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STUDY QUESTION: Can preimplantation genetic testing for aneuploidy (PGT-A) improve the live birth rate and reduce the miscarriage rate
in patients with recurrent pregnancy loss (RPL) caused by an abnormal embryonic karyotype and recurrent implantation failure (RIF)?

SUMMARY ANSWER: PGT-A could not improve the live births per patient nor reduce the rate of miscarriage, in both groups.

WHAT IS KNOWN ALREADY: PGT-A use has steadily increased worldwide. However, only a few limited studies have shown that it
improves the live birth rate in selected populations in that the prognosis has been good. Such studies have excluded patients with RPL and
RIF. In addition, several studies have failed to demonstrate any benefit at all. PGT-A was reported to be without advantage in patients with
unexplained RPL whose embryonic karyotype had not been analysed. The efficacy of PGT-A should be examined by focusing on patients whose
previous products of conception (POC) have been aneuploid, because the frequencies of abnormal and normal embryonic karyotypes have
been reported as 40-50% and 5-25% in patients with RPL, respectively.

STUDY DESIGN, SIZE, DURATION: A multi-centre, prospective pilot study was conducted from January 2017 to June 2018. A total of
|71 patients were recruited for the study: an RPL group, including 4| and 38 patients treated respectively with and without PGT-A, and an RIF
group, including 42 and 50 patients treated respectively with and without PGT-A. At least |0 women in each age group (35-36, 37-38, 3940
or 41-42 years) were selected for PGT-A groups.

PARTICIPANTS/MATERIALS, SETTING, METHODS: All patients and controls had received IVF-ET for infertility. Patients in the RPL
group had had two or more miscarriages, and at least one case of aneuploidy had been ascertained through prior POC testing. No pregnancies
had occurred in the RIF group, even after at least three embryo transfers. Trophectoderm biopsy and array comparative genomic hybridisation
(aCGH) were used for PGT-A. The live birth rate of PGT-A and non-PGT-A patients was compared after the development of blastocysts from
up to two oocyte retrievals and a single blastocyst transfer. The miscarriage rate and the frequency of euploidy, trisomy and monosomy in the
blastocysts were noted.
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MAIN RESULT AND THE ROLE OF CHANCE: There were no significant differences in the live birth rates per patient given or not
given PGT-A: 26.8 versus 21.1% in the RPL group and 35.7 versus 26.0% in the RIF group, respectively. There were also no differences in
the miscarriage rates per clinical pregnancies given or not given PGT-A: 14.3 versus 20.0% in the RPL group and | 1.8 versus 0% in the RIF
group, respectively. However, PGT-A improved the live birth rate per embryo transfer procedure in both the RPL (52.4 vs 21.6%, adjusted OR
3.89; 95% Cl 1.16—13.1) and RIF groups (62.5 vs 31.7%, adjusted OR 3.75; 95% CI 1.28-10.95). Additionally, PGT-A was shown to reduce
biochemical pregnancy loss per biochemical pregnancy: 12.5 and 45.0%, adjusted OR 0.14; 95% CI 0.02-0.85 in the RPL group and 10.5 and
40.9%, adjusted OR 0.17; 95% CI 0.03-0.92 in the RIF group. There was no difference in the distribution of genetic abnormalities between
RPL and RIF patients, although double trisomy tended to be more frequent in RPL patients.

LIMITATIONS, REASONS FOR CAUTION: The sample size was too small to find any significant advantage for improving the live birth
rate and reducing the clinical miscarriage rate per patient. Further study is necessary.

WIDER IMPLICATION OF THE FINDINGS: A large portion of pregnancy losses in the RPL group might be due to aneuploidy, since
PGT-A reduced the overall incidence of pregnancy loss in these patients. Although PGT-A did not improve the live birth rate per patient, it
did have the advantage of reducing the number of embryo transfers required to achieve a similar number live births compared with those not
undergoing PGT-A.
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Introduction

Preimplantation genetic screening (PGS) by blastomere biopsy and
fluorescence in situ hybridisation (FISH) analysis was initiated as a
means of preventing miscarriages in patients with unexplained recur-
rent pregnancy loss (RPL, Munné et al., 2005). PGS has been per-
formed worldwide, although there has been controversy regarding
whether it can improve the live birth rate and prevent miscarriage in
patients with RPL or infertile patients (Mastenbroek et al., 201 ).

Recently, several molecular techniques, such as array comparative
genomic hybridisation (aCGH), the digital polymerase chain reaction
(dPCR), single-nucleotide polymorphism (SNP) array, real-time quan-
titative PCR (qPCR) and next generation sequencing (NGS), have
been utilised for preimplantation genetic testing for aneuploidy (PGT-
A) (American Society of Reproductive Medicine, 2018). Furthermore,
trophectoderm (TE) biopsy of blastocysts has been found to be
superior to cleavage-stage embryo biopsy (Scott Jr et al., 201 3a).

After the improvement of these techniques, several randomised
control trials (RCT) revealed that PGT-A improved the live birth rate
in limited infertile populations with a favourable prognosis (Yang et al.,
2012; Scott Jr et al., 2013b; Forman et al., 2013; Rubio et al., 2017).
However, several RCTs were unable to demonstrate any benefit to
the live birth rate from PGT-A (Kang et al., 2016; Kushnir et al., 2016;
Verpoest et al., 2018; Murphy et al., 2019). The largest RCT showed
that the chance of having a baby with and without PGT-A was similar in
infertile women of an advanced maternal age (Verpoest et al., 2018). In
addition, the use of PGT-A is not recommended for all infertile women
(ESHRE, 2017; ASRM, 2018).

Identifiable causes of RPL include antiphospholipid syndrome (APS),
uterine anomalies, parental chromosomal abnormalities and abnormal
embryonic karyotypes (Sugiura-Ogasawara et al., 2004; Sugiura-
Ogasawara et al., 2010; Sugiura-Ogasawara et al., 2012; ESHRE Early
Pregnancy Guideline Development Group, 2017; Popescu etal.,
2018). However, the actual cause in over half of RPL cases has been

considered unknown in patients when their products of conception
(POC) have not been karyotyped. However, when the POC have
been analysed, 40-50% have been found to be caused by an abnormal
embryonic karyotype (Sugiura-Ogasawara et al., 2012; Popescu et dl.,
2018). When using PGT-A for unexplained RPL, only one retrospective
cohort study has indicated a similar live birth rate (63 versus 68%) and
similar miscarriage rate (18 versus 25%) between patients with IVF and
PGT-A and those solely under expectant management (Murugappan
et al., 2016). The limitation of this study was that it included patients
with embryonic euploidy because the embryonic karyotype is seldom
analysed clinically.

Regarding recurrent implantation failure (RIF), exclusion crite-
ria in studies of patients with a favourable outcome included
patients with RIF and patients who were poor responders. RIF
can involve complex pathological symptoms affected by numerous,
frequently unknown factors. Aneuploidy might be one of the
causes because it increases according to women’s age and the
rate of aneuploidy in blastocysts reaches 58% at 40 years of age
(Franasiak et al., 2014).

The present pilot study was therefore conducted to compare the
live birth rates with and without the use of PGT-A in patients with RPL
caused by embryonic aneuploidy and patients with RIF. To the best of
our knowledge, this is the first study focusing on the live birth rates of
these two groups of patients.

Materials and Methods
Design

Patients were recruited to participate in this multicentre, prospective
study between January 2017 and June 2018. All patients were seen at
Nagoya City University Hospital, Kato Ladies Clinic, IVF Osaka Clinic
or St. Luke Clinic for investigation of the cause of the RPL or infertility.
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At least |0 patients of each group, aged 35-36, 3738, 39—40 and 41—
42 years, were selected for inclusion in the group receiving PGT-A.
Matched patients with the same inclusion and exclusion criteria were
enrolled as controls who were not to undergo PGT-A (non-PGT-A
group).

Whole genome amplification (WGA) and aCGH were performed in
Nagoya City University, Tokyo Women'’s Medical University and Fujita
Medical University.

Oocyte retrievals were performed for up to two cycles for
each patient according to the number of obtained blastocysts
and the couple’s wishes. Cases in which blastocysts were not
provided within 6 months after temporary registration were regarded
as dropouts, and the subsequent full registration was not
permitted.

A single ET of a thawed blastocyst was planned for each patient; in
the PGT-A group, only euploid blastocysts were transferred.

Recurrent pregnancy loss caused by embryonic aneuploidy

Women included in the RPL protocol had no previous live birth
but two or more previous clinical miscarriages, where at least one
miscarriage was caused by embryonic aneuploidy, and where the
pregnancies were the result of in vitro fertilisation and embryo
transfer (IVF-ET), were included in the RPL protocol. All patients
underwent a systematic examination, including 4D-ultrasound sonog-
raphy and/or hysterosalpingography, chromosome analysis of both
partners, diagnostic tests for APS including screening for lupus
anticoagulant by activated partial thromboplastin time and dilute
Russell’'s viper venom time and (B2 glycoprotein |-dependent)
anticardiolipin antibody and blood tests for hypothyroidism and
diabetes mellitus, before a subsequent pregnancy was attempted.
Exclusion criteria were an abnormal chromosome in either or
both partners, a congenital uterine anomaly, APS and other severe
complications.

Recurrent implantation failure

Patients with a history of three or more implantation failures after
IVF-ET treatment were enrolled in the RIF protocol. The inclusion
criterion was that no pregnancy had occurred after three or more
good quality blastocyst transfers. Exclusion criteria were an abnormal
chromosome in either or both partners, a congenital uterine anomaly
and azoospermia.

Ethics statement

The protocol was approved by the Research Ethics Committee of
the Japan Society of Obstetrics and Gynecology (JSOG) and Nagoya
City University, Graduate School of Medical Sciences and all partic-
ipating institutes. This study was registered at Clinical Trials.gov. as
UMIN000026104. Couples provided their written informed consent
to participate in this study.

Ovarian stimulation, oocyte retrieval,
embryo culture and trophectoderm biopsy
Patients underwent ovarian stimulation, oocyte retrieval and ET per
standard protocol. Protocols used were based on the physician’s
preference. Ovarian stimulation was performed with a long protocol
of gonadotropin-releasing hormone (GnRH) agonist, a short protocol

of GnRH agonist, a GnRH antagonist protocol or a clomiphene citrate
(CC) protocol (Sawada etal., 2018). Each protocol was selected
according to the patient age and the ovarian reserve predicted by the
serum anti-Mullerian hormone and/or basal follicular stimulating hor-
mone (FSH) level on Day 3 of the menstrual cycle. Oocyte maturation
using 5000 IU human chorionic gonadotropin (hCG) depended on
the protocol employed when the leading follicle reached a diameter
of more than 20 mm as measured by transvaginal ultrasonography.
At 36 h after the injection of hCG, transvaginal ultrasonography—
assisted oocyte retrieval was performed, and following the removal of
cumulus cells, intracytoplasmic sperm injection (ICSI) was performed
for oocytes at the Ml stage. Normal fertilisation was assessed |6—
I8 h after ICSI by the presence of two pronuclei, and all zygotes were
cultured to the blastocyst stage.

On Day 5 or 6 after oocyte retrieval, a TE biopsy was performed on
a good quality blastocyst from that around five TE cells located apart
from the inner cell mass (ICM) were aspirated gently and separated
from the blastocyst by applying multiple pulses of a noncontact |.48-
pm diode laser (Saturn 5 Active ™, Cooper Surgical, Inc., CT, USA)
through a zona pellucida opening created by the laser. The biopsied TE
cells were washed three times in | x phosphate buffered saline (PBS)
(Life Technologies, NY, USA), transferred to a PCR tube containing
2.5 pl I'x PBS and cryopreserved at —80°C until analysis. After the
TE biopsy, blastocysts were vitrified using the Cryotop method as
described previously (Kuwayama et al., 2005).

Whole genome amplification and
comprehensive chromosome screening
using an array comparative genomic
hybridisation technique

WGA of the biopsied TE samples and male and female Human Refer-
ence DNA (Agilent Technologies, Inc., CA, USA) was performed with
the use of a PicoPLEX WGA Kit (Takara Bio USA Inc., CA, USA) in
accordance with the manufacturer’s guidelines (Lu et al., 2012). The
WGA products of the TE samples and male and female reference DNA
were labelled with Cyanine3 (Cy3) or Cyanine5 (Cy5) fluorophores
for 2 h at 37°C. Labelled DNA was purified using SureTag Purification
Columns and then hybridised using a GenetiSure Pre-Screen Array Kit
(Agilent Technologies, Inc., CA, USA) under cover slides for 16 h at
67°C. After hybridisation, microarray slides were washed, dried and
scanned using a SureScan Microarray Scanner (Agilent Technologies,
Inc., CA, USA). The scanning data were analysed by CytoGenomics
Single Cell Analysis software (Agilent Technologies, Inc., CA, USA) for
obtaining the copy number of each chromosome.

Blastocyst classification and single
embryo transfer

According to the results of the analysis, blastocysts were classified into
four groups: A, euploids; B, euploids with suspicious mosaicism; C,
aneuploids; or D, undiagnosable. Blastocysts that had results showing
small variations, but that couldn’t be confirmed as aneuploids—for
example, when mosaicism was suspected, were classified as belonging
to group B. It was determined that the blastocysts in group A or B
could be transferred. The blastocyst classification was determined by
means of a web conference in that all researchers participated.
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For patients with one or more blastocysts classified as group A or B,
a single ET of a thawed euploid blastocyst of the best morphological
quality was performed for each patient. The priority of transfer was
higher for group A than group B. Cryopreserved blastocysts were
thawed in accordance with the manufacturer’s guidelines. In cases in
that all the blastocysts were classified as group C or D, the ET was
cancelled.

For patients in the non-PGT-A groups, a single ET of a thawed
blastocyst with good quality was performed the same way.

Comparison and statistical analysis

The primary outcome was a live birth for each enrolled patient with
one or two oocyte retrievals and one opportunity for ET in either of
the two protocols. Secondary outcomes were live birth per ET, clinical
pregnancy, biochemical pregnancy loss and clinical miscarriage. A case
with a serum hCG level > 4 mlU/ml on the |0™ day after ET but tissue
that never progressed to a gestational sac as viewed by transvaginal
ultrasonography was diagnosed with a biochemical pregnancy loss. A
clinical pregnancy was diagnosed as such when a gestational sac was
ascertained by a transvaginal ultrasonography. A clinical miscarriage
was diagnosed as a miscarriage after a gestational sac was ascertained.

Student’s t-test was used to analyse the difference between means.
Multiple logistic regression analyses were conducted to compare the
outcomes of PGT-A and non-PGT-A groups after controlling for
covariables with P < 0.10.

The distribution of euploidy, trisomy, double (triple) trisomy and
(at least one) monosomy was compared between patients with RPL
and RIF. Euploidy with suspicious mosaicism was included as euploidy.
Adjusted residuals as a post hoc test was determined after chi-squared
tests were calculated.

All analyses were carried out using the statistical software SPSS,
Version 21. A P value <0.05 was considered to denote statistical
significance.

Results

A total of 79 patients with a history of RPL were enrolled in the study.
Of these, 41 were selected for PGT-A and 38 were included as controls
(Table I). The mean (SD) age and number of prior miscarriages were
39.2 (2.05) vs 39.3 (2.07) and 2.56 (0.78) vs 2.47 (0.92) for the PGT-
A and non-PGT-A group, respectively. There were no differences in
the baseline characteristics of the two groups. A total of 64 OR cycles
were performed for the patients in the PGT-A group, and 174 good
quality blastocysts were obtained from 33 patients. Among the 174
blastocysts, 161 (92.5%) were diagnosable by aCGH analysis. Of these,
47 (29.2%) were diagnosed as euploid, and 2| ETs were performed
(Table I1).

There was no difference in the live birth rate per patient between
the PGT-A and non-PGT-A groups (26.8 vs 21.1%). There was also
no difference in the miscarriage rate per clinical pregnancy (14.3 vs
20.0%). The live birth rate and clinical pregnancy rate per ET were
significantly higher in the PGT-A group than in the non-PGT-A group
(52.4vs 21.6%, adjusted OR 3.89; 95% Cl |.16—13.1 and 66.7 vs 29.7%,
5.14; 1.52—17.3). The live birth rate per clinical pregnancy was similar
in both groups. PGT-A reduced the biochemical pregnancy loss rate
per biochemical pregnancy significantly (12.5 vs 45.0%, 0.14; 0.02—

0.85). The rate of total pregnancy loss per patient, which included both
clinical miscarriage and biochemical pregnancy loss, was significantly
lower in the PGT-A group than in the non-PGT-A group (4/41 =9.8%
vs | 1/38=28.9%, 0.22; 0.06-0.82).

A total of 92 patients with a history of RIF were enrolled, of
which 42 were chosen for PGT-A and 50 were included as controls
(Table lll). The mean (SD) age and number of prior ETs were 38.6
(2.06) vs 38.7 (2.15) and 5.00 (2.30) vs 4.34 (1.72) in the PGT-A
and non-PGT-A groups, respectively. There were no differences in
the baseline characteristics of the two groups. A total of 81 OR
cycles were performed for patients in the PGT-A group, and 208 good
quality blastocysts were obtained from 39 patients. Among the 208
blastocysts, 199 (95.7%) were diagnosable by aCGH analysis of that
42 (21.1%) were euploid, and 24 ETs were performed (Table IV).

There was no difference in the live birth rates per patient of the
PGT-A and non-PGT-A groups (35.7 vs 26.0%). There was also no
difference in the rate of miscarriage per clinical pregnancy (1 1.8 vs 0%).
The live birth rate and clinical pregnancy rate per ET were significantly
higher in the PGT-A group compared to the non-PGT-A group (62.5 vs
31.7%, 3.75; 1.28-10.95 and 70.8 vs 31.7%, 5.62; 1.82—17.3). The live
birth rate per clinical pregnancy was similar in both groups. The rate of
biochemical pregnancy loss per biochemical pregnancy was significantly
lower in the PGT-A group compared to the non-PGT-A group (10.5
vs 40.9%, 0.17; 0.03-0.92).

There was no significant difference of the distribution of blastocysts
with euploidy, at least a single monosomy, trisomy or double trisomy
between the RPL and RIF groups (Fig. I). The frequency of double
trisomy tended to be higher in the RPL group (adjusted residuals; |.6).

The euploidy rate decreased from 56 to 37, 3| and 9% in patients
with RPL and from 44 to 23, 23 and 6% in patients with RIF according
to age (Fig. 2a). The estimated minimum essential number of ORs to
obtain at least one euploid blastocyst was calculated to be 0.6, I.1,
I.1 and 4.8 in patients with RPL, while it was 0.63, 1.8, 4.8 and 9.0 in
patients with RIF, in groups aged 35-36, 3738, 39—40 and 4142 years,
respectively (Fig. 2b).

Only trisomy was obtained in previous POC (Supplementary
Figure SIb); however, a I:| ratio of trisomy to monosomy was
ascertained in blastocysts subjected to PGT-A of both groups
(Supplementary Figure Sla). The frequency of aneuploidy in POC and
blastocysts increased according to the chromosome number.

Six patients had no embryos of category A, five of whom requested
ET using embryos of category B embryos. Three cases resulted in live
births, but in two cases, there was no pregnancy.

Discussion

We failed to show that PGT-A improves the live birth rate per
patient or reduces the rate of clinical miscarriage significantly in both
groups. The efficacy of PGT-A, at least in RPL patients, was expected
because the present study focused only on patients whose POC were
ascertained to be aneuploid. Mosaicism might be speculated to be
one of the reasons why PGT-A showed limited efficacy. Recently,
concordance between TE and the ICM was established in 62.1% of
embryos analysed by PGT-A (Popovic et al., 2019). The reliability of the
TE biopsy compared to the ICM biopsy in blastocysts is extremely high,
but that of the cleavage-stage biopsy compared with the ICM biopsy
is less so. The rate of false positive results between TE and ICM has
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Table I Baseline demographics of PGT-A and non-PGT-A patients with recurrent pregnancy loss.
PGT-A Non-PGT-A p-value
Number of enrolled patients 41 38
Mean age (SD, range) 39.2 (2.05, 35-42) 39.3 (2.07, 35-42) 0.71
Mean BMI (SD) 21.1 (2.86) 21.7 (2.45) 0.36
Mean (SD) number of previous miscarriages 2.56 (0.78) 2.47 (0.92) 0.65
Mean (SD) number of previous pregnancies with the 2.00 (0.87) 1.53 (0.92) 0.021
use of IVF-ET
Mean (SD) number of previous live births 0

Smokers (n) |

Bold indicates statistical significance.

Table Il Comparison of clinical outcomes between PGT-A and non-PGT-A patients with recurrent pregnancy loss.

PGTA (n =4l)

Number of patients with at least one good 21
quality blastocyst

Diagnosed blastocysts/total number of
blastocysts

161/174 (92.5%)

Euploid blastocysts/diagnosed blastocysts 47/161 (29.2%)
21/41 (51.2%)
16/21 (76.2%)

2/16 (12.5%)

Embryo transfers/patients
Biochemical pregnancies/embryo transfers

Biochemical pregnancy losses/biochemical

pregnancies
Clinical pregnancies/embryo transfers 14/21 (66.7%)

Miscarriages/clinical pregnancies 2/14 (14.3%)

47 XX,+12[13]/46 XX[7]
46,XX (21wIUFD)

Ectopic pregnancies/clinical pregnancies 1714 (7.1%)
11721 (52.4%)

11/41 (26.8%)

Live births/embryo transfers

Live births/patients

Non-PGT-A Adjusted ORs (95% CI)" ,
(n=38)" p-value
38

37/38 (97.3%)
20/37 (54.1%)
9/20 (45.0%)

0.03 (0.003-0.23), 0.001
245 (0.71-8.44), 0.16
0.14 (0.02-0.85), 0.03

11/37 (29.7%)
2/10 (20.0%)

47,XX,+20
47,X1,418

/11 (9.1%)
8/37 (21.6%)
8/38 (21.1%)

5.14 (1.52-17.3),0.008
0.68 (0.06-6.51), 0.68

5.67 (0.03-1014.5), 0.5
3.89 (1.16-13.1),0.028
.33 (0.45-3.91), 0.60

2bBoth groups were followed up until the second oocyte retrieval and the first embryo transfer.

*Adjusted for the number of previous pregnancies with the use of IVF-ET
Bold indicates statistical significance.

been reported as 7.5% (Lawrenz et al., 2019). Damage by biopsy might
influence the outcome although only cleavage-stage biopsy and not TE
biopsy has been reported to reduce the live birth rate (Franasiak et al.,
2014).

Over 70% of embryos are reported to be at least partially aneuploid
by Day 3 because of prevalent errors of both meiotic and mitotic
origins. On the other hand, aneuploidy observed in miscarried POC has
been thought to be due to division errors of meiotic origin (Nagaoka
et al., 2013). Variation of the PLK4 gene was found to be associated
with mitotic errors in human embryos, and infertile women with the
high-risk genotype contribute fewer blastocysts for testing at Day 5,
suggesting that their embryos were less likely to survive to blastocyst
formation (McCoy et al., 2015). Blastocysts with monosomy can not
survive after implantation (Franasiak et al., 2014). The present study

indicated that natural selection or chromosome correcting pathways
might be superior to PGT-A in the current situation.

Indeed, PGT-A has several ethical problems related to its use; false
positives, due to mosaicism, and technical aspects of the process can
lead to the abandonment of large numbers embryos that have the
potential for live births (Rosenwaks et al., 2018). In the present study,
we had 3 healthy babies from 5 transferred mosaic embryos and, in the
first clinical trials, 100 such babies were reported (Greco et al., 2015;
Rosenwaks et al., 2018).

