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The clinical application of preimplantation genetic diagnosis
for X-linked retinitis pigmentosa
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Abstract
Objective To investigate the usefulness of preimplantation genetic diagnosis (PGD) based on mutated allele revealed by se-
quencing with aneuploidy and linkage analyses (MARSALA) for a pedigree with X-linked retinitis pigmentosa (XLRP).
Methods One pathogenic mutation (c.494G >A) of the retinitis pigmentosa GTPase regulator (RPGR) gene was identified in a
pedigree affected by XLRP. Then, PGDwas carried out for the couple, of which the wife was an XLRP carrier. Three blastocysts
were biopsied and then MARSALAwas performed by next-generation sequencing (NGS). Prenatal diagnosis was also carried
out to confirm the PGD results.
Results Three blastocysts were all unaffected. Then, one of the embryos was chosen randomly to be transferred, and the pregnancy
was acquired successfully. The results of prenatal diagnosis were consistent with the PGD results. The fetus did not carry RPGR
mutation (c.494G >A) and had normal chromosome karyotype. As a result, a healthy baby free of XLRP condition was born.
Conclusion The PGD method based on MARSALA was established and applied to a family with XLRP successfully.
MARSALA will be a valid tool, not only for XLRP families but also for families affected with other monogenetic disorders,
to prevent transmission of the genetic disease from parents to offspring.
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Introduction

Retinitis pigmentosa (RP) is a heterogeneous set of inherited
retinal degenerative diseases affecting 1 in 3000–4000 people
worldwide with many disease-causing genes and highly var-
ied clinical consequences [1]. RP is characterized by progres-
sive devolution of the retina resulting in progressive visual
loss. Usually, disease duration of RP covers multiple decades.
Symptoms include abnormal results of electroretinogram,

night blindness, diminishing visual fields, and complete blind-
ness ultimately. The mode of inheritance can be autosomal
dominant, autosomal recessive, or X-linked manner. To date,
X-linked retinitis pigmentosa (XLRP) accounts for 15% of all
RP cases, and represents the most severe subtype of this dis-
ease [2, 3]. Among all the related genes, mutations in the
retinitis pigmentosa GTPase regulator (RPGR) gene and
RP2 gene are the most common causes, accounting for over
80% of all XLRP cases [4, 5].

Since XLRP is a genetic disorder without effective treatment,
prevention of birth of baby with XLRP is very important.
Reproductive technologies including prenatal diagnosis and pre-
implantation genetic diagnosis (PGD) are crucial methods to
reduce the risk of birth of affected baby. PGD has been widely
utilized to select unaffected embryo to avoid the transmission of
genetic disorders since the first birth of PGD case in 1990 [6–8].
Recently, a new PGDmethod has been applied to clinics, called
mutated allele revealed by sequencing with aneuploidy and link-
age analyses (MARSALA), which combines PGD, preimplan-
tation genetic screening (PGS), and linkage analysis in one-step
next-generation sequencing (NGS) procedure, thereby
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increasing success rates of clinical pregnancy and live birth [9,
10]. In this study, we performed MARSALA-PGD for a XLRP
carrier couple successfully. To our knowledge, this is the first
application of MARSALA-PGD in XLRP, resulting in the birth
of a healthy baby.

Materials and methods

Family history

As shown in Fig. 1, the wife (IV2) has a family history of
XLRP, whose father (III2) and two uncles (III3,5) suffered
with typical XLRP symptoms as blindness and progressive
loss of visual field. Molecular diagnosis of these affected in-
dividuals showed a mutation (c.494G > A) of the RPGR gene,
which could be classified as pathogenic according to the
American College of Medical Genetics and Genomics
(ACMG) classification principle. And the wife was confirmed
to be heterozygous at that position, which indicated she was
an XLRP carrier, at risk of giving birth to an affected offspring
with XLRP. The daughter of the couple (V1) inherited the
mutation from her mother. The informed consent form for
PGD treatment was signed by the couple.

Embryo biopsy

In this case, 3 matured oocytes at MII stage were collected after
ovarian stimulation and then fertilized by intracytoplasmic sperm
injection (ICSI). All blastocysts were utilized for trophectoderm
biopsy when the trophectoderm (TE) cell had herniated out of
the zona pellucida on day 5 or 6 after fertilization. Biopsied TE
cells were washed in PBS (with 0.1% HSA) and transferred to
the PCR tube for whole genome amplification (WGA).

