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A balanced robertsonian translocation (rob) results from fusion of 2 acrocentric chromosomes. Carriers are phe-
notypically normal and are often diagnosed because of recurrent miscarriages, infertility, or aneuploid offspring.
Mortality and site-specific cancer risks in carriers have not been prospectively investigated. We followed 1,987 car-
riers diagnosed in Great Britain for deaths and cancer risk, over an average of 24.1 years. Standardized mortality
and incidence ratios were calculated comparing the number of observed events against population rates. Overall
mortality was higher for carriers diagnosed before age 15 years (standardized mortality ratio (SMR) = 2.00, 95%
confidence interval (Cl): 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). Cancer incidence
was higher for non-Hodgkin lymphoma (standardized incidence ratio (SIR) = 1.90, 95% CI: 1.01, 3.24) and child-
hood leukemia (SIR = 14.5, 95% CI: 1.75, 52.2), the latter particularly in rob(15;21) carriers (SIR = 447.8, 95% ClI:
11.3, 2,495). Rob(13;14) carriers had a higher breast cancer risk (SIR = 1.58, 95% CI: 1.12, 2.15). Mortality risks
relative to the population in diagnosed carriers depend on age at cytogenetic diagnosis, possibly reflecting age-
specific cytogenetic referral reasons. Carriers might be at greater risk of childhood leukemia and non-Hodgkin lym-
phoma and those diagnosed with rob(13;14) of breast cancer.

chromosome disorders; cohort studies; cytogenetics; epidemiology; genetics; hematological malignancies;

mortality; neoplasms

Abbreviations: ALL, acute lymphoblastic leukemia; Cl, confidence interval; iAMP, intrachromosomal amplification; rob,
robertsonian translocation; SIR, standardized incidence ratio; SMR, standardized mortality ratio.

A balanced robertsonian translocation (rob) involves fusion of
2 acrocentric chromosomes (chromosomes 13, 14, 15, 21, 22)
with subsequent loss of the short arms. They have been found to
form predominantly during female meiosis (1, 2). Individuals
are phenotypically normal but are at higher risk of miscarriages,
infertility, and aneuploid offspring because of the production
of unbalanced gametes. Depending on which chromosomes are
involved, carriers are at higher risk of offspring with trisomy 21
(Down syndrome) or trisomy 13 (Patau syndrome) (3, 4).

Balanced robertsonian translocations represent the most com-
mon chromosomal rearrangement in humans. Newborn surveys
have estimated that they occur in 1 in 1,000 individuals (5-8),
with higher estimates (1 in 800) obtained from surveys of chil-
dren referred for neurodevelopmental disease and congenital

abnormalities (9). Translocations are disproportionately common
between chromosomes 13 and 14 (rob(13;14)) and 14 and 21
(rob(14;21)), with other combinations being rare (10, 11). Carriers
of these translocations have 45 chromosomes, but the resulting
loss of the short arms is presumed inconsequential because the
short arms mainly contain repetitive ribosomal DNA (12, 13).
However, mortality and site-specific cancer incidence have not
been systematically investigated in carriers.

A predisposition to hematological disorders in carriers of
balanced robertsonian translocations has been suggested (14);
evidence for this and for premalignant conditions is, however,
derived from case reports (14—19). Recently, carriers of rob(15;21)
have been estimated to be at much higher risk of a rare form of
acute lymphoblastic leukemia (ALL) with intrachromosomal
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amplification (1IAMP) of chromosome 21 (20). This was based
on the finding that constitutional rob(15;21) in iAMP-ALL
patients was more common than might be expected based on
newborn surveys. Risk of leukemia has, however, not been
prospectively investigated in robertsonian translocation carriers
overall or according to subtype.

To assess risks in individuals with balanced robertsonian
translocations, one needs a cohort design in which large num-
bers of carriers are followed over a long period of time for
mortality and cancer risk. We therefore investigated long-term
risk of mortality and cancer in a cohort of persons diagnosed
as carriers at cytogenetic centers in Great Britain.

METHODS

Information on patients diagnosed with balanced robertso-
nian translocations was obtained from all cytogenetic centers in
Great Britain (n = 27), except for one small center. Records
were collected as far back in time as records had been main-
tained at each center (in most centers from the 1960s or 1970s).
The last year that records were abstracted ranged between
1994 and 2006, depending on when data extraction was con-
ducted at the center, mostly in the late 1990s. Prenatal records
were not retrieved.

Patient information was matched to the National Health
Service Central Register (NHSCR) for England and Wales and
for Scotland. These registers hold information on deaths, emi-
grations, and other exits from the National Health Service for
everyone who is registered with a general practitioner, and are
effectively population registers of these countries. Individuals
who could be uniquely identified (“flagged”) on the National
Health Service Central Register formed the cohort and were
followed up for cancer incidence, death, and loss to follow-up
(such as through emigration). The underlying cause of death,
from death certificates, was coded to the revision of the Inter-
national Statistical Classification of Diseases and Related
Health Problems (ICD) in use at the time of death, and was
subsequently bridge-coded to the ninth revision of the classi-
fication (21) to give the categories shown below in Results.
Patients were excluded if they were known to have been cyto-
genetically examined as a consequence of a cancer diagnosis.
Permission for this study was obtained from appropriate ethics
committees in the United Kingdom and the national personal
information advisory group.

For each cohort member, we calculated person-years at risk
of death according to sex, 5-year age group, calendar year, and
country (England and Wales combined vs. Scotland). Follow-up
started at the date of cytogenetic diagnosis and ended on Decem-
ber 31, 2016, or the 85th birthday, date of death, or date of other
loss to follow-up, whichever was earliest. Follow-up was
censored at age 85 years because at older ages the certified
cause of death is often inaccurate and national rates are not
available for 5-year age group. Expected cause-specific mortality
in the cohort was calculated by multiplying the sex-, age-,
calendar year-, and country-specific person-years at risk in the
cohort by the corresponding national mortality rates. Stan-
dardized mortality ratios were derived as the ratio of observed
to expected deaths, and their 95% confidence intervals were
calculated using exact methods (22). We calculated absolute

excess rates by subtracting the expected from the observed
numbers of deaths, dividing by person-years at risk and mul-
tiplying by 100,000. Analyses were performed with STATA,
version 14.2 (StataCorp LLC, College Station, Texas) (23).
All significance tests were 2-sided.

