed various mitotic disturbances. Several cells failed
to align at the classical metaphase plate, showing chro-
mosome compaction and distribution similar to those
in a classical colchicine block (Fig. 3A-D). Additionally,
some cells displayed chromosome laggards affecting
chromosomes other than the r(14) (Fig. 3E-H) or exhib-
ited a multipolar mitosis-like chromosome organization
(Fig. 3I-L) (for comparison, see Barajas-Torres et al., 2016
(10]).

Sequential FISH assays demonstrated that the segrega-
tion of the r(14) chromosome was preferentially affected
(Fig. 4: B-C, E-F, and H-I). As a result of this anomalous

anaphase-telophase segregation, the r(14) chromosome
would be excluded from the main nucleus in the daugh-
ter cells, likely forming a micronucleus. The analysis of
mitotic figures revealed the following counts of abnor-
mal cells: 33 out of 81 (41%) metaphase cells, 2 out of 10
(20%) anaphase cells, and 4 out of 28 (14%) telophase-
cytokinesis cells.

Consistent with these findings, we observed MN in 27
out of 305 (9%) interphase cells. FISH analysis of 21 out
of those 27 micronucleated cells confirmed the presence
of the r(14) chromosome in all of them (Fig. 5).

Discussion and conclusions
Our patient exhibited typical clinical features of ring
chromosome 14 syndrome, including epileptic seizures,
craniofacial dysmorphism, and skeletal abnormalities.
In 23 reported cases with pure genomic deletions rang-
ing from 0.3 to 5 Mb, including ours (Table 1), a consis-
tent phenotype was observed, particularly with epileptic
seizures (23/23), intellectual disability (23/23), micro-
cephaly (22/22), speech impairment (22/23), hypotonia
(19/21), and facial dysmorphism (17/23). However, other
clinical features such as scoliosis (10/18), ocular anoma-
lies (11/20), and susceptibility to infections (10/19) were
also present although at a lower frequency.
Chromosomal instability in our case led to chromo-
some 14 monosomy in some cells (12.3%) and duplica-
tion of r(14) sequences in others (6.2%) (Fig. 2-D). This is
similar to what has been observed in rings derived from
chromosomes other than 14 [14]. The mechanism behind
this co-occurrence involves anaphase segregation after a
sister chromatid exchange in the r(14) chromosome [2,
9]. However, other mechanisms such as loss of the ring
chromosome due to dicentric chromosome formation or
merotelic unions may also contribute to chromosome 14
monosomy.
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Fig. 2 Analysis of aCGH. Left, image representing chromosome 14. Right, plot of weighted log2 ratio. The red arrows indicates the deleted region:
arr[GRCh38] 14g32.33 (105,194,385_106,876,229)x 1

Fig. 3 Giemsa-stained altered mitotic cells, sequentially studied by FISH
using the TCL1 break-apart probe. These cells were harvested without col-
chicine block and KCl shock. A-D Two metaphase cells with chromosome
compaction and distribution resembling those harvested with colchicine.
E-H Metaphase cells displaying lagging chromosomes, excluding chro-
mosome 14 and r(14). I-L Mitotic cells with multipolar-like configurations,
also showing lagging chromosomes

Loss of the ring chromosome can also be caused by
other mechanisms. When a dicentric duplicated r(14)
chromosome is pulled towards opposite poles at ana-
phase, the traction forces will be nullified. The dicen-
tric chromosome will remain in the middle of the
equatorial plaque (as exemplified in Fig. 4A-C) giving
rise to two daughter cells with monosomy, one of which
could retain the dicentric chromosome as a micronu-
cleus (as observed in Fig. 5G-L). Merotelic unions of the
r(14) are other mechanisms of origin of monosomy 14; in
Fig. 4D-F an r(14) chromatid is lagged in the middle of
the anaphase cell, probably due to a merotelic union, and
then, that chromatid will be absent from the nucleus of
the daughter cell. A potential third mechanism of r(14)
loss could be a delayed alignment in the equatorial plane
of the r(14) at metaphase, as suggested in the Fig. 4G-I,
where both r(14) chromatids are lagged during telophase
despite an apparent kinetochore-microtubule amphitelic
attachment; subsequently, both daughter cells would
lose the r(14) chromosome, becoming monosomic. On
the other hand, micronucleated cells were detected with



Meza-Espinoza et al. Molecular Cytogenetics (2024) 17:17 Page 6 of 9

!

e

Giemsa IGH BRA TCL1 BRA

&
v

Fig. 4 Giemsa-stained mitotic cells serially studied by consecutive FISH with IGH and TCL1 break apart probes (these cells were harvested without both
colchicine block and hypotonic shock). A-C Anaphase cell in which a dicentric (duplicated) r(14) is in the middle of the mitotic spindle due probably to
the nullification of forces generated by the centromeric traction to opposite poles. D-F Anaphasic r(14) lagging probably caused by a merotelic union. G-I
Telophasic cell with r(14) chromosome lagging in both daughter nuclei which, probably, will be a micronucleus in each daughter cell
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IGH BRA

