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Abstract

Robertsonian translocations (RTs) result from fusion of 2 ac-
rocentric chromosomes (e.g., 13, 14, 15, 21, 22) and conse-
quential losses of segments of the p arms containing 475
rDNA clusters and transcription factor binding sites. De-
pending on the position of the breakpoints, the size of these
losses vary considerably between types of RTs. The preva-
lence of RTs in the general population is estimated to be
around 1 per 800 individuals, making RTs the most common
chromosomal rearrangement in healthy individuals. Based
on their prevalence, RTs are classified as “common,”
rob(13;14) and rob(14;21), or “rare” (the 8 remaining nonho-
mologous combinations). Carriers of RTs are at an increased
risk for offspring with chromosomal imbalances or with uni-
parental disomy. RTs are generally regarded as phenotypi-
cally neutral, although, due to RTs formation, 2 of the 10 ri-
bosomal rDNA gene clusters, several long noncoding RNAs,
and in the case of RTs involving chromosome 21, several

MRNA encoding genes are lost. Nevertheless, recent evi-
dence indicates that RTs may have a significant phenotypic
impact. In particular, rob(13;14) carriers have a significantly
elevated risk for breast cancer. While RTs are easily spotted
by routine karyotyping, they may go unnoticed if only array-
CGH and NextGen sequencing methods are applied. This re-
view first discusses possible molecular mechanisms underly-
ing the particularly high rates of RT formation and their inci-
dence in the general population, and second, likely causes
for the elevated cancer risk of some RTs will be examined.
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Introduction

Robertsonian translocations (RTs) involve fusion of 2
acrocentric chromosomes (i.e., 13, 14, 15, 21, 22) during
which parts of their short arms will be lost in subsequent
cell divisions. They represent the most common chro-
mosome rearrangement and occur at a rate of approxi-
mately 1 in 800 in the general population [Hamerton et
al., 1975; Nielson and Wohlert, 1991; Hochstenbach et
al., 2009]. RTs occur in 2 classes and arise predominant-
ly during female meiosis [Page et al., 1996; Page and Shaf-
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fer, 1997; Bandyopadhyay et al., 2002]. The common
(Class I) RTs, rob(13;14) and rob(14;21), result from re-
combination between microsatellite arrays, while the
rare, Class II, RTs (all others) show heterogeneous break-
points and consequently variable losses [Page et al.,
1996; Bandyopadhyay et al., 2002]. Textbook knowl-
edge assumes that the loss of the short arms of 2 of the
acrocentric chromosomes will be phenotypically neu-
tral, notwithstanding that each short arm carries vari-
able numbers of 47S rDNA gene clusters, associated
transcription factor binding sites, mRNA-encoding
and long noncoding RNA genes [Lyle et al., 2007; Gard-
ner and Amor, 2018; van Sluis et al., 2019]. Thus, carri-
ers of RTs are presumed to show no phenotypic abnor-
malities, but to be at increased risk for miscarriages, in-
fertility, uniparental disomy, and aneuploid offspring
because of production of unbalanced gametes [Yamaza-
wa et al., 2010; Bertini et al., 2017; Gardner and Amor,
2018]. Hence, other mechanisms by which structural
genome variation may exert a phenotypic impact are
thus neglected [Poot and Haaf, 2015; Lupiafez et al,,
2016]. A recent cohort study shows that certain types of
RTs predispose to elevated risks for breast cancer or he-
matologic malignancies in their carriers [Schoemaker
etal., 2019]. Here, we review the evidence for these phe-
notypic effects and discuss the potential pathogenic
mechanisms of RTs.

Properties of Robertsonian Translocations

RTs are defined as the product of a fusion of the long
arms (the q arms) of a pair of 2 of the same or of 2 differ-
ent acrocentric chromosomes; for instance, an RT of 2
chromosomes 13 results in a rob(13;13), while a fusion of
the q arm of a chromosome 13 with one from chromo-
some 14 produces a rob(13;14). Since in all but one case
studied, all breaks leading to the formation of an RT oc-
curred in the p arms of the participant chromosomes,
proximal to 47S rRNA repeat arrays, they are dicentric
chromosomes [Page et al., 1996; Jarmuz-Szymczak et al.,
2014]. In 8 out of the 10 types of RTs studied, both cen-
tromeres displayed CENP-Cimmunofluorescence, which
suggests that both centromeres were active and that the
RT was functionally dicentric [Page and Shaffer, 1998].
Conceivably, the close proximity of 2 functional centro-
meres on RTs allows them to remain stable [Page and
Shaffer, 1998]. The short arms of the affected acrocentric
chromosomes are acentric and will consequently be lost
during meiosis and mitosis.
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Fig. 1. Schematic representation of the p arm of a generic acrocen-
tric chromosome with tentative localization of the satellite DNA
clusters (p11), the 47S rDNA clusters, binding sites for cohesins,
condensins, transcription factors (e.g., CTCF, Oct4, Myc) (p12),
the P satellite clusters (p12 and p13), and of the TRF2 protein
binding site (telomere). The chromosomal regions are depicted
on the left hand side; the red arrow indicates the position of the
breakpoint and the BAC clone that is either lost or disrupted in
the Class I RTs. This figure is based on McStay [2016], Floutsakou
etal. [2013], Jarmuz-Szymczak et al. [2014], van Sluis et al. [2019],
and Ramos et al. [2019]. For further details, see text.