Analyses of cancer incidence were conducted similarly,
except that follow-up started on January 1, 1971 (the date from
which national cancer registrations became available), or from
the date of the cytogenetic test, whichever was later, and follow-
up ended on December 31, 2015, the patient’s 85th birthday,
date of death, or date of other loss to follow-up, whichever was
earliest. Standardized incidence ratios were obtained based on
expected numbers from national cancer incidence rates. Analyses
of all malignancies combined included only neoplasms classi-
fied as malignant according to the International Classification
of Diseases, Ninth Revision (21), and excluded nonmelanoma
skin cancer because it is underascertained by the cancer regis-
tries (24). Likewise, analyses according to cancer site included
only those coded to malignant, with the exception of central
nervous system tumors, for which nonmalignant tumors were
also included.

Standardized mortality ratios and standardized incidence
ratios were calculated for the entire cohort, according to sex,
most common type of specific translocations, age at and cal-
endar period of cytogenetic diagnosis, and attained age. In order
to investigate the possibility that mortality or cancer incidence
might have been biased because some subjects were cytoge-
netically tested as a consequence of a prior illness, analyses
were repeated after excluding from follow-up the first 36 months
after cytogenetic diagnosis, because effects of such bias, if pres-
ent, would be expected to “wear off” over time.

RESULTS

We ascertained 2,590 patients with balanced robertsonian
translocations. Among these, insufficient identifying informa-
tion was available for flagging at the National Health Service
Central Register for 574 subjects. A further 12 subjects were
excluded because they could not be followed up and 17 subjects
because they were cytogenetically tested as a consequence of
a diagnosis of cancer. A total of 1,987 subjects were included
in the cohort.

A preponderance of the cohort overall were female (59.4%)
(Table 1). The greatest female excess was among those diag-
nosed aged 15-44 (63.0%), whereas there was no appreciable
female excess among those diagnosed in childhood (50.4%
female) (data not shown). Nearly one-third of carriers (30.8%)
were diagnosed at ages 25-34 years, and the majority of car-
riers (62.4%) were diagnosed during 1990-2006. Robertsonian
translocations most frequently involved chromosomes 13 and 14
(62.8%) or chromosomes 14 and 21 (19.6%), with other com-
binations being much less common.

During mortality follow-up, 257 subjects died, 86 subjects
exited the study when they reached age 85 years, 92 exited
because of emigration or other reasons, and 1,552 were followed
until the end of the study. The average follow-up was 24.1 years
per subject (ranging from 0.01 to 55.0 years).

Overall mortality in the cohort relative to the general popu-
lation was nonsignificantly lower (standardized mortality ratio
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Table 1. Characteristics of the Cohort of Persons Cytogenetically
Diagnosed With Balanced Robertsonian Translocations, Great
Britain, 1962—-2006

Characteristic No. of Persons % Person-Years
Sex
Male 807 40.6 19,355
Female 1,180 59.4 28,544
Age at diagnosis, years
04 240 121 6,306
5-14 110 5.5 3,284
15-24 318 16.0 8,489
25-34 612 30.8 15,033
35-44 333 16.8 7,831
45-64 289 145 6,038
65-84 85 4.3 918
Year of diagnosis
1962-1969 121 6.1 4,064
1970-1979 181 9.1 6,351
1980-1989 445 224 12,315
1990-2006 1,240 62.4 25,169
Year of birth
Before 1950 544 27.4 12,926
1950-1969 935 471 23,079
1970-1989 378 19.0 9,302
1990-2005 130 6.5 2,592
Chromosomes involved
13;13 2 0.1 58
13;14 1,248 62.8 29,967
13;15 55 2.8 1,225
13;21 20 1.0 490
13;22 20 1.0 483
14;14 5 0.3 100
14;15 52 2.6 1,129
14;21 390 19.6 9,438
14;22 57 29 1,303
15;15 2 0.1 35
15;21 35 1.8 816
15;22 35 1.8 942
21;21 6 0.3 179
21;22 38 1.9 1,101
22;22 10 0.5 277
Other® 12 0.6 356
Total 1,987 100.0 47,899

2 Including 7 robertsonian translocations between 2 D-group chro-
mosomes, 4 between a D- and G-group chromosome, and 1 patient
mosaic for 2 different robertsonian translocations.

(SMR) = 0.92, 95% confidence interval (CI): 0.81, 1.04), corre-
sponding to 44.5 fewer cases per 100,000 population (Table 2).
Mortality ratios were somewhat lower for males (SMR = 0.87,

95% CI: 0.73, 1.03) than for females (SMR = 0.98, 95% CI:
0.82, 1.17) and lower for subjects diagnosed since 1980 com-
pared with earlier (data not shown). Mortality from congenital
anomalies was significantly higher (SMR =4.72, 95% CIL:
1.53, 11.0), with the 5 deaths being from heterogeneous anom-
alies and 4 occurring within 3 years of cytogenetic diagnosis.

Analyses of standardized mortality ratios according to age
at cytogenetic diagnosis showed higher mortality in patients
diagnosed in childhood (for ages 0-14 years, SMR = 2.00,
95% CI: 1.09, 3.35) (Table 3). Cause-specific mortality was
significantly higher for nervous system disease (SMR = 11.9,
95% CI: 3.25, 30.5) and congenital anomalies (SMR = 14.6,
95% CI: 4.74, 34.1). When we repeated the analyses excluding
follow-up <36 months after cytogenetic diagnosis, the stan-
dardized mortality ratios for mortality from all causes (SMR =
0.71,95% CI: 0.19, 1.83) and from congenital abnormalities or
nervous system disease were no longer significantly higher
(data not shown).