WGA and NGS

The whole genome from the biopsied TE cells was amplified
with a single cell MALBAC Kit (Yikon Genomics Inc.,
China) according to the instructions. WGA products were
reamplified using primers specific to the mutated region
(Table 1). We incubated 8 ng of the MALBAC product from
the biopsied cells. The PCR was carried out in a total volume
of 50 μl with the following steps: 1 cycle of initial denatur-
ation at 95 °C for 5 min, and 30 cycles of denaturation at 95 °C
for 40 s, annealing at 55 °C for 40 s, and elongation at 72 °C
for 45 s, and an additional elongation at 72 °C for 10 min.
Then, the PCR products were mixed with the WGA products
for NGS at a low sequencing depth (0.1×). Sequencing library
was constructed using the NGS TPM DNA Library Prep Set

Fig. 1 Pedigree of the family with XLRP. Squares and cycles indicate males and females, respectively. Filled symbols represent affected individuals;
open symbols represent unaffected individuals; cycles with a dot represent female carriers. Arrow indicates the proband
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for Illumina (CWBIO Inc., China). The sequencing was per-
formed with the Illumina HiSeq 2500 platform (USA).
Following this procedure, the targeted point mutation and
chromosome aneuploidy could be simultaneously analyzed
in the same NGS run as published previously [9, 10].

Linkage analyses by MARSALA

To select suitable single nucleotide polymorphisms (SNPs) in
the X chromosome adjacent to the point mutation of patient,
we sequenced the genomes of family members, including the
disease-carrying wife, her daughter, and affected father, as
well as the unaffected husband and the wife’s mother. All
SNPs within 1 Mb upstream and 1 Mb downstream of the
RPGR gene were called with sequencing depth > 10×. From
these sequences, the SNP readouts at the adjacent positions
allowed the identification of the disease carrying allele. And
then we used a similar strategy to deduce whether the disease-
carrying allele is present in each embryo by the informative
SNPs readouts from the sequences of each embryo, with a 2×
sequencing depth for each MALBAC-amplified DNA
sample.

Results

Point mutation detection

As previously described by Yan et al. [9], the targeted point
mutation could be accurately detected by MARSALA. We
also performed Sanger sequencing to confirm the
MARSALA result. As shown in Fig. 2, all of the three em-
bryos were free of the RPGR mutation (c.494G >A).

Chromosome aneuploidy screening

MARSALA allows simultaneous detection of both the point
mutation and the chromosome aneuploidy in one NGS run.
The copy number variations (CNV) data of all chromosomes
for each embryo were presented in Fig. 3. All of the three
embryos were identified to be normal.

Linkage analysis

After sequencing the genomes of the family members, we
adopted 20 SNPs to deduce whether embryos inherited the

disease-carrying allele. We focused on the heterozygous
SNPs in the X chromosome of the disease-carrying wife, the
disease-carrying daughter, and unaffected husband. For in-
stance, the wife was heterozygous A/C on SNP07, the unaf-
fected husband was A/X, while the affected daughter was
A/A. We could easily deduce that the allele with base A from
her mother must be pathogenic. In the other words, the wife’s
allele with base A was disease-causing allele and the allele
with base C was wild-type allele. Then, we used this strategy
to deduce whether the mutated allele is present in each em-
bryo. It was shown by the results that E1, E2, and E3 all
inherited base C from the mother, indicating free of the mu-
tated allele. Figure 4 represents the whole results of linkage
analysis based on SNPs. From the results, we could deduce
that all of the three embryos did not inherit the maternal path-
ogenic mutation.

Clinical outcome

Based on the above results of MARSALA, all of the three
embryos were suitable for transfer, as they were euploidy as
well as unaffected with the mutation allele. E1 was trans-
ferred, and luteal phase supports were given routinely.
Serum β-hCG level was measured at 14 days after embryo
transfer. Ultrasound examination at 5 weeks after embryo
transfer revealed a single intrauterine gestational sac with nor-
mal fetal heartbeat. The level obtained was consistent with a
clinical pregnancy. Prenatal diagnosis was performed with
Sanger sequencing and karyotype analysis using amniotic flu-
id cells at 18-week gestation, and the results (data not shown)
were consistent with PGD results. A healthy baby girl free of
the RPGR maternal mutation and chromosome abnormality
was born on July 7, 2017. In one-year follow-up, the girl
showed normal growth and development, and ophthalmolog-
ical examinations were totally normal.