p12

The short arms of the acrocentrtic chromosomes con-
tain satellite DNA I, IT, III, and I'V clusters (in chromosome
band p11), hundreds of transcription factor binding sites
(e.g., for CTCF, Oct4, Myc), sites for DNA-binding pro-
teins such as cohesins, condensins, and arrays of an rDNA
operon encoding a 47S pre-rRNA (in band p12) as well as
B satellite clusters (in bands p12 and p13) (Fig. 1) [McStay
and Grummt, 2008; Floutsakou et al., 2013; Jarmuz-Szym-
czaketal., 2014; McStay, 2016; Mangan et al., 2017; Ramos
et al., 2019; van Sluis et al., 2019]. The short arms of the
acrocentric chromosomes are all clustered in the nucleo-
lus, in which rDNA transcription and processing of 47S
pre-RNA takes place [McStay and Grummt, 2008; McStay,
2016; Picart-Picolo et al., 2019; Wiland et al., 2019]. While
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the 47S rDNA arrays located on the short arms clustering
in the nucleolus are transcriptionally active, this clustering
is independent of the number of rDNA blocks [van Sluis et
al., 2020]. The rDNA operons are transcribed by RNA
polymerase I [Yuan etal.,2007]. The 47S pre-rRNA is post-
transcriptionally processed into the 18S rRNA of the small
ribosomal subunit and the 5.8 and 28S rRNAs of the large
ribosomal subunit [Grozdanov et al., 2003; Stults et al.,
2008]. The 47S rDNA clusters range in length from 50 kb
to >6 Mb, are almost completely heterozygous for each in-
dividual, and manifest as unique rDNA electrophoretic
fingerprints in pulsed-field gel electrophoresis after analy-
ses with rare-cutting restriction enzymes [Stults et al.,
2008]. The organization of 47S rDNA clusters and the dis-
tal junction sequence blocks is rather similar on all acro-
centric chromosomes, but the proximal HERV-K and CER
satellite blocks diverge considerably [van Sluis et al., 2019].
An array of tens to hundreds of copies of 55 rRNA, the
third rRNA component of the large subunit of the ribo-
some, is located on chromosome 1 [Gibbons et al., 2015].
Loss of clusters of 47S pre-rRNA-encoding genes is bal-
anced by a concerted copy number variation of the 5S
RNA-encoding genes [Gibbons et al., 2015].

Breakpoint analyses by FISH revealed 2 classes of RT's
[Page et al., 1996]. By FISH the common (Class I) RTs,
rob(13;14) and rob(14; 21), consistently show break-
points within the satellite I and satellite III arrays in the
pl1 regions of chromosomes 13, 14, and 21 [Page et al.,
1996]. Thus, in all Class I RTs, the rDNA clusters and the
nucleolus organizer regions (NORs) are lost [Page et al.,
1996]. With FISH using 8 BAC clones, the location of the
breakpoints of RTs on chromosome 21 was further re-
fined to locate in or close to BAC clone CR382332 [Jar-
muz-Szymczak et al., 2014]. It should be noted that these
BAC clones also encompassed mRNA-encoding genes,
some of which may be lost after RT-formation [Lyle et al.,
2007]. By reverse-transcriptase-PCR loci identical to the
21pGM15 gene were found to be expressed from human
chromosomes 13, 15, 21, and 22 in monochromosomal
somatic cell hybrids [Lyle et al., 2007].

The 7 out of the 8 rarer (Class II) RTs being investi-
gated showed highly variable breakpoints, which were
not even consistent within a particular type of RT [Page
etal., 1996]. For instance, 5 cases with rob(14;15) showed
4 different breakpoints on chromosome 15. Two out of
the 3 rob(14;22) studied were dicentric, and 1 was mono-
centric.

Loss of clusters of 47S pre-rRNA-encoding genes
causes hypersensitivity to DNA double-strand breaks in-
duced by bleomycin, ionizing radiation, methyl methane-

Impact of Robertsonian Translocations

sulfonate, or hydroxyurea [Xu et al., 2017]. Conceivably,
carriers of the RTs, in which the 47S rDNA clusters were
lost, may be more sensitive to DNA double-strand breaks
than noncarriers or those with RTs in which the 47S
rDNA clusters were retained. The rDNA genes are in gen-
eral arranged as transcribed regions interrupted by inter-
vening sequences [Caburet et al., 2005; Kim et al., 2018].
Up to one third of the 47S rDNA gene clusters are rear-
ranged as, presumably nonfunctional, palindromic struc-
tures. The rate of 47S rDNA gene cluster rearrangement
varies highly among individuals, but is independent of
the age of the individuals, and clearly elevated in primary
fibroblast cultures, SV40-transformed fibroblasts and
lymphoblastoid cell lines from patients with Werner syn-
drome [Caburet et al., 2005]. This chromosomal instabil-
ity disorder is characterized by a variegated translocation
mosaicism, spontaneous deletion formation, and hyper-
sensitivity to DNA double-strand break inducing drugs
[Hoehn et al., 1975; Salk et al., 1981; Poot et al., 2001,
2004; Yang et al., 2002; Dhillon et al., 2007]. These cellular
phenotypes reflect defective DNA repair by chromosom-
al recombination and lack of resolution of Holliday junc-
tions due to loss of the 3'—=5" helicase and 3'—5" exonu-
clease activities encoded by the WRN gene [Shen and
Loeb, 2000; Yang et al., 2002; Dhillon et al., 2007]. In con-
trast to the strongly elevated rates of palindrome forma-
tion of 47S rDNA gene clusters and the hypersensitivity
of Werner syndrome cells to bleomycin and hydroxyurea,
frequencies of RTs were not increased in cells of Werner
syndrome patients [Salk et al., 1981; Poot et al., 2001,
2004; Melcher et al., 2009; Shimamoto et al., 2014].

