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Abstract
Autosomal dominant polycystic kidney disease (ADPKD) is the most common inherited kidney disease characterized
by the development of renal cysts and progression to renal failure. Preimplantation genetic testing-monogenic disease
(PGT-M) is an alternative option to obtain healthy babies. However, de novo PKD1 mutation of one of the spouses or
the absence of a positive family history poses a serious challenge to PGT-M. Here, we described a comprehensive
strategy which includes preimplantation genetic testing for aneuploidies (PGT-A) study and monogenic diagnosis study
for ADPKD patients bearing de novo mutations. The innovation of our strategy is to use the gamete (polar body or
single sperm) as proband for single-nucleotide polymorphism (SNP) linkage analysis to detect an embryo’s carrier
status. Nine ADPKD couples with either de novo mutation or without a positive family history were recruited and a
total of 34 embryos from 13 PGT-M cycles were examined. Within these nine couples, two successfully delivered
healthy babies had their genetic status confirmed by amniocentesis. This study provides a creative approach for
embryo diagnosis of patients with de novo mutations or patients who lack essential family members for linkage
analysis.
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Introduction

Autosomal dominant polycystic kidney disease (ADPKD) is a
common single-gene kidney disease with an incidence rate of
1/1000–1/400 [1]. ADPKD patients mainly show the progres-
sive growth of renal cysts accompanied by hypertension [2],
kidney stones [3], renal pain, hematuria [4], and mild protein-
uria [5], resulting in end-stage renal disease (ESRD) and renal
failure in adulthood.

ADPKD is mainly caused by two single-gene mutations:
PKD1 (polycystin-1, PC1) located at 16p13.3 [6, 7] or PKD2
(polycystin-2, PC2) located at 4q21-23 [8]. Dysfunction of either
protein will cause the primary cilia to function abnormally, lead-
ing to a series of cell signal transduction changes and abnormal
cell proliferation and secretion that result in the formation and
progressive enlargement of cysts [9]. About 85% of ADPKD
patients carry PKD1mutation and the rest carry PKD2mutation
[6, 7]. There are six pseudogenes 13 to 16 megabases away from
PKD1 and the homology between pseudogenes and the dupli-
cated regions of PKD1 is up to 97.7% [10]. In addition to the
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complex gene structure, the GC content ofPKD1 is as high as 70
to 80% [11]. During amplification, the homologous pseudogenes
and high GC content interfere with the identification of true
PKD1 mutations.

At present, there is no effective treatment for ADPKD pa-
tients. Hence, preventing the transmission of mutated PKD1
gene to their offspring is of great importance. PGT-M (preim-
plantation genetic testing for monogenic defects) in assisted re-
productive technology is an effective way to block disease inher-
itance. During in vitro fertilization (IVF) cycle, blastocyst biopsy
and subsequent genetic diagnosis can detect the carrier status of
embryos. In this way, the detected unaffected embryos will be
transferred. It has been reported that two healthy babies were
born through PGD based on short tandem repeat (STR) linkage
analyses following blastomere biopsy [12]. Verlinsky et al. [13]
used polar bodies and blastomere biopsies for subsequent STR
linkage analyses to examine the embryo for maternal mutations.
These methods were only applicable to couples with a definite
proband and a complete medical family history for linkage anal-
yses. However, due to de novo mutation, 10–25% of ADPKD
patients do not have an informative family history, thus hindering
proper diagnosis [14]. For male de novomutation, Shi et al. [15]
reported a strategy based on single sperms for linkage analyses.
Nevertheless, the previous methods failed to cover all de novo
mutation patients, especially for females. Here, we developed a
comprehensive strategy using gamete or embryo as proband for
linkage analyses (GEPLA) that could be applied to all patients.
GEPLA strategy uses affected embryo as proband (EAP) or
gametes carrying mutant alleles as proband (GAP) for SNP link-
age analyses. Embryo carriers identified through direct mutation
detection were preferentially taken as probands for subsequent
haplotype analyses. For couples without EAP, single sperms or
the second polar body (PB2) was complementally selected to
identify mutant alleles, which could be regarded as proband for
the following haplotype analyses.

