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Historical and Clinical Perspectives 
on Chromosomal Translocations
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Abstract
Chromosomal translocations, rearrangements 
involving the exchange of segments between 
chromosomes, were documented in humans in 
1959. The first accurately reported clinical 
phenotype resulting from a translocation was 
that of Down syndrome. In a small percentage 
of Down syndrome cases, an extra 21q is pro-
vided by a Robertsonian translocation chro-
mosome, either occurring de novo or inherited 
from a phenotypically normal parent with the 
translocation chromosome and a balanced 
genome of 45 chromosomes. Balanced trans-
locations, including both Robertsonian and 
reciprocal translocations, are typically benign, 
but meiosis in germ cells with balanced trans-
locations may result in meiotic arrest and sub-
sequent infertility, or in unbalanced gametes, 

with attendant risks of miscarriage and unbal-
anced progeny. Most reciprocal translocations 
are unique. A few to several percent of translo-
cations disrupt haploinsufficient genes or their 
regulatory regions and result in clinical phe-
notypes. Balanced translocations from patients 
with clinical phenotypes have been valuable in 
mapping disease genes and in illuminating 
cis-regulatory regions. Mapping of discordant 
mate pairs from long-insert, low-pass genome 
sequencing now permits efficient and cost- 
effective discovery and nucleotide-level reso-
lution of rearrangement breakpoints, 
information that is absolutely necessary for 
interpreting the etiology of clinical pheno-
types in patients with rearrangements. 
Pathogenic translocations and other balanced 
chromosomal rearrangements constitute a 
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class of typically highly penetrant mutation 
that is cryptic to both clinical microarray and 
exome sequencing. A significant proportion of 
rearrangements include additional complexity 
that is not visible by conventional karyotype 
analysis. Some proportion of patients with 
negative findings on exome/genome sequenc-
ing and clinical microarray will be found to 
have etiologic balanced rearrangements only 
discoverable by genome sequencing with 
analysis pipelines optimized to recover rear-
rangement breakpoints.
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1.1  Introduction 
and Background

Chromosomal translocations encompass a 
diverse set of rearrangements involving the 
exchange of segments between chromosomes, 
and are common in humans. Balanced transloca-
tions, those without accompanying copy number 
variation, usually have no phenotypic conse-
quence. Estimates vary, but about one in every 
300–500 individuals has a balanced reciprocal 
translocation, and about one per 1000 has a bal-
anced Robertsonian translocation (the joining of 
complete long arms of two acrocentric chromo-
somes in β-satellite sequences in the short arms) 
([16, 24, 27, 28, 36, 51, 57, 60, 89]). From a mul-
ticenter study of 377,357 amniocenteses, the 
incidence of a de novo reciprocal translocation 
has been estimated at about 1 per 2000, and 1 per 
9000 for a Robertsonian translocation [92]. 
Warburton also estimated the risk of congenital 
abnormality associated with a balanced recipro-
cal translocation to be about 6% (an approximate 
2- to 3-fold increase over the general population 
risk), and that from balanced Robertsonian trans-

location to be negligible. Congenital anomaly or 
other clinical phenotype in an individual with a 
balanced translocation may result from any of a 
number of possible effects of a translocation, 
including direct gene disruption, creation of a 
fusion gene, dysregulation of a gene separated 
from its normal extragenic cis-regulatory ele-
ments, or dysregulation of a gene placed in an 
environnment of altered chromatin modification. 
Balanced translocations constitute an important 
class of mutation that are etiologic in hundreds of 
Mendelian diseases, and many cancers. When 
ascertained from individuals with clinical pheno-
types, translocations have been invaluable bio-
logical tools in mapping disease loci and 
cis-regulatory regions of disease genes. Because 
missegregation of balanced translocations in 
meiosis may result in meiotic arrest or unbal-
anced gametes, individuals with balanced trans-
locations have higher risks of subfertility and 
infertility, miscarriage, and genomic imbalance 
in their offspring.