PGT-A improved the live birth rate per ET both in the RPL and RIF
groups. PGT-A has an advantage reducing the number of ETs (Forman
etal., 2014). PGT-A also lowered the rate of biochemical pregnancy
loss. This suggests that the cause of biochemical pregnancy loss might
be speculated to be due to chromosome abnormality. Indeed, the

020z AelN 8z uo Josn AysioAiun uiesH eing Ag 09£99G/0vEZ/Z L/vEAoBISAE-0[IE/daIWNY/ W00 dNO"0lWSPEsE//:SARY WO} POPEOjUMOd



PGT for aneuploidy and recurrent pregnancy loss

2345

Table Il Baseline demographics of PGT-A and non-PGT-A patients with recurrent implantation failure.

PGT-A Non-PGT-A P-value
Number of enrolled patients 50
Mean age (SD, range) 38.6 (2.06, 35-42) 38.7 (2.15, 35-42) 0.78
Mean BMI (SD) 21.6 (2.68) 21.7 (3.07) 0.88
Mean (SD) number of previous embryo transfers 5.00 (2.30) 4.34 (1.72) 0.119
Mean (SD) number of previous pregnancies with the 0
use of IVF-ET
Mean (SD) number of previous live births 0
Smokers (n) 0
Mean (SD) months of infertility 62.0 (39.1) 62.7 (47.5) 0.94
Cause of infertility % (n)
Male 28.6% (12) 30.0% (15) 0.713
Female 35.7% (15) 28.0% (14)
Unexplained 35.7% (15) 42.0% (21)

Table IV Comparison of clinical outcomes between PGT-A and non-PGT-A patients with recurrent implantation failure.

PGT-A (n =42)

Number of patients with at least one good 24
quality blastocyst

Diagnosed blastocysts/total number of
blastocysts

Euploid blastocysts/diagnosed blastocysts

1997208 (95.7%)

42/199 (21.1%)
24/42 (57.1%)
19/24 (79.2%)
2/19 (10.5%)

Embryo transfers/patients
Biochemical pregnancies/embryo transfers

Biochemical pregnancy losses/biochemical
pregnancies

Clinical pregnancies/embryo transfers 17/24 (70.8%)

Miscarriages/clinical pregnancies 2/17 (11.8%)
46,XY
not tested
Ectopic pregnancies/clinical pregnancies 0/17 (0%)

Live births/embryo transfers 15/24 (62.5%)

Live births/patients 15/42 (35.7%)

Non-PGT-A (n =50)° Adjusted ORs (95% CI)* ,

p-value

41/50 (82.0%)
22/41 (53.7%)
9/22 (40.9%)

0.29 (0.11-0.75),0.01
3.28 (1.03-10.5),0.05
0.17 (0.03-0.92), 0.04

13/41 (31.7%)
0/13 (0%)

5.62 (1.82-17.3) 0.003
-,0.999

0/13 (0%) -
13/41 (31.7%) 3.75 (1.28-10.95) 0.016
13/50 (26.0%) 1.69 (0.68-4.20) 0.26

2bBoth groups were followed up until the second oocyte retrieval and the first embryo transfer.

*Adjusted for the number of previous pregnancies with the use of IVF-ET
Bold indicates statistical significance.

rate of chromosome abnormality decreases according to the develop-
mental stage: 70-80% of clinical miscarriages (Ogasawara et al., 2000;
Azmanov et al., 2007), 4% of stillbirths and 0.3% of newborn babies
(Nagaoka et al., 2013). Furthermore, trisomies and monosomies are
equally prevalent in blastocysts; however, monosomies disappear after
implantation (Franasiak et al., 2014). This evidence suggests that chro-
mosome abnormality might be more frequent and of greater severity
in biochemical pregnancy losses in this earlier stage of development
compared with clinical miscarriages.

There was no difference in the distribution of abnormalities, although
the frequency of double trisomy tended to be higher in patients with
RPL than in those with RIF (Fig. ). The euploidy rate was much lower
in both RPL (29.2%) and RIF (21.1%) patients thanin 15 169 blastocysts
of a previous study (38-year-old women, 52.1%, 39-year-old women,
47.1%) (Franasiak et al., 2014). Thus, RPL caused by aneuploidy and RIF
may be associated with a meiosis-specific genes. On the other hand,
endometrial receptivity for euploid embryo implantation might be
sufficiently high in both RPL and RIF patients since the clinical pregnancy
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Figure | The distribution of blastocysts with euploidy, at least one monosomy, trisomy or double trisomy after PGT-A in patients
in the recurrent pregnancy loss (RPL) and recurrent implantation failure (RIF) groups. There was no significant difference in the
distribution of blastocyst with euploidy, at least a single monosomy, trisomy or double trisomy between the RPL and RIF groups. The frequency
of double trisomy tended to be higher in RPL (adjusted residuals: |.6). If a blastocyst contained both monosomy and trisomy, it was classified as ‘at

least one monosomy’.
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B. The estimated minimum essential number of ORs to obtain at
least one euploid blastocyst

Figure 2 The euploidy rate and estimated minimum essential number of oocyte retrievals required to obtain at least one euploid
blastocyst according to the woman’s age. (A) The euploid rate decreased according to age from 56 to 37, 3| and 9% in patients with RPL and
from 44 to 23, 23 and 6% in patients with RIF. (B) The estimated minimum essential number of oocyte retrievals required to obtain at least one euploid
blastocyst in groups aged 35-36, 37-38, 39—40 and 41-42 years, respectively, was calculated to be 0.6, I.l, |.| and 4.8 in patients with RPL and 0.6,

1.8, 4.8 and 9.0 in patients with RIF.

rate per embryo transfer after PGT-A was excellent (66.7 and 70.8%)
compared with a previous study of women of advanced maternal age
(3841 years, 54.4%) (Rubio et al., 2017). The cause of RPL with aneu-
ploidy might involve ‘superfertility’ due to high endometrial receptivity
for aneuploidy embryo implantation (Teklenburg et al., 2010).

Monosomies disappeared in POC although both trisomies and

monosomies were ascertained in blastocysts (Supplementary Figure SI).

The frequency of aneuploidy increased according to the chromosome
number. Embryos with both trisomy and monosomy in larger
chromosomes might have difficulty in developing.
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Regarding ethical considerations, there are no laws in Japan related
to reproductive technology. The JSOG made a ruling on PGT in 1998
such that each case must be submitted to the JSOG and that the
facilities can only initiate PGT after obtaining JSOG permission. PGT-A
has been prohibited because the ]SOG considered that the feelings of
handicapped people might be resistant to PGT. In a total of 622 cases,
PGT for monogenic/single gene defects was used for several extremely
severe genetic disorders, and PGT for chromosomal structural rear-
rangements for RPL caused by a translocation was permitted from
2006 to December 2018. The maternal age has increased year by year
and older women with RPL or infertility desire PGT-A in spite of a lack
of evidence. Thus, the JSOG decided to conduct the present pilot study
and ordered the present facilities to carry it out before conducting a
RCT to examine the effect of PGT-A on the live birth rate while also
considering ethical issues in a committee open to patients and media.
The usefulness of PGT-A has been made public by its proponents not
only in the USA but also in Japan (Rosenwaks et al., 2018). Patients and
physicians might have the misperception that PGT-A has advantages for
all patients in spite of the lack of evidence. It also should be noted that
physicians who administer the clinics or laboratories have a potential
conflict of interest.

There were only two miscarriages (20.0%, 2/ 10) in the control group
of the present RPL protocol. This was relatively low when compared
with the 41.9% reported previously (in patients with a previous average
of 2.9 miscarriages and who were 40 and older) (Sugiura-Ogasawara
et al., 2009). The reason might be speculated to be that the miscarriage
rate in patients with RPL due to embryonic aneuploidy was lower
than in those with a normal embryonic karyotype (38.3 vs 62.0%,
mean age 32) (Ogasawara et al., 2000). There has been no data on
the miscarriage rate in patients with RPL whose POC were aneuploid
and who have received IVF-ET. There was no bias between the PGT-
A group and non-PGT-A group because of the same inclusion and
exclusion criteria.

One limitation of this study is that the sample size was too small
to find any significant advantage in improving the live birth rate and
reducing the clinical miscarriage rate because this work was conducted
as a pilot study to calculate the sample size for subsequent RCT. The
JSOG decided not to continue this pilot study and not to conduct an
RCT because of the difficulty involved. It did not change the ruling that
PGT-A is prohibited. Thus, it was impossible for us to increase the
sample size.

In the present study, patients received only one ET following one or
two oocyte retrievals. It was found that 4.8 and 9.0 oocyte retrievals
are necessary to obtain one euploid blastocyst in 41-—42-year-old
patients with RPL and RIF, respectively. Further study with a larger
number of patients and determination of the cumulative live birth rate
is necessary to confirm the present findings.

Supplementary data

Supplementary data are available at Human Reproduction online.
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Abstract

Background: Female carriers of a balanced X; autosome translocation generally undergo selective inactivation of
the normal X chromosome. This is because inactivation of critical genes within the autosomal region of the
derivative translocation chromosome would compromise cellular function. We here report a female patient with
bilateral retinoblastoma and a severe intellectual disability who carries a reciprocal X-autosomal translocation.

Case presentation: Cytogenetic and molecular analyses, a HUMARA (Human androgen receptor) assay, and methylation
specific PCR (MSP) and bisulfite sequencing were performed using peripheral blood samples from the patient. The patient’s
karyotype was 46,X;t(X;13)(q28,q14.1) by G-banding analysis. Further cytogenetic analysis located the entire RBT gene and its
regulatory region on der(X) with no translocation disruption. The X-inactivation pattern in the peripheral blood was highly
skewed but not completely selected. MSP and deep sequencing of bisulfite-treated DNA revealed that an extensive 13q
region, including the RBT promoter, was unusually methylated in a subset of cells.

Conclusions: The der(X) region harboring the RBT gene was inactivated in a subset of somatic cells, including the retinal
cells, in the patient subject which acted as the first hit in the development of her retinoblastoma. In addition, the patient’s
intellectual disability may be attributable to the inactivation of the der(X), leading to a 13q deletion syndrome-like
phenotype, or to an active X-linked gene on der (13) leading to Xg28 functional disomy.

Keywords: Retinoblastoma, Balanced X-A translocation, X-inactivation

Background

Balanced translocations generally have no impact on the
clinical phenotype of the carrier unless the breakpoint
disrupts a dosage sensitive gene. However, X; autosome
(X-A) translocations in females are more complex be-
cause of the X-chromosome inactivation (XCI), which is
a mechanism of dosage compensation of X-linked genes
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between females and males [1, 2]. Since the derivative
chromosome of an X-A translocation harboring the X-
inactivation center may be subject to inactivation, its
autosomal region is subject to unfavorable inactivation.
This results in cellular dysfunction due to inactivation of
critical genes leading to the pathological change or death
of cells. In consequence, cells in females carrying an X-
A translocation generally undergo selective inactivation
of the normal X chromosome.

Retinoblastoma (RB, OMIM #180200) is a malignant
intraocular tumor occurring in young children, which is
caused by mutations in both alleles of the RB1 gene [3].
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Individuals with heterozygous germline pathogenic variations
frequently develop bilateral retinoblastoma in infancy. Con-
stitutional chromosomal abnormalities involving 13ql14,
where the RBI gene is located, are found in a subset of cases
with a predisposition for RB. Large deletions that include the
RBI gene lead to widely variable clinical phenotypes, includ-
ing intellectual disability, referred to as 13q deletion syn-
drome [4, 5]. We here describe a female patient with
bilateral retinoblastoma and severe intellectual disability who
was found to carry an X;13 translocation. Cytogenetic and
molecular analysis revealed inactivation of der(X) and the
RBI gene in a subset of her cells, which explains the cause of
her phenotype.

Case presentation

Cytogenetic analysis

Blood samples from the study subjects were obtained with
informed consent in accordance with local institutional re-
view board guidelines. An Epstein-Barr virus (EBV) trans-
formed Lymphoblastoid cell line (LCL) was established
from the peripheral blood derived from the patient as de-
scribed previously [6]. Conventional G-banding and fluor-
escence in situ hybridization (FISH) analyses were
performed using LCL. Cytogenetic analyses were per-
formed using a standard method. The ZytoLight SPEC
RB1/13q12 Dual Color Probe (ZytoVision GmbH, Bre-
merhaven, Germany) was used to detect the RBI gene. A
bacterial artificial chromosome (BAC) DNA was labeled
with SpectrumGreen or SpectrumOrange-labeled 2'-
deoxyuridine-5'-triphosphate using the Nick-Translation
Kit (Abbott Japan, Tokyo, Japan). To visualize late repli-
cating regions, LCL was arrested with thymidine (300 pg/
ml) for 18.5h followed by a treatment with bromodeox-
yuridine (BrdU; 25 pg/ml) for 6.5 h after release from the
arrest. Metaphase cells were labeled with a FISH probe for
the X chromosome centromere (Cytocell, Cambridge,
UK), and BrdU was detected with Alexa Fluor 594-
conjugated mouse anti-BrdU antibody (ThermoFisher
Scientific, Tokyo, Japan).

HUMARA assay

For HUMARA assays, genomic DNA was extracted from
peripheral blood or LCL using the QuickGene DNA
whole blood DNA kit L (Kurabo, Osaka, Japan). Restric-
tion enzyme treatment followed by PCR analysis was
then conducted as described previously [7].

Methylation-specific PCR

Bisulfite conversion of genomic DNAs obtained from
the peripheral bloods of the patient and healthy human
volunteers was first performed with the Epitect Bisulfite
kit (QIAGEN, Tokyo, Japan). PCR was then carried out
using EpiTaq HS (Takara, Kusatsu, Japan). EpiScope
Methylated HeLa gDNA (Takara) was used as a positive
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control. The primers used in these analyses were de-
signed with the BiSearch software [8] and are listed in
Table 1.

Bisulfite sequencing

The RBI promoter region was amplified by PCR as de-
scribed previously [9]. The PCR products were then used
as the template for secondary PCR with primers contain-
ing sequencing adaptors. Amplicon sequencing was subse-
quently performed on an Illumina MiSeq in accordance
with the manufacturer’s protocol to obtain paired-end
150 bp reads. Sequencing data were analyzed with Bismark
software [10].

Patient characteristics
The current study patient was a Japanese girl born at full
term with a length of 50 cm and birth weight of 2894 g.
G-banding analysis was performed because of her inad-
equate weight gain at 1 month of age and revealed a de
novo balanced reciprocal translocation, t(X;13)(q28;
ql4.1) (Fig. 1a). She achieved head control at 6 months
of age, began to sit up at 10 months, to pull up to a
standing position at 12 months, and to walk at 30
months. At 18 months of age, her body length was 74.3
cm (- 1.9 SD), and her weight was 8.3 kg (- 1.6 SD). She
was diagnosed with a unilateral retinoblastoma in the
left eye (International Intraocular Retinoblastoma Classi-
fication, Group D) at 18 months of age. She was then
treated with 4 cycles of systemic chemotherapy (vincris-
tine, etoposide, and carboplatin). She suffered from
chemotherapy-induced constipation during that period.
The parents refused consent for enucleation of the
patient’s left eye although her response to the chemo-
therapy was found to be inadequate, and side effects
such as a tubular disorder were observed. We thus
planned for an intra-arterial chemotherapy regimen due
to the parents’ wishes. New lesions were developed in
the right eye four months later however while waiting
for the intra-arterial chemotherapy. Three cycles of
intra-arterial chemotherapy for the left eye and various
cycles of laser transpupillary thermotherapy (4 cycles for
left eye and 2 cycles for right eye) managed to control
both eyes and maintain remission for 18 months. How-
ever, the retinoblastoma eventually relapsed in the left
eye and this was followed by enucleation. The patient
was still not talking at 6 years of age, and was thus mani-
festing severe speech, language and developmental
disorders.

Breakpoint analysis of chromosome 13

To examine the underlying causes of the phenotype that
manifested in our study patient, we analyzed the RBI
gene by FISH because the chromosome 13 breakpoint
was found to be located close to this gene locus at the
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Table 1 Primers used for MSP in this study
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Primer? Forward (5-3") Reverse (5'-3" Size (bp)
RB1-M GGGAGTTTCGCGGACGTGAC ACGTCGAAACACGCCCCG 163
RB1-U GGGAG GTGGATGTGAT ACATCAAAACACACCCCA 163
g13.1-M AAAACCCGAACGCAACGAAC TCGTCGTAGTTGTTATCGTC 120
q13.1-u AAAACCCAAACACAACAAAC TTGTTGTAGTTGTTATTIGTT 120
ql4.11-M GCGCGATGGAG AGTAC CGAAAAAAAACCCGAACGAC 214
ql4.11-uU GTGTGATGGAG AGTAT CAAAAAAAAACCCAAACAAC 214
q14.3-M CCGCCTAACGTCAATAAAAC GTGTTTAGAACGACGGGTGC 160
q14.3-U CCACCTAACATCAATAAAAC GTGTTTAGAATGATGGGTGT 160
g21.33-M TAGGTTTCG CGCGTTC CTTTAACTCCCCGCTTCCGC 226
g21.33-U TAGG G GTGTTT CTTTAACTCCCCACTTCCAC 226
g31.1prox-M AGATTCGGCGTTAGGTAGGGC CGCGCTCTAAAAAATTAAAAC 368
g31.7prox-U AGATTTGGTGTTAGGTAGGGT CACACTCTAAAAAATTAAAAC 368
g31.1 dis-M CGTACTACTACCCCCGCTAC GCG AGCG A 194
g31.1dis-U CATACTACTACCCCCACTAC GTG AGTG A 194
g31.2-M GCCGCTACGCTAAAAAACGA CGTA CGGTTTGGGTTCGC 283
g31.2-U ACCACTACACTAAAAAACAA TGTA GGTTTGGGTTTGT 283
g31.3-M ACGAAATACCTACGCGCCAAC CGCGGGTTAATAAAGTTTAC 149
g31.3-U ACAAAATACCTACACACCAAC TGTGGGTTAATAAAGTTTAT 149
g32.3-M CGCGACTCCGAACAATAACC AATGTAGTTATAATCGCGGC 243
g32.3-U CACAACTCCAAACAATAACC AATGTAGTTATAATTGTGGT 243
q34-M AGGTTATAGGTTAGACGCGGC CGAAACGAACGAAAACTAAC 252
q34-U AGGTTATAGGTTAGATGTGGT CAAAACAAACAAAAACTAAC 252

Given as the corresponding chromosomal band of the long arm of chromosome 13

G-banding level (Fig. 1a). RBI signals were detected on
the normal chromosome 13 and on der(X), indicating
no breakpoint in the RBI gene (Fig. 1b). Further FISH
analysis with BAC clones mapped the breakpoint to be-
tween RP11-179A7 (13q13.2) and RP11-91K18
(13q13.3), which was 12 to 15 Mb upstream of the RBI
locus (Fig. 1c). These results indicated that the trans-
location in our patient did not disrupt the RB1 gene or
its regulatory region. Whole genomic microarray analysis
and sequencing of the coding regions of the RBI1 gene
revealed no copy number changes or nucleotide varia-
tions (data not shown). Thus, we could not map the pre-
cise location of the translocation breakpoint using
microarray.

XCl patterns

We next assessed whether the der(X) region had been
subjected to XCI, which could inactivate RBI and nearby
genes leading to the retinoblastoma and other symptoms
observed in the patient. A HUMARA assay was per-
formed using genomic DNA extracted from peripheral
blood. The XCI of allele-1 and -2 was 90.2 and 9.8%, re-
spectively (Fig. 2a). To determine which alleles of the
androgen receptor gene were located on der(X), we

carried out BrdU labeling of the late-replicating hetero-
chromatin in an EBV-transformed LCL (Fig. 2b). Thirty-
eight percent of the cells were BrdU-positive at the nor-
mal X, whereas the der(X) was positive in 62% of the
cells. The XCI of allele-1 and -2 was 29.3 and 70.7%, re-
spectively, in a HUMARA assay of the LCL (Fig. 2a).
From these results, we considered allele-1 to be linked
to the normal X chromosome, indicating that the XCI
was skewed to the normal X in the peripheral blood of
our patient.

Methylation of the RB1 gene and other regions of 13q

To examine whether the RBI gene itself was inactivated
in our patient, MSP was performed for the RBI pro-
moter using bisulfite-treated DNA as the template. PCR
products were detected in the patient and in a positive
control but not in a healthy control when a primer pair
for amplifying methylated DNA was used (Fig. 3a). The
methylation level of the 27 CpG sites in the RBI pro-
moter was then investigated using a deep sequencing ap-
proach [11]. The patient had a higher methylation
frequency than a healthy control (Fig. 3b), with the high-
est frequency found to be 5.6% at position #17 in her
peripheral blood. Given our findings with the HUMARA
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Fig. 1 G-banding and FISH analyses of the study patient. (@) A G-banded partial karyotype. The arrows indicate the breakpoints of the derivative
chromosomes. (b) FISH analysis of the RBT gene. The arrows and arrowheads indicate RBT and 13q12 probes, respectively. (c) FISH analysis of the
breakpoint on chromosome 13. The arrows and arrowheads indicate RP11-179A7 and RP11-91 K18 probes, respectively

assay in which ~ 10% of the cells showed the der(X) in-
activation (Fig. 2a), we speculated that one RBI allele in
each cell might be inactivated. Since position #17 is the
activating transcription factor (ATF) binding site, methy-
lation of this site might inhibit the binding of transcrip-
tion factors [12].

We next demarcated the 13q region of inactivation on
the der(X) using MSP (Table 2). The region proximal to
the breakpoint was not found to be methylated, whereas
those distal to it were extensively methylated in our
study patient. Although methylation was also detected in
regions distal to the RBI gene, those of 13q31 were not
specific to the patient. Regions near to the 13q terminal
were not methylated in the patient.

Discussion and conclusions

In a similar manner to our present patient, several prior
cases of retinoblastoma carrying a constitutional X;13
translocation without disruption of the RBI gene had

been reported [13-17] and described an inactivation of
the derivative chromosome harboring the RBI gene [18—
23]. The breakpoints of most of these cases including
our patient were located at 13q12-q14 regions. To our
knowledge, our present case report is the first to demon-
strate inactivation of the RBI gene at the molecular level
i.e. by epigenetic mechanisms. Selective XCI in females
with balanced X-A translocations is attributed to a hap-
loinsufficiency of dosage sensitive genes near to the
breakpoint in the autosomal region affecting cell viabil-
ity. Our current case and similar prior retinoblastoma
cases harboring X;13 translocations suggest that there
are no such critical genes near to the breakpoint on 13q.
This would mean that selective XCI of the normal X
chromosome in X-A translocation carriers is dependent
on the translocation partner chromosome. Moreover,
such dosage-sensitive genes may be different between
cell lineages, leading to different levels of inactivation
among tissues. The HUMARA analysis of the peripheral
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Fig. 2 XClI patterns in the peripheral blood and LCL of the study patient. (@) HUMARA assay. A1 and A2 represent allele-1 and allele-2,
respectively. The percent inactivation of each allele is indicated at the bottom. (b) Representative image of a der(X)-inactivated cell. Cells were
labeled with anti-BrdU antibody (red) and a centromere X probe (green)
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Fig. 3 Methylation analysis of the RBT promoter in the study patient using bisulfite-treated DNA derived from peripheral blood. (a) Agarose gel
electrophoresis of MSP products. Amplified products of methylated and unmethylated DNA are indicated. CpG methylated Hela genomic DNA
was used as a positive control (mCpG). (b) Frequency of methylation in the 27 CpG sites obtained by bisulfite sequencing; 3.0 X 10* and 1.2x10%
of next-generation sequencing reads were mapped to each CpG in the patient and healthy control, respectively. The CpGs located within transcription
factor binding sites are underlined. Position #15 is a common methylation site
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Table 2 MSP amplification of the 13q region in the study patient and healthy controls

ql13.1 ql4m q14.2 (RBT) ql43 g21.33 g31.1prox g31.1dis g31.2 g31.3 g323 q34
Patient - + + + + + + + + - -
Control-1 - - - - +- + +— + - -
Control-2 nd. nd. nd. nd. - + + nd. - +- nd.
Control-3 nd nd. nd nd. - - + nd. +- - nd.

n.d.: not determined

blood from our current study patient revealed that
the normal X was inactivated in 90% of the cells. Al-
though specimens from other tissues in our subject
were not available, we speculated that a high fre-
quency of der(X) inactivation would be likely in the
retinal cell lineage since our patient suffered from
bilateral retinoblastoma. The retinal cell lineage has a
relative tolerance to the inactivation of 13q and iron-
ically develop RB. Furthermore, the systemic pheno-
type of our current study patient other than
retinoblastoma implied the presence of a considerable
number of cells with an inactivated der(X).

