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Abstract
Purpose Approximately 1% of individuals who carry a balanced reciprocal translocation (BRT) are subfertile. Current
karyotyping does not have the resolution to determine whether the breakpoints of the involved chromosomes perturb genes
important for fertility. The aim of this study was to apply single-molecule optical mapping (SMOM) to patients presenting for
IVF (in vitro fertilization) to ascertain whether the BRT disrupted any genes associated with normal fertility.
Methods Nine subfertile patients with different BRTs were recruited for the study. Methyltransferase enzyme DLE1 was used to
fluorescently label their genomic DNA samples at the recognition motif CTTAAG. The SMOM was performed on the Bionano
platform, and long molecules aligned against the reference genome hg19 to identify the breakpoint regions. Mate-pair and PCR-
Sanger sequencing were used to confirm the precise breakpoint sequences.
Results Both breakpoint regions in each of the nine BRTs were finely mapped to small regions of approximately 10 Kb, and their
positions were consistent with original cytogenetic banding patterns determined by karyotyping. In three BRTs, breakpoints
disrupted genes known to be associated with male infertility, namely NUP155 and FNDC3A [46,XY,t(5;13)(p15;q22)],
DPY19L1 [46,XY,t(1;7)(p36.3;p15), and BAI3 [46,XY,t(3;6)(p21;q16)].
Conclusions The SMOM has potential clinical application as a rapid tool to screen patients with BRTs for underlying genetic
causes of infertility and other diseases.
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Introduction

Balanced reciprocal translocations (BRTs) are common chro-
mosomal structural rearrangements formed by random de
novo breakage and rejoining of two or more chromosomes
and occur in approximately 0.2% of newborns [1, 2]. While
most translocations are de novo in origin, some individuals
inherit familial forms. Reciprocal translocation carriers gener-
ally do not display any apparent phenotypic disease because
the vast majority of breakpoints (BPs) occur in non-repetitive
regions, and thus, normal gene expression of the rearranged
chromosomes is thought to be maintained [3, 4]. However, in
about 5% of cases, BPs disrupt haploinsufficient genes or their
regulatory elements, leading to clinical diseases [5, 6]. Male
carriers of translocations can have reduced fertility due to
misparing disrupting the sex vesicle, leading to spermatogenic
arrest [7]. In contrast, female carriers of a BRT are generally
not infertile, but instead are prone to recurrent miscarraige. For
BRTs with large translocated segments, apparent infertility in
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the female may actually represent very early pregnancy loss
due to malsegragation of the translocation.

The main issues that plague couples where one partner is a
translocation carrier is a high probability of reproductive fail-
ure due to biased formation of unbalanced gametes, which
typically result in either implantation failure or miscarriage
of an established fetus [2]. In some cases, if the unbalanced
translocation is compatible with fetal development, a child can
be born with a chromosome disease syndrome. Couples who
have suffered repeatedmiscarriage often now resort to assisted
reproductive treatment (ART) and, for some, preimplantation
genetic testing (PGT) to select embryos with a normal or bal-
anced chromosome complement for transfer [8, 9]. In some
cases, more commonly now, couples have additionally re-
quested selection of, or at least identification of, non-carrier
embryos as options for transfer to avoid passing on the paren-
tal translocation with its associated problems to their offspring
[10, 11], thus removing the genetic abnormality from the fu-
ture family germline.