Yet, the pseudodiploid male fibrosarcoma cell line
HT1080, the highly aneuploid female cervical carcinoma
cell line HeLa, and the female bone osteosarcoma epithe-
lial cell line U20S all carry RTs [van Sluis et al., 2020].
HeLa cells are defective for a TP53-encoded 3'—5" exo-
nuclease and U20S cells are defective for the alpha thalas-
semia/mental retardation X-linked (ATRX) gene. Al-
though these observations point toward a role for DNA
damage, the precise nature of the cell cycle/DNA damage
response pathway(s) protecting against RT-formation is
hitherto unknown.

In multigenerational human families, the rDNA clus-
ters are transmitted according to mendelian rules, yet
they prove to be subject to meiotic rearrangement at a
frequency >10% per cluster, per meiosis [Stults et al.,
2008]. The rDNA clusters are flanked by proximal and
telomeric sequence blocks that are roughly 95 and 99%
identical between all 5 acrocentric chromosomes for the
proximal and the telomeric sequences, respectively
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[Floutsakou et al., 2013]. The proximal sequences are al-
most entirely segmentally duplicated, similar to the re-
gions bordering the centromeres. In contrast, the distal
sequence is predominantly unique to the acrocentric
short arms and contains a very large inverted repeat
[Floutsakou et al., 2013]. This high intrinsic recombina-
tional instability makes rDNA clusters the most plastic
segments of the human genome.

In the genomes of healthy individuals, the total rDNA
copy numbers range between 120 and 670 as measured in
lymphocytes from peripheral blood [Parks et al., 2018; Po-
rokhovnik and Lyapunova, 2019]. In addition, the num-
ber of rDNA clusters and distal junction blocks vary con-
siderably between acrocentric chromosomes and between
individuals [van Sluis et al., 2019, 2020]. This wide range
of rDNA copy numbers found in both mouse and healthy
humans represent differences of approximately 66 million
nucleotides of IDNA between individuals at the extremes.
In agreement with the rDNA residing only on autosomes,
rDNA copy numbers do not stratify by sex. Together with
the observed population stratification, this is consistent
with a high rate of meiotic rDNA recombination. In a
comparison of blood samples of healthy individuals of ad-
vanced age (>72 years) with younger subjects, no differ-
ence in copy number of rDNA clusters was observed
(272-541 in older vs. 200-711 copies in younger subjects)
[Malinovskaya et al., 2018]. Surprisingly, in primary fibro-
blasts the number of hypermethylated transcribed rDNA
copies declined during replicative senescence in culture.
This is in stark contrast with the increase during aging in
global genomic DNA methylation in peripheral blood
lymphocytes of healthy individuals and patients with
Werner syndrome [Maierhofer et al., 2017; Horvath and
Raj, 2018; Wangand Lemos, 2019]. In the latter syndrome,
genes linked to transcription factor activity and sequence-
specific DNA binding to promoters transcribed by RNA
polymerase II were affected by differential methylation,
which suggests that dysregulation of mRNA transcription
may contribute to this syndrome [Maierhofer et al., 2019].
In contrast, RNA polymerase I rDNA transcription rates
are not affected by differential methylation or loss of
rDNA copies during aging [Malinovskaya et al., 2018].

How Do Robertsonian Translocations Arise?

From the above, it is evident that the p arms of the ac-
rocentic chromosomes exhibit a peculiar high degree of
genomic instability. A probable mechanism for this insta-
bility and consequent RT formation may be a block in
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premeiotic replication due to DNA double-strand breaks
or stalled replication forks, which then interfere with mei-
otic recombination [Borde et al., 2000; Murakami and
Nurse, 2001]. Repeat-rich regions, such as the satellite III
regions of the short arms of the acrocentric chromo-
somes, may subsequently be repaired such that chromo-
somal rearrangements, including RTs, result [Richardson
et al., 1998; Warmerdam and Wolthuis, 2019]. Particu-
larly high rates of palindrome formation within the 47S
rDNA clusters were found in cells defective for canonical
nonhomologous end joining (NHE]) of DNA double-
strand breaks (Werner syndrome), which suggests that
this pathway likely protects against RT formation [Ban-
dyopadhyay et al., 2002; Caburet et al., 2005; Hustedt and
Durocher, 2016]. If this is true, RTs would arise as a spe-
cific manifestation of the variegated translocation mo-
sacism of this quintessential DNA double-strand break
repair disorder. In cells from Werner syndrome patients,
the most extensively karyotyped chromosomal instability
disorder, frequencies of RTs were not increased [Salk et
al., 1981; Melcher et al., 2009; Shimamoto et al., 2014].
Although this is not conclusive proof that loss of canoni-
cal NHE]J of DNA double-strand breaks is not involved in
the formation of RTs, it does not support this potential
mechanism either.