Mortality among subjects diagnosed at ages 15—44 years
was similar to that in the general population (SMR = 1.06, 95%
CI: 0.86, 1.28). In those diagnosed at age 45 years or later, mor-
tality was significantly lower (SMR = 0.81, 95% CI: 0.68, 0.95)
(Table 3), to a similar extent in men and women (SMR = (.82
and 0.80, respectively; data not shown). Risk was lower in par-
ticular for circulatory disease (SMR = 0.76, 95% CI: 0.58, 0.99),
including ischemic heart disease (SMR = 0.57, 95% CI: 0.36,
0.85) and cardiac disease (SMR = 0.59, 95% CI: 0.35, 0.94)
(data not shown). Analyses of mortality from cancer showed a
lower risk for colorectal cancer in carriers overall, but no asso-
ciation for other cancer sites (Table 4).

Mortality for the 2 main types of translocations, rob(13;21)
and rob(14;21), separately were not materially different from
the overall results except for higher mortality of diseases of the
nervous system in rob(14;21) carriers (Web Table 1), and all
deaths from myeloma occurred in rob(13;14) carriers (for over-
all follow-up, SMR = 5.02, 95% CI: 1.37, 12.9; and for >36
months of follow-up, SMR = 2.44, 95% CI: 0.50, 7.14) (data
not shown).

The analyses of cancer incidence included 1,981 subjects
(Table 4). During follow-up, 202 malignant neoplasms and 4
nonmalignant nervous system tumors occurred. Risk was high-
er for non-Hodgkin lymphoma (standardized incidence ratio
(SIR) = 1.90, 95% CI: 1.01, 3.24). The cases occurred 5-31
years after cytogenetic diagnosis, and the standardized inci-
dence ratio remained significant after excluding the first 36
months of follow-up. Twelve of the 13 cases involved chro-
mosome 14, including 9 with rob(13;14) (for rob(13;14) car-
riers, SIR =2.12, 95% CI: 0.97, 4.03) (Web Table 2). Risks
for other types of hematological cancer in the patients overall
were not higher (Table 4).

Risk of breast cancer incidence was not significantly higher
overall (SIR = 1.27,95% CI: 0.94, 1.67) (Table 4) or according
to age at cytogenetic diagnosis (SIR = 0 for ages <15 years,
1.26 for ages 1544 years, and 1.39 for ages 45-84 years)
(data not shown). Risk was significantly higher, however, in rob
(13;14) carriers (SIR = 1.58, 95% CI: 1.12, 2.15), but not
rob(14;21) carriers (SIR = 0.73, 95% CI: 0.27, 1.59) (Web
Table 2). After excluding follow-up in the first 36 months
after cytogenetic diagnosis, the standardized incidence ratio
for breast cancer in rob(13;14) carriers remained significantly
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Table2. Cause-Specific Mortality Among 1,987 Persons Cytogenetically Diagnosed With Balanced Robertsonian Translocations, Great Britain,

1962-2006
ICD-9 Code Cause No. of Deaths SMR 95% CI AER?
140-208 All malignant neoplasms 81 0.88 0.70,1.10 -22.5
240-279 Endocrine, nutritional, metabolic, immunity 3 0.71 0.15,2.07 -2.6
290-319 Mental disorders 4 0.70 0.19,1.80 -3.5
320-389 Diseases of the nervous system 12 1.57 0.81,2.75 9.1
390459 Diseases of the circulatory system 83 0.86 0.69, 1.07 -28.4
410-414 Ischemic heart disease 42 0.77 0.55,1.04 -26.4
410 Acute myocardial infarction 29 0.91 0.61,1.30 -6.3
420-429 Other heart disease 8 1.01 0.44,1.99 0.20
430-437 Cerebrovascular disease 20 0.93 0.57,1.43 -3.2
460-519 Diseases of the respiratory system 30 1.01 0.68,1.44 0.70
480-486 Pneumonia 11 1.11 0.55,1.98 2.2
490-494, 496 Chronic lower respiratory disease 10 0.67 0.32,1.24 -10.2
520-579 Diseases of the digestive system 13 0.90 0.48,1.53 -3.1
570-572,573.0,573.3-573.9 Liver disease 7 1.05 0.42,2.17 0.71
580-629 Diseases of the genitourinary system 3 0.89 0.18,2.59 -0.80
710-739 Musculoskeletal system and connective tissue 1 0.63 0.02,3.48 -1.30
740-759 Congenital anomalies 5 4.72° 1.53,11.0 8.2
800-999 Accidents and violence 14 0.96 0.52,1.60 -1.33
001-999 All causes® 257 0.92 0.81,1.04 -44.5

Abbreviations: AER, absolute excess rate; Cl, confidence interval; ICD-9, International Classification of Diseases, Ninth Revision; SMR, stan-

dardized mortality ratio.
& Number of excess deaths per 100,000 population per annum.
® Two-sided P value based on exact method:; P < 0.01.

¢ Includes 8 deaths from causes not listed individually in the table (4 unknown, 2 senility, 1 infarction of spleen, and 1 myelodysplastic

syndrome).

higher (data not shown). Risk of colorectal cancer was border-
line significantly lower in rob(13;14) carriers (SIR = 0.45,
95% CI: 0.17,0.99) (Web Table 2).

