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Abstract
Purpose To perform complex preimplantation genetic tests (PGT) for aneuploidy screening, Robertsonian translocation, HLA-
matching, and X-linked hyper IgM syndrome (XHIGM) caused by a novel mutation c.156 G>T of CD40LG gene.
Methods Reverse transcription PCR (RT-PCR) and Sanger sequencing were carried out to confirm the causative variant of
CD40LG gene in the proband and parents. Day 5 and D6 blastocysts, obtained by in vitro fertilization (IVF) with
intracytoplasmic sperm injection, underwent trophectoderm (TE) biopsy and whole genomic amplification (WGA) and next
generation sequencing (NGS)-based PGT to detect the presence of a maternal CD40LG mutation, aneuploidy, Robertsonian
translocation carrier, and human leukocyte antigen (HLA) haplotype.
Results Sanger sequencing data of the genomic DNA showed that the proband has a hemizygous variant of c. 156 G>T in the
CD40LG gene, while his mother has a heterozygous variant at the same position. Complementary DNA (cDNA) of CD40LG
amplification and sequencing displayed that no cDNA ofCD40LGwas found in proband, while only wild-type cDNA of CD40LG
was amplified in the mother. PGT results showed that only one of the six tested embryos is free of the variant c.156 G>T and
aneuploidy and having the consistent HLA type as the proband. Meanwhile, the embryo is a Robertsonian translocation carrier. The
embryo was transplanted into the mother’s uterus. Amniotic fluid testing results are consistent with that of PGT. A healthy baby girl
was delivered, and the peripheral blood testing data was also consistent with the testing results of transplanted embryo.
Conclusions The novel mutation of c. 156 G>T in CD40LG gene probably leads to XHIGM by nonsense-meditated mRNA
decay (NMD), and complex PGT of preimplantation genetic testing for monogenic disease (PGT-M), aneuploidy (PGT-A),
structural rearrangement (PGT-SR), and HLA-matching (PGT-HLA) can be performed in pedigree with both X-linked hyper
IgM syndrome and Robertsonian translocation.
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Introduction

Hyper IgM syndrome (HIGM) is a rare immunodeficiency
disorder characterized by normal or increased serum IgM
and decreased IgG, IgA, and IgE due to defective immuno-
globulin class switching. X-linked HIGM (XHIGM) is the
most frequent type with defects in immunoglobulin class
switch recombination Ig-CSR previously shown to be caused
by mutations in the genes encoding CD40 ligand (CD40LG)
and regarded as a combined T and B cells immunodeficiency
disease [1, 2]. Patients with HIGM are highly susceptible to
recurrent sinopulmonary infections, Pneumocystis jiroveci
pneumonia (PJP) , and ch ron ic d ia r rhea due to
Cryptosporidium infection that may lead to sclerosing
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cholangitis. They are also prone to intermittent or persistent
neutropenia, autoimmune diseases, and malignancies [3].
Most patients with XHIGM developed symptoms in infancy.
Therapy has included a long-term and continuous injection of
immune globulin to avoid infections [4]. Hematopoietic stem
cell transplantation (HSCT) is a healing therapeutic choice if
HLA-matched donors are available [5] though it is too diffi-
cult to find one in a short time. Preimplantation genetic testing
(PGT) is an acceptable option to deliver a histocompatible
sibling to facilitate curative hematopoietic stem cell transplan-
tation (HSCT) [6]. Here we study a pedigree of which the
proband is a XHIGM patient, affected with a novel mutation
of c.156G>T in the CD40LG gene, and his mother is a carrier
both of Robertsonian translocation and XHIGM. PGT-A and
PGT-SRwere performed to screen aneuploidy and distinguish
Robertsonian translocation carrier embryos from normal em-
bryos. PGT-M and PGT-HLA were performed to select a
HLA-compatible embryo free of XHIGM. Finally, a healthy
baby girl was delivered.

Materials and methods

Patients

The proband was susceptible to infections from 1 year old.
Clinical tests found that the proband was neutropenic and
having low level of natural killer cells. Serum immunoglobu-
lin levels were as follows: IgG, 397 mg/dL (reference value,
500–1200 mg/dL); IgA, 75 mg/dL (reference value, 23–
190 mg/dL); IgE, < 17.10 (reference value, 0–60 IU/mL);
and IgM, 195 mg/dL (reference value, 50–199 mg/dL). The
proband was initially diagnosed of XHIGM.