Actively transcribed genes, such as rDNA clusters,
pose a risk for genomic stability [Ide et al., 2010]. Since
rDNA clusters are very actively transcribed during oo-
genesis, but not during spermatogenesis, it is more likely
that RTs arise in the maternal rather than in the paternal
germline [Page et al.,, 1996]. The genomes of yeasts and
the p arms of the human acrocentric chromosomes con-
tain many untranscribed rDNA clusters, which when
they are lost, render the cells more sensitive to DNA dam-
age induced by mutagens [Ide et al., 2010]. This DNA
damage sensitivity is dependent upon rDNA transcrip-
tional activity, which interferes with cohesion between
rDNA loci of sister chromatids. The extra untranscribed
rDNA copies promote condensin association and sister-
chromatid cohesion, thereby facilitating recombinational
repair. Actively transcribed rDNA clusters may be subject
to recombination due to a collision between the rDNA
transcription machinery and the DNA replication fork
[Takeuchi et al., 2003]. In yeast, the availability of rDNA
clusters to DNA recombination upon DNA double-
strand breaks after replication fork stalling is curtailed by
the NAD*-dependent histone deacetylase Sir2 (silent in-
formation regulator 2; sirtuin 7 in humans) [Kobayashi et
al., 2004]. Since sirtuin 7 activity is regulated by NAD™*
levels, it links rDNA stability, nucleolar activity and
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rDNA transcription with the energy status of the cell. It
is presently not known whether sirtuin 7 is involved in the
prevention of RT formation.

As was demonstrated by differential psoralen-UV
crosslinking accessibility assays, only a small fraction of
the rRNA genes in a human cell are transcriptionally ac-
tive [Conconi et al., 2002]. In mammals, methylation of
CpG dinucleotides (meCpG) within the rRNA genes
proved not to be the sole mechanism of rDNA silencing
[Grummt and Pikaard, 2003]. In mammalian cells, rRNA
genes occur in 1 of at least 4 different populations: first,
silenced via CpG methylation and probably constitutive-
ly heterochromatic; second, inactive and nucleosomal but
not silenced via CpG methylation; third, transcription-
ally inactive but non-nucleosomal and poised for activity,
and fourth, transcriptionally active [Santoro et al., 2002;
Moss et al., 2019]. In Arabidopsis thaliana, active rRNA
genes are present within sorted nucleoli, whereas silenced
rRNA genes exist in the nucleoplasm outside of the nu-
cleoli, as shown by fluorescence-activated sorting [Pont-
vianne et al., 2013]. In cells with mutated DNA methyl-
transferase (metl), histone deacetylase (hdac6), or chro-
matin assembly (cafl), in which rDNA transcription was
silenced, this nucleoplasmic-partitioning was abrogated.
Bisulfite sequencing indicated that active nucleolar rRNA
genes are nearly completely demethylated at their pro-
moter CpGs, whereas silenced genes are nearly fully
methylated [Pontvianne et al., 2013]. It is currently not
known whether formation of RTs is preceded by demeth-
ylation of the promoter regions of rDNA clusters or al-
tered transcription levels and potentially recombination
between the p arms of acrocentric chromosomes. Similar
experiments have not yet been performed with human
cells.

To explain the consistent breakpoints within the satel-
lite I and satellite IIT arrays in the p11 regions of chromo-
somes 13, 14, and 21 of the Class I RTs, an alternative
hypothesis has been proposed [Shaffer et al., 1996]. Dur-
ing the dictyotene arrest of oogenesis the satellite arrays
come in close contact to each other for a prolonged pe-
riod of time. The size of these arrays is sufficient to allow
for recombination between these homologous sequences
on the nonhomologous chromosomes by nonallelic ho-
mologous recombination (NAHR) [Shaffer and Lupski,
2000; Bandyopadhyay et al., 2002]. Since NAHR involves
blocks of repetitive sequences, this process will generate
chromosome exchanges with consistent localization of
breakpoints in agreement with the breakpoint patterns
of Class I RTs [Page et al., 1996; Bandyopadhyay et al.,
2002].