In analyses of hematological disorders according to attained
age, carriers were at higher risk of leukemia diagnosed in child-
hood (for ages 0-14 years, SIR = 14.5, 95% CI: 1.75, 52.2)
(Table 5). The 2 cases were diagnosed with acute lymphoblastic
leukemia 2 and 10 years after cytogenetic diagnosis, respec-
tively. One patient had a constitutional translocation rob(15;21)
(for leukemia of any type at ages 0—14 years among rob(15;21)
carriers, SIR = 447.8, 95% CI: 11.3, 2,495) and the other rob
(13;14) (among rob(13;14) carriers, SIR = 11.74, 95% CI: 0.30,
65.4) (data not shown). Among the 13 cases with non-Hodgkin
lymphoma, 11 were diagnosed at age 45 years or older (SIR =
1.89, 95% CI: 0.95, 3.38). In analyses according to age at cyto-
genetic diagnosis, standardized incidence ratios were not signifi-
cantly higher for hematological disorders (Web Table 3).

We ascertained reasons for referral for cytogenetic testing
among 250 patients postnatally diagnosed at the Wessex Regional
Genetics Laboratory. Among subjects cytogenetically tested
younger than age 20 years, the main reasons were a family
history of robertsonian translocation or other abnormality (48%)
or abnormalities and developmental delay (34%). Among those
diagnosed at ages 2044 years, the main reasons were offspring

with a robertsonian translocation or Down syndrome (40%),
other family history of such abnormalities (28%), or fertility-
related problems (24%). Subjects diagnosed at older ages were
referred predominantly because they were parents (62%) or other
relatives (24%) of individuals with cytogenetic abnormalities.

DISCUSSION

Our study is, to our knowledge, the first to report on mor-
tality and site-specific cancer risks in carriers of balanced
robertsonian translocations. It has the strength that it was pro-
spective, based on carriers from a large population over a long
period of follow-up, and that mortality and cancer outcome
data were collected in an unbiased manner and could be com-
pared against population rates. Overall mortality rates were
similar to those expected based on general population rates,
but we observed differences in age-specific mortality. Cancer
risks overall were also similar, consistent with the only other,
much smaller, cohort study of 730 carriers from Denmark,
which reported only on overall cancer incidence (25). How-
ever, site-specific analyses in our study showed significant,
higher risks of non-Hodgkin lymphoma and childhood leu-
kemia in carriers overall and of breast cancer in rob(13;14)
carriers.
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Table3. Cause-Specific Mortality Among 1,987 Persons Cytogenetically Diagnosed With Balanced Robertsonian Translocations, According to
Age at Cytogenetic Diagnosis, Great Britain, 1962—2006

Age at Cytogenetic Diagnosis, years

ICD-9 Code Cause 0-14 15-44 45-84
Do smr  esmer  ploOT suR gswcr DT smr  eswci
140-208  Allmalignant neoplasms 0 0.00 0.0,3.08 34 0.96 0.67,1.34 47 0.85 0.63,1.13
240-279 Endocrin_e, nutritional, metabolic, 0 0.0 0.0,22.5 1 0.63 0.02,3.52 2 0.80 0.10,2.90
immunity
290-319 Mental disorders 0 0.0 0.0,13.5 2 1.06 0.13,3.82 2 0.57 0.07,2.05
320-389 Diseases of the nervous system 4 11.9% 3.25,30.5 4 1.31 0.36,3.34 4 0.95 0.26,2.43
390459 Diseases of the circulatory system 0 0.0 0.0,5.03 28 1.18 0.78,1.70 55 0.76° 0.58,0.99
460-519 Diseases of the respiratory system 1 2.83 0.07,15.8 9 1.25 0.57,2.37 20 0.91 0.56,1.40
520-579 Diseases of the digestive system 1 2,50 0.06,13.9 6 0.84 0.31,1.83 6 0.86 0.32,1.88
580-629 Diseases of the genitourinary 0 0.0 0.0,103.9 1.19 0.03,6.64 2 0.80 0.10,2.88
system
710-739 Musculoskeletal system and 0 0.0 0.0,141.0 1 1.97 0.05,11.0 0 0.0 0.0, 3.46
connective tissue
740-759 Congenital anomalies 5 14.6° 4.74,341 0 0.0 0.0,6.93 0 0.0 0.0,19.9
800-999 Accidents and violence 1 0.48 0.01,2.65 10 1.11 0.53,2.05 3 0.84 0.17,2.47
001-999  Allcauses® 14 2.00° 1.09,3.35 99 1.06 0.86,1.28 144 0.81° 0.68,0.95

Abbreviations: Cl, confidence interval; ICD-9, International Classification of Diseases, Ninth Revision; SMR, standardized mortality ratio.

2 Two-sided P value based on exact method; P < 0.001.
® Two-sided P value based on exact method:; P < 0.05.

° Includes 8 deaths from causes not listed individually in the table (4 unknown, 2 senility, 1 infarction of spleen, and 1 myelodysplastic

syndrome).

The years for which we extracted records varied according
to cytogenetic center depending on the years the center was
operational, availability of historical records, and the calendar
period of extraction. We estimate that we extracted infor-
mation for 55% of all individuals diagnosed in Great Britain
during 1962-2006. This is unlikely to lead to bias, however,
as the availability of records for operational reasons is ex-
pected to be unrelated to later cancer incidence and mortal-
ity. Most carriers are not detected unless they get referred for
cytogenetic testing for experiencing reproductive problems or
abnormalities in offspring. We estimate, for the years we have
the greatest numbers of carriers (1988—1998), that 20% of car-
riers are eventually diagnosed, based on a newborn prevalence
of 1 in 1,000 and the number of births in Great Britain dur-
ing this period. Our study is therefore of patients with robert-
sonian translocations who are diagnosed, but from a clinical
and counselling perspective this is the group of cases of rele-
vance. However, the selective forces that led to diagnosis are
then important in the interpretation of our results. Information
from the Wessex center showed that in subjects diagnosed in
childhood, referral for cytogenetic testing, and hence diagno-
sis of a balanced robertsonian translocation, was often a con-
sequence of existing morbidity. The effect of such referral bias
would be expected to be greatest in the early years after cyto-
genetic diagnosis and diminish with time. The observation that
standardized mortality ratios for patients diagnosed with bal-
anced robertsonian translocation in childhood were not higher
after excluding the first 36 months of follow-up suggests that

the higher standardized mortality ratios for these patients were
due to such bias.