Mutation analysis of the CD40LG gene

Genomic DNA was extracted from peripheral blood lympho-
cytes using commercially available kits (ZEESAN) according
to manufacturer’s instructions. Then, CD40LG was amplified
with primers previously reported [7] for Sanger sequencing.
PCR was set up in a final volume of 25 μL, including1.25 U
Taq polymerase (Thermo Scientific), 0.2 μM primers,
200 μM dNTP, and 50 ng DNA template. A preheating step
at 94 °C for 3 min was carried out. The following cycling
conditions for PCR were 35 cycles of denaturation (94 °C
for 30 s), annealing (60 °C for 30 s), and extension (72 °C
for 30 s). A final extension step consisting of 5 min at 72 °C
was carried out.

RT-PCR

Total RNAwas extracted from the peripheral blood according
to the protocol of total RNA extraction reagent kit (Takara).

Complementary DNA was synthesized according to the pro-
tocol of PrimeScript™ II 1st Strand cDNA Synthesis Kit
(Takara). Specific primers for the mRNA sequence of
CD40LG and ACTB were designed. The forward primer of
CD40LG is 5′-ACAACCAAACTTCTCCCCGA-3′, and the
reverse primer of CD40LG is 5′-TCTCCTGTGTTGCA
TCTCTGT-3′, with a 214 bp PCR product. The forward prim-
er of ACTB is 5′-CAGAGCCTCGCCTTTGCCGA-3′, and
the reverse primer of ACTB is 5′-ATGCCGGAGCCGTT
GTCGAC-3′, with a 101 bp PCR product.

G-band karyotype

Culturing, harvesting, and metaphase preparation of the pe-
ripheral blood sample and amniotic fluid were carried out as
previously described [8]. Whenever possible, at least 25 mi-
toses were analyzed (median number of analyzed mitoses in
this material, 25). Nomenclature was according to the
International System for Human Cytogenomic Nomenclature
2016 (ISCN, 2016).

IVF-TE biopsy and whole genome amplification

Informed consent was signed for the PGT cycle, and the PGT
was approved by the Ethics Committee of the Reproductive
Medical Hospital Affiliated to Shandong University. The cou-
ples were treated following 2 standard superovulation proto-
cols described previously [9]. About 3–5 cells were obtained
by laser-assisted trophectoderm (TE) biopsy from day 5 em-
bryos. Obtained cells were washed and transferred to a PCR
tube containing 2.5 μL phosphate buffer saline (PBS) under
strictly sterile and DNA-free conditions against contamina-
tion. Whole genome amplification (WGA) was performed
following the protocol of the SurePlex™ Kit (Illumina). The
WGA product was used for the subsequent tests including
CD40LG mutation analysis, linkage analysis, aneuploidy
analysis, Robertsonian translocation carrier screening, and
HLA haplotyping.

PGT-M

Single nucleotide polymorphisms (SNP) with high frequency
in the genome from the 1000 Genomes Project which are
located mainly 1 Mb upstream and downstream of the
CD40LG gene were chosen as markers for linkage analysis.
WGA product was purified, labeled, and amplified with SNP
primers of the commercial kit (Beijing Zhongyi Kangwei
Medical Equipment Co., Ltd.). The multiplex PCR products
were sequenced on the Personal Genome Machine (PGM)
(Life Technologies) as previously described methods [10].
Embryo’s variant c.156 G>T ofCD40LG gene was confirmed
by Sanger sequencing. PCR was set up as above described in
the mutation analysis of the CD40LG gene.
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PGT-A

WGA product was purified, labeled, and amplified with the
commercial kit (Beijing Zhongyi Kangwei Medical
Equipment Co., Ltd.) and sequenced to screen aneuploidy
on the Persona l Genome Machine (PGM) (Li fe
Technologies) as previously described methods [11].