Impact of Robertsonian Translocations

In contrast, the 8 rarer (Class II) RTs showed a high
variability in breakpoint locations, parental origin, and
timing of formation [Page et al., 1996; Bandyopadhyay et
al., 2002]. Among the 5 cases of rob(14;15), 4 different
breakpoints on chromosome 15p were found, which
makes this RT the most variable with regard to break-
pointlocation [Page et al., 1996]. Of the rob(14;15), 1 was
maternal, 1 paternal, and 1 maternal and paternal in ori-
gin [Bandyopadhyay et al., 2002]. Therefore, the latter
case must have arisen postzygotically, while all others are
consistent with RT formation during meoisis. The high
variability among the rare RTs suggests that they arose by
a more “random” process than their Class I counterparts
[Page et al., 1996; Bandyopadhyay et al., 2002]. A mecha-
nism of formation of RTs with “random” breakpoints
may involve telomere stress [Stimpson et al., 2014]. The
p arms of acrocentric chromosomes are generally located
in the nucleolus and their telomeres coated by the telo-
mere-binding protein TRF2. RNAi knockdown of TRF2
or introduction of an inducible dominant-negative form
of TRF2 causes disruption of nucleoli, chromatin decon-
densation, and RNA polymerase I-mediated rDNA tran-
scription [Stimpson et al., 2014]. Such telomere stress has
also been documented as a mechanism underlying a spe-
cific form of chromothripsis [Maciejowski et al., 2015;
Maciejowski and de Lange, 2017]. Upon damage to telo-
meric repeat sequences, 2 chromosomes may undergo
end-to-end fusion [Maciejowski et al., 2015]. The result-
ing double chromosome will lag during anaphase [Macie-
jowski et al., 2015]. Subsequently, the TREX1-encoded
3'—5'exonuclease will resect the anaphase bridge, and the
chromosomes may undergo several breakage-fusion-
bridge cycles [Maciejowski et al., 2015]. After each round
of breakage, the chromosome ends will be repaired by
either canonical or alternative NHE] [Maciejowski and de
Lange, 2017]. The latter pathway will introduce extensive
deletions at the breakpoints [Poot, 2018]. This form of
chromothripsis, which affects a single arm of each of the
2 involved chromosomes, is consistent with the highly
variable breakpoints found in Class I RTs. In summary,
Class I RTs likely arise through NAHR between blocks of
repetitive sequences between the short arms of 2 acrocen-
tric chromosomes, which leads to loss of the distal chro-
mosome segments. In contrast, Class IT RTs may result
from a form of chromothripsis that likely involves a telo-
mere crisis. Thus, the breakpoints of the remaining RT's
are probably unique, and no generalizations regarding
lost chromosomal segments and possibly other rear-
rangements can be made.
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Table 1. Chromosomal spectrum of RTs found in diagnostic
screening

Warburton Zhao et al. Schoemaker et al.

[1991] [2015] [2019]
Type Number % Number % Number %

of cases of cases of cases
13;13 0 0 5 0.9 2 0.1
13;14 51 699 344 59.0 1,248 62.8
13;15 2 2.7 24 4.1 55 2.8
13;21 1 14 16 2.7 20 1.0
13;22 0 0 14 24 20 1.0
14;14 0 0 4 0.7 5 0.3
14;15 3 4.1 23 4.0 52 2.6
14;21 12 16.4 86 14.8 390 19.6
14;22 1 14 14 2.4 57 2.9
15;15 1 14 5 0.9 2 0.1
15;21 0 0 16 2.7 35 1.8
15;22 0 0 9 1.5 35 1.8
21;21 1 14 6 1.0 6 0.3
21522 0 0 14 24 38 1.9
22522 1 14 3 0.5 10 0.5
Other 0 0 0 0 12 0.6
Total 73 100.0 583 100.0 1,987 100.0

Detection and Incidence of Both Class | and Class Il
RTs

Even before chromosome banding techniques became
available, RTs were detected reliably. In 1975, the first
study of the prevalence of chromosome abnormalities in
newborns was published [Hamerton et al., 1975]. In 13
out of 14,069 (0.092%) consecutive newborns, an RT was
discovered. Combining these results with 5 other compa-
rable studies, comprising a total of 46,150 newborn in-
fants, indicates a frequency of RTs close to 0.1% in live-
born babies. Subsequent studies have largely corroborat-
ed thework of Hamerton etal. [1975] by yielding estimates
of 1 in 812 in a Danish cohort of 34,910 newborns and 1
in 826 in a Dutch cohort of 36,325 cases referred for de-
velopmental delay and/or malformations (Table 1)
[Nielsen and Wohlert, 1991; Hochstenbach et al., 2009].

In a recent analysis of diagnostic cytogentic screening
in the UK, a total of 1,987 individuals with RTs were re-
ported [Schoemaker et al., 2019]. The Class I RTs,
rob(13;14) and rob(14;21), made up 62.8 and 19.6% of
cases, respectively; the other RTs occurred at less than 2%
each (Table 1). With the frequencies of rob(13;14) rang-
ing between 59 and 69% and of rob(14;21) ranging be-
tween 14.8 and 19.6% in 2 other studies, the data by
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Schoemaker et al. [2019] largely corroborated previous
studies [Warburton, 1991; Zhao et al., 2015].

While RTs can be unequivocally distinguished by clas-
sical karyotyping, genome-wide copy number screening
and whole-genome sequencing techniques do not reliably
detect this most common type of chromosome rearrange-
ment [Hochstenbach et al., 2009, 2019]. Because of the
highly repetitive nature of the sequence blocks on the short
arms of the acrocentric chromosomes and the very similar
sequence organisation of the p arms of all acrocentric chro-
mosomes, those are refractory to current sequencing meth-
ods [McStay, 2016]. Consequently, no markers are avail-
able for oligonucleotide or SNP arrays, which are com-
monly used for genome-wide copy number screening
[Miller etal., 2010]. For a NextGen-based diagnostic meth-
od, sequence reads need to be mapped onto a reference
genome. Since the currently available human reference ge-
nome sequence does not cover the short arms of the acro-
centric chromosomes, these are uncharted territory for
NextGen-based approaches [Hochstenbach et al., 2019].