The 13q deletion syndrome is classified into three
types depending on the deleted region [5, 24]. Group 1
comprises patients with deletions proximal to 13q32
who show mild or moderate intellectual disability, minor
malformations, constipation, growth retardation and

inconstant retinoblastoma. Group 2 comprises cases of
deletions encompassing 13q32 that show severe intellec-
tual disability, growth retardation, one or more major
malformations of the brain, genitourinary and gastro-
intestinal tract, and distal limb. Group 3 comprises pa-
tients with deletions distal to 13q32 who show severe
intellectual disability without major malformations or
growth retardation. The inactivated region of 13q in our
current patient corresponded to group 1 (Table 2), and
she had both growth retardation and constipation. How-
ever, her intellectual phenotype was more severe than
was typically seen in patients categorized as group 1.

We speculated that the cause of the severe phenotype
in our patient originated from a functional disomy of
Xq28 which was translocated to der (13). Functional di-
somy is a situation in which X-linked genes, normally
expressed monoallelically, are expressed biallelically in

A

Standard X-A translocation

13 der(13) X der(X)
I *- XIST
— RB1

The normal X is inactivated in 100%

of cells
4

No symptoms

B

Case 1(X;13)(928;914.1)
13 der(13) X der(X)

i *— XIST

— RB1

The der(X) is inactivated in a subset

of the cells

Retinoblastoma
13q deletion syndrome
Xqg28 functional disomy

Fig. 4 Schematic representation of the XClI pattern and its outcomes with X-A translocation. (a) In a standard X-A translocation, the normal X
chromosome is inactivated in 100% of the cells because inactivation of the der(X) often leads to suppression of genes indispensable for cell
survival. In this situation, the gene dosage is normal and the carrier has no symptoms. (b) In the present study case, the der(X) was inactivated in
a subset of the cells in which 13g genes including RBT on the der(X) were suppressed. This inactivation does not spread to the 13g terminal
because of its long distance from the X-inactivation center, allowing the cells to survive. In der(13), the genes located at Xg28 are active. This
results in retinoblastoma, 13q deletion syndrome- and an Xg28 functional disomy-like phenotype in such cells
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individuals carrying chromosome X-involved structural
variants with an unfavorable XCI pattern. As a result, X-
linked genes are expressed at a 2-fold higher level than
normal [25]. In this case, the der(X) was possibly inacti-
vated in the brain of the patient derived from the com-
mon ancestral cell lineage with retina. Thus, Xq28 on
the der (13) without the X-inactivation center likely es-
caped XCI resulting in a functional disomy. Severe de-
velopmental delays are common in patients with an
Xq28 functional disomy, as was the case in our current
patient [26]. The mechanism underlying the onset of ret-
inoblastoma and 13q deletion syndrome- or an Xq28
functional disomy-like phenotype is illustrated in Fig. 4.
Our patient was susceptible to the development of ret-
inoblastoma because of the inactivation of the RB1 gene
on the der(X) in her retinal cell linage. A somatic muta-
tion in the other allele on the normal chromosome 13
became the second hit.

We describe a female patient with retinoblastoma and
severe intellectual disability, carrying an X;13 transloca-
tion. Her RBI gene was not disrupted by this transloca-
tion but became inactivated by the XCI system. Our
current data have important clinical implications.
Females carrying an X;13 translocation should be
followed-up closely for the early detection of retinoblast-
oma in infancy and other cancers throughout her life.
This should be done even if the XCI is found to be 100%
skewed in analysis of peripheral blood samples, because
XCI patterns can vary in different tissues. Hence, a fe-
male retinoblastoma patient who is a suspected carrier
of a germline mutation should be assessed using cyto-
genetic methods such as G-banding even when conven-
tional analysis reveals no mutations of the RBI gene.
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Jacobsen syndrome refers to a congenital anomaly caused by deletion at 11q23.3-qter. We here describe two
siblings with the same 11q23.3-qter deletion. Both parents were healthy with a normal karyotype. Cytogenetic
microarray analysis revealed no mosaicism in either parent but the mother showed uniparental disomy en-
compassing the deleted region found in the two siblings. The pattern of X chromosome inactivation was almost
completely skewed in the mother. These data suggested that the mother was a carrier of the 11q23.3-qter
deletion but that this had been rescued by disomy formation during early embryogenesis except for her germinal

1. Introduction

Jacobsen syndrome (MIM#147791) is a contiguous gene deletion
syndrome caused by deletion of the 11qter region. The typical clinical
features of Jacobsen syndrome include pre- and postnatal physical
growth and psychomotor retardation, facial dysmorphic features, and
thrombocytopenia. Some patients with this syndrome also have mal-
formations of the heart, kidney, gastrointestinal tract, and central
nervous system. Ocular and hearing problems can be also present. The
estimated occurrence of Jacobsen syndrome is about 1/100,000 births
(Mattina et al., 2009).

About 85% of Jacobsen syndrome cases are caused by a simple de
novo terminal deletion. Other cases result from a variety of chromo-
somal abnormalities including segregation of a familial reciprocal ba-
lanced translocation, de novo unbalanced translocations, recombination
of a parental pericentric inversion, or other rearrangements such as ring
chromosomes. An 11q deletion has also been reported in the mosaic
form of this condition. The breakpoints in these deletions occur within
or distal to 11q23.3, and the deletions usually extend to the telomere
(Grossfeld et al., 2004). The deletion size ranges from 7 to 20 Mb. The
chromosomal region conferring specificity for the Jacobsen syndrome

phenotype is the 11q24.2 band, but the gene responsible for this phe-
notype is still unknown.

We here report on two siblings with the same 11q23.3-qter deletion,
one with Jacobsen syndrome and the other detected by amniocentesis
and terminated. The parents however showed a normal karyotype.
Cytogenetic microarray analyses revealed that the healthy mother had
uniparental disomy (UPD) encompassing the 11q22.3-ter region deleted
in the siblings. A possible mechanism for the recurrence of this deletion
is discussed.

2. Clinical report

A 4-year old Japanese male subject was the first child of a non-
consanguineous healthy 36-year old father and 28-year old mother after
having three miscarriages with no notable family history of disease
(Fig. 1A). At 22 weeks of pregnancy, a congenital heart defect, mitral
valve stenosis and aortic valve stenosis were suspected. He had been
born after a 41 week gestation by an induced labor with a birth weight
of 2644 g (—0.9SD), height of 47.5 cm (—0.7SD), head circumference
of 34.5 cm (+0.8SD), and chest circumference of 30 cm. He showed a
hypoplastic left heart, conductive auditory impairment in the left ear,
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Fig. 1. Deletion rescue on 11qter. (A) Pedigree of the study family. (B) Cytogenetic microarray results for the 11q region for the proband (pink), father (blue), and
mother (green). The copy number log2 ratio (top), copy number state (middle), and allele difference (bottom) are shown for each sample. The pink bar at the bottom
indicates the deleted region in the proband. The green bar indicates the UPD region in the mother. (C) HUMARA assay results. The electropherogram shows the
fragment analysis of the amplicons from undigested (left) and digested (right) genomic DNA from the proband (top), father (middle), and mother (bottom). The major
peaks depicted by the red arrows indicate the sizes of the PCR products with different numbers of short tandem repeats at the HUMARA locus. The two major peaks
found in the mother represent two X chromosome alleles (282bp, 288bp). Digestion of the DNA from the proband (son)'s and father's sample showed complete loss of
one allele, whereas a preferential loss of the short alleles was evident in the mother (282bp). (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

widely spaced eyes, a short nose, a small ear lobe, thin vermilion of
upper lip and lower lip, shortness in both fifth fingers, and a bifid
scrotum. He also had an old cerebral hemorrhage in the nucleus basalis.

The subject also showed severely retarded psychomotor develop-
ment. The ability to hold up his head, roll over, and speak, were re-
cognized at 2 years and 7 months, 2 years and 7 months, and 3 years
and 3 months. Serial complete blood counts revealed transient throm-
bocytopenia. At the age of 4 years and 2 months, he showed a height of
—3.5S8D, weight of —2.2SD, and head circumference of —1.2SD. His
karyotype revealed 46,XY,del (11) (q23.3), which is known as Jacobsen
syndrome.

At 2 years after the birth of this first child, the mother again became

pregnant with a boy. The fetus was diagnosed with the same karyotype
as the brother by amniocentesis at 15 weeks and 4 days of gestation. At
20 weeks and 4 days, a hypoplastic left heart with severe atrioven-
tricular regulation was evident on ultrasound examination. At 21
weeks, the pregnancy was terminated and the fetus was found to weigh
344 g. Karyotype analysis of the parental peripheral blood lymphocytes
revealed 46, XY [20] and 46, XX [20].
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3. Materials and methods
3.1. Subjects

Peripheral blood samples were obtained from the study subject and
the parents. The research protocol for this study was approved by the
local ethics committee of Fujita Health University, Japan. Written in-
formed consent to participate in the study was obtained from the par-
ents.

3.2. DNA extraction

Genomic DNA was extracted from whole blood using QuickGene
610L (Fuji film, Tokyo, Japan). The concentration of the DNA was
measured using an ND-1000 spectrophotometer (NanoDrop,
Wilmington, DE) and the quality was determined by gel electrophoresis.

3.3. Cytogenetic microarray

High-resolution chromosomal microarray analysis using the
CytoScan HD array (Affymetrix, Santa Clara, CA) was performed. DNA
samples of 50 ng were used in this analysis in accordance with the
manufacturer's instructions. The genomic coordinates were based upon
genome build 37/hgl9 (2009). Hybridization, data extraction and
analysis were performed as per the manufacturer's protocols.
Chromosome Analysis Suite software 3.0 (ChAS, Affymetrix Santa
Clara, CA) was used for raw data analysis, review and reporting.
Regions of copy-number changes were extracted with 20 probes of
50 kb. All of the extracted regions containing a copy-number change
were confirmed by visual comparisons with the normal control data
from Database of Genomic Variants (http://dgv.tcag.ca). UPD regions
were extracted with 5Mb. Regions with a sparse SNP density were
carefully evaluated to exclude false calls.

3.4. FISH analysis

Peripheral blood lymphocytes and buccal samples were obtained by
standard methods. FISH analysis was performed using standard tech-
niques. The probes used for the FISH analysis were TelVysion 11p
SpectrumGreen (D11S2071), TelVysion 11q SpectrumOrange
(D11S1037) (Abbott Molecular, IL, USA). A hundred interphases nuclei
were analyzed for pter/qter of chromosome 11.

3.5. HUMARA assay

To assess skewing of the X chromosome inactivation, we performed
HUMARA assay according to the protocol described elsewhere (Beever
et al., 2003). Briefly, we digested the genomic DNA with methylation-
sensitive restriction enzyme Hpall. PCR primers, one of which was la-
beled with FAM, were designed across the polymorphic CAG repeat as
well as two Hpall sites in the androgen receptor gene on the X chro-
mosome. PCR amplification would be achieved only from the in-
activated allele having the Hpall sites methylated. PCR products were
analyzed by capillary electrophoresis (ABI3730 Genetic Analyzer) and
quantified the area under the curve using GeneMapper software.

4. Results

We performed cytogenetic microarray analysis to demarcate the
deleted region in our current case subject. A 15.4-Mb region was found
to have been deleted at 11q23.39q25-qter in this patient (arr [hgl9]
11923.3925 (119, 484, 933_134, 938, 470) X 1), which is consistent
with the typically deleted region in Jacobsen syndrome (Fig. 1B). The
deleted region was found to contain 128 Refseq genes, and 70 OMIM
genes. Single nucleotide polymorphism (SNP) genotyping indicated
that the deleted chromosome was derived from the mother (data not
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shown).

A possible explanation for the abnormal 46,XY,del (11) (q23.3)
karyotype in two siblings from parents with a normal karyotype was
that one of the parents harbored FRA11B, a (CCG)n repeat expansion in
the 5’untranslated region of the CBL2 gene. In more than 70% of normal
individuals, this repeat is present in 11 copies but can be expanded to
several hundred copies and lead to genomic instability and a suscept-
ibility for terminal deletion (Mattina et al., 2009). However, the dele-
tion breakpoint of our current patient was at chr11:119, 484, 933
(hg19), which is approximately 400 kb distal from FRA11B.

Neither of the parents showed deletion mosaicism at the 11q23.3-
qter region. Interphase FISH on 100 peripheral blood lymphocytes and
100 buccal cells revealed no deletion for the 11q subtelomere-specific
probe (data not shown). It was notable however that SNP array analysis
of the patient's mother detected a 26.2-Mb region with a loss of het-
erozygosity at 11q22.3-qter consistent with uniparental disomy (UPD)
(arr [hgl19]11gq22.3q25 (108, 657, 506_134, 942, 626)x2 hmz)
(Fig. 1B). The deletion breakpoint in the son was 10-Mb distal from the
UPD boundary in the mother.

A HUMARA assay was performed to determine when the UPD was
generated in the mother. The patterns of X chromosome inactivation
(XCI) showed 99.2% skewing in the mother (Fig. 1C), suggesting that
she originally had the same deletion as her son and the chromosome
copy number loss was corrected by UPD after XCI occurred in the early
embryogenesis.

5. Discussion

Our analysis by cytogenetic microarray of our current case subject
with 11qter deletion syndrome and his family suggests that segmental
UPD corrected the chromosomal copy number of the deleted region and
thereby rescued the phenotype in his healthy mother. To our knowl-
edge, there have only been two previous reports of siblings showing a
deletion of 11q23.3-qter despite a normal parental karyotype (Afifi
et al., 2008; Johnson et al., 2014). One of those reports also provided
detailed molecular analyses showing a maternal UPD at the 11qter re-
gion (Johnson et al., 2014). A 22q13 deletion rescued by paternal UPD
has also been reported (Bonaglia et al., 2009). Such deletion rescue
event has not been reported for other terminal deletions. Our current
case is therefore the third report to describe a deletion rescued by post-
zygotic UPD generation.

It is likely that the mother of our current case subject originally
carried the 11q23-qter deletion that had been transmitted from a ga-
mete of a maternal grandfather or grandmother. After fertilization, this
deletion was likely rescued during the post-zygotic stage via a DNA
repair pathway for coincidental double-strand-breaks (DSBs) at the
proximal region of the deletion breakpoint, thereby generating the
segmental UPD. The UPD boundary in the mother is located 10 Mb
more proximal than the breakpoint of deleted region of the patient,
which is a strong evidence that the UPD developed after the deletion.
The principal molecular mechanisms that have been postulated to ex-
plain segmental UPD are mitotic recombination or break-induced re-
plication (BIR) (Costantino et al., 2014; Carvalho et al., 2015).

We observed an almost completely skewed XCI in the mother's DNA.
Generally, an XCI pattern increases the extent of skewing with age as a
consequence of hematopoietic stem cell senescence. At 20-39 years old,
mean skewing level is reported to be 70.6% (Hatakeyama et al., 2004).
Our current patient's mother was 30 years old at the time of genetic
testing and showed very high skewing at 99.2%. This indicated that her
blood cells were derived from a single clone after XCI (Kurahashi et al.,
1991). We speculated that the mother originally harbored the 11q23-
qter deletion as a zygote which was subsequently repaired in one of the
somatic cells by mitotic recombination or BIR after XCI has been
completed. The repaired cell likely obtained selective advantage during
embryonic development and unrepaired cells were eliminated (Fig. 2).
This resulted in a normal phenotype at birth and no evidence of
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Fig. 2. An illustration for the status of the mother and the two siblings.

Jacobsen syndrome. It appears however that although her somatic cells
had all been rescued by UPD her germ cells retained the 11q23-qter
deletion. Such monoclonality has been described previously in trisomy
rescue of chromosome 15 (Butler et al., 2007). Thus, this mother had no
Jacobsen syndrome phenotype but transmitted the causative deletion to
her two sons.

As far as we are aware, there have been only two other case reports
of ‘deletion rescue’ (Bonaglia et al., 2009; Johnson et al., 2014). It
would be intriguing if 11q23.3-qter was found to be a hotspot for de-
letion rescue. One possible explanation for this phenomenon is a strong
negative selection process as a result of gene loss. An alternative pos-
sibility is that there might be a DSB hotspot that induces mitotic re-
combination or BIR at the region proximal to the 11q23.3 breakpoint. If
this is indeed the case, the recurrence risk in the affected siblings would
be slightly higher than in the general population. SNP array analysis of
the parents might be advisable even in an apparent de novo case of
Jacobsen syndrome.

In conclusion, we speculate that the maternal 11q23.3-qter deletion
was repaired in our current study family via mitotic recombination or
BIR leading to UPD generation. As a consequence of this DNA repair,
the chromosomal copy number was corrected in the mother resulting in
a normal phenotype. On the other hand, some of maternal germline
cells retained 11q23-ter deletion, leading to a recurrence of Jacobsen
syndrome in her offspring. Careful genetic counseling is therefore
warranted regarding the recurrence of Jacobsen syndrome.
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Abstract

Recent findings have highlighted the possibility that polymorphisms within the annexin A5 gene (ANXAS) promoter
contribute to the etiology of various obstetric complications. However, the underlying mechanisms are unknown. The M2
haplotype of the ANXA5 shows lower activity and less expression of ANXA5 mRNA. This gene promoter region has a motif
that potentially forms a G-quadruplex structure. In vitro G-quadruplex propensity estimated by circular dichroism indicated
that the M2 haplotype oligonucleotide manifested a decreased potential for G-quadruplex formation. In addition, in vivo G-
quadruplex formation of the promoter region was evidenced by the presence of single-stranded DNA shown by sodium
bisulfite treatment of placental genomic DNA. Comparative analysis indicated less potential in the M2 allele than the major
allele. Promoter activity of the two haplotypes determined by luciferase reporter analysis correlated with the estimated G-
quadruplex propensity. Our data lend support to the developing paradigm that genomic variation affects gene expression
levels via DNA secondary structures leading to the disease susceptibility.

Introduction

Many common human diseases are believed to be polygenic
disorders associated with several genetic and environmental
factors [1]. Based on the “common disease-common var-
iant” hypothesis, genome-wide association studies (GWAS)
using common single nucleotide polymorphisms (SNPs)
have identified hundreds of genetic variants that are statis-
tically associated with different target diseases. However,
most of the polymorphisms that have been identified by
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GWAS to date are not deleterious variants and confer
relatively small increases in disease risk. In addition, the
functional impact of the majority of these SNPs on gene
expression has not yet been validated since these sequence
variations are mostly located at non-coding or intergenic
regions [2]. The processes by which these SNPs confer a
higher risk of disease thus remain an enigma.

Previously published results suggest that polymorphisms
within the annexin A5 gene (ANXA5) are associated with
common obstetric complications, such as recurrent preg-
nancy loss (RPL), pre-eclampsia, and pregnancy-related
thrombophilic disorder [3—8]. The ANXAS5 gene upstream
region contains four common variations, i.e., SNP1 (g.
—467G>A, r1s112782763) and SNP2 (g.—448A>C,
rs28717001) in the untranscribed promoter region, and
SNP3 (g.—422T>C, 1r528651243) and SNP4 (g.—373G>A,
rs113588187) near and downstream of the transcription start
points, respectively. These four SNPs manifest strong
linkage disequilibrium, generating two major haplotypes:
the N haplotype with all major alleles and an M2 haplotype
with all minor alleles. The frequency of the M2 allele in the
general Japanese population was reported to be 5.4%, lower
than that in the western countries (~16%) [6].

The M2 haplotype has been associated with various
disorders. Annexin A5 is known as a placental

SPRINGER NATURE
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anticoagulation factor that shields the apical surface of the
syncytiotrophoblasts covering the placental villi [9]. Hence,
the low expression of the ANXAS5 gene might reasonably
account for a higher susceptibility to obstetric complica-
tions. Indeed, lower expression of the ANXA5 gene from the
M2 allele has been reported [10, 11]. However, it remains
unclear how these polymorphisms affect the ANXAS5 gene
expression levels and thereby lead to disease. For example,
there was no association found between the M2 haplotype
and RPL risk in a previous northern European study [12]. It
is therefore critically important to elucidate the biological
impact of the different ANXAS5 haplotypes.

With regard to the effects of gene polymorphisms on
gene expression, the contribution of DNA secondary
structures has been highlighted previously [13, 14]. A
considerable body of evidence now indicates that certain
SNPs located within the transcribed region of a gene can
affect mRNA stability or translation efficiency via the
propensity for stem-loop formation. Guanine-rich DNA can
fold into a non-canonical DNA structure known as a G-
quadruplex [15]. This structure comprises intrastrand
interactions of G-tetrads paired by Hoogsteen bonds. G-
quadruplexes are often identified in and around the
untranslated region of genes and are potentially associated
with gene regulation [16, 17]. The association between the
G-quadruplex structure and transcriptional regulation has
been extensively characterized for oncogenes such as MYC,
KIT, or KRAS [18-20]. Recently, it has also been reported
that some polymorphisms disrupt the formation of G-
quadruplex structures, leading to alterations in the expres-
sion of nearby genes [21]. In our present study, we exam-
ined the ANXA5 gene promoter variants in terms of the
association between the potential for G-quadruplex forma-
tion and the ANXAS5 gene expression levels.

Methods
Samples and ethical approval

Four placental samples were obtained from women with an
uncomplicated pregnancy at the Department of Obstetrics
and Gynecology, Fujita Health University Hospital.
Informed consent was obtained from each patient and the
study protocol was approved by the Ethical Review Board
for Human Genome Studies at the Fujita Health University.
The genotypes of the SNPs at the ANXAS5 promoter region
were determined by sequencing as previously described [6].
All methods were performed in accordance with the rele-
vant guidelines and regulations including a biosafety reg-
ulation in Japan, the Act on the Conservation and
Sustainable Use of Biological Diversity through Regula-
tions on the Use of Living Modified Organisms.

SPRINGER NATURE

Circular dichroism

Circular dichroism (CD) experiments were performed using
a J-720 spectropolarimeter (JASCO). Oligonucleotides were
synthesized and diluted to 50 ng/ul with a buffer containing
100 mM potassium chloride and 10 mM Tris-HCl (pH 7.4).
Where indicated, the potassium chloride concentration was
decreased, and lithium chloride was added to adjust the salt
concentration to 100 mM. The samples were next heat-
denatured at 95 °C for 5 min and then cooled slowly for 6 h
to 25°C. Scans were performed at 25°C using a 1cm
cuvette over a 200-360 nm range. CD spectra were recor-
ded from the average of five scans at 50 nm/min, with a 2's
response time, 1 nm bandwidth, and 0.1 nm resolution. The
molar ellipticity was then plotted. The 56 oligonucleotides
used in this CD analysis are described in Fig. 1c.