PGT-SR

SNP markers which locate nearby the centromere of the chro-
mosome 13 and the chromosome 21 in the genomes of
Southern Han Chinese (CHS) and Han Chinese in Beijing
(CHB) from the 1000 Genomes Project were chosen as
markers for linkage analysis and haplotyping. WGA product

was purified, labeled, and amplified with SNP primers sup-
plied by the commercial kit (Beijing Zhongyi Kangwei
Medical Equipment Co., Ltd.). The multiplex PCR products
of the SNPs were sequenced on the Personal Genome
Machine (PGM) (Life Technologies), and data was analyzed
as previously described methods [12].

PGT-HLA

SNP markers for linkage analysis (Fig. 1) and haplotyping of
HLA-A, HLA-B, HLA-DRA, and HLA-DQB1 locate up-
stream of the HLA-A, between the HLA-A and HLA-B, be-
tween the HLA-B and HLA-DRA, between the HLA-DRA and
HLA-DQB1, and upstream of HLA-DQB1 in the genomes of
Southern Han Chinese (CHS) and Han Chinese in Beijing

Fig. 1 The distribution of the SNPs used for haplotyping of HLA. Chr6,
chromosome 6; p, the short arm of chromosome; q, the long arm of
chromosome; black thin arrow represent the distribution of the SNPs

selected for HLA haplotyping. Broad hollow arrow represents the
direction of transcription

Fig. 2 Genomic and RT-PCR re-
sults. a Mutation analysis results
of the genomic sequence of
CD40LG. The proband is hemi-
zygous of the variation c.156
G>T. The maternal variation is
heterozygous and the paternal is
normal. b Agarose gel electro-
phoresis of the cDNA product of
CD40LG and ACTB. Lane 1,
100 bp DNA ladder; lane 2, blank
control; lane 3, peripheral blood
genomic DNA; lane 4, female
control peripheral blood cDNA;
lane 5, male control peripheral
blood cDNA; lane 6, maternal
cDNA; lane 7, cDNA of the pro-
band; lane 8, paternal cDNA.
There is no cDNA amplification
of the CD40LG in the proband
(lane 7), while the maternal (lane
6) and paternal (lane 8) cDNA
were amplified. c Sanger se-
quencing results of CD40LG
cDNA. The target base of c.156 in
maternal cDNA sequence is wild-
typeGwithout the presence of the
variant form T. The paternal tar-
get base is wild-type G as well
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(CHB) from the 1000 Genomes Project. WGA product was
purified, labeled, and amplified with SNP primers of the com-
mercial kit (Beijing Zhongyi Kangwei Medical Equipment
Co., Ltd.). The multiplex PCR products of the SNPs associat-
ed with HLA were sequenced on the Personal Genome
Machine (PGM) (Life Technologies) and analyzed with soft-
ware supplied by the kit.

Prenatal and postnatal testing

Amniotic fluid was collected for karyotype, HLA
haplotyping, and mutation analysis of CD40LG via methods
described above. The peripheral blood of the newborn was

collected for HLA haplotyping and mutation analysis of
CD40LG.

Results

Mutation analysis of the CD40LG gene

Sanger sequencing results showed that the proband has a
hemizygous variant of c. 156 G>T in the CD40LG gene.
The maternal variation is heterozygous and the paternal is
normal (Fig. 2a).

Fig. 3 G-band karyotype of the
pedigree. Maternal karyotype is
45, XX, der (13;21) (q10;q10),
22 ps. The paternal karyotype is
46, XY. The karyotype of the
amniotic fluid was 45, XX, der
(13;21) (q10;q10)
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RT-PCR

Reverse transcription PCR and cDNA Sanger sequencing re-
sults showed that the proband has no cDNA transcription
product of CD40LG, while the mother has only the wild-
type target fragment (Fig. 2b–c).

G-band karyotype

The maternal karyotype is 45, XX, der (13;21) (q10;q10),
22 ps, while the paternal karyotype is 46, XY, and the karyo-
type of the amniotic fluid was 45, XX, der (13;21) (q10;q10)
(Fig. 3).

PGT results

Preimplantation test results showed that only one of the six tested
embryos is free of the novel variant c.156G>T in CD40LG and
aneuploidy, meanwhile HLA-matched to the proband (Fig. 4).

Prenatal and postnatal testing and pregnant outcome

Finally, a healthy girl was born. The results of the amniotic
fluid and peripheral blood of the newborn are in accordance
with each other and the PGT results of the transplanted
embryo.