1.2  Early Observations 
of Translocations

The field of human cytogenetics was very young 
in 1959 and 1960, when the first human translo-
cations were reported. The correct diploid human 
chromosome number had only been established 
by Tjio and Levan  in 1956 [86], shortly after-
wards confirmed by Ford and Hamerton [17]. 
This foundational achievement depended upon a 
number of technical advances, including 
improved methods of tissue culture, use of col-
chicine for inducing mitotic arrest [18], and most 
critically, incubation of cells in hypotonic solu-
tion for better chromosome spreading [29, 30]. 
Still, only slow progress was made in the late 
1950s in identifying and characterizing human 
chromosomal abnormalities. Until the advent of 
quinacrine mustard banding [7] and Giemsa 
banding [76, 81] in the 1970s, chromosomes 
could be reliably ordered by size and centromere 
position only into seven groups (when this sys-
tem was used, the groups were denoted A-G). 
Distinguishing chromosomes within groups was 
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difficult; many specific chromosome assignments 
published in those years were speculative, and 
some were almost certainly wrong. Before the 
development and widespread adoption of tech-
niques for generating sufficient numbers of 
mitotic cells in cultures of peripheral leukocytes 
[32, 53, 59], bone marrow or testis, neither trivial 
to ask of patients or their family members, were 
the tissues generally sought for karyotyping. 
Thus, early karyotyping was usually limited to 
patients, so it was not possible to assess the seg-
regation of a chromosomal rearrangement with a 
phenotype in a pedigree. In spite of these difficul-
ties, trisomy 21 was convincingly established as 
the chromosomal basis of Down syndrome 
[OMIM #190685] in 1959, on the collective evi-
dence of 30 cases (in order of publication: [43, 
35, 19, 4]), and identification of other aneuploidy 
syndromes quickly followed.

Lejeune’s group was also the first to report a 
human translocation. They found, in a patient 
with intellectual and speech disabilities and 
“polydysspondylie” (spondylocostal dysostosis, 
a skeletal dysplasia with six known loci, most 
demonstrating recessive inheritance [e.g. OMIM 
#277300]), a karyotype of 45 chromosomes with 
what is now known to be a Robertsonian translo-
cation chromosome, which they interpreted as 
composed of 22q and either 14q or 15q ([88], 
described in [87]). Common and easily identifi-
able, particularly in a balanced karyotype of 45 
chromosomes, it is not surprising that the first 
reported human translocation was a Robertsonian. 
However, the phenotype in this case was almost 
certainly not related to the translocation; we now 
know that most individuals with a Robertsonian 
translocation and a balanced karyotype are phe-
notypically normal, and no clinical phenotypes 
have yet to be associated convincingly with any 
balanced Robertsonian translocation, with the 
important exceptions of increased risk of miscar-
riage and reduced fertility.

The second reported human translocation was 
also a Robertsonian, interpreted as comprising 
chromosomes 21 and 14, identified in an unbal-
anced karyotype of a girl with Down syndrome 
and 46 chromosomes, with the translocation 

chromosome providing the extra copy of 21q 
etiologic for Down syndrome [67]. Because the 
maternal age effect in Down syndrome births 
[64] was by then well known, Polani et al. chose 
the children of young mothers to investigate, 
hoping to increase the chances of uncovering 
additional karyotypically-visible etiologies for 
Down syndrome. From the two cases they suc-
cessfully karyotyped, they were lucky to have 
ascertained one case of translocation Down syn-
drome; a translocation chromosome is present in 
only about 3–4% of Down syndrome karyotypes, 
even among young mothers. Because the pheno-
types of trisomy 21 Down syndrome and translo-
cation Down syndrome are indistinguishable, 
Polani et al. were able to make a strong and cor-
rect case for the participation of chromosome 
21 in this rearrangement.