In this study, we recruited nine couples without positive
ADPKD family history. Detailed clinical information was col-
lected by researchers and clinicians at our center. Specific
diagnostic strategies were designed for these patients.
Finally, all couples accepted IVF-PGT treatment and four un-
affected embryos were transferred. As a result, two healthy
babies were born whose carrier statuses were confirmed by
amniotic analysis. This comprehensive strategy indicates the
accuracy and universality of embryo diagnosis for patients
who have de novo mutations or lack a useful family history.

Materials and methods

Patients

From 2016 to 2020, nine couples were recruited and
authorized to be treated in our de novo PGT-M study
for polycystic kidney disease at the Reproductive
Center of Peking University Third Hospital. The clinical
diagnosis of ADPKD was based on the number of kid-
ney cysts detected by ultrasonography, as described in
unified criteria by Pei et al. [16] All patients included
in the study met the diagnostic criteria for ADPKD and
have no affected family members. Genetic counseling
and pre-validation tests suggested that all nine ADPKD
patients had de novo pathogenic PKD1 mutations.
Pedigree charts of all these cases were shown in
Supplemental Figure 1. Among these nine cases, eight
were males and one was female (case 2). The basic in-
formation for these nine couples is shown in Table 1.
This study was approved by Peking University Third
Hospital and informed consents were signed by all study
participants.

Table 1 Characteristics of the recruited couples

Case
ID

Female
age

Female
karyotype

Male
age

Male
karyotype

Patient Pathogenic
gene

Mutation site Total
cycles

Oocyte
retrieved

Fertilized
oocytes

Total
embryos

1 34 46,XX 34 46,XY Male PKD1 c.3812delC 1 24 7 1

2 31 46,XX 32 46,XY Female PKD1 c.10453_
10454insAGCCC

2 16 13 3

3 29 46,XX 29 46,XY Male PKD1 c.7237_7238delAA 1 17 13 1

4 24 46,XX 26 46,XY Male PKD1 c.1295C>T 2 7 3 0

5 23 46,XX 26 46,XY Male PKD1 c.9801G>A 1 10 8 2

6 32 46,XX 33 46,XY Male PKD1 c.1654G>T;
c.6018G>C

3 39 26 7

7 28 46,XX 27 46,XY Male PKD1 c.914G>A 1 12 10 5

8 29 46,XX 31 46,XY Male PKD1 c.12304delG 1 7 5 3

9 28 46,XX 25 46,XY Male PKD1 c.317T>C 1 24 21 12

2426 J Assist Reprod Genet (2021) 38:2425–2434



In vitro fertilization (IVF) and single-sperm collection

All patients received in vitro fertilization and embryo transfer
(IVF-ET) treatment. As shown in Table 1, couple 4 and couple
6 received 2 and 3 cycles of IVF-ET respectively, while other
couples received 1 IVF-ET cycle. A total of 108 matured
metaphase II (MII) stage oocytes were collected and fertilized
through intracytoplasmic sperm injection (ICSI); 34 embryos
reached the embryo biopsy standards. Unfortunately, for cou-
ple 4, no embryos reached the embryo biopsy standards. After
ICSI, a certain amount of single sperms was collected from
each male patient (except for couple 2) as backups for subse-
quent diagnosis.

Semen quality was firstly assessed by sperm concentration,
motility, and morphology. Higher motile sperms (n = 10) with
morphological integrity were captured and collected individ-
ually into ten separate PCR tubes [17]. Following the flexible
strategy (Fig. 5), if no EAP was found, single sperms would
come in handy. After whole-genome amplification (WGA), a
portion of the WGA products was used for mutant allele iden-
tification by specific PCR and Sanger sequencing. The rest of
the WGA products from single sperm as proband (SAP) were
used for NGS and haplotype analyses.

Biopsy and polar body collection

For all cases, blastocyst biopsy was applied. At day 5 or day 6
after fertilization, trophectoderm (TE) biopsy of the hatched
blastocysts was performed. The biopsied TE cells were
washed with PBS and then kept in the lysis buffer (5 μL) in
a 0.2-mL PCR tube. After the biopsy, the blastocysts were
frozen by vitrification.