TCL1 BRA

Fig. 5 Selected micronucleated cells studied by consecutive FISH with
the IGH and TCL1 break apart probes. A, D, G, J Giemsa-stained micro-
nucleated cells. B, E, H, K Here, micronucleated cells show only one signal
of the IGH gene located in the normal chromosome 14. Whereas, in C, F,
I, L these cells show two signals of the TCLT gene; interestingly, one of
these signals is in the micronucleus of each cell, thus demonstrating that
the micronucleus contains the genetic material of the r(14) chromosome.
Furthermore, it is noteworthy that MN in | and L show double TCL1 signal,
suggesting the presence of a dicentric (duplicated) ring chromosome

a frequency of 9% (27/305). The most significant finding
was that all MN from 21 micronucleated cells tested by
FISH studies had r(14) chromosome sequences (Fig. 5).
We have not identified reports of micronucleated cells
in patients with an r(14) chromosome. However, evidence
from ring chromosomes of other chromosomes indicates
a propensity for these rings to be excluded from the main
nucleus as MN. Ledbetter et al. [15] observed in a case of
r(15) that 5 out of 1,000 cells were micronucleated and
exhibited one or two silver NOR signals, suggesting the
presence of monocentric and dicentric r(15) chromo-
somes in these MN. Similarly, Los et al. [16] reported 18
chromosome-derived MN in a patient with r(18). Yip et
al. [17] observed MN in 4% of interphase cells and 16%
of cells treated with cytochalasin B in a patient with r(3).
Using whole chromosome painting (WCP3), they dem-
onstrated chromosome 3 sequences in all MN. Urban et
al. [18] reported 2.8% of cells with MN in a patient with
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r(6), all of which contained chromosome 6 centromeric
sequences. In a case of r(7), Mehraein et al. [19] observed
3.5% micronucleated cells and confirmed the presence
of chromosome 7 material in these MN using FISH with
WCP7 and D7Z1 probes. A comparable finding was
reported in a case of r(13), with 1% of micronucleated
cells and 40% of these MN containing sequences derived
from chromosome 13 [20]. Petter et al. [21] also found
MN in three cases of r(13); all exhibiting chromosome 13
signals, as confirmed by WCP13. These findings support
the hypothesis that the structure of ring chromosomes
inherently leads to their exclusion from the main nucleus
as MN. This hypothesis is further supported by Rudd et
al. [22], who demonstrated experimentally that small ring
chromosomes from chromosomes 17 and X missegregate
more than normal chromosomes.

Additionally, 33 out of 81 (41%) metaphase cells
exhibited abnormalities such as disorganized chromo-
some alignment in the equatorial plane, characterized
by lagging chromosomes other than r(14), chromatin
over-compaction similar to colchicine blockade, and mul-
tipolar spindle configurations (Fig. 3). It is unlikely that
these abnormalities are solely due to the haploinsuffi-
ciency of genes in the deleted region, given that TEDCI
(tubulin epsilon and delta complex 1, required for centri-
ole stability; Breslow et al. [23]) is the only gene directly
related to these findings.

A common feature of ring chromosomes, including
r(14), is the absence or reduction of the canonical telo-
meric sequence TTAGGG. Studies on telomere dynam-
ics in interphase lymphocytes show that telomeres are
located near the central nuclear region, whereas during
postmitotic assembly, they move to the nuclear periph-
ery [24, 25]. Interestingly, during the G2 phase, telomeres
assemble into a disk structure [26, 27]. The impact of this
telomere positioning on mitosis has not been studied. If
the telomeric disk observed in G2 persisted into mitosis,
it could act as an anchor for microtubule-kinetochore
attachment, ensuring proper chromosome orientation in
the equatorial plane and preventing monotelic, syntelic,
and merotelic attachments [28].

A delay in microtubule-kinetochore binding or chro-
mosome misorientation due to the lack of telomeric
sequences on ring chromosomes could activate the
spindle attachment checkpoint (SAC) [29-31], arresting
metaphase progression until the issue is resolved. It has
been noted that a single unattached kinetochore can acti-
vate the SAC and inhibit mitotic progression [32]. A pro-
longed prometaphase arrest triggers cellular responses
such as apoptosis, DNA damage repair activation [33,
34], telomere instability [35], and affects daughter cell
proliferation [36]. Thus, SAC activation could explain
the observed instability in many ring chromosome
cases, including our r(14) case (Fig. 3), characterized by
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misaligned chromosomes, over-compacted chromo-
somes, and multipolar spindle configurations, which
disrupt centriole duplication independently of cell-cycle
progression [37-39]. The coalescence of extra centro-
somes might explain findings by Rivera and Dominguez
[40], who observed hypodiploidy (34 to 45 chromosomes)
and polyploidy (74 to 96 chromosomes) in a patient with
ar(4) chromosome.

In conclusion, ring chromosome syndrome is a patho-
logical entity with significant variability due to factors
including the affected chromosome, gene loss, posi-
tional effects of genes near breakpoints, and unbalanced
segregation following ring chromosome sister chroma-
tid exchange. Although previous work has suggested
instability associated with chromosome rings, the evi-
dence has been inconclusive [15-21]. Remarkably, we
have demonstrated an instability of the r(14) chromo-
some, mainly involving anaphasic lags and its exclusion
from the nucleus in the form of a micronucleus. Further
research into the inherent instability of ring chromo-
somes is needed to clarify these observations in patients
with ring chromosomes.
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SAC Spindle attachment checkpoint
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