Methylation analysis

Bisulfite sequencing was performed to determine the methy-
lation status of the ANXA5 promoter region. One N/N homo-
zygous and three N/M2 heterozygous samples were analyzed.
Bisulfite conversion was performed using an EpiTect Bisulfite
Kit (Qiagen, Tokyo, Japan) in accordance with the manu-
facturer’s protocol. Bisulfite-treated DNA was amplified using
an uracil stalling-free polymerase, EpiTaq HS (Takara
bio, Kusatsu, Japan) and the primers: 5-GGTTATA-
GAGGGTAGGGAGGTTTAA-3" and 5'-CACCCAAACTA-
TAAAACCCAAATAC-3". The ~300bp resulting products
were then cloned into the pT7Blue T-vector (Merck, Darm-
stadt, Germany). Colonies were subsequently selected, and the
plasmids were isolated for sequencing.

Bisulfite sequencing for detection of DNA secondary
structure

Bisulfite treatment was applied to genomic DNAs of N/M2
heterozygous samples purifying under mild conditions.
Briefly, placental tissues were powdered under liquid nitrogen
and treated with proteinase K at 37 °C. Genomic DNAs were
then column-purified using DNeasy Blood & Tissue Kit
(Qiagen, Tokyo, Japan) in accordance with the manu-
facturer’s instructions. Approximately 500 ng of DNA was
used for sodium bisulfite treatment using an Epitect Bisulfite
Kit (Qiagen) in general accordance with the manufacturer’s
protocol except that the conditions for the sodium bisulfite
reaction involved a constant temperature at 37 °C for 16 h.
The resulting converted DNAs were used as PCR templates.
Primers were designed for the regions containing few T
nucleotides to normalize the annealing efficiency between the
converted and unconverted DNAs. The 5" end of each primer
was designed for use with the Nextera system (Illumina). The
primers are listed in Supplementary Table S1.
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Fig. 1 G-quadruplex structure formation at the ANXAS5 promoter
region in vitro. a A square planar structure of a G-quartet (left), pos-
sible form of an intramolecular G-quadruplex structure (middle), and
possible G-quadruplex formation at a gene promoter. b Genomic
structure of the ANXAS5 gene promoter region in terms of its G-
quadruplex structure. Eight runs of three or four guanines are indicated
by the boxed regions. Transcription start points (tsp) are indicated by
arrows. The nucleotide at tsp2 is numbered + 1, and the nucleotides
within the transcript are capitalized. Polymorphisms are indicated by
arrowheads. ¢ Conservation of the ANXA5 gene promoter region
among mammalian species. Dots indicate conserved nucleotides, and

PCR amplifications were carried out using EpiTaq HS
(Takara bio, Kusatsu, Japan). The reaction conditions were
94 °C for 2 min, followed by 35 cycles of 98 °C for 10s,
55°C for 30s, and 72°C for 1min. There was a final
incubation step at 72 °C for 10 min. The resulting products
were ligated into pBluescriptll (Agilent, Tokyo, Japan) and
plasmids were grown in E. coli, purified and sequenced.
These sequences were designated as the upper or lower
strand in accordance with the conversion of the nucleotides
(C>T or G>A) and as N or M2 alleles according to the
haplotype. The PCR products were also analyzed by massive
parallel sequencing using Nextera index primers (Illumina)
following a second round of PCR. After purification and
quantification, the products were applied to a Miseq

o

0mM 20 mM

conserved guanine runs are underlined. Dashes indicate the absence of
nucleotides. d Oligonucleotides used for CD spectra analysis. e The
propensity for G-quadruplex structure formation at the ANXAS5 gene
promoter region in vitro evaluated by CD spectra. Each polymorphic
allele was analyzed. The vertical bars indicate the levels of ellipticity
estimated by CD spectra. The ellipticity was measured four times and
the curves indicate the mean data values. f Propensity for G-
quadruplex structure formation at various concentrations of potas-
sium chloride evaluated by CD spectra. The ellipticity was measured at
260 nm, and the error bars represent the S.D. (n =3)

sequencer (Illumina) at a 250bp single-end read. The
sequence data were quality filtered using FASTX-Toolkit
0.0.14  (http://hannonlab.cshl.edu/fastx_toolkit/) trimming
with a cut-off of 20 (phred score) and a minimum length of
12 and filtering with a cut-off of 20 and minimum percentage
of 80. The resulting data was further processed by filtering-
out PCR duplicates and sequences with indels. After con-
version of the fastq to fasta format, clustering analysis of the
sequences was carried out using MAFFT [22].

qRT-PCR

Quantitative real-time RT-PCR (qRT-PCR) analysis was
performed using the TagMan System. The Superscript First-
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strand Synthesis System for RT-PCR (Invitrogen) with
random primers was used to produce single-stranded cDNA
templates. TagMan probes and primers for the ANXAS5 gene
(Hs00134054_m1) were obtained commercially (Applied
Biosystems). A housekeeping gene, I8S RNA
(Hs99999901_s1), was used to normalize the mRNA levels
because the expression levels among the samples were
stable. All qRT-PCR reactions were performed in triplicate
in a final volume of 25 pl. The cycling conditions used were
2 min at 50 °C, 30 min at 60 °C, and 1 min at 95 °C for RT,
followed by 40 cycles of 15s at 95 °C and 1 min at 60 °C
for PCR amplification.

Allele-specific QRT-PCR was carried out as previously
described [11]. The transcript from N allele was amplified
with the primers 5-CAGTCTAGGTGCAGCTGCCG-3’
and 5'-GGTGAAGCAGGACCAGACTGT-3’, and that
from the M2 allele was amplified with 5'-CAGTC-
TAGGTGCAGCTGCCA-3" and 5-GGTGAAGCAG-
GACCAGACTGT-3'. The product levels were quantified
using SYBR Premix Ex Taq II (Takara BIO) and the 7300
real-time PCR system (Applied Biosystems). The TBP gene
was used as an internal control.

Promoter assay

Luciferase reporter constructs were kindly provided by Dr.
Arseni Markoff (University of Muenster, Germany), and the
assay was performed as previously described [3]. Briefly,
the promoter region and exon 1 encompassing SNP1 to 4
was amplified by PCR and the ~450bp products were
cloned immediately upstream of luciferase initiation codon
in the pGL3-Basic Vector (Promega) using the Mlul and
Xhol sites. Each polymorphic nucleotide change was
introduced to the vector by means of site-directed muta-
genesis. The resulting constructs were co-transfected with
pRL-TK into the HeLa cell line using Lipofectamine 2000
(Invitrogen). Luciferase activity was measured at 48 h after
transfection using a Dual-Luciferase Reporter Assay Sys-
tem (Promega).

Statistical analysis

Statistical significance was determined using the Student #-
test and one-way analysis of variance (ANOVA). P-values
of <0.05 were considered statistically significant. Data are
reported as the mean + SD for each group.

Results

We identified eight runs of three or four guanines with 1-7

nucleotide intervals upstream of the ANXA5 gene that cor-
responded to a consensus sequence of a potential
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G-quadruplex forming motif, G3,-N;_7-G3,-N_7-G3,-N;_7-
G;, (Fig. 1a, b) [15]. The ANXA5 gene has multiple tran-
scription start points (tsp) [23], and although transcripts
from tspl include 5 runs of guanines at the 5’ region, all
eight runs of guanines are located 5’ upstream of the non-
transcribed region in cases of transcription starting from
tsp2 and tsp3. The first run of guanines is unique to humans,
but all of other seven runs are highly conserved among
primates. Other mammalian species also carry at least six
runs of guanines, suggesting that this G-rich region plays an
important role in gene regulation (Fig. 1c).

To evaluate the G-quadruplex structure forming pro-
pensity of this region in vitro, we performed a CD spec-
troscopy experiment using synthesized oligonucleotides
that included the consensus sequence of the potential
G-quadruplex forming motif. Typically, parallel form
G-quadruplexes display a characteristic positive peak at
260 nm and a negative peak at 240 nm, whereas the anti-
parallel form of these structures displays a positive peak at
295 nm and a negative peak at 265 nm on the CD spectra
[24]. The oligonucleotide with the N allele sequence pro-
duced a positive peak at 260 nm and a trough at 240 nm
with a small additional positive peak at 290 nm. This indi-
cates that the N allele DNA forms a G-quadruplex structure
in vitro, adopting a mixture of parallel and anti-parallel
forms. When SNP1, SNP2, and SNP3 were separately
introduced into the N allele, no remarkable change was
observed in the CD spectra. However, when these variations
were combined to form the M2 allele, the CD spectra
showed a reduction in the positive peak at 260 nm, sug-
gesting that the potential for G-quadruplex formation had
been decreased (¢-test, P <0.01) (Fig. 1d, e). To evaluate the
propensity for G-quadruplex structure formation in vitro,
we analyzed the CD spectra for the oligonucleotides under
various potassium ion concentrations (Fig. le). The M2
allele showed lower positive peaks at 260 nm in 100 mM,
and especially in 20 mM, of potassium chloride (P <0.01),
again suggesting that the potential for G-quadruplex for-
mation had been decreased.

It was of interest to us to determine how the M2 haplotype,
which appears to possess less potential for G-quadruplex
structure formation than the N haplotype, impacted on the
promoter activity of the ANXAS5 gene. The restricted methy-
lation of a G-quadruplex structured DNA region was reported
previously [25]. On the assumption that ANXAS5 polymorph-
isms would affect the methylation status of the gene promoter
via G-quadruplex structures, and thereby alter gene expres-
sion, we performed bisulfite sequencing to locate methylated
cytosines in this region. We found that the CpG islands of the
ANXAS5 gene upstream region were hypomethylated in pla-
cental DNA. However, we did not observe any allele-specific
alteration of the ANXAS5 promoter methylation status (Sup-
plementary Fig. S1).
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Fig. 2 Bisulfite modification analysis that could reflect the DNA sec-
ondary structure status within the ANXA5 gene promoter region. The
presented data were obtained by gentle bisulfite treatment of placental
DNA harboring various ANXA5 promoter genotypes containing dif-
ferent polymorphisms. Cytosines on each strand of the double helix
were evaluated for C-to-T bisulfite modification by cloning and
sequencing of the PCR products. a The upper panel shows the ANXAS
promoter sequence. The upstream promoter region, G-quadruplex
motif region and transcribed region are depicted in green, yellow and
white, respectively. The nucleotide at tsp2 is numbered +1, and the

The question that therefore arose from our current find-
ings was the actual cause of the differential gene expression
between the M2 and N haplotype alleles. Prior experimental
findings had suggested the existence of a G-quadruplex
structure at the ANXAS5 promoter in vivo, which could be
detected by an antibody specific for this structure [26]. In
addition, this G-quadruplex remained in the genomic DNA
after purification from cells [27]. We therefore next tested
these G-quadruplex structures in genomic DNA using
sodium bisulfite modification assays. In the bisulfite mod-
ification reaction, cytosines in a single-stranded DNA are
converted to uracils but not those in a double-stranded
DNA. It is expected therefore that most of the cytosines in a
double-strand helix would not change, whereas those that
form secondary structure, e.g., the dissociated strand, would
be converted (Fig. 1a). Hence, the secondary structure status
of a DNA region could be reflected by the bisulfite con-
version rate of the cytosines.

Genomic DNAs from N and M2 heterozygous placentas
were treated with sodium bisulfite under mild conditions that
would not dissociate the strands during the treatment. This
DNA was then used as a PCR template to amplify the

SNP2
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transcribed nucleotides are capitalized. Polymorphisms are indicated
by arrowheads. Lower panels show the ratios of modified cytosines in
the G-quadruplex motif strand and its complementary strand. Blue
indicates N allele data and red indicates those for the M2 allele. b
Sanger sequencing results for each clone derived from the products of
N or M2 alleles of the G-quadruplex motif strand, or ¢ the com-
plementary strand. d Histograms showing the number distribution of
modified cytosines at the G-quadruplex motif region (G-quadruplex
motif strand, n = 13; complementary strand, n =15

ANXAS5 promoter region using specific primers. Sanger
sequencing of the resulting cloned PCR products demon-
strated a C-to-T conversion by the sodium bisulfite treatment
that was specific to the G-quadruplex motif region (Fig. 2a,
yellow). The results indicated that a small subset (5-10%) of
the molecules had indeed formed the single-stranded DNA
as evidenced by successive converted nucleotides that
extended across a region of around 30bp (Fig. 2b, c).
Similar results were obtained by massive parallel sequencing
of the PCR products (Supplementary Fig. S2). The observed
clusters at the complementary strand of the G-quadruplex
motif region suggested that G-quadruplex formation occurs
in vivo since the formation of the G-quadruplex structure on
its own strand may inhibit the C-to-T conversion whilst the
single-strandedness of the complementary strand may man-
ifest a higher conversion rate. Notably, the proportion of
converted Cs was found to be higher in N allele than in the
M2 allele on the complementary strand (P = 0.00926) and
the G-quadruplex motif strand (P = 0.0373), indicating that
G-quadruplex formation in vivo might be affected by SNPs,
and might contribute to the upregulation of ANXAS5 gene
expression (Fig. 2d).
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Hence, we examined the expression levels of the ANXAS
gene against the various SNP genotypes in its promoter. As
the ANXAS5 gene is abundantly expressed in the human
placenta, we examined the expression effects of its promoter
SNPs in this tissue. As homozygotes for high-risk M2
alleles are rare, we compared the ANXA5 expression levels
in M2/N-heterozygous and N-homozygous placentas. The
ANXAS5 transcripts were detected at significantly lower
levels in the M2/N heterozygote (Supplemental Fig. S3A).
To exclude the possible effects of various confounders, we
examined allele-specific expression in each M2/N-hetero-
zygous placenta and compared the levels of expression from
M2 and N alleles. As was expected, this was lower from the
M2 allele (Supplemental Fig. S3B, C). In addition, we
examined the effects of the SNPs to the ANXA5 gene pro-
moter activity using the luciferase reporter system. We
amplified the ~450 bp region upstream of the ANXAS5 gene
incorporating SNP1 to 4, which was cloned into upstream
of the luciferase reporter vector. The M2 haplotype was
found to have lower promoter activity (Supplemental
Fig. S3D). Thus, at least one of the four SNPs within the
M2 haplotype appears to affect ANXAS promoter activity
leading to its low levels of expression in placental tissues.
These results suggest that the M2 haplotype is associated
with obstetric complications that arise via altered expression
of the ANXAS5 gene, and the expression of the gene might be
regulated via G-quadruplex formation in vivo.

Discussion

In our current study, we show from both in silico and
in vitro experiments that the ANXA5 promoter has the
potential for G-quadruplex formation. CD analyses further
indicated that the G-rich region of this promoter forms a
mixture of parallel and anti-parallel G-quadruplexes
in vitro. On the other hand, G-quadruplex formation at this
gene promoter in vivo is still somewhat controversial. The
formation of these structures requires a long single-stranded
DNA at the G-rich region, but this is unlikely to occur
upstream of a transcription start point (tsp). However, it is
possible that G-quadruplex formation upstream of a tsp
might be facilitated by the negative supercoiling induced by
transcription [28]. Our current data demonstrated that
clustering of the bisulfite modification on the com-
plementary strand of the G-quadruplex motif region, and
differences were observed between the N and M2 allele,
suggesting that G-quadruplex structures form in vivo at the
ANXA)5 promoter and impact its transcription regulation.
The question arises as to the underlying mechanism that
drives transcriptional activation when the ANXAS5 upstream
region forms a G-quadruplex. Several lines of evidence
have suggested that G-quadruplex formation in transcribed
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RNA molecules likely contributes to gene regulation at the
translational level [29, 30]. It has emerged also that RNA
polymerase pausing may contribute to transcription down-
regulation of ANXAS5 [31]. These could not apply to the G-
quadruplex at the ANXAS5 untranscribed promoter region.
Another intriguing hypothesis is that methylation restriction
in regions with the potential for G-quadruplex formation
affects gene expression [25]. However, we did not observe
any methylation differences between the N and M2 alleles
in our present analysis. On the other hand, the placenta is a
hypomethylated organ, suggesting that G-quadruplex for-
mation might be facilitated in the context of a hypo-
methylation phenomenon. To shed further light on the
relationship between G-quadruplex formation and placental
environment, additional analyses will be necessary such as
an evaluation of G-quadruplex formation at the ANXAS5
promoter in blood cells. These investigations will provide
new insights into the connection between pregnancy suc-
cess and maternal or placental ANXA5 haplotypes.

A relatively recent genome-wide surveillance of G-
quadruplex structures unveiled high G-quadruplex density
in functional regions such as 5’ untranslated regions and
splicing sites [32]. Enrichment of the promoter regions of
highly transcribed genes was observed in another study
using an antibody-based G-quadruplex chromatin immu-
noprecipitation technique [33]. G-quadruplex helicases,
XPB and XPD, are enriched near the transcription start site,
especially highly transcribed genes [34]. These observations
raise the possibility of a regulatory role of G-quadruplex
formation on transcriptional regulation. In addition, small
molecules or oligonucleotides that target possible G-
quadruplex motifs in the promoters of genes responsible
for embryonic development have been shown to decrease
their expressions in zebrafish [35]. This suggests a role for
G-quadruplex formation in the regulation of the gene
expression at specific developmental stages.

It is possible that polymorphisms affect the affinity of
transcriptional regulatory proteins for a G-quadruplex and
thereby lead to the change in transcriptional efficiency [36].
On the other hand, this G-rich region of the ANXAS5 gene
includes consensus motifs for transcription factors such as
MTF-1, HNF-3, and Spl [3], and polymorphisms in the
ANXAS5 gene region may possibly alter the binding affinity
for these molecules. Recently, a differential impact of the
SNPs on ANXA5 promoter activity was shown using a
luciferase promoter assay and electrophoretic mobility shift
assay (EMSA) [8]. These findings indicate an effect on gene
regulation through the combination of the SNPs, irrespec-
tive of whether it is through an alteration of the primary
sequence or secondary structure. Theoretically, a conven-
tional method such as EMSA using short DNA duplexes
does not necessarily reflect the G-quadruplex formation in
long double-strand DNAs. Other genome-wide profiling
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such as ChIP-seq technology described above can be used
to quantify the propensity for the G-quadruplex formation
of each ANXA) allele in vivo.

The M2 haplotype is common to mammals other than
humans, indicating an ancestral lineage. In this regard, the
genomic data of Denisova hominin was recently made
available on the UCSC genome browser (http://genome.
ucsc.edu/). The haplotype of the sequenced Denisovan was
shown to be the same as the M1 allele, which is another
haplotype of the ANXAS5 promoter in the modern human
population that shares SNP2 and SNP3 with the M2 allele.
The promoter activity of M1 is weaker than that of the N
allele but stronger than the M2 allele [3]. An evolutionary
advantage of the N allele over the ancestral M2 or M1
alleles could explain majority of the N allele in the modern
humans, which express more anticoagulation factor on
placental villi, reducing the risk of pre-eclampsia or other
obstetric complications. Investigation of the relationship
between the evolution of the human phenotype and that
from the M2 to N haplotype may provide new insights into
the functional propensities of these polymorphisms.

Many common human diseases are believed to be
polygenic disorders associated with several genetic and
environmental factors [1]. However, most of the disease-
susceptible SNPs that have been identified to date confer
relatively small increments only in disease risk. Mechan-
isms by which these SNPs affect gene expression and
confer a higher risk of disease thus remains somewhat of an
enigma. Our current findings however highlight the con-
tribution of the DNA secondary structure to the fine tuning
of the gene expression regulation. A more thorough analysis
of G-quadruplexes combined with genome-wide association
analyses would likely reinforce the hypothesis that the DNA
secondary structure has a fine tuning role in controlling
gene expression and thereby has an effect on the suscept-
ibility to common diseases.
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ABSTRACT Thanatophoric dysplasia and achondroplasia
are allelic disorders caused by a constitutively active mutation in
the FGFR3 gene. Because thanatophoric dysplasia is a lethal dis-
order and achondroplasia is non-lethal, they need to be distin-
guished after ultrasound identification of fetal growth
retardation with short limbs. Accordingly, we have developed a
noninvasive prenatal test using cell-free fetal DNA in the mater-
nal circulation to distinguish thanatophoric dysplasia and achon-
droplasia. A multiplex PCR system encompassing five mutation
hotspots in the FGFR3 gene allowed us to efficiently identify the
responsible mutation in cell-free DNA in all examined pregnan-
cies with a suspected thanatophoric dysplasia or achondroplasia
fetus. This system will be helpful in the differential diagnosis of
thanatophoric dysplasia and achondroplasia in early gestation
and in couples concerned about the recurrence of thanatophoric
dysplasia due to germinal mosaicism.

Key Words: achondroplasia, FGFR3, noninvasive prenatal test-
ing, thanatophoric dysplasia

INTRODUCTION

Thanatophoric dysplasia (TD) is the most common skeletal dys-
plasia, affecting 1 in 20,000 births (Karczeski and Cutting 2004).
TD is classified into two types: TD type 1 (TD1) involves short-
limb dwarfism with bowed femurs, and TD type 2 (TD2) has sim-
ilar symptoms with straight femurs and a prominent skull defor-
mity called cloverleaf skull. Most affected infants die of
respiratory failure shortly after birth. Both types of TD are caused
by a constitutively active mutation in the FGFR3 gene. Whereas
p-Arg248Cys, p.Ser249Cys, p.Gly370Cys, p.Ser371Cys, p.
Tyr373Cys, p.Lys650Met, p.stop807Gly, p.stop807Arg, p.
stop807Cys, p.stop807Trp, and p.stop807Leu mutations are found
in TD1, p.Lys650Glu is consistently found in TD2.
Achondroplasia (ACH) is another disorder of disproportionate
small stature that shows a similar live-birth frequency to TD
(Pauli 1998). Intelligence and life span are usually normal.
Because TD is a lethal disorder and ACH is non-lethal, they need
to be distinguished after ultrasound identification of fetal growth
retardation with short limbs. Although TD and ACH are both
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allelic disorders caused by the same FGFR3 gene, we can clearly
distinguish them through the causative mutation.

Noninvasive prenatal testing (NIPT) was made possible by the
identification of fetal cell-free DNA (cfDNA) in the maternal cir-
culation (Lo and Chiu 2007). To detect fetal trisomy in maternal
peripheral blood, older strategies required the distinction of fetal
DNA from maternal DNA, which was the main hurdle. However,
the development of next-generation sequencing (NGS) enabled us
to perform massive parallel sequencing of cfDNA to detect subtle
differences in sequence reads between trisomy and normal preg-
nancy without distinguishing fetal DNA from maternal DNA
(Chiu et al. 2008; Fan et al. 2008). NGS technology also allowed
us to use a SNP-based approach to examine the copy number of
fetal chromosomes (Kitzman et al. 2012). Nowadays, NIPT for
fetal trisomy detection has become a standard screening method
in pregnancy of aged women and even in low-risk pregnancy
(Bianchi et al. 2014; Norton et al. 2015).