Since the early 1970s, conventional karyotyping has been
used as the mainstream cytogenetic technique to detect the
presence of chromosome structures in prenatal and postnatal
samples. Recently, it has been considered possibly an essential
tool in investigating either miscarriage and subfertility in any
couple seeking to start or expand a family. While it is efficient
in identifying large rearrangements, the technique has limita-
tions. Principally, while it can readily identify the gross chro-
mosome rearrangements, depending on genome location and
the skill of the cytogeneticist, the resolution of cytogenetic G
banding is only 3–10 Mb [12, 13] which is a distance that
limits the implications for understanding potential gene ef-
fects. In contrast, while fluorescence in situ hybridization
(FISH) using targeted probes can achieve much higher reso-
lution than karyotyping, specific probe design to investigate
finer details of the rearrangement is challenging and, the tech-
nique is difficult to perform and interpretation of results can be
ambiguous [14]. More recently, to better identify the exact
point of the translocation, next-generation sequencing (NGS)
approaches including mate-pair sequencing (MPS) [10] and
whole genome sequencing (WGS) [5, 15, 16] have been ap-
plied to mapping chromosome breakpoints; however, these
techniques have some limitations since the short reads can
be difficult to accurately map in some regions that are often
involved in the translocation breakpoints.

Single-molecule optimal mapping (SMOM) on the
Bionano platform is a newly developed technology which
uses a non-destructive chemistry for sequence motif labeling
of long DNA molecules, enabling genome assembly and con-
struction of high-resolution karyotypes. By imaging extreme-
ly long genomic molecules megabases in size, the structural
variation (SV) and copy number of complex regions of the
genome including interspersed and long tandem repeats can
be more easily elucidated [17]. In other studies, reanalysis of

genomes from the 1000 Genome project by the SMOM found
that such analysis alone correlated well with the original SNP
data to phylogenetically classify the different subpopulations
[18]. More recently, the SMOM has been used to unravel the
structure of complex disease loci such as FSHD1 and correctly
predict genotypes [19]. Thus, we postulated that the SMOM
could also be used successfully as a rapid tool for fine exam-
ination of structural variations associated with chromosome
rearrangements such as translocations. In this study, we inves-
tigated the potential of the SMOM to elucidate the breakpoint
regions of nine translocation patients with subfertility and
shed light on possible secondary gene disturbances that may
have contributed to their fertility issues.

Materials and methods

Subject enrollment

A total of nine patients (7 males and 2 female) who carried
reciprocal translocations and were seeking fertility assistance
were recruited to this study. The experimental protocol was
approved by the Ethics Committee of the Chinese PLA
General Hospital (Approval number S2013-092-02). Written
informed consent was obtained from each of the nine patients
for the laboratory to conduct further genetic testing of their
BRT.

Bionano genomic DNA labeling and data collection

High molecular weight (HMW) genomic DNA was isolated
using the Bionano Prep™ Blood and Cell Culture DNA
Isolation Kit (Bionano Genomics) from fresh blood samples
collected in EDTA tubes. DNA quantification was performed
using the Qubit dsDNA BR assay kit (Thermo Fisher
Scientific) with a Qubit 2.0 Fluorometer (Thermo Fisher
Scientific). The integrity and size range of the HMW DNA
was confirmed by pulsed-field gel electrophoresis. A total of
1 μg of high molecular weight DNA was then labeled using
the DLS DNA Labeling Kit (Bionano Genomics), which uses
the methyltransferase enzyme DLE1 to fluorescently label
DNA at the recognition motif CTTAAG. The labeled DNA
was loaded into the flow cell of the Saphyr Chip (Bionano
Genomics) and analyzed by collecting 5–20 Gb of data per
scan (total of 160–480 Gb of data per sample per flow cell).

Bionano data assembly, SV calling, and identification
of breakpoint regions

All data was analyzed by the Bionano software freely avail-
able from the Bionano Genomics support website (https://
bionanogenomics.com/support). Raw DNA molecules from
the BNX files were filtered based on a minimum length of
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150 Kb and a minimum of nine labeled sites per molecule. De
novo assembly of single molecules into consensus genome
maps was performed with Bionano Solve v3.2.1 using
RefAligner module. For SV calling, we performed in silico
DLE1 digestion of the human reference genome (GRCh37,
hg19) to generate the reference map. Following alignment of
consensus genome maps with the reference map, SVs were
identified using the Bionano custom SV caller. The minimal
breakpoint regions were defined using the boundaries of the
DLE mark positions on each chromosome closest to the
crossover points. The whole SMOM procedure, from a
sample to a molecular karyotype, can be completed in a 3-
day period.