Penrose et  al. [65] were the first to demon-
strate segregation of a balanced translocation in a 
family. A grandmother, mother, and daughter, all 
phenotypically normal, each had 45 chromo-
somes with a translocation chromosome inter-
preted as rob(15;21) [although it may have been 
the much more common rob(14;21)] (Fig. 1.1). 
The mother also had two children with transloca-
tion Down syndrome, and had reported two mis-
carriages. Carter et  al. [6] also reported 
transmission of rob(15;21), in a three-generation 
pedigree where the mothers of two first cousins 
with Down syndrome had each  inherited the 
translocation chromosome from their mother. 
Other Robertsonian translocations besides those 
associated with chromosome 21 were also identi-
fied around the same time. For example, Lejeune 
et al. [44] found, in a man with a 46, XXY karyo-
type and Klinefelter syndrome, a translocation 
between a D group chromosome (chr13–15) and 
chr22. Transmission of a rob(13;15) was 
described in a pedigree including 10 individuals 
with balanced karyotypes and the translocated 
chromosome; among those with the translocation 
were eight phenotypically normal individuals. 
Although the primary amenorrhea in the proband 
was unlikely to have been related to the translo-
cation, azoospermia in Robertsonian transloca-
tion carriers is very common and likely accounted 
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for that reported phenotype in one of the males in 
the pedigree [91].

It was recognized early on that translocations 
between chromosomes would only be detectable 
if the lengths of the exchanged chromosomal seg-
ments were sufficiently different, and large 
enough, to change the length of the translocated 
chromosome arms substantially, or to result in an 
appreciable change in the location of the centro-
mere. In 1962, Edwards et al. [14] reported the 
first two such cases; the first, a translocation 
between chromosomes 4 and 9, and the second, 
between chromosomes 1 and 6. In each case, the 
balanced reciprocal translocation in a phenotypi-
cally normal parent was ascertained through 
investigation of genomically unbalanced off-
spring with mental retardation and congenital 
anomalies. Schmid [74] ascertained a balanced 
translocation carrier solely on the basis of a his-
tory of miscarriage. Among 10 couples who had 
experienced miscarriage and had one or more 
phenotypically normal children, one transloca-
tion carrier (a male) with an apparently balanced 
karyotype of 46 chromosomes was identified. 

The translocation involved one chromosome 21 
or 22, and was non-Robertsonian, but the sizes of 
the exchanged segments were too small to reveal 
the identity of the larger translocation partner.

1.3  Clinical Relevance 
of Translocations

1.3.1  Balanced Translocation 
Carriers Have Higher Risks 
of Infertility, Miscarriage, 
and Unbalanced Progeny

Most reciprocal translocations arise on paternal 
chromosomes in spermatogenesis, and most 
Robertsonian translocations arise on maternal 
chromosomes in oogenesis [1, 63, 84]. Thomas 
et  al. [84] detected a significant paternal age 
effect in the de novo occurrence of reciprocal 
translocations. Most individuals with balanced 
translocations are phenotypically normal, and 
balanced translocations may be transmitted in 
families through many generations. This was 

Fig. 1.1 The first chromosomal rearrangements to be 
identified in the early days of cytogenetics were 
Robertsonian translocations. These photomicrographs 
published in 1960 show a balanced karyotype of 45 chro-
mosomes with a Robertsonian translocation involving 