Genetic material absent from the maternal genome has long been
a target for NIPT. Fetal sex determination by identification of the
fetal Y chromosome in the maternal circulation is considered
straightforward because women do not have the Y chromosome
(Lo et al. 1989). Screening for Rhesus D-positive fetus in Rhesus
D-negative pregnant women is vital and is not difficult because
most mutations involve homozygous deletion of the Rhesus D
locus (Lo 2001). Similarly, detection of de novo mutations for rare
Mendelian diseases might be feasible by means of deep sequencing
of cfDNA using NGS. In the present study, we attempted to detect
de novo FGFR3 gene mutations responsible for TD or ACH in
cfDNA in pregnancies with fetal growth retardation with short
limbs in order to set up NIPT for TD or ACH in next pregnancy.

MATERIALS AND METHODS

Samples

All clinical samples were collected at the Department of Obstet-
rics and Gynecology, Fujita Health University Hospital, Japan.
Seven cases were enrolled in this study: three with TD, two with
ACH, one with osteogenesis imperfecta type 1, and one with non-
specific fetal growth retardation (Table 1). All cases were found
by ultrasound examination at consultation in 17-35 weeks of ges-
tation and clinically diagnosed by 3D computed tomography.
Maternal blood samples were collected from pregnant women at
18-37 weeks of gestation. Paternal saliva samples were also
obtained. Cord blood samples were obtained after delivery to
identify the mutation in the newborn. Informed consent was
obtained from each participant. This study was approved by the
Ethical Review Board for Clinical Studies at Fujita Health
University.
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Table 1 Characteristics of the study subjects and clinical findings

Gestational
Maternal weeks of blood
Sample ID age Sonographic findings 3D-CT findings Clinical diagnosis sampling Mutations detected
FHU15-005 27 (26 + 6 weeks) (24 + 6 weeks) Thanatophoric 30 + 3 weeks FGFR3 exon9
BPD80.7 mm (+3.9SD) Short limb and dysplasia susp. c.1118A>G
bowed femurs (p-Tyr373Cys)
FL20.2 (-9.2SD) Epiphysis cupping
HL14.8 mm (-11.8SD) Spinal hypoplasia
EFW852¢g (-1.5SD) Narrow chest
FHU16-249 37 (24 + 3 weeks) (30 + 0 weeks) Thanatophoric 26 + 3 weeks FGFR3 exon7
BPD70.9 mm (+3.5SD) Short limb and dysplasia susp. c.742C>T
bowed femurs (p-Arg248Cys)
FL17.7 mm (-8.1SD) Narrow chest
HL19.2 mm (-8.3SD) Spinal hypoplasia
EFW601g (-1.0SD) Epiphysis cupping
FHU16-306 28 (18 + 3 weeks) Not done Thanatophoric 18 + 3 weeks FGFR3 exon9
BPD45.3 mm (+1.5SD) dysplasia susp. c.1118A>G
FL15.7 mm (-3.9SD) (p-Tyr373Cys)
HL13.3 mm (-5.4SD)
EFW172g (-1.2SD)
FHU15-276 22 (35 + 1 weeks) (37 + 4 weeks) Achondroplasia 37 + 0 weeks FGFR3 exon9
BPDnormal Short limb susp. c.1138G>A or C
FL49.9 mm (—4.1SD) Epiphysis cupping (p.Gly380Arg)
HL42.9 mm (-4.9SD) Spinal hypoplasia
EFW1933g (-1.6SD)
FHU17-081 31 (35 + 5 weeks) (35 + 5 weeks) Achondroplasia 35 + 5 weeks FGFR3 exon9
BPD90.2 mm (+1.0SD) Short limb susp. c.1138G>A or C,
FL48.4 mm (-4.7SD) Epiphysis cupping p-Gly380Arg
HL47.2 mm (-3.6SD) Angular ossification
of femoral trochanter
EFW1888g (-2.0SD) Short and square ilium
FHU16-325 32 (25 + 5 weeks) (30 + 5 weeks) Achondroplasia or 29 + 5 weeks COL1A1 exon32
BPD66.2 mm (+0.8SD) Short limb and Osteogenesis c.2155G>A
bowed femurs imperfecta susp. (p-Gly719Ser)
FL33.2 mm (-3.7SD) Cranium expanding
HL32.7 mm (-3.7SD) Epiphysis cupping
EFW682¢g (-1.4SD) Short ilium
FHU16-353 40 (17 + 0 weeks) (31 + 0 weeks) Achondroplasia 29 + 0 weeks No mutant allele
BPD32.8 mm (-1.3SD) Short limb and susp. detected

FL14.2 (=3.2SD)
HL15.0 mm (=3.0SD)

bowed femurs
Epiphysis cupping

Square ilium
Forehead bulging

Isolation of cell-free DNA

Maternal plasma was collected by standard methods. Three millili-
ters of the plasma was used for isolation of cfDNA using a
QIAamp Circulating Nucleic Acid kit (Qiagen, Frankfurt, Ger-
many) according to the manufacturer’s protocol. The cfDNA was
eluted by 20 pL of elution buffer.

Screening of mutations

We performed Sanger sequencing of the mutation hotspots in the
FGFR3 gene (Fig. 1). The PCR primers used in this study are
listed in Table 2. These PCRs cover all of the mutation hotspots
observed in TD/ACH/HCH except for two rare HCH mutations

(p-Tyr278Cys and p.Gly342Cys). For case FHU16-325, mutation
of the COLIAI gene was screened using a TruSight One Sequenc-
ing Panel on the MiSeq platform according to the manufacturer’s
instructions (Illumina, San Diego, CA, USA).

Multiplex PCR and NGS

To establish an efficient method, we performed multiplex PCR for
five regions that were reported to be hotspots for mutations in the
FGFR3 gene (Fig. 1). The PCR reactions were performed in mul-
tiplex under the following conditions: initial denaturation of 95°C
for 15 min followed by 35 cycles of 94°C for 30 s, 60°C for

© 2018 Japanese Teratology Society
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(p.Arg248Cys) (p.Gly370Cys) (p.Asn540Lys) (p.Lys650Met) (p.stop807Gly)
rs121913483 rs121913484 rs77722678 rs121913101
c.746C>G c1111AST c.1619A>G TD2 c.2419T>C or A
(p.Ser249Cys) (p-Ser371Cys) (p-Asn540Ser) rs78311289 (p-stop807Arg)
rs121913485 rs80053154 C.1948A>G rs121913103
c.1118A>G c.1612A>G (p-Lys650Glu) c.2421A>T or C
(p.Tyr373Cys) (p.lle538Val) (p.stop807Cys)
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rs121913103
ACH ACH/HCH 128928868 c.2421A>G
rs28931614 rs28933068 c.1950G>Cor T (p.stop807Trp)
1620C>A Lys652A
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(p-Gly377Cys) rs78311289
.1948A>C
HCH (p.Lys652GIn)
rs587778776
c.1142T>A
(p.Val383Glu)

1,869, 600
-

Fig. 1 Location of the mutation hotspots for TD and ACH in the FGFR3 gene. Five PCR primer sets were designed to cover all of these regions.

1,810, boo

Table 2 PCR primers used for genomic sequencing
Size
Positions Target mutations (bp) Forward primer Backward primer
PCR1 chr4: 1803540-1803598 R248C, S249C (TD1) 59 TGAGCGTCATC AGCCCCGCCTGCAGGATGG
TGCCCCCACA
PCR2 chr4: 1806068-1806147 G370C, S371C, 80 CTGGTGGAGG ACCAGGATGAAC
Y373C (TD1) CTGACGAGG AGGAAGAAGCC
G380R, G377C (ACH)
V383G (HCH)
PCR3 chr4: 1807329-1807408 N540K, N5408S, 80 GGAGATGATGAA TACCGCACCTACCGCCCTGC
1538V (HCH) GATGATCGGGA
N542L(ACH/HCH)
PCR4 chr4: 1807859-1807912 K650M (TD1) 54 CGGGACGTGCAC GGCCGGGCTCACGTTGGTC
K650E (TD2) AACCTCGACTAC
L652N, L652T,
L652Z (HCH)
PCRS5 chr4: 1808931-1809010 X807G, X807R, X807C, 80 TGTTTGCCCAC TTGTTGGGGACCAGTGGCC
L652T, L652Z (TD1) GACCTGCTG

ACH, achondroplasia; HCH, hypochondroplasia; TD1, thanatophoric dysplasia type I; TD2: thanatophoric dysplasia type II.

© 2018 Japanese Teratology Society
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Fig. 2 Analysis of the deep sequence of the
product of PCR2 from FHU15-005.
A heterozygous c.1118A>G  (p.
Tyr373Cys) mutation was identified
in the cord blood, whereas an
identical mutation was found in a

0
1806068 1806068

90 s, and 72°C for 30 s. Successful amplification of the five PCR
products was confirmed by agarose gel electrophoresis. Pooled
DNA libraries were prepared using a Nextera XT DNA Sample
Preparation Kit according to the manufacturer’s protocol
(Ilumina). Single ends were sequenced for 100 bp using a MiSeq
Reagent Kit v2 (Illumina). Sequence reads were mapped to a
human reference sequence (RefSeq: NM_030916.2). Approxi-
mately 50,000 reads from cfDNA and 5000 reads for parental
samples were obtained and analyzed for genotyping.

RESULTS

We first established the system for the detection of fetal de novo
mutations in cfDNA using one case with TD1 (FHU15-005). The
heterozygous c.1118A>G (p.Tyr373Cys) mutation in the FGFR3
gene was determined by cord blood DNA after delivery. We did
not detect this mutation in parental samples. Although standard
Sanger sequencing did not detect the c.1118A>G mutation in
cfDNA from maternal plasma obtained at 30 weeks of gestation,
deep sequencing by means of NGS allowed us to successfully do
so (Fig. 2). While the mutation rate in the cord blood was 44.7%,
the mutation rate in the cfDNA was 4.2%, suggesting that the fetal
fraction of cfDNA was 8.4%. We did not detect any mutations in
cfDNA from normal pregnancies (data not shown).

To establish a diagnostic protocol, we developed a multiplex
PCR system encompassing all of the mutation hotspots for
TD1/TD2 and ACH in the FGFR3 gene. The combined PCR
products were subjected to deep sequencing using a next-
generation sequencer. We applied this technique to another six
cases showing fetal growth retardation with short limbs by ultra-
sound examination. Four cases showed a small amount of muta-
tion in the FGFR3 gene (Fig. 3). Two cases, FHU16-249 and
FHU16-306, showed mutations in the FGFR3 gene that were
characteristic for TDI1. In FHU16-249, a c.742C>T (p.

1806088 \L 1806108

small fraction of cfDNA. Sanger
sequencing results are also displayed
below. Arrows indicate the location
| I\ of the mutation. (a) cord blood.

ey (b) cfDNA. (c) paternal DNA.
- (d) maternal DNA.

Arg248Cys) mutation was identified within PCR1 and
c.1118A>G (p.Tyr373Cys) mutation was identified within PCR2
of FHU16-306, both of which were designed to cover the hotspots
for TD1 mutations. Neither parent had these mutations. These
were clinically typical TD cases by ultrasound examination.
Another two cases, FHU15-276 and FHU17-081, also showed
mutations in the FGFR3 gene but these were characteristic of
ACH. A c.1138G>A mutation was identified in FHU15-276 and
c.1138 G>C mutation was identified in FHU17-081. Both cases
showed the same p.Gly380Arg missense mutation in the PCR2
protocol, which was designed to cover codon 380, a hotspot for
ACH mutations. Neither parent had these mutations in either case.
These cases were clinically typical of ACH in the ultrasound
examination.

The remaining two cases did not show any mutations following
deep sequencing of the FGFR3 mutation hotspots (Fig. 3). Because
the FHU16-325 case showed a clinical phenotype similar to that of
osteogenesis imperfecta type 1, the genomic DNA from the cord
blood of this subject was screened for a mutation in the COLIAI
gene. We identified a ¢.2155G>A (p.Gly719Ser) substitution in the
COLIAI gene which has been reported as an osteogenesis imper-
fecta type 1-responsible mutation (Steiner et al. 2005). A parental
study revealed that this mutation was of de novo origin. We
designed a PCR protocol to amplify this mutation and performed
deep sequencing of resulting amplicon from cfDNA (Fig. 4). Simi-
lar to the FGFR3 gene, we successfully identified the COLIAI
mutation in the cfDNA. Because the FHU16-353 case was a pro-
portional small-for-gestational-week baby, we did not perform fur-
ther mutational studies on this subject.

DISCUSSION

We performed NIPT using cfDNA to enable an accurate diagnosis
in pregnancies with a possible fetal bone disease. In the case of

© 2018 Japanese Teratology Society
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using cfDNA as a template. Deep sequencing was performed by NGS. Asterisks indicate the identified mutations.
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fetal growth retardation with short limbs detected by ultrasound,
several possible disorders need to be differentially diagnosed. TS
and ACH are the most common of these. Previously, Chitty
et al. (2013) reported that the combination of ultrasound and NIPT
by restriction analysis of the PCR products of mutation hotspots
in the FGFR3 gene could accurately diagnose TD. For the differ-
ential diagnosis of TD and ACH, the same authors reported a
panel of multiple PCRs using cfDNA as a template followed by
deep sequencing with NGS (Chitty et al. 2015). In our present
study, we performed multiplex PCR for these mutational hotspots
in the FGFR3 gene using cfDNA. We found two TD mutations in
cases of clinically suspected TD pregnancy, whereas two ACH
mutations were identified in clinically suspected ACH pregnancy.
Our multiplex PCR approach thus appears useful for the accurate
differential diagnosis of TD and ACH.

TD is a de novo dominant disorder, and most ACH cases arise
as de novo mutations that mostly originate from the paternal
germline. This is because de novo mutations generally arise as an
error in DNA replication, and the number of cell divisions and
DNA replications is much higher in male germ cells than in
female. Similarly, the proportion of mutant sperm in the testis
increases in an age-dependent manner (Crow 2000). Furthermore,
FGFR?2 mutations in Crouzon disease or FGFR3 mutations of TD
or ACH are constitutively active and have a dominant effect on
the cell growth rates of spermatogonia, leading to clonal expan-
sion of the mutant ahead of the surrounding normal cells
(Tiemann-Boege et al. 2002; Goriely et al. 2003). This means that
when a mutation occurs in the FGFR3 gene, it often leads to ger-
minal mosaicism. In the general case of de novo mutations, the
recurrence risk for the sibling is not high and similar to that of the
background level. However, there may be a small increase in
recurrence risk for siblings via germinal mosaicism in TD or
ACH. In fact, several reports have described affected siblings of
TD or ACH (Mettler and Fraser 2000; Osoba et al. 2000).

Hence, some of the parents of patients with TD or ACH might
worry about the recurrence of the same disorder in the next preg-
nancy. Chorionic villus sampling or amniocentesis might be a
possible option in such cases, but these approaches are invasive
and occasionally lead to fatal complications such as miscarriage
or stillbirth. This strategy is unjustifiable if the risk of the compli-
cation is higher than that of recurrence by germinal mosaicism. In
such a situation, NIPT is a good option to avoid complications
and our current strategy would be useful for NIPT in pregnant
couples who had a previous pregnancy with TD or ACH.

The limitation of our present strategy is the possibility for false-
negative results due to a low fetal fraction of cfDNA. To estimate
the fetal fraction, the detection of the Y chromosome in pregnancy
with a male fetus is feasible. Differences between the paternal and
maternal genotype in a single nucleotide polymorphism might also
be useful for estimating the fetal fraction concentration
(Lo et al. 2010). The level of the paternal allele in the cfDNA
sample might reflect the fetal fraction concentration. Addition of
the PCR products including such polymorphisms to the DNA
library followed by deep sequencing could ensure the detection of
de novo mutation by detecting the paternal allele. A combination
of our PCR method with these techniques to estimate the fetal
fraction could help to determine the presence or absence of TD or
ACH mutations in cfDNA and thereby assist couples with a previ-
ous TD or ACH pregnancy. To exclude the possibility for false-
positive caused by the maternal low-level somatic mosaicism, we
always examine parental samples as a negative control (Fig. 2¢,d).
Maternal DNA sample is obtained by the buffy coat DNA that do
not contain fetal DNA. Further, since most of the de novo FGFR3

mutations arise during paternal spermatogenesis, the possibility of
the somatic mosaicism in maternal blood is considerably low.
However, in case that the mutation is positive in cfDNA, confir-
mative test with invasive sampling would be required.
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ARTICLE INFO ABSTRACT

Background: Hypophosphatasia (HPP) is a rare inborn error of metabolism that results from a dysfunctional
tissue non-specific alkaline phosphatase enzyme (TNSALP). Although genotype-phenotype correlations have
ALPL been described in HPP patients, only sparse information is currently available on the genetics of mild type HPP.
Premature loss ‘?f dedduo_“s teeth Methods: We investigated 5 Japanese patients from 3 families with mild HPP (patients 1 and 2 are siblings;
Dominant-negative mutations . . . . . .

patient 4 is a daughter of patient 5) who were referred to Fujita Health University due to the premature loss of
deciduous teeth. Physical and dental examinations, and blood, urine and bone density tests were conducted.
Genetic analysis of the ALPL gene was performed in all patients with their informed consent.
Results: After a detailed interview and examination, we found characteristic symptoms of HPP in some of the
study cases. Mobile teeth or the loss of permanent teeth were observed in 2 patients, and 3 out of 5 patients had a
history of asthma. The serum ALP levels of all patients were 30% below the lower limit of the age equivalent
normal range. ALPL gene analysis revealed compound heterozygous mutations, including Ile395Val and
Leu520Argfs in family 1, Val95Met and Gly491Arg in family 2, and a dominant missense mutation (Gly456Arg)
in family 3. The 3D-modeling of human TNSALP revealed three mutations (Val95Met, Ile395Val and Gly456Arg)
at the homodimer interface. Severe collisions between the side chains were predicted for the Gly456Arg variant.
Discussion: One of the characteristic findings of this present study was a high prevalence of coexisting asthma
and a high level serum IgE level. These characteristics may account for the fragility of tracheal tissues and a
predisposition to asthma in patients with mild HPP. The genotypes of the five mild HPP patients in our present
study series included 1) compound heterozygous for severe and hypomorphic mutations, and 2) dominant-
negative mutations. All of these mutations were at the homodimer interface, but only the dominant-negative
mutation was predicted to cause a severe collision effect between the side chains. This may account for varying
mechanisms leading to different effects on TNSALP function.

Keywords:
Hypophosphatasia

1. Objective

Hypophosphatasia (HPP) is an inherited disorder characterized by
defective bone and tooth mineralization, and a deficiency in tissue-non-
specific alkaline phosphatase isoenzyme (TNSALP) activity [1]. The
incidence of this disorder is not accurately known, but the birth pre-
valence of the most severe forms of HPP, i.e. perinatal and infantile, is
estimated at 1:100,000 [2]. An estimate of 1:6370 has been suggested
previously for less severe forms of HPP using molecular data [3].

TNSALP is a phosphomonoesterase of 507 residues that is anchored
at its carboxyl terminus to the plasma membrane by a

phosphatidylinositol-glycan moiety. This enzyme is physiologically
active in its dimeric form and cleaves the extracellular substrates pyr-
idoxal-5’-phosphate (PLP), phosphoethanolamine (PEA) and inorganic
pyrophosphates (PPi) [1]. Low TNSALP activity has impacts on multiple
systems, including the respiratory, central nervous, renal, muscu-
loskeletal, and immune systems, and on dental structures [4].

HPP is caused by mutations in the liver/bone/kidney alkaline
phosphatase (ALPL) gene encoding TNSALP [5,6]. To date, 390 muta-
tions have been identified in ALPL that show an association with HPP.
(http://www.sesep.uvsq.fr/03_hypo_mutations.php). HPP symptoms
are highly variable in terms of their clinical expression, and six clinical
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forms are currently recognized. These are based on the age at diagnosis
and the severity of disease features including lethal perinatal, benign
perinatal, infantile, childhood, adult, and odontohypophosphatasia
(odonto-HPP) [6]. Enzyme replacement therapy (ERT) has recently
been reported to be efficient and improve patient outcomes even in
cases of life-threatening forms of HPP [7]. Although some genotype/
phenotype correlations have been described for a portion of the ALPL
mutations, the mechanisms underlying HPP remain incompletely un-
derstood, particularly in the mild forms of this disorder.

In our present study, we analyzed the clinical and genetic aspects of
a small series of Japanese patients with mild HPP.

2. Material and methods
2.1. Informed consent and ethical approval

Informed consent was obtained from each patient and/or their fa-
mily. The study protocol was approved by the Ethical Review Board for
Human Genome Studies at Fujita Health University.

2.2. Clinical survey of mild HPP patients

In our present study, mild HPP refers to childhood and adult HPP,
odontohypophosphatasia, and perinatal benign HPP. Severe HPP de-
notes the perinatal and infantile forms. We reviewed the medical charts
of 5 patients from 3 families who presented with mild HPP and had
sufficient follow-up data. Patients 1 and 2 are siblings, and patient 4 is
the daughter of patient 5. All of these cases had been referred to Fujita
Health University Hospital for a detailed medical examination due to
the premature loss of deciduous teeth. Our review of these cases in-
cluded all available data from the physical examinations and medical
care provided at the Fujita Health University Hospital.

All patients had a diagnosis of HPP clinically, biochemically, and
genetically. The diagnosis of HPP required that all of the following
criteria be met at the first admission: 1) a medical history or physical
examination consistent with one or more dento-osseous complication(s)
of HPP; 2) no evidence of any other condition that could cause the early
loss of primary teeth; and 3) a serum ALP activity level below the age-
matched reference ranges [8]. Physical and dental histories were re-
corded through a diagnostic interview process. Dental examinations
were carried out at Department of Plastic Surgery, Division of Pediatric
Dentistry & Orthodontics, Fujita Health University of Medicine. Clinical
signs and symptoms were evaluated based upon a physical and oral
examination, and the available medical or dental records. Biochemical
and radiographic tests were performed at diagnosis. The serum ALP,
PLP, Ca, phosphorus, parathyroid hormone (PTH), total serum IgE and
1,25-OH vitamin D levels, and the urine PEA levels on a spot urine test,
were evaluated in all patients. The reference values for serum ALP,
serum PLP/PL and urine PEA were obtained from Tanaka et al. [9],
Akiyama et al. [10] and SRL Inc., respectively. A high total serum IgE
was defined as a level higher than the adult standard value (> 250 IU/
mL). Short stature was defined as a height below -2SD. Non atopy was

Table 1
Dental features of the study patients.
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defined as no evidence of pruritic skin, including no reporting by a
parent of any rubbing or scratching by the child [11].

Bone mineral density (BMD) was measured at the level of the
lumbar spine (L2-L4) using dual-energy X-ray absorptiometry. BMD Z-
scores were calculated using data from a general population of
Japanese children and adolescents (BMD of the lumber spine and total
body mass) after adjusting for age. However, because these prior data
do not include children under 6 years of age, the Z-scores were calcu-
lated for our current study patients 1 and 2 only.

2.3. ALPL gene analysis

ALPL gene analysis was performed with informed consent. DNA was
extracted from peripheral blood samples and sequenced using the
Sanger method to screen for genetic variations at the nucleotide level
throughout all coding exons of the ALPL gene. We used the UCSC
genome browser (http://genome-asia.ucsc.edu/human GRCh38/hg38)
as the human genome assembly. PCR was carried out in a 10 uL volume
containing 5.7 pL of distilled water, 2 pL of 5XPrimeSTAR GXL buffer
(TaKaRa, Japan), 0.2 pL of each primer (10 uM), 0.1 uL of PrimeSTAR
GXL DNA polymerase (TaKaRa, Japan), and 1L of template DNA
(20ng/uL). The primer sequences are listed in the Online
Supplementary Table. PCR amplifications were performed using a DNA
thermal cycler (Applied Biosystems) under the following cycling con-
ditions: initial denaturation at 94 °C for 2.5 min followed by 35 cycles at
98 °C for 10s, 60 °C for 15s and 68 °C for 45s. The PCR products were
sequenced using a standard Sanger method. The ALPL sequence from
the HPP patients was compared to control subjects and the reference
ALPL sequence (Ref Seq NM_000478.5). Allele frequencies were in-
vestigated via gnomAD browser beta (http://gnomad.broadinstitute.
org/). In silico analysis was performed using PolyPhen and SIFT.