For couple 2, the only female patient, an additional polar
body biopsy was performed prior to blastocyst biopsy. PB2
were obtained just after ICSI and 8–14 h after fertilization and
put into PCR tubes [18]. Similar to the single-sperm backups,
PB2 is an additional option if no EAP was identified. After
whole-genome amplification (WGA), the WGA products
were used for mutant allele analyses by specific PCR,
Sanger sequencing, and haplotype analyses based on NGS
data.

WGA and direct mutation detection

Whole-genome DNA from lysed cells was amplified
using the commercial MALBAC amplification kit
(Yikon Genomics Inc., China). MALBAC products were

Fig. 1 Direct detection of PKD1 mutation by Sanger sequencing
following specific touchdown PCR. a PKD1 mutation detection of case
7. b PKD1 mutation detection of case 3. c PKD1 mutation detection of

cycle 1 of case 2. Red arrows indicate the mutations. Red dotted lines
represent mutation sites while green dotted lines represent the adjacent
sites that can distinguish PKD1 from the pseudogenes
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then reamplified using specific primers targeting the
mutation sites. The primers were designed to specifical-
ly amplify the PKD1 mutation and to have amplicons
containing at least one different site to distinguish
PKD1 from the pseudogenes. Touchdown PCR was
used to ensure the specific amplification of PKD1
targeted sequences and was performed at 98 °C for 30

s, 30 cycles of 15 s at 98 °C, 30 s at 65–55 °C (an-
nealing temperature from 65 to 55°C and 0.5 °C drop
per cycle in first 20 cycles. Annealing temperature is
maintained at 55°C through the last 10 cycles.), and
30 s at 72 °C, and an additional 2 min at 72 °C using
tag enzyme (NEB Inc.). If EAP was identified, subse-
quent DNA library construction would be performed;

Table 2 Summary of PGT-M results for embryos

Case ID Mutation site Cycle Embryo ID CNV Mutation detection Proband* Haplotype analysis Clinical outcomes

1 c.3812delC 1 E1-1 - WT SAP WT Implantation failure

2 c.10453_10454insAGCCC 1 E2-1 + WT PAP WT Abandoned

2 E2-2 - WT PAP WT Live birth

2 E2-3 + Carrier PAP Carrier Abandoned

3 c.7237_7238delAA 1 E3-1 - WT SAP WT Abortion

5 c.9801G>A 1 E5-1 - WT EAP (E5-2) WT Implantation failure

1 E5-2 - Carrier / / Abandoned

6 c.1654G>T; c.6018G>C 1 E6-1 + Carrier / / Abandoned

1 E6-2 + WT EAP (E6-1) WT Abandoned

1 E6-3 + ADO EAP (E6-1) Carrier Abandoned

3 E6-4 - WT EAP (E6-1) WT Transfer planned

3 E6-5 - WT EAP (E6-1) WT Frozen

3 E6-6 - WT EAP (E6-1) WT Frozen

3 E6-7 - Carrier EAP (E6-1) Carrier Abandoned

7 c.914G>A 1 E7-1 - Carrier / / Abandoned

1 E7-2 - WT EAP (E7-1) WT Live birth

1 E7-3 + Carrier EAP (E7-1) Carrier Abandoned

1 E7-4 + Carrier EAP (E7-1) Carrier Abandoned

1 E7-5 - Carrier EAP (E7-1) Carrier Abandoned

8 c.12304delG 1 E8-1 - ADO SAP Carrier Abandoned

1 E8-2 - WT SAP WT Implantation failure

1 E8-3 - WT SAP WT Implantation failure

9 c.317T>C 1 E9-1 - WT EAP (E9-2) WT Transferred

1 E9-2 - Carrier / / Abandoned

1 E9-3 - WT EAP (E9-2) WT Frozen

1 E9-4 + Carrier EAP (E9-2) Carrier Abandoned

1 E9-5 - WT EAP (E9-2) WT Frozen

1 E9-6 - WT EAP (E9-2) WT Frozen

1 E9-7 - WT EAP (E9-2) WT Frozen

1 E9-8 - Carrier EAP (E9-2) Carrier Abandoned

1 E9-9 - WT EAP (E9-2) WT Frozen

1 E9-10 + Carrier EAP (E9-2) Carrier Abandoned

1 E9-11 - ADO EAP (E9-2) Carrier Abandoned

1 E9-12 - WT EAP (E9-2) WT Frozen

*: The embryos or gametes carrying mutant alleles are taken as proband for haplotype analyses