Nanochannel-based single molecule optical mapping al-
lows to resolve structural genome variation on a megabase-
scale [Lam et al., 2012]. In contrast to paired-end and mate-
pair sequencing, this approach allows to bridge repeat-rich
regions such as segmental duplications, the Duchenne
muscular dystrophy gene, and D474 arrays in patients with
facioscapulohumeral muscular dystrophy 1 [Kloosterman
et al,, 2011; Barseghyan et al,, 2017; Zhang et al., 2019;
Zheng et al., 2020]. Structural variations detected by single
molecule optical mapping are in good accordance with
those detected by other state-of-the-art methods [Chaisson
etal,, 2019; Neveling et al., 2020]. Yet, this method can only
map structural variations within genomic regions covered
by the human reference genome sequence. Thus, the cen-
tromeres, some pericentromeric regions, and the short
arms of the acrocentic chromosomes are beyond reach for
single molecule optical mapping [Basreghyan et al., 2017].

Evidence for Phenotypic Effects

Since RTs are the product of a chromosomal rear-
rangement and may themselves provoke further chromo-
somal instability (see below), the life expectancy and the
cancer incidence of RT carriers has been investigated. To
do so, a cohort of 1,987 RT carriers diagnosed in Great
Britain were followed over an average of 24.1 years
[Schoemaker et al., 2019]. Overall mortality was higher
for carriers diagnosed before age 15 years (standardized
mortality ratio (SMR) = 2.00, 95% confidence interval
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Table 2. Significantly increased risk for malignant disease in carriers of a robertsonian translocation

Disease type RT SIR 95% CI

Leukemia diagnosed in childhood (age 0-14 years) rob(13;14) rob(15;21) 14.5 1.75,52.2
Non-Hodgkin lymphoma 9 out of 13 cases had rob(13;14)  1.90 1.01, 3.24
Breast cancer rob(13;14) 1.58 1.12, 2.15

(CI): 1.09, 3.35), similar for those diagnosed aged 15-44
years (SMR = 1.06, 95% CI: 0.86, 1.28), and lower for
those diagnosed aged 45-84 years (SMR = 0.81, 95% CI:
0.68, 0.95). The increased mortality rates for RTs carriers
diagnosed during childhood possibly reflects age-specific
reasons for referral to medical genetic evaluation. The
lower SMR for RT carriers above 45 years of age contra-
dicts a role for RT's in ageing-related mortality. This is in
stark contrast to the DNA double-strand repair and chro-
mosomal instability disorder Werner syndrome, which
characteristically shows premature, segmental aging.

In this cohort, cancer incidence was higher for non-
Hodgkin lymphoma (standardized incidence ratio (SIR) =
1.90, 95% CI: 1.01, 3.24) and childhood leukemia (SIR =
14.5, 95% CI: 1.75, 52.2) (Table 2) [Schoemaker et al.,
2019]. rob(13;14) carriers showed a higher breast cancer
risk (SIR = 1.58, 95% CI: 1.12, 2.15). In case-control stud-
ies, the number of cases limits the power to detect statisti-
cally significant associations. Therefore, it is not surprising
that the rob(13;14) (1,248 cases) showed an elevated rate of
individuals with breast cancer, while the rob(14;21) (390
cases) did not. Taken together, these results indicate that
RTs confer a greater risk of childhood leukemia and non-
Hodgkin lymphoma, and of breast cancer in individuals
with a rob(13;14). This does not exclude an elevated risk
for any of the rarer Class II RTs. Since these occur at much
lower frequencies in the general population, and assuming
increases in disease risk due to these rarer RTs to be similar
to those found with the Class I RTs, much larger cohorts
would be needed to estimate their potential pathogenic im-
pact. In addition, the breakpoints within some types of
Class II RTs are heterogeneous, which precludes general-
izations regarding their putative phenotypic effects.

Potential Pathogenetic Mechanisms
Searching for potential pathogenic mechanisms of the

elevated cancer risk of RTs carriers, we will first consider
the possible impact of lost segments of the p arms, and
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second, the effects of potential intranuclear mislocaliza-
tion of the q arms of the chromosomes affected by RTs.

During formation of all Class I and some Class IT RTs,
some rDNA clusters will be lost, which may conceivably
affect 47S RNA production and consequently ribosome
biogenesis. During RT formation, also clusters of tran-
scription factors such as the CCCTC-binding factor
CTCEF will be lost. These losses will be discussed with re-
gard to the impact of CTCF on breast cancer [Oh et al.,
2017; Kentepozidou et al., 2020].

Furthermore, losses of rDNA clusters may alter chro-
mosomal contacts in interphase nuclei and in particular
in nucleoli [McStay, 2016; Picart-Picolo et al., 2019;
Wiland et al., 2019]. We will consider whether such al-
tered chromosomal contacts in nuclei with an RT may
affect mitotic stability of the nuclei and the recombina-
tional repair of genes related to breast cancer, in particu-
lar in carriers of a rob(13;14). Finally, we will discuss a
possible interchromosomalsomal effect of RTs [Alfar-
awati et al., 2012].