Fig. 4 PGT results of the pedigree. M, mutational type of CD40LG; N, wild type of CD40LG; ?, failure of amplification; *, allele dropout
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Discussion

This study describes a complex preimplantation genetic test
for Robertsonian translocation, HLA, and X-linked hyper IgM
syndrome (XHIGM) caused by a novel mutation of CD40LG
gene.

Hyper-immunoglobulin M (HIGM) syndrome is a hetero-
geneous group of primary immunodeficiency disorders, char-
acterized by recurrent infections associated with decreased
serum levels of IgG, IgA, and IgE and normal to increased
serum levels of IgM [13]. XHIGM is the most common type
of HIGM caused by mutations in CD40LG [14]. Neutropenia
is the most common hematologic manifestation and could also
be the first clinical finding in XHIGM [15]. In this study, the
proband developed infection and neutropenia during the
course of disease. Initial diagnosis of X-HIGM was made in
the proband based on relative elevated serum IgM levels and
decreased levels of IgG, IgA, and IgE. Mutation analysis of
the proband revealed c.156 G>T in CD40LG. RT-PCR and
cDNA sequencing results showed that no cDNA of CD40LG
was amplified from the proband’s peripheral blood sample
and only wild-type cDNAwas found in the proband’s mother.
It was predicted that variation c.156G>T which is at the exon-
intron boundary of the CD40LG gene affects splicing of the
mRNA and leads to a premature termination codon and
nonsense-mediated mRNA decay (NMD) of the proband’s
mRNA [16, 17]. This results is analogous to the previous
report of which a c.156G>A mutation in CD40LG resulted
in altered splicing and less than 1% of wild-type mRNA pro-
duced [18]. Meanwhile, c.156G>C, another variant at the
same position of CD40LG, was reported in a XHIGM patient
which was predicted to be probably damaging [19]. Above
results and reports together demonstrate that the variation of
c.156 G>T in CD40LG is probably damaging and causing the
XHIGM.

PGT can provide couples at risk with the option of
avoiding an affected pregnancy and having progeny free of
XHIGM. PGT with HLA typing provides the possibility of
having access to HLA-identical stem cell transplantation
through selection and transfer of those unaffected embryos
which are also HLA-matched to the sibling. PGT for the de-
tection of XHIGM performed together with HLA typing for
couples with children affected by genetic disorders that re-
quire HLA-identical stem cell transplantation therapy has
been reported [20]. PGT for distinguishing a balanced
Robertsonian translocation carrier embryo from a truly normal
embryo in parallel with comprehensive chromosome screen-
ing has also been reported [21–23]. Complex preimplantation
genetic tests for Robertsonian translocation, HLA, and X-
linked hyper IgM syndrome (XHIGM) caused by a novel
mutation of CD40LG gene has not been reported previously.
For complex PGT including PGT-M, PGT-A, PGT-SR, and
PGT-HLA, more DNA is required. As the biopsied TE cells

are fewer (3–5 cells), WGA can provide sufficient DNA tem-
plates for the combined performance of PGT-M, PGT-A,
PGT-SR, and PGT-HLA. SNP markers were applied to pre-
vent misdiagnosis due to ADO [24] and ensure the accuracy
of PGT including PGT-M, PGT-HLA, and PGT-SR.
Meanwhile, NGS-based PGT-A for aneuploidy screening
was used in the aneuploidy screening of embryos considering
that NGS was validated as an effective platform for copy
number variation in trophectoderm (TE) biopsies [25] and is
potentially useful for detecting segmental aberrations on em-
bryo biopsied [26] and low level mosaic aneuploidies on TE
biopsies which were previously concluded as euploid by
aCGH [27].

In conclusion, the variant of c.156G>T in CD40LG prob-
ably cause XHIGM due to the mechanism of nonsense-
mediated mRNA decay. For pedigree with complex situation
as the above described, NGS-based PGT-M, PGT-A, PGT-
SR, and PGT-HLA can be used together to help the family. In
this study, the family is expected to benefit by the birth of a
healthy sibling for their affected son, along with the potential
of curing their affected child through the option of having a
HSCT treatment with fully compatible donors.
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