+: Aneuploid

-: Euploid

/: The embryos selected as proband, without haplotype analysis

Abbreviations: CNV, copy number variation; WT, wild type; ADO, allele dropout; EAP, embryo as proband; SAP, sperm as proband; PAP, PB2 as
proband
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otherwise, WGA and direct mutation detection would be
performed on single sperm or PB2 to select GAP. The
WGA products of identified GAPs would then be used
for subsequent DNA library construction.

DNA library, NGS, and aneuploidy detection

The MALBAC product was used for DNA library construc-
tion by NEBNext Ultra II DNA Library Prep Kit (New
England Biolabs, Inc.). The whole genome of each sample
was sequenced on the Illumina HiSeq X Ten platform
(USA) at a 2× sequencing depth. The reads sequenced after
filtering were mapped to the human reference genome hg38.
Embryo aneuploidy was detected using the method reported
by Hou et al. [19]. After normalization, the raw coverage
depth was calculated, followed by division of the average
sequencing depth of the samples, as well as the corresponding
normalization factor. With this method, deletions and dupli-
cations not smaller than 10 Mb and a mosaic rate higher than
30% could be detected (the detection limit).

Haplotype analyses based on SNP linkage

Using the NGS results, we analyzed the SNP markers around
the mutation sites. In this study, only SNPs with more than
three covered reads were included in our analyses. Proband
embryos and germline cells carrying the pathogenic mutations
(EAP and GAP) allowed us to identify the mutant and the
wild-type alleles. The data obtained from other embryos were
compared with the identified mutant and wild-type alleles to
construct haplotypes using scHaplotyper software [20]. SNP
haplotypes within 3 Mb upstream and 2 Mb downstream of
PKD1 were illustrated by scHaplotyper, and SNP markers
within 1 Mb of PKD1 were selected for further analysis.
Through these analyses, the mutation carrier status of embryos
can be determined. To overcome the errors introduced by
allele dropout (ADO), we used the hidden Morkov model
(HMM) to correct the embryo haplotypes [20].

Results

Mutation site detection and proband identification

Due to single-cell WGA allele dropout, SNP linkage analyses
are essential for embryo diagnosis. For families with de novo
mutations, identifying a proband for haplotype analyses is
necessary. Specific primers were designed and touchdown
PCR was performed to detect the mutation site directly and
to identify the “proband.” To avoid pseudogenes interference,
multiple primers were designed and the amplicon contains at
least one base to distinguish PKD1 gene from pseudogenes.
Touchdown PCR is another way to guarantee specific

amplification. As seen in Fig. 1a, direct detection for case 7
on PKD1, c.914G>A shows that all embryos except for E7-2
were affected. To figure out whether the genetic status of E7-2
was interfered by allele dropout, E7-1 was taken as the “pro-
band” (EAP) for further haplotype analyses. Unlike case 7,
some cases (Fig. 1b and c) did not have EAP. At this point,
to avoid allele dropout, we can resort to backup SAP (Fig. 1b,
Sperm32) or PAP (Fig. 1c, E2-1 PB2) to complete haplotype
analyses. Other cases used the same strategy to identify the
“proband.”Case 1 and case 8 used SAPwhile cases 5, 6, and 9
used EAP to accomplish subsequent haplotype analyses
(Table 2).

PGT-M stimulation cycles and aneuploidy detection

In Fig. 2a, a total of 13 PGT-M stimulation cycles were per-
formed; 156 oocytes were obtained. The fertilization rate was
69.23% (108 fertilized oocytes) and the blastocyst formation
rate was 31.48%. All 34 embryos were biopsied at the blasto-
cyst stage for subsequent genetic diagnosis. The biopsied blas-
tocysts had an embryo aneuploidy rate of 26.47%. At a 2×
sequencing depth, 20 M reads pair could be obtained from
each sample and an accurate aneuploidy rate would be calcu-
lated. Here, we elucidate CNV analyses using case 9 as an
example. As shown in Fig. 2b, chromosome aneuploidy anal-
yses were performed for all 12 embryos of case 9. Ten em-
bryos were without chromosomal abnormalities, while E9-4
and E9-10 were considered not suitable for embryo transfer
due to aneuploidy.