Insufficient rRNA Synthesis and Decreased Ribosome
Biogenesis

Conceivably, loss of 47S rDNA clusters after forma-
tion of RTs maylead to insufficient rRNA production and
ribosome formation. In such cases, a ribosomopathy will
arise. Ribosomopathies resulting from impaired ribo-
some biogenesis due to mutations in the ribosomal pro-
tein-encoding genes have been described extensively
[Narla and Ebert, 2010; Warmerdam and Wolthuis,
2019]. These disorders involve impaired hematopoiesis,
for example, macrocytic anemia, neutropenia, hypoplas-
tic anemia, with concomitant skeletal and skin abnormal-
ities. For instance, the autosomal recessive Schwachman-
Diamond syndrome, which is due to mutations in the
SBDS gene, presents with exocrine pancreatic insufficien-
cy in addition to infections as a result of neutropenia. All
ribosomopathies share an elevated risk for malignant dis-
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ease, such as osteosarcoma and myelodysplastic syn-
drome (MDS) in Diamond-Blackfan anemia, and MDS
and acute myeloid leukemia (AML) in Schwachman-Di-
amond syndrome.

Contrary to the ribosomopathies, no specific -DNA
transcription-related disorders have as yet been de-
scribed. In contrast to patients with ribosomopathies,
carriers with RTs do not show osteosarcoma, MDS or
AML. Therefore, an insufficient number of active ribo-
somes due to loss of rDNA clusters in RT carriers seems
highly unlikely.

The CTCF Transcription Factor and Breast Cancer

On the short arms of the acrocentric chromosomes,
multiple clusters of transcription factor binding sites re-
side. The CCCTC-binding transcription factor CTCF is a
conserved 11-zinc finger DNA-binding protein that reg-
ulates chromosomal architecture [van de Nobelen et al.,
2010]. CTCF binding sites constitute approximately 7.5%
of the human genome. Between 29 and 37% of all contacts
between 47S rDNA clusters and the remainder of the ge-
nome overlapped with a CTCF binding site, as was dem-
onstrated by Hi-C sequencing [Yu and Lemos, 2018]. Up-
stream of the rDNA promoter reside clusters of CTCF
binding sites, which on the one hand regulate rDNA ex-
pression and on the other hand control 3D chromatin
organization via cohesin binding [Pugacheva et al., 2020].
Conceivably, the latter affects the intranuclear localiza-
tion of the RTs and may interfere with their mitotic pair-
ing with the intact homologues. Thus, losses of CTCF and
cohesin binding sites may lead to the nucleolar disruption
as observed in cells with RTs [Pontvianne et al., 2013;
Wiland et al., 2019].

CTCEF has been related to gene expression in breast
cancer [Kemp et al., 2014; Oh et al,, 2017; Aitken et al.,
2018]. Mouse tissues with a hemizygous loss of CTCF ex-
hibit increased variability in genome-wide CpG methyla-
tion [Kemp et al., 2014]. This loss of epigenetic stability
removes a major barrier to neoplastic progression [Kemp
et al., 2014; Aitken et al., 2018]. In addition, loss of CTCF
binding sites may interfere with higher order genome or-
ganization and epigenetic control, which in turn prevents
epithelial to mesenchymal transition of cells in organs
such as the breast [Fritz et al., 2019].

An Interchromosomal Effekt of RTs?
In studies of early embryonic development within the
context of in vitro fertilization, Alfarawati et al. [2012]
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observed frequent losses of one or even several of the nor-
mal chromosomes in carriers of RTs. The oocytes of these
probands show, apart from the RT chromosome, a nor-
mal karyotype. During the first mitotic divisions, up to
the blastomere stage, the RT chromosome is retained,
while a normal chromosome is lost at a significantly ele-
vated rate as compared to early embryos from normal do-
nors or with an inversion or a reciprocal translocation.
Similar findings were obtained in a study of sperm nuclei
of male carriers of RTs, reciprocal translocations, an in-
version and a control cohort [Balasar and Acar, 2020]. In
4 out of 5 RT carriers and in one proband with an inver-
sion, aneuploidy for one of the noninvolved chromo-
somes was demonstrated by FISH, while all other samples
did not show any aneuploidies [Balasar and Acar, 2020].