The majority of carriers were diagnosed at ages 1544 years,
with their referral reasons related to infertility or having off-
spring with cytogenetic abnormalities. We observed that mortal-
ity in this group was comparable to that of the general population
but that mortality was lower among carriers diagnosed at
ages 45 or older, in particular from circulatory disease. The
age-specificity of this finding suggests a role of referral bias
rather than a genetic effect. Data on referral reasons in Wes-
sex suggest that older subjects are usually referred for testing
because of cytogenetic abnormality in their own children or
other relatives. Lower mortality in subjects diagnosed later in
life might therefore be due to a selective referral of subjects who
are physically well enough to have had children of their own and
willing and well enough to be cytogenetically tested (26). Addi-
tionally, although the national health system of Great Britain pro-
vides access to cytogenetic testing free of charge to those who
are referred, it is possible that carriers who are diagnosed at later
ages have a higher socioeconomic status, which is associated
with lower overall and cardiovascular mortality, than the general
population (27).

The reason for referral for cytogenetic testing, and hence
degree of referral bias, might also depend on karyotype or sex
(4, 28). We observed a strong preponderance of female car-
riers overall, which was most pronounced at female reproduc-
tive ages, whereas there was no female excess among carriers
diagnosed in childhood. The reason for the disparity in numbers
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Table 4. Cancer Incidence and Mortality in Persons Cytogenetically Diagnosed With Balanced Robertsonian

Translocations, Great Britain, 1962—2006

Incidence (n = 1,981) Mortality (n = 1,987)

ICD-9 Code Cancer Site
No. SIR 95% CI No. SMR 95% Cl
140-171,173-208 All malignant neoplasms?® 202 1.05 091,120 81 0.88 0.70,1.10
141-149 Tongue, mouth, pharynx 6 141 0.52,3.07 1 0.68 0.02,3.79
150 Esophagus 3 0.69 0.14,2.02 5 1.24 0.40,2.88
151 Stomach 6 121 0.45,2.62 2 055 0.07,1.99
153, 154 Colon and rectum 14 0.65 0.35,1.09 3 0.33° 0.07,0.97
155 Liver 0.52 0.01,2.91 1 055 0.01,3.09
157 Pancreas 4 092 025,235 5 1.18 0.38,2.75
162 Lung 23 088 056,132 18 0.79 047,1.26
163 Pleura 2 193 0.23,6.97 0 0.0 0.0,10.3
170 Bone 276 0.07,154 0 0.0 0.0,18.5
172 Cutaneous melanoma 8 1.08 047,214 1 082 0.02,4.57
174,175 Breast 50 1.27 094,167 13 142 0.76,2.44
179,182 Corpus uteri 0.95 0.31,2.21 0 0.0 0.0, 3.51
180 Cervix 0.55 0.07,2.00 0 0.0 0.0,3.18
183 Ovary 1.09 0.40,2.36 1 032 0.01,1.81
184.0-184.4 Vagina and vulva 220 0.27,7.95 1 412 0.10,22.9
185 Prostate 23 142 091,214 6 1.53 0.56,3.34
186 Testis 1 067 0.02,3.72 0 0.0 0.0,44.0
187.1-187.4 Penis 2 701 085253 0 0.0 0.0,56.7
188 Bladder and urethra 5 085 0.28,1.98 4 166 0.45,4.26
189 Kidney and ureter 1 020 0.01,1.13 1 049 0.01,2.71
190 Eye 1 246 0.06,13.7 0 0.0 0.0,50.0
191,192, 225, 237.5,237.6, Nervous system tumors, 8 147 0.64,2.90 3 095 0.20,2.78

237.9,239.6

including benign tumors®

193 Thyroid

196.0-199.1 Unknown primary site
200, 202 Non-Hodgkin lymphoma
201 Hodgkin disease

203 Myeloma

204-208 Leukemia

2 113 014,406 0 0.0 0.0,18.8
5 081 026188 6 088 0.32,1.91
13 1.90° 1.01,324 4 157 043,324
0.79  0.02,4.39 1 368 0.09,20.5

1.76 048,448 4 3.06 0.83,7.81

6 139 051,302 0 0.0 0.0, 1.61

Abbreviations: Cl, confidence interval; ICD-9, International Classification of Diseases, Ninth Revision; SIR, stan-

dardized incidence ratio; SMR, standardized mortality ratio.

2 All malignant neoplasms except nonmelanoma skin cancer; 1 death (from malignancy of “other” part of digestive
system) and 1 incident cancer (maxillary sinus) were not listed individually.

P Two-sided P value based on exact method; P < 0.01.

° The 8 observed incident tumors included comprise 4 malignant cancers of the brain and 4 benign neoplasms of
the meninges. For England and Wales, benign nervous system neoplasms were included from the year 1971 and for
Scotland from the year 2000. The tumors of the 3 persons who died with nervous system tumors were all malignant.

by sex is therefore likely to be connected to reproduction-related
reasons for referral. We found, however, no evidence that mor-
tality rates were different between rob(13;14) and rob(14;21)
carriers or between males and females.