2.4. 3D-modeling

A 3D model of the TNSALP molecule was previously constructed
using the homology between TNAP and human placental alkaline
phosphatase, which has a determined crystal structure. The locations of
the mutations were determined using the UCSF Chimera (www.cgl.ucsf.
edu/chimera).

3. Results
3.1. Clinical evaluations

The chief complaints at diagnosis were premature loss of deciduous
teeth in patients 1 to 4 and permanent teeth loss in patient 5. The dental
features of these cases are summarized in Table 1. All of the study
patients had premature loss of their anterior deciduous teeth and
atrophy of the alveolar bone. Permanent tooth loss was found in patient
5 only, but the mobility of permanent teeth was also evident in patient
1. Elongation of teeth and enamel hypoplasia were observed in 2 and 3
of the 5 patients, respectively. The results of biochemical of

Dental features Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
Age at diagnosis 9y 7y 1y 4y 39y
Premature loss of anterior deciduous teeth + + + + +
Premature loss of posterior deciduous teeth + Mobility - - +

Loss of permanent teeth Mobility - -1 B +, Mobility
Delay of eruption - - - - -

Atrophy of alveolar bone + + + + +
Elongation of teeth - + — — +

Enamel hypoplasia + - + + -

2 Deciduous dentition.
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Table 2
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Clinical, biochemical and radiographic data for the study patients. N/A, not available. Reference values: Serum ALP from Tanaka et al. [9]; Serum PLP and PL from
Akiyama et al. [8]; urine PEA from SRL Inc. For serum ALP, reference values are shown for patients over 20 years of age. For serum PLP and PL, reference values for

7-17 year-old patients are shown.

Patient ID Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Age 10 8 1 4 39

Gender Female Male Female Female Female
Biochemical test

Ca (mg/dl) 9.7 (Reference: 8.7-10.3) 9.8 (8.7-10.3) 11.1 (8.7-10.3) 10.4 (8.7-10.3) 9.7 (8.7-10.3)
Phosphorus (mg/dl) 5.3 (2.5-4.7) 5.9 (2.5-4.7) 7.5 (2.5-4.7) 4.9 (2.5-4.7) 4.3 (2.5-4.7)
ALP (U/L) 228 (470-1450) 245 (450-1300) 155 (395-1289) 286 (430-1150) 50 (120-340)
PTH (pg/ml) 31 (15-65) 27 (15-65) 8 (15-65) 21 (15-65) 32 (15-65)
1,25-OH vitD (pg/ml) 62.2 (20-70) 58.1 (20-70) 88.3 (20-70) 61.2 (20-70) 57.2 (20-60)
PLP (pyridoxal-5’-phosphate)(nmol/L) 469.9 (14.5-57.3) 322.5 (14.5-57.3) 375.2 (16.2-57.4) 325.9 (16.2-57.4) 89.9 (14.5-57.3)
PL (pyridoxal)(nmol/L) 39.9 (7.4-17.7) 28.8 (7.4-17.7) 27.2 (8.8-28.0) 43.8 (8.8-28.0) 6.7 (7.4-17.7)
PLP/PL 11.8 11.2 13.8 7.4 13.3

Total IgE (IU/ml) 638.4 349.5 267.5 1099 17.1

Urine PEA (umol/g Cr)

Clinical findings without dental features
Shortening or deformity of the extremities

480.1 (39.4-93.5)

720.6 (29.1-75.6)

662.7 (39.4-93.5)

507.7 (39.4-93.5)

274.7 (39.4-93.5)

Bone fractures (NO.) 1 0 0 1

Part of fractures Forearm Right shoulder
Seizure - - - - -
Enlargement of the anterior fontanelle - - - - -

Renal calcification - - - - -

Stature (cm) 130 (—1.4SD) 123 (—0.2SD) 71.5 (—1.9SD) 100.4 (—0.85SD) 148.1 (—1.96SD)
Body weight (kg) 28.8 (—0.7SD) 23.9 (—0.1SD) 8.29 (—1.9SD) 15.5 (—0.9SD) 35.9
Deafness - - - - -
Asthma + + + - -

Atopy - - - - -

Muscle ache - + - - -
Dysphagia - - + - -

Other symptom - - - - Headache
Radiographic findings

Hypomineralisation - - - - -
Deformity of long bones - - - - -

Flared metaphyses - - + - —
Narrow thorax - - - - -

Bone mineral density (g/cm?) 0.644 (Z-score — 1.2) 0.551 (Z-score — 1.8) 0.298 0.395 N/A
Birth

Gestational age 39w5d 38w0d 38w2d 39w6d N/A
Birth weight (g) 2786 (—0.5SD) 2770 (—0.4SD) 2405 (—1.1SD) 2538 (—1.4SD) N/A

Birth stature (cm) 47 (—1.2SD) 48.5 (0.2SD) 48 cm (—0.2SD) 49 (-0.2SD) N/A

Birth head circumference (cm) 30 (—2.5SD) 33 (0.0SD) N/A 31.4 (—1.5SD) N/A
Birth chest circumference (cm) 31 31 N/A 30 N/A

radiographic testing, and the clinical findings other than the dental
features at diagnosis, for all 5 study patients are presented in Table 2.
Our present cases had been referred to our hospital in the first instance
due to a single symptom i.e. the premature loss of deciduous teeth.
After a detailed interview and examination however, other character-
istic symptoms, and biochemical and radiographic findings, became
evident as follows: dysphagia (1/5), headache (1/5), muscle ache (1/5),
bone fractures (2/5), asthma (3/5), low serum ALP levels (5/5), high
serum PLP/PL (5/5), high urine PEA levels (5/5), high serum IgE (4/5),
flared metaphyses (1/5), and low Z-score BMD (2/2). All of our study
patients showed serum ALP levels at > 30% below the lower limit of
the age equivalent normal range. The serum PLP/PL and urine PEA
levels were higher in all of our HPP patients compared to the control
subjects. The BMD was measured in four patients, of whom two patients
showed a low Z-score but this could not be calculated in the remaining
two cases because their age were under 6.

3.2. Gene analysis

The results of our ALPL mutation sequencing analyses are presented
in Table 3. The clinical forms of the genotypes were described pre-
viously [12-15]. The three families in our current series all harbored
different mutations that are rare within the general population, and had

a minor allele frequency ranging from completely unreported to
0.00003716 (gnomAD browser beta). Family 1 (patients 1 and 2)
members carried the compound heterozygous ALPL variants
c.1183A > G (p.lle395Val) and c¢.1559delT (p.Leu520Argfs). The
c.1183A > G (p.lle395Val) mutation was reported previously to result
in a prenatal benign phenotype as the gene product still possessed re-
sidual ALP activity of 19.1% [16]. The ¢.1559delT (p.Leu520Argfs)
variant is a null mutation that was previously reported to be common in
Japanese severe HPP patients [17].

Family 2 (patient 3) was found to harbor compound heterozygous
variants including ¢.283G > A (p.Val95Met) and ¢.1471G > A
(p.Gly491Arg). Mutation ¢.283G > A (p.Val95Met) was registered
previously in a public database (Institute of Human Genetics, University
Of Wurzburg), and classified as “with likely pathogenic” in ClinVar, but
no clinical information has been reported to date for this variation.
Analysis of the Val95Met substitution using SIFT and PolyPhen pre-
diction software indicated that this mutation was ‘tolerable’ and ‘pos-
sibly damaging’, with scores of 0.12 and 0.897, respectively. In con-
trast, c.1471G > A (p.Gly491Arg) is reported to be a severe perinatal
phenotype mutation [14]. These data suggest that the c¢.1471G > A
(p.Gly491Arg) mutation may be null whereas the gene product har-
boring the ¢.283G > A (p.Val95Met) variation may still possess residual
enzymatic activity.
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Table 3

Genotype-phenotype correlations within the HPP families examined in this study.
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Mode of inheritance Family 1 (patients 1 and 2)

Family 2 (patient 3)

Family 3 (patients 4 and 5)

AR AR

AR

AD

Genotype ¢.1183A > G(p.lle395Val) ¢.1559delT(p.Leu520Argfs)
In silico function (PolyPhen) 0.535
In silico function (SIFT) 0.08

Clinical form of the Infantile
genotype

Previous report

Prenatal benign

Wenkert et al. 2011 Orimo et al. 1994

Prevalence (% east Asia/ 0.002031/ 0 0.0008803/ 0.01187
total)
ACMG evaluation Likely pathogenic Pathogenic

Position in the 3D structure  Interface of homodimer Unclear lesion

¢.283G > A(p.Val95Met)
0.897

0.12

Unknown

Novel
0.003716/ 0

Likely pathogenic
Interface of homodimer

c.1471G > A(:p.Gly491Arg)
1

0

Perinatal

Mornet et al. 1998
0/0

Likely pathogenic
Surface of protein

¢.1366G > A(p.Gly456Arg)
0.945

0

Infantile

Ozono et al. 1996
0/0

Pathogenic
Interface of homodimer

Family 3 (patients 4 and 5) had only one heterozygous mutation,
c.1366G > A (p.Gly456Arg), which had been initially reported as one
of the compound heterozygous mutations in the infantile form of HPP
[15], Furthermore, a recent study using transfection experiments has
indicated that this mutation has a dominant-negative effect [18].

3.3. 3D-modeling

The locations of the identified mutated residues in the 3D structures
of human TNSALP are presented in Fig. 1. In contrast to the severe
Gly491Arg mutation located at the surface of this protein, the three
mutations that characterized the mild HPP cases in our present study
(Val95Met, Ile395Val and Gly456Arg) were all localized at the homo-
dimer interface. Severe collisions between the side chains were pre-
dicted in the Gly456Arg variant (Fig. 2a), whereas a mild only and no
effect were predicted for the Val95Met and Ile395Val mutations, re-
spectively (Fig. 2b, c).

4. Discussion

One of the characteristic findings in our present study series of 5
patients was the high percentage of coexisting asthma (3/5) as well as
high level serum IgE (4/5). In addition, 3 out of the 4 patients with a
high serum IgE had asthma. Tracheomalacia is a known symptom of
perinatal lethal HPP [5] but the frequency of other clinical conditions
associated with wheezing in these cases, such as asthma and the serum

ChainB

IgE level, have remained unknown. Although we examined only a very
small cohort of patients in our present study, more than half of these
cases showed a past or current medical history of asthma and a high
serum IgE. These characteristics may account for the fragility of tra-
cheal tissues and a predisposition to asthma in mild HPP patients. Al-
though the treatment approaches for HPP have historically been sup-
portive in nature, enzyme replacement therapy (ERT) has recently
become available for these patients using asfotase alfa (Strensiq™), a
bone-targeting recombinant alkaline phosphatase [19]. This enzyme
has produced beneficial effects in terms of survival and function in HPP
patients [20,21]. However the selection of appropriate candidates for
this ERT has remained challenging when the condition is not life-
threatening [19]. The loss of permanent teeth has a detrimental impact
on quality of life but no study has demonstrated the effectiveness of an
early ERT in preventing this outcome in mild HPP. Further studies are
needed to assess the efficacy of these therapies.

Our present mutational analysis identified compound heterozygous
mutations in family 1, i.e. one obvious loss-of-function mutation
(1559delT) and one variant that still possessed some residual enzymatic
activity (Ile395Val). In family 2, one identified mutation (Gly491Arg)
was previously described as severe, and another (Val95Met) to have
only weak effects, by in silico functional data. Since the phenotype of
patient 3 in this family was mild, it is possible that Val95Met may
possess some residual ALP activity in this case. Family 3 harbored only
one mutation (Gly456Arg) with an autosomal dominant transmission.
This variant was reported previously to have a dominant-negative effect

Fig. 1. 3D strand view of the human TNSALP pro-
tein. The two monomers are denoted by Chain A and
Chain B. The three amino-acid residues that were
found to be mutated in our mild HPP cases (G456R,
V95M, 1395V) are localized on the homodimer in-
terface. Gly491Arg is located on the surface of the
protein. Leu520Argfs is located within the region
where the 3D structure has not yet been clearly de-
termined.

Chain A
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Fig. 2. Structural models of the human TNSALP protein. (a) Gly456 is located at the homodimer interface. Severe collisions between the side chains occur in the case

of Gly456Arg (green).

(b) Val95 is located at the homodimer interface. Mild collisions occur in the case of Val95Met (green).
(c) Ile395 is located at the homodimer interface. No significant changes occur in the case of Ile395Val (green). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

in vitro, although our present study is the first to clinically demonstrate
Gly456Arg as autosomal dominant. Hence, the genotype of mild HPP
can be classified as either 1) compound heterozygous for a severe and
hypomorphic mutation; or 2) dominant-negative mutations. In family
1, two patients harboring the same mutations seemed to manifest a
similar degree of disease severity. In family 3, patient 5 is the mother of
patient 4 harboring the same mutation and had similar symptoms in her
own childhood. Hence, a genotype-phenotype correlation was present
in our current cases. Genetic testing for these genotypes will assist with
genetic counseling.

The mechanisms underlying the effects of the mutations in our
current study series, i.e. the reasons for a dominant or recessive effect,
are still unclear. However, interactions between the monomers of the
dimeric TNSALP protein structure are likely to be involved [22].
TNSALP has five regions (the active site and its vicinity, the active site
valley, the homodimer interface, the crown domain, and the calcium-
binding domain), which are crucial for enzyme function and bone mi-
neralization [23]. It was previously reported that the TNSALP muta-
tions identified to date with a dominant effect are restricted to three
regions of the protein: the active site, homodimer and crown domain.
However the difference between the standard recessive mutation and
these dominant mutations is still unknown. A prevailing hypothesis is
that the dominant-negative effect may be due to the inhibition of the
wild-type monomer by a mutated monomer in the heterodimer, or the
sequestration of the wild-type protein by a mutant product in the Golgi
apparatus that prevents it from being transported to the membrane
[24]. In our current analysis, three of the identified mutations were
located at the homodimer interface, but the Gly456Arg mutation

showing a dominant-negative effect produced the most severe change
in 3-D modeling. TNSALP Gly456Arg variants may maintain monomer
interactions and might directly affect the enzymatic activity of dimers,
including those harboring mutations, whilst the dimers from normal
monomers would maintain small amounts of enzymatic activity. In
contrast, the dimers of the proteins containing the hypomorphic mu-
tations identified in families 1 and 2 (Ile395Val, Val95Met) could
maintain low levels of enzymatic activity because of the lesser impact of
these variations compared to Gly456Arg. Future investigations of the
differences in the 3D structures of TNSALP variants may reveal the
precise mechanisms underlying dominant-negative and recessive but
weak mutation effects.
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ARTICLE INFO ABSTRACT

Background: Supravalvular aortic stenosis (SVAS) is a congenital heart disease affecting approximately 1:25,000
live births. SVAS may occur sporadically, be inherited in an autosomal dominant manner, or be associated with
Williams-Beuren syndrome, a complex developmental disorder caused by a microdeletion of chromosome
7q11.23. ELN on 7q11.23, which encodes elastin, is the only known gene to be recurrently mutated in less than
half of SVAS patients.

Methods: Whole-exome sequencing (WES) was performed for seven familial SVAS families to identify other
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Keywords: . .
Supravalvular aortic stenosis causative gene mutations of SVAS.
Elastin Results: Three truncating mutations and three intragenic deletions affecting ELN were identified, yielding a diag-

nostic efficiency of 6/7 (85%). The deletions, which explained 3/7 of the present cohort, spanned 1-29 exons,
which might be missed in the course of mutational analysis targeting point mutations. The presence of such
deletions was validated by both WES-based copy number estimation and multiplex ligation-dependent probe
amplification analyses, and their pathogenicity was reinforced by co-segregation with clinical presentations.

Conclusions: The majority of familial SVAS patients appear to carry ELN mutations, which strongly indicates that
elastin is the most important causative gene for SVAS. The frequency of intragenic deletions highlights the need

Congenital heart defects
Whole exome sequencing

for quantitative tests to analyze ELN for efficient genetic diagnosis of SVAS.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Supravalvular aortic stenosis (SVAS; MIM #185500) is a congenital
heart disease affecting approximately 1:25,000 live births [1]. Congeni-
tal narrowing of the lumen of the ascending aorta or peripheral pulmo-
nary arteries provokes increased resistance to blood flow and causes
elevated ventricular pressure and hypertrophy resulting in heart failure.
Peripheral pulmonary stenosis (PPS) is known to occasionally coexist
with SVAS [2]. Approximately 30% to 50% of patients with SVAS have
Williams-Beuren Syndrome (WBS; MIM #194050) [2-4], which is a
complex genetic disorder caused by 7q11.23 microdeletion and
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characterized by growth failure, a characteristic facial appearance (so-
called “Elfin face”), mental retardation, and SVAS [5].

On the other hand, Eisenberg et al. first reported non-syndromic
“familial SVAS” with autosomal dominant inheritance in 1964 [3],
accounting for 20% of SVAS cases (approximately 1:125,000 live births)
[6]. These patients showed normal intelligence and lacked the dysmor-
phic features of WBS. Genetic analysis including linkage analysis identi-
fied ELN, which encodes elastin, as a causative gene of non-syndromic
familial SVAS [1,7-17]. In harmony with the genetic findings, luminal
obstruction of the aorta was shown in a transgenic mouse model
carrying homozygous or heterozygous elastin gene deletion [18,19].

Metcalfe et al. sequenced ELN exons of patients with non-syndromic
SVAS, which showed truncating mutations in 35 cases, but no causative
variants were found in the remaining 64 patients (of which 8 were
familial cases) [20]. Micale et al. also investigated ELN gene mutations
in 14 familial and 10 sporadic cases of SVAS, resulting in 7 novel
mutations, including 5 frameshift and 2 donor splice site mutations, but
found no ELN gene abnormality in the remaining 17 cases [21]. Therefore,
less than half of the cases could be explained by ELN mutations, whereas it
still remains unclear whether ELN could explain the remaining cases
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Abbreviations

SVAS supravalvular aortic stenosis
WES whole-exome sequencing
PPS peripheral pulmonary stenosis

WBS Williams-Beuren syndrome
FISH fluorescence in situ hybridization
MLPA  Multiplex ligation-dependent probe amplification

with SVAS, or there are unidentified causative genes. In this study, whole-
exome sequencing (WES) was performed with careful assessment of ELN
mutations, including copy number analysis, to elucidate the genetic back-
ground of SVAS.

2. Methods
2.1. Sample collection

This study included seven families of Japanese ancestry with autosomal dominant in-
heritance of SVAS. There was no developmental delay or dysmorphic features suggestive
of WBS or positive fluorescence in situ hybridization (FISH) on 7q11.23 in any family
members. The vascular malformation (SVAS and PPS) was diagnosed if the sinotubular
junction of the aorta was smaller than the diameter of the aortic annulus and significant
pressure gradients were measurable by echocardiogram and/or angiographically [6].
Written, informed consent was obtained from patients or their parents, and whole
blood or saliva was collected. Saliva samples were collected using an Oragene DNA
self-collection kit (DNA Genotek, Ottawa, Canada). Genomic DNA was extracted from
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whole blood or saliva using the QIAamp DNA Blood Mini kit (Qiagen, Hilden, Germany),
according to the manufacturer's instructions. The study was approved by the Ethics
Committee of the Nagoya University Graduate School of Medicine (approval number
2015-0032).

2.2. Whole-exome sequencing analysis

Exome capture was performed on each proband using SureSelect Human All Exon V5
(Agilent Technologies, Santa Clara, CA), according to the manufacturer's instructions.
Generated libraries were sequenced on a HiSeq 2500 platform (Illumina, San Diego, CA).
Sequence data were analyzed using an in-house pipeline [22]. Briefly, reads were aligned
to UCSC build hg19 reference genome using the Burrows-Wheeler Aligner [23]. Picard
tools (http://broadinstitute.github.io/picard) were utilized to remove PCR duplicates.
Variants were called using VarScan2, where a variant allele frequency of >0.20 was used
as a cutoff [24]. ANNOVAR was used together with in-house scripts to annotate genetic
variants [25]. The average depth of coverage across the whole exome for each sample
achieved was 111.14 (range 90.68 to 127.66), and the number of mutations found per
sample ranged from 25,534 to 25,920.

2.3. Mutational analysis

Mutational analysis to define each variant's pathogenicity was essentially based on
the latest release of the American College of Medical Genetics (ACMG) guideline [26].
Briefly, variants outside of coding regions and common variants with >1% minor allele fre-
quency in the National Heart, Lung, and Blood Institute ESP (Exome Sequencing Project)
6500 [27], 1000 Genomes Project [28], EXAC (Exome Aggregation Consortium) [29],
HGVD (Human Genetic Variation Database) [30], or the in-house database were excluded.
Variants expected to cause the disorders (eg, missense variants with reported pathogenic-
ity and nonsense, frameshift insertion/deletion, and splice-site variants on genes known to
cause a disease by inactivation) were validated by Sanger sequencing using PrimeSTAR
GXL DNA polymerase (Takara, Shiga, Japan) and the Big Dye Terminator 3.1 Cycle
Sequencing Kit (Thermo Fisher Scientific Inc., Waltham, MA) with ABI PRISM 3130xL
(Applied Biosystems, Foster City, CA). Primer sequences are listed in Table S1.
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Fig. 1. Pedigree chart of families with familial supravalvular aortic stenosis Arrows indicate probands for whom whole-exome sequencing was performed. SVAS, supravalvular aortic
stenosis; PPS, peripheral pulmonary stenosis; VSD, ventricular septal defect; ASD, atrial septal defect; AS, aortic stenosis.
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2.4. Copy number analysis

Copy number analysis was performed by comparing the number of reads conveying
each exon normalized by the mean depth of the entire sample with that of unrelated nor-
mal DNA samples, as we have previously shown [22]. Exons of normalized coverage >3
standard deviations (SDs) or less than —3 SDs from the mean coverage of reference
samples were considered to be candidates for copy number variants. Multiplex ligation-
dependent probe amplification (MLPA) according to the manufacturer's protocol with
the SALSA MLPA P029-WBS probemix (MRC Holland, Amsterdam, Netherlands), which
includes 10 exons of the ELN gene (Exon 1, 3,4, 6,9, 16, 20, 26, 27 and 33), was performed
to validate candidate exonic deletions detected in the ELN gene by WES analysis. MLPA
analysis software Coffalyser (MRC Holland) was used to identify CNVs.
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3. Results

WES-based detection of point mutations and copy number alterations
was performed in seven families of Japanese ancestry with SVAS showing
an autosomal dominant mode of inheritance (Fig. 1). Three heterozygous
pathogenic mutations in ELN (c.370delT, p.Ser124Leufs*13 in family A,
¢.572-1G > A splice site mutation affecting the acceptor of exon 12 in fam-
ily B, and ¢.218_219insTG, p.Gly74Valfs*49 in family C) were identified.
All of these mutations were novel, and they were validated on all available
family members by Sanger sequencing (Fig. S1). Mutations were present

Affected (E:II-1)

—
>
—

10

v
o
[
w
—

LIMK] exon
EIF4H exon

Affected (F:II-1)

Copy number
S

WBSCR28 exon >
ELNexon ~

Copy number
e ot g a
w — w o w v

o
>
[y

WBSCR2S exon
ELNexon

10 20

10 20

—
w
—

10

o =]
o o
s b
o o
~

Y E
3 5
3 =

w
(=]
w
w
—

Affected (G:II-1)

—
w
—

10

w
o
w
[
—

LIMK] exon
EIF4H exon

Fig. 2. Copy-number analysis The estimated copy number of each exon based on the number of reads in each exon in whole-exome sequencing. Each bar represents an exon, and the
vertical axis represents the estimated copy number. Arrows indicate estimated deleted regions.
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Table 1
Phenotype and segregation of ELN mutations.