To explain this finding, termed interchromosomal ef-
fect, the authors put forward 2 hypotheses [Alfarawati et
al., 2012]. First, the RT chromosome may not be able to
pair with their structurally normal homologues counter-
parts, thus disrupting the positioning and segregation of
the other, normal chromosomes during mitosis. Second,
in cleavage-stage embryos, a high frequency of double-
strand breaks in chromosomes occurs, which are subse-
quently repaired. Conceivably, mislocalization of RT
chromosomes may hamper the chromosome pairing
needed for this type of DNA repair. This may in particu-
lar be detrimental for damaged chromosomes carrying
genes related to cancer. For the case of breast cancer, these
may be chromosome 1 (RAD54L on 1p34.1),2 (CASP8 on
2q33.1 and BARDI on 2q35), 3 (PIK3CA on 3q26.32), 5
(HMMR on 5q34), 6 (NQO2 on 6p25.2 and ESRI on
6q25.1-25.2), 8 (RBICCI on 8q11.23), 11 (SLC22A18 on
11p15.4and ATMon 11q22.3),12 (KRASon 12p12.1),13
(BRCA20n13ql3.1), 14 (AKT1 on 14q32.33 and XRCC3
on 14q32.33), 15 (RAD51 on 15q15.1), 16 (PALB2 on
16p12.2 and CDHI on 16q22.1), 17 (TP53 on 17pl3.1,
BRCAI on 17q21.31, PPMID on 17q23.2, PHB on
17q21.33, and BRIPI on 17q23.2), and finally, chromo-
some 22 (CHEK2 on 22q12.1). Chromosome 17, with
BRCA1, PPMI1D, PHB, and BRIP1 may be particularly
vulnerable to this mechanism and breast cancer a prob-
able outcome for carriers of RTs. Although no studies of
the relative number of germline chromosome aberra-
tions, let alone germline RT carriers, in cohorts of breast
cancer patients have been published, sorted nuclei of
breast tumors from young high-risk patients showed a
strikingly high number of chromosome breaks, with
chromosome 17 (containing BRCAI, PPM1D, PHB, and
BRIP1) being the most vulnerable [Przybytkowski et al.,
2014].
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Ramifications, Open Questions, and Future Avenues
of Research

Several ramifications of our current knowledge re-
garding losses of variable parts of short arms of the acro-
centric chromosomes due to RT formation need to be
considered. It is now clear that some RTs may exert a sig-
nificant risk for somatic disease in their carriers. In par-
ticular, the rob(13;14) confers a significantly elevated risk
for breast cancer (SIR of 1.58) [Schoemaker et al., 2019].
Since the lifetime risk for breast cancer is roughly 12% for
women and the rob(13;14) occurs approximately once
per 1,250 screenings of female newborns for this RT, it
appears warranted [Ascha et al., 2019; Schoemaker et al.,
2019]. In a mouse model for leukemia, the malignant cells
have paradoxically lower rDNA copy numbers than nor-
mal tissue, despite their higher proliferation rate, and
consequentially increased rRNA and protein synthesis
level [Xu et al., 2017]. If in breast cancer patients with an
RT the cancer cells also have a lower number of rDNA
clusters, these may be less vulnerable to bleomycin, meth-
yl methanosulfonate, ionizing radiation, and hydroxy-
urea than the normal cells in the surrounding tissue.
Thus, testing breast cancer patients for the presence of an
RT appears indicated before any of these treatments are
being considered. Nevertheless, current molecular ge-
nome analytical methods in the diagnostic laboratory fail
to detect them. Therefore, priority should be given to the
development of novel high-throughput methods to de-
tect RTs.

Because of the very similar sequence organisation of
the p arms of all acrocentric chromosomes and the high-
ly repetitive nature of the sequence blocks on the short
arms of the acrocentric chromosomes, these are refrac-
tory to current sequencing methods [McStay, 2016].
Consequently, no markers are available for oligonucle-
otide or SNP arrays. Yet, a few bacterial artificial chromo-
some (BAC) probes have been localized to unique posi-
tions on the short arm of chromosome 21 [Lyle et al,
2007; Jarmuz-Szymczak et al., 2014]. In addition, BAC
clones mapping proximally and telomerically to 47S
rDNA clusters have been identified [Floutsakou et al.,
2013]. With such BAC probes, either interphase FISH or
arrays to perform array-CGH may become an optional
molecular cytogenetic test for RT's in medical genetic in-
stitutions.

The recently discovered BAC-based probes, which
proved useful to analyze the organization of the short
arms of human acrocentric chromosomes, may also be
helpful to study altered nucleolar topology in cases with
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RTs [Lyle et al., 2007; Floutsakou et al., 2013; Jarmuz-
Szymczak et al., 2014; McStay, 2016; Picart-Picolo et al.,
2019; Wiland et al., 2019]. In particular, the effects of loss-
es of CTCF and cohesin binding sites due to RT forma-
tion are now amenable to detailed study [Pontvianne et
al.,2013; Wiland etal., 2019; Khoury etal., 2020; Pugache-
va et al., 2020]. In addition, a plethora of monoclonal an-
tibodies for chromatin modifications allow study of al-
tered epigenetics in carriers of RTs [Bartova et al., 2010].
Recent studies of model organisms have generated both
valuable insights into and tools to examine the nucleoli
and the NORs of cells from carriers of RTs [McStay,
2016]. Although RT carriers do not experience acceler-
ated aging, it may still be worthwhile to study methylation
of rDNA clusters, which have been identified as an “epi-
genetic aging clock” [Maierhofer etal., 2017; Horvath and
Raj, 2018; Schoemaker et al., 2019]. With single cell array-
CGH of cells from RT carriers, putative mitotic copy
number instability of cells carrying RTs can be studied.
Finally, an interchromosomal effect as a possible cause of
chromosomal instability in RT carriers and subsequent
carcinogenesis merits further study [Alfarawati et al.,
2012; Balasar and Acar, 2020]. Given the clinical impor-
tance and its prevalence in the general population, RTs
are clearly an underappreciated genomic phenomenon in
need of “illumination” [McStay, 2016].
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