Mate-pair sequencing

Mate-pair sequencing (MPS) was used to independently con-
firm translocation breakpoint regions detected by the Bionano
analysis. In brief, genomic DNAwas sheared to generate frag-
ment sizes of ~ 5 Kb and then biotinylated with Tn5
transposase. DNA fragments were end-repaired and size-
selected by agarose gel electrophoresis. Following selection
of 4.5–5.5 Kb fragments, molecules were circularized via in-
tramolecular ligation using T3 DNA ligase (New England
Biolabs) and the remaining linear molecules were removed
by DNA exonuclease treatment. The circularized DNA frag-
ments were then sheared to generate fragments of 300–500 bp.
Next, the biotinylated fragments were purified using M280
Dynabeads (Thermo Fisher Scientific), end-repaired, A-tailed,
and ligated to Illumina pair-end adaptors. PCR amplification
was finally used to generate the library for sequencing.

Approximately 20–50 million single molecules from the
mate-pair libraries were sequenced on the HiSeq2500 plat-
form (Illumina) as 200-bp or 250-bp paired-end (PE) reads
at an overall 30- to 80-fold sequencing depth. Trimmed
genome-specific reads were then mapped to the hg19 refer-
ence genome using the Burrows-Wheeler transform algo-
rithm, paired-end sequencing reads were binned, and align-
ments with the hg19 reference genome were scrutinized to
identify pairs with discordant sequences representing the two
involved translocation chromosomes. As previously described
[10], the actual breakpoint sequences were finally identified
using a series of forward and reverse primers designed from
the known sequences of the paired-ends and sequencing the
PCR amplicons containing the breakpoint region by standard
Sanger sequencing.

Results

Patient demographics

We recruited seven male infertility patients (BRT01-07) and
two female infertility patients (BRT08 and 09) who had a
positive diagnosis through karyotyping analysis of a recipro-
cal translocation (Table 1). Six of the seven male patients
(BRT01-03 and BRT 05-07) were oligospermic, and one
was normospermic (BRT04). Seven patients (BRT01-06 and
BRT08) and their partners had experienced at least one period
of infertility prior to conceiving naturally. However, all these
natural conceptions resulted in an early miscarriage. After an
extended period of trying to conceive with their partners, the

Table 1 Patient reproductive history

BRT
carrier

Karyotype Patient age in
years

Partner age in
years

Male infertility
diagnosisa

Period(s) of infertilityb

(length)
Natural
pregnancies

Miscarriagesd

01 46,XY,t(5;13)(p15;q22) 34 33 Oligospermia 1 (2 years) 1 1

02 46,XY,t(1;18)(p31;q22) 34 34 Oligospermia 0 2(1c) 2

03 46,XY,t(1;7)(q25;p15) 34 33 Oligospermia 1 (2 years) + 1 (4 years) 1 1

04 46,XY,t(2;13)(p11.2;q32) 48 39 Normospermia 1 (2 years) 2 2

05 46,XY,t(3;8)(q27;q11.2) 31 28 Oligospermia 1 (2 years) 2 2

06 46,XY,t(1;7)(p36.3;p15) 39 40 Oligospermia 1 (1 year) 3 3

07 46,XY,t(3;6)(p21;q16) 33 34 Oligospermia 1 (> 5 years) 0 0

08 46,XX,t(1;15)(q12;q21) 29 27 Not applicable 1 (3 years) 3 3

09 46,XX,t(5;14)(q11;q32) 37 38 Not applicable 1 (5 years) 0 0

BRT, balanced reciprocal translocation
a Diagnosis based on semen parameters of sperm count, motility, and morphology
bDefined as 1 year of trying to conceive with unprotected sex
c Biochemical pregnancy
dMiscarriages included biochemical pregnancies and those that were lost in the early first trimester
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remaining 2 patients (BRT07 and BRT09) were unable to
achieve a pregnancy.