chromosome 21, derived from skin cells of a phenotypi-
cally normal woman who had two children with transloca-
tion Down syndrome. This was the first publication to 
document inheritance of a translocation, in a three- 
generation family. (Reproduced from Ref. [65])
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observed in the earliest pedigrees of transloca-
tion Down syndrome, and it is still the case that 
many balanced chromosomal rearrangements are 
ascertained in couples with an unbalanced fetus 
or child. In meiosis when a balanced transloca-
tion is present, the translocated chromosomes 
associate with their homologs as a trivalent (for 
Robertsonians) or tetravalent (for reciprocal 
translocations), and segregation results in normal 
and balanced, or unbalanced, gametes. Men with 
azoospermia or severe oligospermia (no viable 
sperm or low sperm count) have an incidence of 
balanced translocations that is many times higher 
than that in the general male population [8, 90, 
96], evidence that checkpoints in male gameto-
genesis lead to apoptosis of unbalanced gametes. 
The proportion of normal, balanced, and unbal-
anced gametes produced by men with balanced 
translocations varies from practically none to 
nearly all unbalanced gametes [54, 66], with 
Robertsonian translocations typically yielding 
the lowest proportion of unbalanced gametes, 
and reciprocal translocations the highest. As 
most reciprocal translocations are unique, it is 
difficult to assess the reproductive risk of unbal-
anced progeny for couples in whom one partner 
is known to have a translocation [96], though 
Boué and Gallano [5], from assessing pregnancy 
outcomes in more than 1200 couples where one 
partner had a translocation, estimated the overall 
risk of unbalanced progeny to be 10% for a term 
pregnancy, and 11.5% for a fetus. A balanced 
translocation in one parent is significantly associ-
ated with miscarriage; parental balanced translo-
cation was identified in ~3–4% of couples with 
recurrent miscarriage [62, 80]. In translocation 
Down syndrome, about two thirds of cases arise 
de novo, with about half due to rob(14;21) and 
half due to rea(21;21) [55], although most or all 
rea(21;21) are isochromosomes and not true 
Robertsonian translocations [77]. In inherited 
translocation Down syndrome, the translocation 
chromosome is more frequently inherited from 
the mother, indicating that checkpoints in 
oogenesis are not as stringent as those in sper-
matogenesis. Recurrence risk for Down syn-
drome from inherited Robertsonian translocations 
is believed to be 10–15% if the mother has the 

translocation, and less than 1% if the father has 
the translocation.

Only a few reciprocal translocations have 
been found to be recurrent. Emanuel syndrome 
[OMIM #609029] is characterized by multiple 
congenital anomalies and an unbalanced karyo-
type with a supernumerary der(22) inherited 
from an unaffected parent with a t(11;22)
(q23;q11.2) [20, 94]. Breakpoints in palindromic 
AT-rich repeat (PATRR) sequences on chromo-
somes 11 and 22 suggest that palindrome- 
mediated formation of secondary structure 
promotes double-strand breakage and resulting 
translocation [37]. PATRRs have been recog-
nized on chromosomes 1, 4, 8, 11, 17 and 22, and 
rare recurrent translocations between PATRRs 
on chromosomes 8 and 22 [that may result in 
progeny with supernumerary der(22)t(8;22) 
syndrome, OMIM #613700] have been reported 
[78], as well as rare translocations between 
PATRRs on chromosomes 17 and 22, in individu-
als with neurofibromatosis type I [NF1, 
OMIM #162200] [37].

1.3.2  Some Somatic Translocations 
Initiate Transformation 
of Cancer Cells

Although interest in cancer had driven much 
early progress in cytogenetic techniques, the 
complex, abundant, and variable chromosomal 
aberrations observed in many cancers were diffi-
cult to interpret, and also led investigators to 
believe that chromosomal rearrangements might 
all be secondary to the events that initiate tumori-
genesis. Two early successes in deciphering the 
molecular biology of oncogenic translocations 
were groundbreaking in understanding the 
importance of chromosomal rearrangements in 
driving tumorigenesis.

Although not initially recognized as such, the 
first translocation associated to a specific cancer 
was the Philadelphia chromosome (Ph), uniquely 
associated with chronic myelogenous leukemia 
[CML, OMIM #608232] [59]. Its identity as a 
der(22) involved in a translocation with chr9 was 
only uncovered 13 years later, once banding tech-
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niques had been developed [73]. In 1982, the 
ABL oncogene [OMIM *189980], known to map 
to chr9, was shown to be translocated to the Ph 
chromosome 22 [10]. Fine-mapping of ABL [25] 
and the chr22 breakpoint cluster region [23] led 
to identification of an ABL-BCR fusion gene that 
results from translocation [79], and the fusion 
gene’s oncogenic activity in CML was demon-
strated [40]. More than 90% of CML cases have 
a t(9;22), and presence of the Ph chromosome 
aids in diagnosis; cryptic rearrangements are 
likely responsible for the remaining 10%.