Discussion

XLRP represents the most severe clinical subtype of RP, with
lacking effective treatment. For the nature of XLRP as a
monogenic inherited disease, PGD is regarded as an ideal
option for female carrier with fertility desire to reduce the risk
of birth of affected baby.

In previous articles, PGD methods for single-gene disorder
diagnosis were mainly carried out by PCR and linkage

Table 1 Primers and PCR parameters used to amplify the mutated region of RPGR gene

Fragment Length (bp) Forward primer (5′→ 3′) Reverse primer (5′→ 3′) Annealing (°C)

RPGR-E6 213 GCTTCAGAGCCTGG
CTACCT

ACAACATAGAAGTGGGAGAT
AAC

55
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analysis based on short tandem repeats (STRs) [11, 12].
However, it has been reported that allele drop-out (ADO)
and undetected recombination would lead to diagnosis failure
and/or misdiagnosis of some cases [13, 14]. Furthermore,
STR analysis usually needs to be tailored to the disorder and
to the individual family under investigation, which is time-
consuming and labor-intensive. Compared with STR analysis,
SNP analysis provides muchmoremarkers (400–500 SNPs vs
3–8 STR markers) around the mutation, which improves the
PGD accuracy [15]. Moreover, aneuploidy detection is

considered to be requisite in PGD of monogenic diseases,
since a high percentage of aneuploidy in human preimplanta-
tion embryos is well-documented and euploid embryos trans-
fer would increase the pregnancy rate [16–18].

In recent years, PGD technology has been developed rap-
idly. MARSALA and karyomapping are the most representa-
tive PGD methods, and both of them can perform linkage
analysis based on SNPs and detect aneuploidy simultaneously
[9, 10, 17, 19, 20]. Compared with karyomapping methods,
MARSALA can detect mutation directly by sequencing and

Fig. 3 CNVs of the three embryos at low sequencing depth of NGS. NGS analysis of the three embryos (E1,2,3) did not reveal any large CNVs or copy
number aberrations

Fig. 2 Sanger sequencing chromatographs of the three embryos. Themutation sites are shown in black background. All of the three embryos (E1,2,3) did
not inherit the disease-causing mutation (c.494G>A)
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indirectly by linkage analysis with multiple SNPs in one NGS
step. Use of enough numbers of SNP markers close to target
mutation is an available strategy to maximize the accuracy of
identifying the wild-type or mutated allele, even if the direct
mutation calling failed. On the other hand, if chromosome
homologous recombination results in loss of linkage, the de-
duced results from the selected SNPs cannot be validated ac-
curately by each other, then direct detection of the mutation
sites can help to confirm the diagnosis and avoid the
misidentification.

In addition, MARSALA can still correctly diagnose the
embryos under the condition of the absence of suitable affect-
ed family members, by using the affected embryo as the pro-
band [10]. The PGD result of each embryo can confirm the
results of other embryos from the same couple, and the direct
mutation detection and indirect linkage analysis also can be
verified by each other. It can be said that it is a unique advan-
tage of MARSALA.

MARSALA has already been applied in PGD for auto-
somal recessive disorder, autosomal dominant disorder,
and X-linked recessive disorder, which has helped many
couples successfully have their healthy babies free from
the monogenetic diseases, such as beta thalassemia, spinal
muscular atrophy, hereditary multiple exostoses, and X-

linked hypohidrotic ectodermal dysplasia [9, 10, 20]. In
the present work, MARSALAwas successfully established
and applied to a family with XLRP for PGD to prevent the
genetic transmission. To our knowledge, this is the first
application of MARSALA-PGD in XLRP. It is expected
that MARSALAwould enable PGD for all kinds of mono-
genetic diseases with known pathogenic mutation with
high precision, indicating that this method can be applied
to clinics effectively.
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Fig. 4 Results of linkage analysis of the three embryos. Twenty SNP
markers were checked to identify disease-carrying allele in each embryo.
None of the three embryos (E1,2,3) were identified as carrying the
disease-associated allele. REF, the SNPs of reference allele; ALT, the

SNPs of alternative allele; WF, wife’s father (affected individual); WM,
wife’s mother; W, wife (carrier); H, husband; D, daughter (carrier). The
red bases indicate that the SNPs link with mutant type
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