Rob(13;14) and rob(14;21) constituted 82.4% of all trans-
locations in our cohort, in range with previous estimates of
74%-85% (10, 11). The preferential formation of these karyo-
types is thought to be a consequence of recombination between
inverted homologous sequences shared by these chromosomes

(11, 29). Breakpoints in these translocations have been reported
to be very consistent and localized to specific regions in the
proximal acrocentric short arms, preferentially in satellite III
DNA, resulting in a dicentric chromosome (12, 29). Transloca-
tions involving other combinations of chromosomes are much
less common, in particular between homologous chromo-
somes. For these translocations, breakpoints are variable, and it
is thought that they might be formed through a different mecha-
nism (2, 11-13).
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Table 5. Incidence of Malignancies Overall and of Hematological Malignancies Among Persons Cytogenetically Diagnosed With Balanced

Robertsonian Translocations, by Attained Age, Great Britain, 1962—2006

Attained Age, Years

ICD-9 Code Cause 0-14 15-44 45-84
No. SIR 95% CI No. SIR 95% Cl No. SIR 95% CI
140-171,173-208  All malignant neoplasms?® 3 6.86° 1.41,20.1 23 1.02 0.65,153 176 1.04 0.89,1.20
200, 202 Non-Hodgkin lymphoma 1 32.1 0.81,179 1 0.99 0.03,5.53 11 1.89 0.94,3.38
201 Hodgkin disease 0 0.0 0.0, 151 1 143 0.04,7.96 0 0.0 0.0,6.77
203 Myeloma 0 0.0 0.0,30122 0 0.0 0.0,37.6 4 1.83 0.50,4.69
204-208 Leukemia 2 14.5° 1.75,52.2 0 0.0 0.0,6.14 4 112  0.31,2.86

Abbreviations: Cl, confidence interval; ICD-9, International Classification of Diseases, Ninth Revision; SIR, standardized incidence ratio.

& All malignant neoplasms except nonmelanoma skin cancer.
® Two-sided P value based on exact method; P < 0.05.

The risk of non-Hodgkin lymphoma in balanced robertso-
nian translocation carriers does not appear to have been inves-
tigated before, and while acquired reciprocal translocations
are common in lymphoma and leukemia (30), the mechanism
by which carriers might be predisposed is not clear. Pathak
(14) proposed in 1986 that constitutional translocations, specif-
ically t(13;14), might predispose to T- or B-cell malignancies,
depending on the breakpoint in chromosome 14. Pathak postu-
lated that predisposition to T-cell malignancy might result due
to a break in 14q11 (T-cell alpha-receptor locus), whereas pre-
disposition to a B-cell malignancy, which includes most
non-Hodgkin lymphomas, could be due to a tandem t(13;14)
translocation with a breakpoint at 14q32. It is not clear, how-
ever, how the breakpoints involved in balanced robertsonian
translocations could affect predisposition to malignancy. Welborn
(31) reported that acquired robertsonian translocations occur
in hematological malignancies in 1 in 300400 patients and that
60% of these translocations are isochromosomes 13, 14, or 21.

Li et al. (20) recently estimated that constitutional rob(15;21)
carriers are at >2,700-fold increased risk of iAMP21-ALL, a
rare form of ALL involving amplification of chromosome 21,
and proposed a novel mechanism for cancer predisposition.
However, their risk estimate was based on the number of con-
stitutional rob(15;21) carriers in a series of iIAMP-ALL cases
and the estimated frequency of rob(15;21) from newborn sur-
veys. Our study is the first prospective investigation of this
hypothesis. Rob(15;21) is very rare, with our cohort including
only 35 carriers, including 5 karyotyped when aged <15 years.
One carrier developed ALL when aged <15 years, correspond-
ing to a significant ~450-fold increased risk, albeit with a wide
confidence interval. We estimate that, if this association were
causal, the cumulative risk of leukemia (of all subtypes) to the
age of 15 years in t(15;21) carriers is 28% (between 0.8%
and 83% based on the confidence interval of the SIR). Among
the 500-600 new childhood cases of leukemia in Great Britain
annually, about 4 might be t(15;21) carriers, but our estimates
are uncertain because they are based on 1 case only. We have
no information on tumor profile and therefore do not know
whether our case had iAMP-ALL, given that IAMP consti-
tutes only 2.1% of all ALL cases (32), but iAMP-ALL patients
have been reported to be somewhat older than ALL patients

overall (20), consistent with our patient. Our study therefore
supports the hypothesis of increased susceptibility of rob(15;21)
carriers to acute lymphoblastic leukemia.

There are no previous data on breast cancer risk in bal-
anced robertsonian translocation carriers. The observed sig-
nificantly higher risk in rob(13;14) carriers could be a result
of chance or because nulliparity and delayed child birth are
risk factors for breast cancer. However, given the age-specific
differences in referral reasons, the similar standardized incidence
ratios for women cytogenetically diagnosed at ages 15-44 and
45-84 years argues somewhat against the latter. Higher breast
cancer rates could also arise if our cohort is of higher socioeco-
nomic profile than the general population overall, breast cancer
rates being higher in higher socioeconomic strata (33). How-
ever, alternatively, it might be that the finding reflects a previ-
ously undiscovered genetic cause.

We also observed lower mortality from colorectal cancer in
carriers overall and lower incidence of this cancer in rob(13;14)
carriers but not in carriers overall. Mortality, but not incidence,
of myeloma in rob(13;14) carriers was higher. Given that the
relative risks were not consistent between analyses, we regard
these results as inconclusive, and the findings would need reex-
amination in other studies.

In conclusion, our study suggests that subjects diagnosed
with balanced robertsonian translocations might be at increased
risk of childhood leukemia and non-Hodgkin lymphoma, and
those diagnosed with rob(13;14) might have a higher breast
cancer risk, but that their mortality is not higher compared with
that in the general population. These findings might be related
to genetic factors as well as to factors associated with reasons
for referral for cytogenetic testing.

ACKNOWLEDGMENTS

Author affiliations: Division of Genetics and
Epidemiology, The Institute of Cancer Research, London,
United Kingdom (Minouk J. Schoemaker, Michael E. Jones,
Anthony J. Swerdlow); Faculty of Epidemiology and
Population Health, The London School of Hygiene and

610z Aeniga4 zz uo 1sanb Aq zGHE£zS/99z2AMy/8le/c60 1 "0 L/I0pAoBIISqe-9[0IEe-00UBApPE/aE/WO dNoolWwapede//:sdily woly papeojumoq



8 Schoemakeretal.

Tropical Medicine, London, United Kingdom (Craig D.
Higgins); Medical Research Council Human Genetics Unit,
Medical Research Council Institute of Genetics and
Molecular Medicine, Edinburgh, United Kingdom (Alan F.
Wright); and Division of Breast Cancer Research, The
Institute of Cancer Research, London, United Kingdom
(Anthony J. Swerdlow).