Three translocations associated with Burkitt’s 
lymphoma [OMIM #113970] and involving 8q24 
were characterized in the late 1970s, with the 
causative gene rearrangement [83] identified 
prior to that of the Ph chromosome in CML. The 
common translocation, t(8;14)(q24;q32), places 
the intact coding exons of MYC [OMIM 
*190080], a gene encoding a cell growth and cell 
cycle transcription factor, close to the enhancer 
of the immunoglobulin heavy chain locus 
[IgH locus, see OMIM *147100], driving consti-
tutive expression in B-lymphocytes and confer-
ring oncogenicity. The t(2;8) and t(8;22) 
translocations place MYC in proximity to enhanc-
ers at the IgK or IgL loci, respectively, with simi-
lar effect. The pathogenicity of the CML and 
Burkitt’s translocations is thus explained by two 
distinct, important, and generalizable models: in 
CML, the formation of a fusion gene results in 
pathogenic gain of function of a novel chimeric 
protein; in Burkitt’s lymphoma, alteration of the 
regulatory environment of a gene drives its mis-
expression, resulting in pathogenic gain of func-
tion of the normal protein.

1.3.3  Balanced Reciprocal 
Translocations Are Etiologic 
for Many Clinical Phenotypes

The earliest pedigrees with translocations were 
those of translocation Down syndrome, where 
trisomy for 21q was clearly implicated in the 
clinical phenotype, and parents and other family 
members with the translocated chromosome and 
balanced karyotypes were phenotypically nor-
mal. Early pedigrees of reciprocal translocations 

likewise showed phenotypically normal parents 
with apparently balanced translocations whose 
children with clinical phenotypes had unbalanced 
karyotypes. These pedigrees, though perhaps sur-
prising at first, established the paradigm that rear-
rangement without apparent loss or gain of 
chromosomal material had no consequence other 
than that of the contribution of unbalanced gam-
etes to risks of infertility, miscarriage, and unbal-
anced offspring. Challenging that paradigm, 
Jacobs [34] presented epidemiological evidence 
suggesting that de novo balanced rearrangements 
(translocations and inversions) were overrepre-
sented among mentally retarded individuals com-
pared to consecutive or random newborns and 
individuals ascertained for unspecified reasons. 
Funderburk et al. [21] found balanced rearrange-
ments to be significantly overrepresented among 
mentally retarded individuals when compared to 
children of normal intelligence with psychiatric 
indications. Other studies of outcomes where bal-
anced rearrangements were ascertained from sur-
veys of consecutive newborns [50, 56, 85] were 
underpowered, failing to ascertain large enough 
numbers of subjects with balanced rearrange-
ments to interpret correctly an effect that we now 
know to apply to only a few to several percent of 
individuals with balanced, non-Robertsonian, 
rearrangements [92]; Warburton’s robust esti-
mate of the risk of congenital anomaly associated 
with such rearrangement required the ascertain-
ment of outcomes of 377,357 amniocenteses 
from multiple clinical centers.

A high burden of proof is required for assign-
ing etiology of phenotype to a balanced recipro-
cal translocation, given that most are both unique 
and without phenotypic consequence. 
Nonetheless, a diagnosis can be made when direct 
disruption of a known disease gene can be docu-
mented and correlated to a specific phenotype, as 
abundant case reports attest. Individuals with bal-
anced translocations and clinical phenotypes have 
been useful in mapping a number of Mendelian 
disease loci, particularly those with severe phe-
notypes that usually occur de novo, precluding 
linkage analysis. For instance, the locus for neu-
rofibromatosis type 1 (NF1, OMIM #162200) 
was identified on the basis of two balanced recip-
rocal translocations, both with breakpoints in 
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17q11.2 [42, 75]. Similarly, various rearrange-
ments were reported in patients with Sotos syn-
drome [OMIM #117550], but two translocations 
with breakpoints in 5q35 [33, 52] directed 
investigation to that region; NSD1 [OMIM 
*606681] was cloned, shown to be disrupted in 
the translocation of the tested patient, and point 
mutations and genomic deletions of NSD1, now 
known to explain about 90% of Sotos syndrome 
cases, were found in the majority of a cohort of 
patients [41].