Family Subject Phenotype ELN mutation

A 11-2 - -
1I-3 - ¢.370delT, p.Ser124Leufs*13
1I-1 - -
11-2 SVAS ¢.370delT, p.Ser124Leufs*13
-3 SVAS ¢.370delT, p.Ser124Leufs*13

B 11-3 PPS, VSD ¢.572-1G > A splice site
1I-5 SVAS ¢.572-1G > A splice site
11-6 - -
V-4 - -
V-5 SVAS, PPS ¢.572-1G > A splice site
V-6 - -

C -2 - -
1I-1 SVAS, PPS €.218_219insTG, p.Gly74Valfs*49
11-2 - -
11-3 - €.218_219insTG, p.Gly74Valfs*49

D 1I-1 SVAS -

E I-1 Valvular AS Microdeletion (exon 33)
-2 - -
1I-1 SVAS Microdeletion (exon 33)
-2 SVAS Microdeletion (exon 33)
1I-3 - -

F I-1 - -
I-2 SVAS Microdeletion (exon 5-33)
II-1 SVAS, PPS Microdeletion (exon 5-33)
11-2 SVAS, PPS Microdeletion (exon 5-33)
11-3 SVAS, PPS Microdeletion (exon 5-33)

G -1 - -
I-2 SVAS Microdeletion (exon 1-5)
1I-1 SVAS Microdeletion (exon 1-5)
11-2 SVAS Microdeletion (exon 1-5)

All mutations were heterozygous.
SVAS, supravalvular aortic stenosis; PPS, peripheral pulmonary stenosis; VSD, ventricular
septal defect; AS, aortic stenosis.
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in all patients and several family members without SVAS, indicating
incomplete penetrance (Table 1).

Copy number aberrations in ELN were identified in three other
families, all of which were deletions (exon 33 in family E, exons 5-33
in family F, and exons 1-5 in family G, Fig. 2). Such deletions were
validated by MLPA (Fig. S2). All microdeletions showed complete co-
segregation with clinical symptoms (Table 1).

In the remaining family D, no diagnostic mutations associated
with SVAS could be identified in the proband (D:II-1) either by WES
or MLPA (Table S2, Fig. S3).

4. Discussion

Pathogenic mutations or deletions in ELN gene were identified in six
of seven families with autosomal dominant inheritance of SVAS, includ-
ing three novel point mutations and three intragenic deletions. These
findings suggest that intragenic deletions in ELN gene could explain the
genetic cause in half of so-far unexplained cases with familial SVAS
in Japan. Updated by these findings, a comprehensive list of reported
pathogenic SVAS mutations is provided (Fig. 3) [7-9,12,17,20,21,31-38].

ELN encodes elastin, which is expressed in various tissues and or-
gans, including smooth muscle cells of the great arteries, and contrib-
utes to tissue elasticity [39,40]. The molecular mechanism of the
pathogenesis of SVAS is not fully elucidated. However, considering accu-
mulating knowledge from patients and transgenic mice [18,19,21,41], it
seems likely that mutations of ELN impair vascular elasticity, and
increased shear stress in the vascular wall could result in SVAS [39,40].

The microdeletions of ELN gene shown in the present study were not
identified with existing FISH probes for WBS. There are a few case
reports showing that microdeletions of ELN gene are the cause of
SVAS [8,9]. The present finding raises the necessity to investigate the
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>
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Fig. 3. ELN cDNA showing the exons and mutations detected This figure summarizes previously reported and newly identified mutations for familial and sporadic SVAS. The numbers

above open boxes indicate the exon numbers. The present findings are shown in bold letters.
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exon-spanning deletions affecting ELN using MLPA, array-CGH, or other
methods to establish sufficient coverage for its mutations.

The present analysis showed co-segregation of symptoms and ELN
mutations in the majority of analyzed individuals. The three mutations
identified in this study (¢.370delT in family A, ¢.572-1G > A splice site
in family B, and ¢.218_219insTG in family C) were highly pathogenic
truncating mutations that result in premature stop codons (PTCs). A
number of PTC mutations have actually been shown to be substrates
of ELN mRNA insufficiency through nonsense-mediated decay in previ-
ous studies [17,21,35].

A highly variable phenotype within families with SVAS has been re-
ported for large studies with many families with point mutations
[20,21], and even for a family with apparently damaging 30 kb deletion
involving multiple exons [7], ranging from asymptomatic mutation
carrier to severe stenosis with multiple arteries. There were also two
asymptomatic persons carrying ELN mutations (A:II-3 and C:II-3) in
the present study. Factors affecting the variability of cardiovascular
phenotypes in patients with ELN mutation are not yet fully understood,
and there has as yet been no clear genotype-phenotype correlation re-
ported for SVAS. Our comprehensive list of reported pathogenic SVAS
mutations and deletions showed a universal distribution of variants
over the entire ELN gene with no significant hotspot.

The primary mechanism for the pathogenesis of SVAS is proposed to
be haploinsufficiency of ELN, as hemizygosity of ELN is established as the
mechanism of SVAS in WBS [5]. Incomplete penetrance and a broad
range in severity of cardiovascular phenotype are also seen in patients
with WBS in whom one copy of ELN gene is totally lost [42,43].
Among possible causes affecting the severity of symptoms, the effect
of the mutations in the remaining allele of ELN is very limited, as only
two rare missense changes were identified through exon sequencing
of 49 patients with WBS [44]. Currently, there is no definite explanation
for the phenotypic variability associated with ELN mutations.

The present study showed that microdeletions of ELN gene could ac-
count for additional cases, around a half of previously unexplained
cases, of familial SVAS, which would strengthen the causative role of
ELN mutations in this disease entity. Therefore, quantitative genetic
tests such as MLPA or array-CGH of ELN gene should be performed to
genetically diagnose patients with familial SVAS to obtain satisfactory
sensitivity. Further investigations of a larger cohort and so-far
unexplained cases will be needed to elucidate the remaining molecular
pathogenetic mechanisms of SVAS.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2018.09.032.
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Background. Fetal akinesia refers to a broad spectrum of disorders with reduced or absent fetal movements. There is no established
approach for prenatal diagnosis of the cause of fetal akinesia. Chromosome 1p36 deletion syndrome is the most common subtelomeric
terminal deletion syndrome, recognized postnatally from typical craniofacial features. However, the influence of chromosome 1p36
deletion on fetal movements remains unknown. Case Report. A 32-week-old fetus with akinesia showed multiple abnormalities,
including fetal growth restriction, congenital cardiac defects, and ventriculomegaly. G-banding analysis using cultured amniocytes
revealed 46,XY,22pstk+. Postnatal whole exome sequencing and subsequent chromosomal microarray identified a 3 Mb deletion
of chromosomal region 1p36.33-p36.32. These results of molecular cytogenetic analyses were consistent with the fetal sonographic
findings. Conclusion. Using the exome-first approach, we identified a case with fetal akinesia associated with chromosome 1p36
deletion. Chromosome 1p36 deletion syndrome may be considered for differential diagnosis in cases of fetal akinesia with multiple

abnormalities.

1. Introduction

Fetal akinesia is a condition characterized by reduced or absent
fetal movements independent of the etiologies [1-3]. A defin-
itive diagnosis of the cause could be helpful for perinatal man-
agement, perinatal decision-making within local limits, and
genetic counseling for future pregnancies [1]. Although
next-generation sequencing (NGS) technologies have identi-
fied some underlying genetic mutations associated with fetal
akinesia, some cases remain genetically unsolved [2, 3].
Chromosome 1p36 deletion syndrome (MIM# 607872) is
the most common subtelomeric terminal deletion syndrome
with a prevalence of 1:5000 newborns [4]. The typical clinical
features of this syndrome include generalized hypotonia,
severe developmental delay, seizure, growth restriction, micro-
cephaly, congenital heart defects, flat nasal bridge, and midface
hypoplasia [4]. It is classically diagnosed postnatally from

typical craniofacial features, although prenatal characteristic
findings have been described [4, 5]. The recurrence risk
depends on the mechanism of the deletion, such as de novo
deletion or inheritance from one of the parents with balanced
translocations [6].

Here, we present a case with fetal akinesia associated
with chromosome 1p36 deletion syndrome, which was not
suspected from prenatal clinical findings before genetic test-
ing and was diagnosed postnatally by the exome-first
approach.

2. Clinical Case

A 28-year-old nulliparous pregnant Japanese woman was
referred for prenatal evaluation at 30weeks of gestation
because of abnormal ultrasound findings of fetal congenital
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FIGURE 1: G-banding analysis of cultured amniocytes at 32 weeks and 6 days of gestation. The fetal karyotype was 46,XY,22pstk+. The arrow

indicates 22pstk+.

heart defects. The family history of the parents was unremark-
able. Fetal ultrasonography at 30 weeks and 5 days of gestation
showed vascular ring, Ebstein’s anomaly, ventricular septal
defect, and single umbilical artery. The estimated fetal body
weight corresponded to the Japanese standard for the gesta-
tional age. Fetal ultrasonography showed vertex presentation
of the moving fetus and the fetal stomach appeared to be nor-
mally dilated (Table 1). The pregnant woman had not felt any
fetal movements since 31 weeks of gestation. At 32 weeks and
5days of gestation, fetal ultrasonography showed absence of
fetal movement with breech presentation, polyhydramnios,
absent filling of stomach, and fetal growth restriction (FGR)
(Table 1). However, abnormal Doppler findings regarding the
fetal middle cerebral artery, umbilical cord artery, and ductus
venous were not observed. Clinical diagnosis of fetal akinesia
was made at this point. At 32 weeks and 6 days of gestation,
amniocentesis was performed to assess the possibility of chro-
mosomal aberrations. Interphase fluorescence in situ hybrid-
ization (FISH) analysis on uncultured amniocytes for
chromosome 13, 18, and 21 revealed two signals, respectively.
At 34 weeks and 6days of gestation, progression of polyhy-
dramnios with maternal respiratory compromise occurred
(Table 1) and 2300mL of amniotic fluid was removed.
G-banding analysis on cultured amniocytes revealed a kary-
otype of 46,XY,22pstk+ (Figure 1). After discussion with the
parents about the prognosis of the fetus based on ultrasound
findings, including fetal akinesia since 31 weeks of gestation,
FGR, congenital heart defects, and left-sided pleural effusion
that indicated severe phenotype with prenatal onset of genetic

disorders, perinatal palliative care was chosen. At 36 weeks
and 3 days of gestation, fetal ultrasonography showed further
progression of polyhydramnios with maternal compromise
(Table 1), and 2000mL of amniotic fluid was removed and
labor was induced with oxytocin. The breech neonate was
delivered vaginally at 36 weeks and 4 days of gestation with an
Apgar score of 1 at 1 min and 1 at 5min. Birth weight was
1839g, length 45.5 cm, head circumference 31.8 cm, and chest
circumference 23.5 cm. External examination revealed marked
muscular hypoplasia of upper and lower extremities, extremely
thin transverse palmar creases, joint contractures of lower
extremities, hypertelorism, and deep-set ears. The neonate
died within 2 h after birth due to respiratory failure. Therefore,
we could not assess developmental profile after birth. In addi-
tion, permission for neonatal autopsy was not obtained from
the parents. Clinical features of the neonate were not sufficient
to diagnose a specific disease but suggested the possibility of
genetic disorders, including diseases caused by either a single
gene or a chromosomal defect. After genetic counseling and
obtaining written consent from the parents, whole exome
sequencing (WES) was performed with genomic DNA
extracted from the placenta using the eXome Hidden Markov
Model v1.0 (XHMM). Although the causative gene mutations
related to the phenotype of the neonate were not identified, a
3 Mb deletion of chromosome 1p was suspected (Figure 2(a)).
The suspected deleted region by the exome analysis using
XHMM was further validated by chromosomal microarray
(CMA). CMA analysis demonstrated monoallelic deletion
located from positions 849466 to 3347420 on chromosome
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FIGURE 2: Postnatal molecular cytogenetic analyses. (a) Whole exome sequencing analysis using the eXome Hidden Markov Model (XHMM).
XHMM analysis using WES data detected the copy number loss located within 1p36.33-p36.32, suggesting a 3 Mb deletion (black bar). x
axis shows the physical position, and y axis shows the Z score of the principal component analysis that was normalized to read depth. Purple
circles connected by red lines represent values of the placenta to WES. Gray dots with gray connected lines indicate the results of normalized
read depth. Copy number losses (red dots) without gains (green dots) on chromosome 1p36 were detected in the placenta. (b) Chromosomal
microarray (CMA) analysis using Cytoscan 750k Array. CMA analysis results for the copy number log2 ratio of chromosome 1p region for the
placenta (purple), father (pink), and mother (blue). CMA analysis demonstrated a 3 Mb heterozygous deletion within 1p36.33-p36.32 in the
placenta. The fetus had arr[hg]1p36.33-p36.32 (849466_3347420)x1. There were no copy number variations in the parents detected by CMA.
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TABLE 1: Prenatal findings of the present case.

GA (Weeks + days) 30+5 32+5 33+3 34+6 35+5 36+3

EFBW (g) (SD) 1353 (-1.2) 1545 (-1.75) 1566 (—2.0) 1694 (-2.27) 1881 (=2.0) 1865 (=2.4)

AFI 9.7 24.4 30.47 48.0 33.2 39.8

Stomach + absent absent absent absent absent

Fetal movements + absent absent absent absent absent

Fetal presentation Vertex Breech Breech Breech Breech Breech

Ventriculomegaly (mm) 4.4 8.2 10 14.2 15 N/A

Others CPCs PE PE PE

GA, gestational age; EFBW, estimated fetal body weight; AFI, amniotic fluid index; CPCs, choroid plexus cysts; PE, pleural effusion; SD, standard deviation;

N/A, not available.

FIGURE 3: Fluorescence in-situ hybridization (FISH) analysis of
cultured amniocytes. FISH showed two 1p31.3 region specific signals
(blue) and one 1p36.33 region specific signal (green), indicating 1p36
deletion. The arrow indicates 1p36.33 region specific signal. The
arrowhead indicates 1p31.3 region specific signal.

1p36.33-p36.32 (Chr1:849466-3347420) including 76 genes,
which is known as chromosome 1p36 deletion syndrome
(Figure 2(b)). Among 76 genes, the gene SKI, which is known
to contribute to the phenotype of chromosome 1p36 deletion
syndrome, is included [4, 7]. These results were consistent with
the prenatal sonographic findings and the neonate was diag-
nosed with chromosome 1p36 deletion syndrome. In addition,
CMA analysis revealed no additional copy number variations
(CNVs), which suggested de novo deletion rather than inher-
itance from the parents. After genetic counseling for future
pregnancies, the parents decided against genetic carrier
screening. Postnatal sub-telomeric FISH analysis on cultured
amniocytes revealed a terminal deletion of chromosome 1p
(Figure 3).

3. Discussion

In this report, we present a case of fetal akinesia associated
with chromosome 1p36 deletion syndrome diagnosed post-
natally by the exome-first approach. To our knowledge, this is

the first report describing a case with chromosome 1p36 dele-
tion syndrome presenting with fetal akinesia.

Fetal akinesia is a condition characterized by reduced or
absent fetal movement [1-3]. Prenatal sonographic findings
of fetal akinesia include lack of extremity motions, persistent
abnormal posture of the extremities, polyhydramnios due to
decreased fetal swallowing, thorax hypoplasia due to absent
fetal breathing, and fetal hydrops [1]. However, these prenatal
ultrasound findings are nonspecific to identify the cause, and
as yet there is no established approach for prenatal diagnosis
of fetal akinesia. Fetal akinesia can result from primary defects
at any point along the motor system pathway from the central
nervous system to the skeletal muscle cell, which cause dis-
eases such as spinal muscular atrophy, congenital myasthenic
syndromes, and congenital muscular dystrophies [1-3]. In
addition, a differential diagnosis should include a trisomy 18,
metabolic dysfunction such as pyruvate dehydrogenase defi-
ciency, maternal antibodies against acetylcholine receptor, and
maternal infections such as cytomegalovirus and toxoplasmo-
sis [1, 8]. A family history is helpful because some diseases are
inherited [1-3]. Although a definitive diagnosis helps parents
with perinatal decision-making, it would not be possible to
do so based on sonographic findings alone. Prenatal sonogra-
phy could provide sufficient information about a severity of
the fetus for parents.

In the present case, while fetal movements and a normal
fluid-filled stomach were seen until second trimester, these
were absent during the third trimester. In addition, multiple
fetal abnormalities such as congenital heart defects, FGR, ven-
triculomegaly, choroid plexus cysts, and single umbilical artery
were found through fetal sonography. Based on these fetal
sonographic findings, we performed amniocentesis to rule out
trisomy 18. Although the amniocytes showed a normal kary-
otype, perinatal palliative care was performed based on the
prenatal sonographic findings. WES was performed postna-
tally to assess the possibility of autosomal recessive inherited
diseases, including those of neuromuscular origin. As a result,
chromosome 1p36 deletion was incidentally identified by
quantitative WES analysis using XHMM.

Chromosome 1p36 deletion syndrome causes severe
developmental delay, hypotonia, seizure, growth restriction,
brain anomalies, and congenital heart defects [4]. Although
brain anomalies, FGR, and congenital heart defects in a fetus
can be detected using prenatal sonographic examination and
indicate the possibility of chromosome 1p36 deletion syn-
drome [5, 9-11], there is significant phenotypic variation
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among affected individuals [12]. This phenotypic variation is
due, at least in part, to the genetic heterogeneity seen in 1p36
deletions, which include deletions of varying lengths located
throughout the 30Mb of DNA that comprise chromosome
1p36 [6, 12]. In addition, the terminal 1p36 deletion can be
missed using conventional G-banding analysis because of the
low level of resolution and light staining of the region [5, 11].
In this regard, CMA analysis or subtelomeric FISH may be
required to identify chromosome 1p36 deletion [5, 11]. In the
present case, a 3 Mb deletion of 1p36 was not seen prenatally
in the cultured amniocyte karyotype (Figure 1). Given the
WES and CMA findings, the cultured amniocyte karyotype
was reanalyzed and the deletion was still not seen. In Japan,
the use of sub-telomeric FISH or CMA analysis for prenatal
screening are not considered due to legal constraints. However,
given the implications for prognosis and higher rate of hypo-
tonia and severe developmental delay, molecular prenatal
diagnosis, specifically for deletion of 1p36, should be consid-
ered in the setting of a fetal akinesia.

In the present case, the 76 deleted genes included the SKI
gene that is responsible for the 1p36 deletion phenotype and is
one of the candidate genes involved in hypotonia [4, 7].
However, there are no reports of the association between fetal
akinesia and 1p36 deletion within a segment from 849466 to
3347420. Four genes AGRN, B3GALT6, ATAD3A, and PEX10,
which were also among the 76 genes, cause recessive syndrome
with hypotonia. As no mutations were detected in the four genes
in the nondeleted allele, fetal akinesia may not result from the
unmasking of recessive diseases. Therefore, we did not speculate
that a deletion located from positions 849466 to 3347420 on
chromosome 1p36.33-p36.32 resulted in fetal akinesia, which
may present a more severe phenotype with prenatal onset of
chromosome 1p36 deletion syndrome. Trio whole genome
sequencing is helpful to search other causes of fetal akinesia.
Further molecular analyses are essential to clarify this point.

In regard to diagnostic approach for the present case, we
performed exome-first approach postnatally following prena-
tal G-banding analysis. Although the CMA-first approach is
still widely used to detect CNV's, WES is becoming available
to detect CNVs, leading to an appropriate clinical diagnosis
[13]. The advantage of using exome sequencing for a combined
analysis of not only single nucleotide variants but also CNV's
is to increase the analysis resolution and detection rate with
one single test. Therefore, in postnatal testing, WES may be
advantageous to screen genetic abnormalities as a first-choice
diagnostic approach before performing CMA in undiagnosed
syndromic individuals suspected of having either single gene
defects or CNVs, such as the present case [13]. After WES
analysis, CMA analysis with or without FISH is necessary to
accurately determine the range of the region of genomic
imbalance for accurate cytogenetic diagnosis.

In conclusion, we propose that chromosome 1p36 deletion
syndrome, which may be missed using conventional
G-banding karyotype with amniocytes, be considered for dif-
ferential diagnosis in cases of fetal akinesia and prompt
molecular cytogenetic analysis if necessary. As a practical
approach to the diagnosis of the cause of fetal akinesia, a
detailed anomaly scan should be performed with karyotyping

and if unremarkable, exome-first approach may be offered
postnatally.
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Abstract

An inverted duplication with a terminal deletion (inv-dup-del) is one of the complex constitutional structural rearrangements
that can occur in a chromosome. Although breakages of dicentric chromosome have been suggested, the precise mechanism
of this is yet to be fully understood. In our present study, we investigated the genomic structure of 10 inv-dup-del cases to
elucidate this mechanism. Two recurrent 8p inv-dup-del cases harbored a large copy-number-neutral region between the
duplication and deletion in common. Although the other non-recurrent cases did not appear to have this copy-number-
neutral region, refined sequencing analysis identified that they contained a small intervening region at the junction between
the inverted and non-inverted segment. The size of this small intervening region ranged from 1741 to 3728 bp. Combined
with a presence of microhomology at the junction, a resolution of the replication fork stalling through template switching
within the same replication fork is suggested. We further observed two cases with mosaicism of the dicentric chromosome
and various structural rearrangements related to the dicentric chromosome. Refined analysis allowed us to identify different
breakpoints on the same chromosome in the same case, implicating multiple rounds of U-type formation and its breakage.
From these results, we propose that a replication-based mechanism generates unstable dicentric chromosomes and that their

breakage leads to the formation of inv-dup-dels-and other related derivative chromosomes.

Introduction

An inverted duplication with a concomitant terminal deletion
(inv-dup-del) is one of the common complex chromosomal
rearrangements (CCRs) that arises in humans (Weckselblatt
and Rudd 2015). Inv-dup-del rearrangements develop mainly
in two successive steps. The first of these is the formation
of a symmetric dicentric chromosome, which is unstable
during mitosis because two functional centromeres can act
bidirectionally. The formation of this unstable intermediate
leads to anaphase bridging, followed by asymmetric break-
age between the two centromeres in a subsequent mitotic
division. Finally, it forms a stable large monocentric chro-
mosome with an inverted duplication contiguous to a distal
deletion and a small monocentric chromosome with a dele-
tion (Zuffardi et al. 2009).