This work was funded by the UK Medical Research
Council. M.J.S. and M.E.J. are funded by Breast Cancer
Now. The Institute of Cancer Research acknowledges
National Health Service funding to the Royal Marsden/
Institute of Cancer Research National Institute for Health
Research Biomedical Research Centre.

We thank Professor Patricia Jacobs for her valuable input
over the years. We thank D. Allen, F. Barber, C. Maguire,
P. Murnaghan, M. Pelerin, and M. Swanwick for data
collection; E. Boyd, D. Couzin, J. Delhanty, P. Ellis,

M. Faed, J. Fennell, A. Kessling, A. McDermott, A. Parkin,
A. Potter, and D. Ravine for access to data; N. Mudie and
A. Hart for help in coding; H. Nguyen, A. Butlin, and

S. Drummond for data entry; J. Hemming, J. Palmer, and
Z.. Qiao for computer programming; and M. Collinson,

N. Dennis, the National Health Service Care Records
Service, and cancer registries of England, Wales, and
Scotland for follow-up data.

Members of the United Kingdom Clinical Cytogenetics
Group: Inverness Genetics Laboratory, Raigmore Hospital,
Inverness, United Kingdom (Paul J. Batstone); Northern
Genetics Service laboratories, Newcastle upon Tyne, United
Kingdom (Nick Bown); Bristol Genetics Laboratory, North
Bristol NHS Trust, Southmead Hospital, Bristol, United
Kingdom (Lisa Burvill-Holmes); Oxford Genetics
Laboratory, Oxford University Hospitals NHS Foundation
Trust, Oxford, United Kingdom (Carolyn Campbell);
Regional Genetics Laboratory, Liverpool Women’s NHS
Foundation Trust, Liverpool, United Kingdom (Angela
Douglas); Leicestershire Cytogenetics Centre, Leicester
Royal Infirmary, Leicester, United Kingdom (David
Duckett); Cytogenetics Laboratory, Norfolk and Norwich
University Hospital Foundation Trust, Norwich, United
Kingdom (Sandra Edwards); Genomic Diagnostics
Laboratory, Manchester Centre for Genomic Medicine,
Manchester University NHS Foundation Trust, Manchester,
United Kingdom (Lorraine Gaunt); West Midlands Regional
Genetics Laboratory, Birmingham Women’s and Children’s
NHS Foundation Trust, Birmingham, United Kingdom
(Michael Griffiths); South East Thames Regional Genetics
Laboratory, Guy’s Hospital, London, United Kingdom
(Richard Hall); East Scotland Human Genetic Laboratories,
Ninewells Hospital and Medical School, Dundee, United
Kingdom (Christine Maliszewska); Nottingham Regional
Genetics Laboratories, Nottingham University Hospitals
NHS Trust, Nottingham, United Kingdom (Katherine
Martin); South West Thames Regional Genetics Service, St.
George’s Hospital, London, United Kingdom (Karen
Marks); North East Thames Regional Genetics Laboratory,
Great Ormond Street Hospital NHS Foundation Trust,
London, United Kingdom (Lucy Platts); South East Scotland
Regional Genetics Centre, Western General Hospital,
Edinburgh, United Kingdom (Andrew Pearce); Yorkshire

Regional Genetics Service, St. James’s University Hospital,
Leeds, United Kingdom (Paul Roberts); Sheffield
Diagnostic Genetics Service, Sheffield Children’s NHS
Foundation Trust, Sheffield, United Kingdom (Kath Smith);
North of Scotland Medical Genetic Service, Aberdeen Royal
Infirmary, Aberdeen, United Kingdom (David Stevenson);
Institute of Medical Genetics, University Hospital of Wales,
Cardiff, United Kingdom (Peter Thompson); Wessex
Regional Genetics Laboratory, Salisbury NHS Foundation
Trust, Salisbury, United Kingdom (Christine Waterman);
North West Thames Regional Genetics Service, Northwick
Park, and St. Marks NHS Trust, Middlesex, United
Kingdom (Catherine Waters). We additionally thank the
following centers for providing data: West of Scotland
Regional Genetics Service, Yorkhill NHS Trust, Glasgow,
United Kingdom, and East Anglia Regional Genetics
Service, Addenbrookes Hospital, Cambridge, United
Kingdom.

Conflict of interest: none declared.

REFERENCES

1. Page SL, Shaffer LG. Nonhomologous Robertsonian
translocations form predominantly during female meiosis. Nat
Genet. 1997;15(3):231-232.

2. Bandyopadhyay R, Heller A, Knox-DuBois C, et al. Parental
origin and timing of de novo Robertsonian translocation
formation. Am J Hum Genet. 2002;71(6):1456-1462.

3. Scriven PN, Flinter FA, Braude PR, et al. Robertsonian
translocations—reproductive risks and indications for
preimplantation genetic diagnosis. Hum Reprod. 2001;16(11):
2267-2273.

4. Engels H, Eggermann T, Caliebe A, et al. Genetic counseling
in Robertsonian translocations der(13;14): frequencies of
reproductive outcomes and infertility in 101 pedigrees. Am J
Med Genet A. 2008;146A(20):2611-2616.

5. Jacobs PA, Melville M, Ratcliffe S, et al. A cytogenetic survey
of 11,680 newborn infants. Ann Hum Genet. 1974;37(4):
359-376.

6. Hamerton JL, Canning N, Ray M, et al. A cytogenetic survey
of 14,069 newborn infants. 1. Incidence of chromosome
abnormalities. Clin Genet. 1975;8(4):223-243.