Single-molecule optical mapping analysis of BRTs

Genomic DNA from each translocation carrier was subjected
to the SMOM analysis, and all nine genomes were assembled
from the overlapping long reads. The Bionano QC parameters
for each sample are summarized in Supplementary Table 1.
On average, 407 Gb (range 321–515 Gb) of data was collected
per sample with a DNA molecule size of 245 Kb (range 211–
280 Kb). The average labeling rate was 14.5 labels (range
12.0–16.0) per 100 Kb, and the average molecule map rate
was 73.8% (range 59.5–91.6%), equating to an average effec-
tive coverage depth of 80 × (range 56–108 ×).

The assembled genome maps for each translocation pair
were aligned to the in silico DLE1-digested reference se-
quence to identify the breakpoint junction regions. For all
carriers, we were able to successfully map the two respective
chromosome regions containing the breakpoints (Table 2,
Fig. 1). The average resolution of the 18 junction regions
identified by the Bionano was 9.1 Kb (range 2.8–38.6 Kb).
All finely mapped breakpoints were essentially consistent

with the broad cytogenetic locations determined by standard
karyotyping. Within these defined regions, we identified the
presence of potentially disrupted gene(s), including NUP155
and FNDC3A in the 5p and 13q BP regions of patient BRT01,
DPY19L1 in the 7p region of BRT06, BAI3 in the 6q region of
patient BRT07, and SPPL2A in the 15q region of patient
BRT08. Of these genes, FNDC3A [20], NUP155 [21], and
DPY19L1 [22, 23] and BAI3 [24] have been previously asso-
ciated with male infertility.

Validation of breakpoint locations by mate-pair
sequencing

To confirm the single-molecule mapping results, we per-
formed the MPS analysis and then used the simple Sanger
sequencing on breakpoint PCR products to accurately locate
the breakpoints, on both chromosomes, down to the single
nucleotide resolution (Table 2, Fig. 2). With the exception of
BRT02, we were able to precisely map the nucleotide se-
quence position on both translocation chromosomes where
de novo breakage and rejoining had occurred. However, in
the case of BRT02, recombination points were located in high-
ly repetitive sequence regions that were not able to be

Table 2 Breakpoint definition of BRTs

BRT
carrier

Karyotype SMOM MPS + Sanger sequencing

Minimum coordinates of BP regions (size
in Kb)#

Gene mapping in BP
regions

BP coordinate Gene disrupted
(position)

01 46,XY,t(5;13)(p15;q22) chr5: 37293514-37302954 (9.4) NUP155 chr5:37300290 NUP155