Translocations have also been productive in 
identifying new candidate genes underlying com-
mon clinical phenotypes that may arise from dys-
function of any number of genes, as in autism 
spectrum disorder, cardiac defects, and orofacial 
clefting [26, 71]. Two cases described by Kim 
et  al. [38] contributed to identifying a role for 
neurexin 1 [NRXN1, OMIM *600565] in autism 
spectrum disorder; NRXN1 has since also been 
strongly implicated in other neurodevelopmental 
disorders, including schizophrenia and intellec-
tual disability. Quintero-Rivera et  al. [69] mar-
shalled substantial evidence that matrin 3 
[MATR3, OMIM *164015], previously associ-
ated with amyotrophic lateral sclerosis [ALS21; 
OMIM #606070], is etiologic for cardiac left 
ventricle outflow tract (LVOT) defects in a child 
with a t(1;5) disrupting MATR3 on 5q. 
Interestingly, AHDC1 [AT-hook DNA-binding 
motif-containing protein 1, OMIM *615790] on 
1q was also disrupted by this translocation, and 
several aspects of the child’s phenotype, includ-
ing intellectual disability, facial dysmorphisms, 
and respiratory and sleep disturbances, were con-
cordant with those reported for a newly-described 
syndrome [Xia-Gibbs syndrome, OMIM 
#615829] attributed to heterozygous mutation in 
AHDC1 in only four cases [93].

1.3.4  Resolution of Translocation 
Breakpoints by Sequencing 
Provides New Information

Whole-genome sequencing now permits discov-
ery and precise localization of rearrangement 
breakpoints [58, 71, 82] (Table 1.1). Particularly, 

analysis of discordant mate-pair mappings from 
low-coverage, long-insert whole-genome 
sequencing is a cost-effective means of doing so 
[82], and is likely to one day displace standard 
karyotyping. Sequence-level breakpoint mapping 
provides identities of genes directly disrupted in 
a rearrangement, and of nearby genes that may be 
dysregulated by altered positioning of cis- 
regulatory enhancers, other regulatory elements, 
or regions of chromatin modification. Sequencing 
discovers complexity that is cryptic to karyotyp-
ing and imbalances that are below the resolution 
of clinical microarrays. De novo balanced trans-
locations detected on prenatal karyotype can be 
assessed in a timely manner by this approach; for 
example, in prenatal cases reported by Ordulu 
et al. [61], sequencing supported or confirmed a 
suspected genetic diagnosis in most of the cases 
referred for abnormal prenatal findings. Redin 
et al. [71] reported sequenced breakpoints in 248 
of 273 subjects, the majority ascertained via the 
Developmental Genome Anatomy Project 
(DGAP), a long-running effort to identify genes 
important in development by investigating appar-
ently balanced rearrangements in patients with a 
wide variety of phenotypes, including neurode-
velopmental disorders and structural congenital 
anomalies [26]. Redin et  al. were able to make 
high-confidence correlations of genes to pheno-
types in about a quarter of the subjects, and iden-
tify, in another 20%, likely candidate genes based 
on gene disruption or predicted position effects. 
They also documented additional complexity, 
cryptic to karyotype, in more than 20% of the 
rearrangements that they analyzed. This com-
plexity included genomic gains or losses, some 
proportion of which would be invisible to clinical 
microarray. Among 65 subjects (26% of the total) 
with complex rearrangements (three or more 
breakpoints), 13 had multiple breakpoints char-
acteristic of the “shattering” phenomena of chro-
mothripsis or chromoplexy; in one case, 57 
breakpoints were mapped. Overall, about 80% of 
the 248 analyzed rearrangements were balanced 
or nearly so, with less than 10  kb of genomic 
imbalance, indicating that  the majority of 
these  pathogenic mutations fail to leave even a 
footprint on clinical microarray.
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Some balanced translocations are also cryptic 
to karyotyping. In an unusual case [68], a child 
with multiple congenital anomalies and some 
features overlapping those of cri-du-chat syn-
drome [OMIM #123450] was found by FISH to 
have a 4.6  Mb deletion at the terminus of 5p, 
much smaller than the canonical cri-du-chat 
region. Two previous pregnancies of the mother 
had been terminated, one for complete lissen-
cephaly [OMIM #607432], and one for intrauter-
ine growth restriction. The karyotypes of both of 
the parents and the affected child were unremark-
able. However, FISH of the mother’s chromo-
somes, including a probe to 17p  (a known 
lissencephaly locus), indicated a balanced trans-
location between 5p and 17p. The affected 
daughter had inherited the der(5) chromosome, 
resulting in gain of 17p as well as loss of 5p, with 
phenotypic features attributable to each. The 
authors hypothesized that the fetus with lissen-
cephaly had inherited the der(17) chromosome, 
with presumed heterozygous loss of PAFAH1B1 
[OMIM *601545] responsible for the lissenceph-
aly phenotype. A cautionary tale, this cryptic 
translocation was hypothesized and uncovered 
only through thoughtful assessment of a “pecu-
liar” pedigree and distinctive phenotypes already 
strongly linked to known loci. Without excep-
tional circumstances such as these, cryptic bal-
anced translocations will remain undetected until 