7. Nielsen J, Wohlert M. Chromosome abnormalities found
among 34,910 newborn children: results from a 13-year
incidence study in Arhus, Denmark. Hum Genet. 1991;87(1):
81-83.

8. Jacobs PA. Mutation rates of structural chromosome
rearrangements in man. Am J Hum Genet. 1981;33(1):
44-54.

9. Hochstenbach R, van Binsbergen E, Engelen J, et al. Array
analysis and karyotyping: workflow consequences based on a
retrospective study of 36,325 patients with idiopathic
developmental delay in the Netherlands. Eur J Med Genet.
2009;52(4):161-169.

10. Zhao WW, Wu M, Chen F, et al. Robertsonian translocations:
an overview of 872 Robertsonian translocations identified in a
diagnostic laboratory in China. PLoS One. 2015;10(5):
e0122647.

11. Therman E, Susman B, Denniston C. The nonrandom
participation of human acrocentric chromosomes in
Robertsonian translocations. Ann Hum Genet. 1989;53(1):
49-65.

610z Aeniga4 zz uo 1sanb Aq zGHE£zS/99z2AMy/8le/c60 1 "0 L/I0pAoBIISqe-9[0IEe-00UBApPE/aE/WO dNoolWwapede//:sdily woly papeojumoq



Mortality and Cancer Risks in Carriers 9

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Gravholt CH, Friedrich U, Caprani M, et al. Breakpoints in
Robertsonian translocations are localized to satellite IIl DNA by
fluorescence in situ hybridization. Genomics. 1992;14(4):924-930.
Page SL, Shin JC, Han JY, et al. Breakpoint diversity illustrates
distinct mechanisms for Robertsonian translocation formation.
Hum Mol Genet. 1996;5(9):1279-1288.

Pathak S. Constitutional translocations and predisposition to
T- and B-cell malignancies. Cytogenet Cell Genet. 1986;
43(3-4):223-225.

Qian J, Xue Y, Sun J, et al. Constitutional Robertsonian
translocations in (9;22)-positive chronic myelogenous
leukemia. Cancer Genet Cytogenet. 2002;132(1):79-80.
Becher R, Wendt F, Kiihn D. Constitutional Robertsonian T
(15;22) in Ph-positive CML. Hum Genet. 1987;76(4):399.
Bakshi SR, Brahmbhatt MM, Trivedi PJ, et al. Robertsonian
translocation (13;14)(q10;q10) in two young male
myelodysplastic syndrome patients. Cancer Genet Cytogenet.
2006;171(2):130-131.

de Greef I, Geraedts JP, Leeksma CH. Malignant hematologic
disorders in two Robertsonian 13;14 translocation carriers.
Cancer Genet Cytogenet. 1982;7(2):181-184.

Welborn J. Constitutional chromosome aberrations as
pathogenetic events in hematologic malignancies. Cancer
Genet Cytogenet. 2004;149(2):137-153.

LiY, Schwab C, Ryan S, et al. Constitutional and somatic
rearrangement of chromosome 21 in acute lymphoblastic
leukaemia. Nature. 2014;508(7494):98-102.

World Health Organization. International Classification of
Diseases, Ninth Revision. Geneva, Switzerland: World Health
Organization; 1977.

Liddell FD. Simple exact analysis of the standardised mortality
ratio. J Epidemiol Community Health. 1984;38(1):85-88.
StataCorp. Stata Statistical Software: Release 14. College
Station, Texas: StataCorp LP; 2015.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Swerdlow AJ, Dos Santos Silva I, Doll R. Cancer Incidence
and Mortality in England and Wales; Trends and Risk factors.
Oxford, United Kingdom: Oxford University Press; 2002.
Bache I, Hasle H, Tommerup N, et al. Population-based study
of cancer among carriers of a constitutional structural
chromosomal rearrangement. Genes Chromosomes Cancer.
2006;45(3):231-246.

Hypponen E, Davey Smith G, Shepherd P, et al. An
intergenerational and lifecourse study of health and mortality
risk in parents of the 1958 birth cohort: (I) mortality rates and
study representativeness. Public Health. 2005;119(7):608-615.
Stringhini S, Sabia S, Shipley M, et al. Association of
socioeconomic position with health behaviors and mortality.
JAMA. 2010;303(12):1159-1166.

Kim SR, Shaffer LG. Robertsonian translocations:
mechanisms of formation, aneuploidy, and uniparental disomy
and diagnostic considerations. Genet Test. 2002;6(3):163-168.
Bandyopadhyay R, Berend SA, Page SL, et al. Satellite ITT
sequences on 14p and their relevance to Robertsonian
translocation formation. Chromosome Res. 2001;9(3):235-242.
Mitelman F, Johansson B, Mertens F. The impact of
translocations and gene fusions on cancer causation. Nat Rev
Cancer.2007;7(4):233-245.

Welborn J. Acquired Robertsonian translocations are not rare
events in acute leukemia and lymphoma. Cancer Genet
Cytogenet.2004;151(1):14-35.

Ensor HM, Schwab C, Russell L], et al. Demographic, clinical,
and outcome features of children with acute lymphoblastic
leukemia and CRLF2 deregulation: results from the MRC
ALL97 clinical trial. Blood. 2011;117(7):2129-2136.
Lundqvist A, Andersson E, Ahlberg I, et al. Socioeconomic
inequalities in breast cancer incidence and mortality in Europe—
a systematic review and meta-analysis. Eur J Public Health.
2016;26(5):804-813.

610z Aeniga4 zz uo 1sanb Aq zGHE£zS/99z2AMy/8le/c60 1 "0 L/I0pAoBIISqe-9[0IEe-00UBApPE/aE/WO dNoolWwapede//:sdily woly papeojumoq



	Mortality and Cancer Incidence in Carriers of Balanced Robertsonian Translocations: A National Cohort Study
	METHODS
	RESULTS
	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