chr13: 49567647-49570743 (3.1) FNDC3A chr13:49568138 FNDC3A

02 46,XY,t(1;18)(p31;q22) chr1: 106973482-106979317 (5.8) - - -

chr18: 31937692-31948951 (11.3) - - -

03 46,XY,t(1;7)(q25;p15) chr1: 195806319-195819568 (13.3) - chr1:195810432 -

chr7: 17194683-17225513 (30.8) - chr7:17202931 -

04 46,XY,t(2;13)(p11.2;q32) chr2: 82728043-82733890 (5.8) - chr2:82730517 -

chr13: 106887575-106891812 (4.2) - chr13:106891119 -

05 46,XY,t(3;8)(q27;q11.2) chr3: 192940440-192944347 (3.9) - chr3:192943480 -

chr8: 59623611-68028053 (11.9) - chr8:59630115 -

06 46,XY,t(1;7)(p36.3;p15) chr1: 5268734-5280394 (11.7) - chr1:5269661 -

chr7: 34970070-34982696 (12.6) DPY19L1 chr7:34980819 DPY19L1

07 46,XY,t(3;6)(p21;q16) chr3: 84963340-84976902 (13.6) - chr3:84971891 -

chr6: 69858438-69868358 (9.9) BAI3 chr6:69858707 BAI3

08 46,XX,t(1;15)(q12;q21) chr1: 162955731-162960008 (4.3) - chr1:162959425 -

chr15: 51020174-51029746 (9.6) SPPL2A chr15:51025649 SPPL2A

09 46,XX,t(5;14)(q11;q32) chr5: 50217079-50228607 (11.5) - chr5:50217922 -

chr14: 90511140-90522191 (11.1) - chr14:90512839 -

BRT, balanced reciprocal translocation; SMOM, single-molecule optimal mapping; MPS, mate-pair sequencing
#Minimum breakpoints were defined as the distance between opposing CTTAAG labeling sites either side of the breakpoint of the two chromosomes
involved in the translocation
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analyzed by the PCR and Sanger sequencing. Importantly,
these sites physically disrupted those genes predicted by the
SMOM analysis to exist in the breakpoint regions.

Discussion

Infertility is a complex disease caused by physical, genetic,
and environmental factors [25]. While numerous genetic
causes have been identified in the male [26, 27], chromosome
translocations represent a unique type of genetic abnormality
that has been associated with both male and female infertilities
or subfertilities, affecting approximately 1% of carriers [28].
We therefore postulated that translocation structural variations
at the breakpoint regions may potentially perturb important
genes required for normal fertility, reducing reproductive po-
tential and the chance of achieving pregnancy. To test this
hypothesis, we applied a novel genome mapping technology
called the SMOM to examine genotype and phenotype corre-
lations in nine BRT patients with subfertility. The SMOM
analysis was able to successfully and finely map the
breakpoint regions to small regions of around 10 Kb, allowing
the identification of genes spanning the breakpoint interval(s).
In four BRT cases, we found that the gene sequences of
FNDC3A, NUP155, DPY19L1, SPPL2A, and BAI3 were
disrupted and, with the exception of SPPL2A, which encodes
an aspartic peptidase expressed in most tissues, the other four
genes have reported known associations with male infertility.

I n t h e f i r s t c a s e (BRT01 ) , a n a l y s i s o f t h e
46,XY,t(5;13)(p15;q22) translocation showed that both
breakpoints interrupted two genes, FNDC3A and NUP155.
The gene FNDC3A is a fibronectin domain protein involved in
normal tissue development and regulation of cellular metabo-
lism. In amousemodel, FNDC3Ahas been shown to be required
for adhesion between spermatids and Sertoli cells and homozy-
gous mutation causes sterility [20]. The other gene NUP155 is
critical for nuclear pore formation and RNA transport, and in a
Drosophila model, NUP155 and related family member
NUP154 are essential for both male and female gametogenesis
[21]. Based on these findings, we speculate that the combined
gene disturbances could have potentially caused reduced sperm
production and quality. In the second case (BRT06), the
46,XY,t(1;7)(p36.3;p15) translocation resulted in disruption of
the gene DPY19L1 (homologue DPY19L2), which appears to
be critical for spermiogenesis and its deficiency is linked to
globozospermia [22, 23]. While there was no evidence of
globozospermia, the patient was diagnosed with oligospermia.
In the third case (BRT07), the 46,XY,t(3;6)(p21;q16) transloca-
tion interrupted the gene BAI3 which is associated with intellec-
tual ability. However, in expression studies of human fertile and
infertile spermatozoa, BAI3 expression was higher in fertile
sperm [24]. However, there is no clear association of the gene
defect with oligospermia. Thus, while the role of FNDC3A,
NUP155, DY19L1, and BAI3 in male fertility still remains spec-
ulative, by association with subfertility, we propose that it is
likely that the lower expression of these genes through