whole-genome sequencing designed to ascertain 
rearrangements becomes routine.

1.3.5  Mapping the Regulatory 
Genome with Translocations

Whole exome sequencing of patients with condi-
tions of suspected single-gene etiology currently 
yields known or likely candidate pathogenic 
mutations in about half. Extragenic regulatory 
mutation is likely to constitute a significant pro-
portion of this “missing” mutation. Mammalian 
genomes are now well-known to be looped, 
folded, and scaffolded into three-dimensional 
architectures that influence gene expression 
through the spatial control of interactions of gene 
promoters with extragenic enhancers and other 
regulatory elements [12, 47, 70]. Chromosomes 
are physically organized into topologically- 
associated domains (TADs), “neighborhoods” of 
typically a megabase or smaller, that demonstrate 
higher frequencies of chromatin-chromatin con-
tacts within domains than across domains [48, 
49]. Enhancer-promoter contact frequencies 
define TADs, delimited by boundary elements 
that discourage promiscuous interactions of 
enhancers with non-target neighboring promot-
ers; critical gene-regulatory enhancers may be 
arrayed along a chromosome at distances of sev-

Table 1.1 The resolution of techniques to detect chromosomal structural variation has improved by several orders of 
magnitude since the 1950s

Technique Introduced Capable of detecting translocations? Resolution
Karyotype - 
unbanded

1950s–1960s Yes, but only Robertsonian 
translocations and unbalanced or 
balanced translocations resulting in 
significant change in length of the 
derivative chromosomes

~10–20 Mb, depending on 
chromosome length (although 
misidentification of chromosomes 
was common)

Karyotype - 
banded

1970s Yes ~5–10 Mb

FISH 1980s–1990s Yes, targeted to one or a few loci <1 Mb to gene-level
Chromosomal 
microarray 
analysis (CMA)

2000s No, except if unbalanced and 
suspected by a 
duplication-deficiency

~100 kb (depending on platform and 
laboratory cut-offs)

Next-generation 
sequencing (NGS)

Late 2000s Yes, by discordant mate-pair 
mapping of whole-genome 
sequence

Base pair-level resolution if followed 
up with Sanger or amplicon 
sequencing; otherwise, resolution to 
level of insert (fragment) size
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eral 100 kilobases to a megabase or more from 
the genes they regulate, particularly in the case of 
genes important in developmental processes [11].