>4 Hiroki Kurahashi
kura@fujita-hu.ac.jp

Extended author information available on the last page of the article

Two possible mechanisms are currently proposed for the
formation of a dicentric chromosomal structure, the inter-
mediate product of the inv-dup-del rearrangement (Zuffardi
et al. 2009). One is a non-allelic homologous recombina-
tion (NAHR)-based mechanism. NAHR between segmen-
tal duplications with an inverted orientation produces a
dicentric chromosome, and it induces breakage between the
two centromeres during mitotic division. One of the repre-
sentative NAHR-mediated inv-dup-dels is chromosome 8p
inv-dup-del, which is mediated by homologous recombina-
tion between olfactory receptor-gene clusters (Shimokawa
et al. 2004; Yu et al. 2010; Garcia-Santiago et al. 2015).
Since many 8p inv-dup-dels have been reported in unrelated
families, those that are NAHR-mediated are thought to arise
recurrently. In addition, NAHR between inverted repeats
within the olfactory receptor-gene clusters induces benign
polymorphic pericentric inversions. Meiotic recombination
within the inverted segment in heterozygotes of polymorphic
pericentric inversions produces a dicentric chromosomal
structure that serves as an intermediate of the inv-dup-dels
(Giglio et al. 2001).
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Another proposed mechanism for the generation of dicen-
tric chromosomal structures is a U-type exchange for the
formation of a sporadic inv-dup-del (Ballif 2003; Rowe et al.
2009; Yu and Graf 2010). This is based on a replication-
based mechanism involving template-switching between
sister chromatids. When a DNA replication fork encoun-
ters a replication block caused by different types of DNA
damage, DNA synthesis may stall and a DNA end will then
emerge. Break-induced replication then initiates at the site
of microhomology on the opposite strand forming a U-type
exchange between sister chromatids. Single stranded DNA
nearby can be a potential template for strand switching and
is usually present during lagging strand synthesis; it appears
in the uncoupling of helicase and polymerase even during
leading strand synthesis. Strand switching can facilitate a
DNA synthesis restart, which continues to the next fork or
as far as the telomere leading to the formation of dicen-
tric chromosomes. This series of events leading to an inv-
dup-del rearrangement is consistent with the concepts of
replication fork stalling and template switching (FoSTeS)
and microhomology-mediated break-induced replication
(MMBIR) (Zhang et al. 2009a, b). This pathway can lead to
a non-recurrent inv-dup-del rearrangement in a sequence-
independent manner.

In our present study, we further elucidated the mecha-
nism of dicentric chromosome formation, and the secondary
structural rearrangements that consequently arise, by analyz-
ing the breakpoint junction sequence of 10 cases of inv-dup-
del representing 9 different chromosome regions. Breakpoint
sequences found in common among the non-recurrent cases
suggested the involvement of the replication-based mecha-
nism in the formation of the dicentric chromosome. In addi-
tion, we obtained evidence of dynamic structural changes
from the dicentric chromosome to the terminal deletion with
or without adjacent inverted duplication during cell culture
of samples from miscarriage fetuses. Taken together, we
hypothesized from our present data that the replication stall
model for the formation of a dicentric chromosome followed
by a breakage-fusion-bridge (BFB) cycle is required for the
generation of an inv-dup-del rearrangement.

Materials and methods

Ethical statement

This study was approved by the Ethical Review Board for
Human Genome Studies at Fujita Health University. We
obtained informed consent from all of the participating
patients. All genetic experiments were carried out in accord-
ance with the relevant guidelines and regulations.

@ Springer

Subjects

We analyzed 10 patients harboring an inv-dup-del that had
been identified by initial standard chromosome banding and
subsequent cytogenetic microarray. The karyotypes of the
inv-dup-dels are summarized in Table 1. The breakpoints of
the inv-dup-dels in 2 patients (cases 9 and 10) were almost
identical and located at 8p, suggesting that they are recur-
rent. Two patients had a mosaic ring shaped chromosome
(cases 3 and 8). Case 5 harbored an inv-dup-del with an
additional triplication. Case 10 showed an inv-dup-del on
8p with an additional duplication of 8q. In addition, to better
understand the development of inv-dup-del rearrangement
from an intermediate dicentric chromosome, we analyzed
2 miscarriage fetuses (cases 11 and 12), whose karyotype
showed mosaic isodicentric chromosomes.

Copy-number-analysis by cytogenetic microarray
analyses

Genomic DNA samples were isolated from peripheral
blood, cultured cells or chorionic villi using a Gentra Pure-
gene Tissue Kit (Qiagen, Hilden, Germany). To identify the
extent of the copy-number-alterations of the inv-dup-del, we
employed a CytoScan HD, 750 k Array (Affymetrix, Santa
Clara, CA) or Human Genome CGH Microarray (Agilent,
Santa Clara, CA) in accordance with the manufacturer’s
instructions. Regions of copy-number-alteration were visu-
alized using Chromosome Analysis Suite 3.2 (Affymetrix)
or Genomics Workbench 7.0 (Agilent).

Copy-number-analysis by next generation
sequencing (NGS)

In cases 11 and 12, we performed copy-number-analysis by
NGS. The isolation and purification of genomic DNA from
cultured cells or chorionic villi was carried out using a Gen-
tra Puregene Tissue Kit (QIAGEN). Genomic DNA samples
were diluted and amplified by whole-genome amplification
using SurePlex (Illumina, San Diego, CA). One nanogram
of each whole-genome amplified DNA sample was prepared
for NGS analysis. Shallow whole-genome sequencing was
performed for comprehensive copy-number-analysis using
the VeriSeq PGS Kit MiSeq (Illumina). The sequencing data
were analyzed using BlueFuse Multi Software (Illumina).

Breakpoint characterization by NGS

To identify the breakpoint junctions in our sporadic inv-
dup-del study cases, we carried out NGS analysis of
each patient’s genomic DNA. Mate-pair whole-genome
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Table 1 Patients information with inv-dup-dels
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sequencing was performed to determine the breakpoints
of the inverted duplication in the dicentric chromosome.
Since the breakpoint junctions can have palindromic
(inverted repeated) characteristic sequences, we gener-
ated mate-pair long libraries of 9 kb to minimize the loss
of palindromic DNA molecules at the breakpoint junc-
tion during library preparation. These 9-kb mate-pair
libraries were prepared using a Nextera Mate Pair Library
Preparation Kit (Illumina) in accordance with the manu-
facturer’s protocol. The libraries were sequenced with
101 bp-paired-end reads on a HiSeq 1500 platform (Illu-
mina). Sequence reads were trimmed adapter sequences
using NxTrim and mapped with BWA 0.7.10 against
hgl19 (Li and Durbin 2010). Subsequently, discordantly
mapped paired-reads were extracted to detect chromo-
somal structural rearrangements using BreakDancer (Fan
et al. 2014). Putative breakpoints produced by inverted
duplications, triplications and terminal deletions were con-
firmed by visual inspection of NGS data using Integrative
Genomics Viewer (IGV) (Thorvaldsdottir et al. 2013). The
nucleotide sequences of the breakpoint junctions of the
inverted duplications and triplications were determined
by breakpoint-specific PCR and Sanger sequencing using
an ABI3130xI sequencer (Life Technologies, Foster City,
CA). The length of the inverted sequence homology at the
between copy-number-gain and -loss was searched using
a YASS sequence similarity search (Noe and Kucherov
2005). Default parameter setting was used for this analysis.

Product of conception karyotyping

Products of conception (POC) were analyzed for chromo-
some abnormalities using standard cell culture followed
by Giemsa banding.

Results

Copy-number variation features in recurrent
and non-recurrent inv-dup-dels

We employed a cytogenetic microarray to characterize the
10 inv-dup-del rearrangements in our study cohort. The
copy-number-profile detected by SNP microarray showed
a clear difference between the cases involving 8p23.1
(cases 9 and 10) and others (Fig. 1). The two 8p23.1 cases
harbored a large copy-number-neutral region between the
copy-number-gain and -loss regions (~5 Mb). The end-
points of these copy-number-neutral regions were found to
be almost identical between the two subjects and located
within the olfactory receptor (OR) gene clusters. In con-
trast, none of the eight sporadic inv-dup-del cases showed
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Fig. 1 Copy-number-profile of the inv-dup-dels determined by micro-
array. Copy-numbers were determined using an Affymetrix CytoS-
can microarray and visualized with ChAS software (Case 2, 3, 8,
9, 10). The upper blue plots show the signal for the weighted log 2
ratio. The lower plots indicate the B allele frequency. Copy-numbers
were also determined using an Agilent CGH microarray and visual-

any detectable copy-number-neutral regions between the
copy-number-gain and -loss (cases 1-8; Fig. 1).

Breakpoint analysis of the non-recurrent
inv-dup-dels

Whole genome sequencing of the 9-kb mate-pair library
was performed to further analyze the breakpoints in our
eight study cases with non-recurrent inv-dup-del structures.
The inverted duplication structures were confirmed in each
case by the presence of a junction for the inverted orienta-
tion of the two copy-number-gain regions. The DNA frag-
ment incorporating the junction manifested a characteristic
volcano-like pattern in the mapping of the discordant reads
(Fig. 2). Some cases had telomeric repeat sequences at the
proximal end of the inverted duplication, i.e. mapped at the
proximal end of the copy-number-gain regions, reflecting
telomere healing of the breakage (data not shown). In the
case of ring chromosomes, the proximal end of the inverted

@ Springer
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ized with Genomics Workbench (Case 1, 4, 5, 6, 7). The log 2 ratio
of the genomic copy-number is also plotted and indicated by horizon-
tal lines. Illustrative diagrams of chromosomal structure are shown at
the left. Inverted duplications are shown by arrows with orange color.
Other rearrangements are shown with green color

duplication possibly contained a 9q subtelomeric repeat
sequence (case 3) or 21q repetitive sequence (case 8), sug-
gesting that ring formation was another healing pathway
for the breakage (data not shown). Based on the fact that
inverted and non-inverted segment was fused in head-to-
head orientation and the chromosome end-like sequence
appeared at the other end of the inverted segment, the inv-
dup-del structures were confirmed in these cases.
Although high-resolution microarray did not detect
an intervening copy-number-neutral region between the
inverted and non-inverted segment, refined analysis of the
breakpoint junction sequences identified a small copy-num-
ber-neutral region at the junction in all of the cases with
a non-recurrent inv-dup-del (Fig. 2, red arrows). The size
of the copy-number-neutral regions ranged from 1741 to
3728 bp (Fig. 3, Table 1). Microhomologies from 1 to 3 bp
were found at breakpoint junctions between inverted and
non-inverted segment in 5 cases, but none were evident in 3
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A

Fig.2 Discordant reads at the junction of the dicentric chromosome.
a Strategy for determining mate-pair sequences. The upper panel
provides a schematic of the reference human genome structure. The
lower panel depicts the assumed structure of the inverted duplication.
Gray reads show normal paired-end reads, which were mapped in the
forward and reverse direction to the reference genome. Green colored

Fig.3 Distribution of the 40
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number-neutral regions. Bars

indicate the number of analyzed 35
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Case 3, chr9:8,214,796-8,227,222

reads indicate discordant reads, which were mapped in the same ori-
entation. Red arrows indicate the putative breakpoints. b Mapping of
mate-pair sequences on the reference human genome sequence. The
region around the breakpoint of dicentric chromosome was shown

using IGV browser. A characteristic volcano-like pattern could be
observed
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Fig.4 Junction sequences of fold-back chromosomes. The orange and green characters indicate the plus and minus strands, respectively. Blue
characters indicate homologous nucleotides. Gray characters indicate unknown nucleotide insertions

cases with the remaining subject carrying a 4 bp microinser-
tion (Fig. 4, Table 1).

To investigate whether the initial formation of the dicen-
tric chromosome in our study subjects was caused by an
inverted repeat sequence at the breakpoint, we conducted
sequence similarity analysis around the breakpoint region.
Sequences with high similarity were found as expected in
the inverted orientation at the proximal and distal end of
the copy-neutral-region in the two recurrent 8p inv-dup-del
cases (case 9 and 10), suggesting that the breakpoints were
located within the olfactory receptor-gene clusters (Fig. 5).
In contrast, significant inverted repeat sequences were not
observed in any of the other inv-dup-del cases (cases 1-8).
It is likely that the inverted duplications were generated in
these eight individuals through repeat-independent, micro-
homology-based mechanisms, such as FoSTeS/MMBIR or
microhomology-mediated end joining (MMELJ).

Breakage of the dicentric chromosome to form
an inv-dup-del rearrangement

We additionally analyzed two fetal loss cases for which
molecular cytogenetic analysis revealed evidence of dicen-
tric chromosomes leading to inv-dup-del formation. Case
11 underwent a miscarriage after 8 gestational weeks. Kar-
yotyping of her POC sample revealed that all clones har-
bored add(13)(q22). Furthermore, derivative chromosome
13 showed a mirror structure. NGS chromosome analysis

@ Springer

further revealed a copy-number-gain adjacent to a deletion
on chromosome 13 (Fig. 6a). Based on these results, we con-
cluded that the derivative chromosome was an isodicentric
chromosome 13 (idic(13)). When we used uncultured POC
cells for NGS copy-number-analysis, we identified an inv-
dup-del pattern on the chromosome 13 which was likely to
have derived from a breakage of idic(13). Intriguingly, the
endpoint of the deletion of the two samples did not show
concordance. If the inv-dup-del was a breakage product of
idic(13), the deletion endpoint should be concordant, but the
position of the deletion endpoint in inv-dup-del was more
proximal (see “Discussion”).

Case 12 (Fig. 6b) underwent a stillbirth at gestational
week 34 due to multiple fetal anomalies. We analyzed three
independent cultures of her POC sample. Karyotyping
from one of the cultures revealed a 46,XX,del(15)(q26.1)
[46]/46,XX,psu idic(15)(q26.3) mosaicism [8]. To analyze
for a possible breakage of the idic(15) chromosome, we
performed an SNP array of the same sample. We observed
a stepwise copy-number-loss on chromosome 15q. It was
likely that the distal breakpoint corresponded to the idic(15)
breakpoint whilst the proximal breakpoint corresponded to
a terminal deletion endpoint or inv-dup-del endpoint. We
performed karyotype analysis of another culture which
revealed 46,XX,add(15)(q26.1)[24]/46,XX,del(15)(q26.1)
[19]/46,XX,psu idic(15)(q26.3)[14]. As was the case with
the first culture, an SNP array indicated a stepwise copy-
number-loss on chromosome 15q. The distal breakpoint was
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Fig.5 Sequence similarity analysis of the small intervening regions
in our case subjects. Intervening regions which covered + 1 kb around
the copy-number-neutral region are schematically represented on both
axes. Black bars indicate copy-number-neutral regions, while blue
and red bars indicate copy-number-gain and -loss, respectively. We
defined the default parameter values for this analysis. Green line indi-
cates a direct repeat and pink line denotes an inverted repeat. Pink

found to be identical to that of the first culture, whilst the
position of the proximal breakpoint differed (see “Discus-
sion”). In addition, a copy-number-gain of chromosome
17q was observed, suggesting that the add(15)(q26.1) was
der(15)t(15;17)(g26;q21). We also performed SNP array
analyses of a frozen uncultured sample for case 12, which
indicated a copy-number-gain on chromosome 9q in addi-
tion to a stepwise copy-number-loss of chromosome 15q,
which might be derived from a line with 46,XX.der(15)
t(9;15)(q34:;926). In summary, the unstable idic(15) chro-
mosome may be susceptible to DNA breakage, leading not
only to inv-dup-del rearrangement, but also to a terminal
deletion such as del(15)(q26.1), or other unbalanced trans-
locations like der(15)t(15;17)(q26;921) or der(15)t(9;15)
(q34;926).

D P D P
1 1
2 2
3
3
4
4
P 1 2 3 4 P 1 2 3 4
Case 3 Case 4
P D D P
1 1
2 2
3
3
4
D 1 2 3 4 P 1 2 3
Case 6 Case 7

circles indicate sequence similarities between the proximal and distal
breakpoints. With regard to cases 9 and 10, parts of the two olfactory
receptor-gene cluster regions (REPD[hg19]chr8:7,466,506-7,468,005
and REPP[hg19]chr8:12,466,006-12,467,505) were merged and used
for this analysis. P, proximal side; D, distal side. The scale represents
size in 1 kb

Discussion

We conducted our current molecular cytogenetic study to
clarify how an inv-dup-del rearrangement is generated. We
carried out the breakpoint junction analysis of dicentric
chromosomes and a follow-up survey of secondary rear-
rangements that arose due to these dicentric chromosomes.

Involvement of a replication-based mechanism
in the formation of a U-type dicentric chromosome

SNP microarray data showed a significant difference
between recurrent and non-recurrent inv-dup-dels. Recur-
rent inv-dup-dels harbor large copy-number neutral region
between the copy-number-gain and -loss. In contrast,

@ Springer

Journal : Large 439 Article No : 2186 Pages : 11

MS Code : 2186

Dispatch : 27-5-2020 |

300

301
302
303
304
305

306
307

308
309
310
311



Author Proof

312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332

Human Genetics

A Case 11
Cultured
sample
_— Uncultured
13 sample
Chromosome banding
B case12
Weighted Log2 Ratio
1
Cultured
g! cmple | M———_ - - S
|
idic(15) -l
1
eg Cultured " i
0 - e o
sample 2 | i
del(15q) -1

.' Uncultured 0 Lo

s

sample | !
der(15) R |

Whole chromosome

i
4 R T
{

B

Whole chromosome Chromosome 13

NGS

e N R

Chromosome 17

Chromosome 15 Chromosome 9

Chromosome banding

Fig.6 Chromosome conformation changes during cell culture. Vari-
ous chromosome analyses of cases 11 and 12 indicating that dicentric
chromosomes in both subjects led to secondary structural rearrange-
ments. a Case 11 harbors a chromosomal abnormality on chromo-
some 13. The upper panel shows a cultured sample and the lower
panel shows an uncultured sample. Chromosome 13 was painted
with a yellow signal. Copy-number-alterations are indicated in blue

non-recurrent sporadic inv-dup-dels do not have copy-num-
ber neutral region. This implicates mechanism leading to
the formation of a dicentric chromosome might be differ-
ent. The endpoints of copy-number-neutral regions were
located within the OR gene clusters. This suggested that the
repetitive nature of OR gene clusters was involved in the
development of the recurrent inv-dup-dels in cases 9 and
10. NAHR between the OR genes may possibly underlie
the most common recurrent inv-dup-del (Giglio et al. 2001;
Garcia-Santiago et al. 2015). Although we used high-res-
olution microarray in our current study, any sporadic inv-
dup-del cases were not able to detect copy-number-neutral
regions between the copy-number-gain and -loss. It was
previously proposed that a symmetrical U-type exchange is
the underlying mechanism leading to non-recurrent dicentric
chromosome formation (Rowe et al. 2009). In our current
study however, when we analyzed junction sequences at
a nucleotide resolution, asymmetrical dicentric structures
with an intervening sequence were observed. The presence
of microhomologies or microinsertions at the fusion points
of inverted and non-inverted segments (Fig. 4) indicated that

@ Springer

SNP array

(copy-number-gain) and red (copy-number-loss). b Case 12 harbors
chromosomal abnormalities on chromosomes 9, 15 and 17. The upper
and middle panels show cultures of sample 1 and 2, respectively.
The lower panel shows an uncultured sample. Chromosome 15 was
painted with a yellow signal. Copy-number-alterations are indicated
in blue (copy-number-gain) or red (copy-number-loss). In cultured
sample 2, chromosome banding revealed three different karyotypes

the inverted duplications were generated through repeat-
independent, microhomology-based mechanisms, such as
FoSTeS/MMBIR or microhomology-mediated end joining.

In a previous report, Hermetz et al., proposed a fold-
back model for the formation of dicentric chromosomes
via a double-strand break (DSB) repair pathway (Hermetz
et al. 2014). In this model, a DSB undergoes resection,
which generates a long 3’ single-stranded DNA (ssDNA)
overhang. This in turn promotes intrastrand pairing to the
short inverted repeat via a homology-based mechanism lead-
ing to the formation of a dicentric chromosome. Notably
however, we did not observe any homology between both
ends of the intervening copy-number-neutral region at the
boundary of the inverted and non-inverted segments in our
current cases (Fig. 5). Further, the size of the intervening
sequence showed a unique distribution, ranging from 1 to
5 kb in our analyzed cases. When we increased the num-
ber of inv-dup-del cases using data from previous studies in
which where the breakpoints of inv-dup cases were analyzed
at a nucleotide resolution (Ballif 2003; Bonaglia et al. 2008;
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Rowe et al. 2009; Hermetz et al. 2014), the size of the inter-
vening sequence peaked at 1-5 kb (Fig. 3).

Uncoupling of the helicase and polymerase leads to a
single-stranded DNA in the leading strand, which when
stalled can produce an uncoupled nascent lagging strand
under certain conditions. Such single-stranded DNA can be
up to 3-5 kb in length, depending on the nature of the rep-
lication fork block (Lopes et al. 2006). It is likely that the
tight distribution of these sizes may reflect a resolution of
the replication fork block through template switching within
the same replication fork. Interestingly, when we increased
our current sample number by including prior data from the
literature, another low-pitched distribution curve appeared
up to 100 kb (Fig. 3). This possibly reflects a resolution of
the stalled replication fork by an adjacent fork which may be
distant in a genomic sense but in close proximity within the
nucleus. We are thus proposing a replication stall model as a
mechanism of formation for U-type dicentric chromosomes.

Dicentric chromosome instability results
in secondary rearrangements

In general, dicentric chromosome breakages would pro-
duce two reciprocal products: inv-dup-del chromosomes
and terminal deletion chromosomes. We observed in our
present series that two POC samples had a mosaicism of
cells with dicentric chromosomes and inv-dup-del or other
rearrangements associated with the dicentric chromosome.
This suggested that the formation of the dicentric chromo-
some and other related rearrangements including the inv-
dup-del were sequential events. The breakage of an unstable
dicentric chromosome leads to the formation of not only an
inv-dup-del chromosome and terminal deletion chromosome
after stabilization through telomere healing of the broken
ends, but also results in various structural rearrangements
via stabilization by telomere capture.

Interestingly, our SNP microarray analysis of case 11
indicates that the endpoint of the deletion of the possible
inv-dup-del was more proximal to that of the idic(13) chro-
mosome. This suggested that the inv-dup-del chromosome
might have originated from a terminal deletion chromosome
reciprocal of the inv-dup-del chromosome derived from a
breakage of idic(13). The terminal deletion chromosome
might form a U-type dicentric chromosome leading to the
second inv-dup-del chromosome having the proximal dele-
tion endpoint. Likewise, SNP microarray data for case 12
indicated a more proximal endpoint of der(15) to that of the
idic(15). This also suggested that the der(15) chromosome
might have been generated in the second round of break-
age of the dicentric chromosome. Dicentric chromosome
must be stable and segregate to daughter cells correctly since
one of the centromeres is functionally silenced (Stimpson

et al. 2010). However, just after the formation of a U-type
dicentric chromosome, both of the centromeres might be still
active and the dicentric chromosomes are therefore unstable,
leading to secondary rearrangements into various derivative
chromosomes (Soler et al. 2003; Chabchoub et al. 2007;
Schlade-Bartusiak et al. 2013; Pedurupillay et al. 2014).
Hence, we can observe multiple clones with different deriva-
tive chromosomes.

Finally, in case 12, two types of translocation chromo-
somes related to the idic(15) chromosome were observed. In
general, an unbalanced translocation would originate from
segregation of the one of the translocation chromosomes
from a balanced translocation carrier. However, our current
results suggest that if the unbalanced translocation arises
as de novo, it might originate from breakage of dicentric
chromosome followed by telomere capture using the other
chromosomal end.

In summary, a dicentric chromosome is so unstable that
it leads to the generation of an inv-dup-del chromosome,
as well as a reciprocal terminal deletion through telomere
healing and also an unbalanced translocation via telomere
capture.
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