Ref Chr5

BRT Map

Ref Chr13

Ref Chr5

BRT Map

Ref Chr13

49570743

319827 314584

37302954

261723 269782

49567647

37293514

Fig. 1 Bionano map showing breakpoint analysis of BRT01
[46,XY,t(5;13)(p15;q22)]. Chromosome 5 and 13 reference maps
aligned to the BRT map are shown by arrows. The chromosome and

genome map locations identified in the translocation regions are
labeled. Coordinates in black are the hg19 locations; those in red are
the genome map position for DLE labeling sites
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haploinsufficiency may have played a potential role in reducing
the reproductive potential of themale partner, leading to a history
of infer t i l i ty. For the remaining translocat ions ,
46,XY,t (1;18)(p31;q22) ; 46,XY,t (1;7)(q25;p15) ;
46,XY,t(2;13)(p11.2;q32); 46,XY,t(3;8)(q27;q11.2); and
46,XX,t(5;14)(q11;q32), the breakpoint regions identified were
devoid of genes. We speculate that the patients carrying these
translocations may be subfertile simply due to very early preg-
nancy loss caused by malsegregation of the translocation [7].

In the general population of infertile patients presenting
for assisted conception, up to 4% of patients are identified
with a translocation [29, 30], suggesting that BRTs may
be a more common cause of infertility than previously
recognized. Patients who have a BRT and underlying
subfertility can seek genetic counseling to discuss their
reproductive options. The dilemma for these couples is
whether natural conception or treatment with IVF and
PGT will give them the best chance of conceiving a child
that is normal or balanced with respect to the translocation
[31]. As part of reaching an informed decision, the genetic
counselor may suggest exploring the option of the
Bionano analysis to find out whether their translocation
has disturbed genes important for normal fertility. If this
indeed proves to be the case, patients may then decide
that IVF to overcome subfertility combined with PGT to
select embryos with a normal or balanced chromosome
constitution is the best approach for them to pursue.

Further, if they proceed along this pathway, the additional
option of selecting a non-carrier embryo without the bal-
anced translocation can be also be discussed.

Based on our findings, the SMOM analysis may also
have other useful clinical applications for carriers of a
reciprocal translocation. A small proportion of these pa-
tients have disease phenotypes [5, 6] and thus may wish
to know whether there is genetic cause of their disease
and potential therapies. Another useful application would
be during prenatal diagnosis where occasionally incidental
de novo BRTs are found [32, 33], but their pathogenicity
related to the SV is unknown by karyotyping. In these
scenarios, amniocyte DNA could be rapidly assessed by
the SMOM in a 3-day turnaround time to identify whether
the SV associated with the translocation interrupts
disease-specific genes or interferes with their gene expres-
sion. If the gene has a dominant phenotype, genetic
counseling could then be recommended for management
of the pregnancy.

In conclusion, the SMOM on the Bionano instrument is
a useful and rapid tool for defining the SV caused by
BRTs. At a research level, the method could provide valu-
able information regarding the architecture of chromo-
somes around the breakpoints and potentially uncover in-
teresting genes and their functions. For clinical utility, the
SMOM has additional applications for translocation and
other structural variation carriers, including investigating

Chr13

Chr5

a b

4955004837291941

49783915 37371197

NUP155

FNDC3A

Chr13

Chr13

Chr5

Chr5

c

Chr13: 49568138 Chr5: 37300290

Fig. 2 Breakpoint validation of BRT01 [46,XY,t(5;13)(p15;q22)]. a
Karyogram of chromosomes 5 and 13. Arrows indicate the cytogenetic
breakpoints of the translocation chromosomes. b Sanger sequencing. The
actual BP positions on chromosomes 5 and 13 are defined. c Genome

map showing disruption of two genes FNDC3A and NUP155 as a result
of the translocation event. Numbers represent corresponding coordinates
from the hg19 reference genome
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potential causes of infertility, identifying disease gene mu-
tations in fetal de novo balanced translocations inadver-
tently found at prenatal diagnosis, and analyzing de novo
translocations found in children with abnormal pheno-
types to identify potential therapies to treat symptoms.
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