Translocations can displace important enhanc-
ers or other regulatory elements from the genes 
they regulate. This has been demonstrated for 
several genes where translocations were central 
in flagging locations of distant cis-regulatory ele-
ments. An enhancer controlling limb expression 
of sonic hedgehog (Shh/SHH [OMIM *600725]) 
was localized to an intron of a distant gene and 
implicated in Shh/SHH expression in both mouse 
and human by a combination of evidence, includ-
ing a translocation in a patient with preaxial poly-
dactyly type II [PPD2, OMIM #174500], where 
one breakpoint mapped very close to the 
enhancer, nearly 1 Mb away from SHH itself [45, 
46]. A downstream regulatory region was identi-
fied by mapping translocation and inversion 
breakpoints in patients with aniridia [OMIM 
#106210] where the causative gene, PAX6 
[OMIM *607108], was found to be left intact by 
the rearrangements [15, 39]. Structural variants, 
including translocations, in patients with campo-
melic dysplasia or acampomelic campomelic 
dysplasia [CD and ACD, OMIM #114290] indi-
cate that a complex SOX9 [OMIM *608160] 
regulatory landscape exists as far as 2  Mb 
upstream and 500  kb downstream of the gene 
itself; severity of the phenotype in translocation 
patients is broadly correlated with distance of the 
translocation breakpoint from SOX9 itself [22]. 
Other phenotypes are associated with copy num-
ber variation or rearrangements around SOX9, 
including Pierre-Robin sequence [PRS, OMIM 
%261800] and 46,XX and 46,XY disorders of 
sex development (DSDs) [OMIM #278850 and 
#613080], all of which can occur with or without 
accompanying CD or ACD.  Translocations of 
patients with isolated PRS have been localized to 
two separate regions, about 1  Mb and 400  kb 
upstream of SOX9 [2, 61]; likewise, deletions and 
duplications in DSD patients define critical regu-
latory regions for sex development between 500 
and 640 kb upstream of SOX9.

Brief descriptions belie the complexity of cis- 
regulatory regions, the variations that may occur 
among phenotypes of patients with rearrange-

ments variously disrupting a regulatory locus, 
and the many mechanisms proposed to explain 
the pathogenicity of those rearrangements [3]. 
Beyond simply removing an enhancer from its 
cognate promoter, translocations and other rear-
rangements change the physical conformation of 
the regulatory locus, altering or disrupting chro-
matin loops that may affect the function of 
enhancers and other elements that remain 
between a cognate promoter and a rearrangement 
breakpoint. Enhancers brought into a locus by a 
rearrangement may make spurious contacts with 
an existing promoter, altering its expression. New 
chromatin conformations may alter the mainte-
nance of the epigenetic landscape, resulting in 
gene expression changes via classical position 
effect mechanisms. Thus, predicting the effects 
of translocations that disrupt extragenic 
sequences is not trivial. Zepeda-Mendoza et  al. 
[95] collated genome-wide datasets of enhancer 
marks, DNAse-hypersensitivity sites, and TAD 
boundaries predicted by chromatin contacts [13], 
along with haploinsufficiency and triplosensitiv-
ity scores [31] and phenotype information from 
DECIPHER [9] and ClinGen [72] to identify and 
prioritize candidate genes that may be etiologic in 
patients harboring balanced rearrangements with 
intergenic breakpoints. The success of this 
approach relies on the existence of multiple, 
diverse datasets that inform our understanding of 
the complexities of gene regulation and function, 
recognizes that rearrangements may result in 
dysfunction of genes located at distances up to 
several Mb, and depends most critically on the 
availability of large collections of patient 
phenotype- genotype information.

1.4  Summary

Much Mendelian disease is rare. Rarer still are 
patients whose congenital anomalies or neurode-
velopmental disorders are caused by balanced 
translocations that disrupt genes or their cis- 
regulatory regions. Approaches to diagnosing 
genetic etiologies that discount the contribution 
of balanced chromosomal rearrangements disen-
franchise those patients, lengthening diagnostic 
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odysseys and adding medical costs, and some-
times compromising patient care. Reciprocal 
translocations and other balanced rearrangements 
represent an important class of pathogenic varia-
tion that is cryptic to chromosomal microarray, 
cannot be ascertained from exome sequencing 
data, and may be incompletely described or even 
undetected by karyotyping. Nucleotide-level res-
olution of rearrangement breakpoints is essential 
for interpreting the etiology of phenotypes in 
patients with balanced rearrangements.
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