Mutation diagnosis based on direct detection and
haplotype analyses

Direct mutation detection was performed for all 34 embryos
and detection success rate was 100%. To avoid allele dropout,
haplotype analyses were necessary for verification. Schematic
haplotype analyses based on gametes carrying the mutant al-
lele or affected embryos were shown in Fig. 3a and b respec-
tively. Case 9 was taken as an example to present the haplo-
type analysis results based on NGS data (Fig. 3c and d). E9-2
was first identified as proband through specific touchdown
PCR, and then SNP markers within 3Mb upstream and 2Mb
downstream of PKD1 mutation were analyzed by
scHaplotyper software (Fig. 3c). Based on the genotype of
E9-2 SNP markers, the haplotype carrying the mutation could
be deduced. As shown in Fig. 3c, the haplotypes of the em-
bryos were compared to the EAP (E9-2) to ascertain whether
the embryo carries the PKD1 mutation. For further analysis,
SNP markers within 1 Mb of PKD1mutation were selected to
confirm the carrier status of embryos (Fig. 3d). For example,
the genotype of rs73485872 was C/T for paternal, C/C for
maternal, and C/T for E9-2, so we could deduce that the base
of T inherited from the father linked with the mutation.
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Fig. 3 Schematic haplotype analyses and case 9 results from NGS data. a
Schematic haplotype analyses using single sperms or PB2 as proband. b
Schematic haplotype analyses based on affected embryos. c Haplotype
analysis results of case 9 using E9-2 as the proband (EAP). This image is
a visualization of the haplotype data within a range of 3 Mb upstream or
2 Mb downstream from the PKD1 gene using scHaplotyper. Red repre-
sents themutant haplotype deduced fromEAP.Green represents the wild-

type haplotype. d Representative SNP linkage analyses for case 9. Five
upstream and five downstream SNPmarkers in the adjacent regions of the
PKD1 gene (1 kb upstream/downstream regions) were selected to identify
the disease-carrying allele in each embryo. “W” represents wild type and
red cross represents the mutation. RSID, reference SNP cluster ID;
CHROM, chromosome number; POS, genomic position; M, maternal;
P, paternal; NA, not available

�Fig. 2 PGT-M stimulation cycles and copy number variation of case 9. a
Fertilization rate, blastocyst formation rate and embryo aneuploidy rate of
the 9 couples in 13 PGT-M stimulation cycles. b Copy number variation
of 13 embryos of case 9. Red boxes show the aneuploid chromosomes
>
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Embryos whose genotypes were C/T inherited the base of T
from the father carrying the mutant allele, while embryos with
C/C genotypes inherited the base of C from the father carrying
the wild-type allele. With this approach, all the genotypes of
SNPs of the embryos inherited from the father were deduced.

To overcome the errors introduced by allele dropout, we
used the hidden Morkov model (HMM) to correct the embryo
haplotypes [20]. Through the above analyses, E9-4, E9-8, and
E9-10 inherited the mutant allele, and E9-1, E9-3, E9-5, E9-6,
E9-7 E9-9, and E9-12 inherited the wild-type allele. These
were consistent with the mutation detection results (Table 2).
The haplotype analyses of E9-11, however, were inconsistent
with its mutation detection result. We suspected that WGA
nonuniformity led to allele dropout in direct mutation detec-
tion of the embryos.

Overall, after comparing the results of haplotype analyses
to direct mutation detection for all diagnosed embryos
(Table 2), two embryos were identified with ADO during
mutation detection and the ADO rate was 5.9% (2/34). It
suggested that haplotype analyses are necessary for accurate
diagnosis.

Clinical results

From the 13 IVF-ICSI cycles, seventeen mutation-free and
euploid confirmed embryos from 8 couples could be trans-
ferred and the embryo transplantable rate was 50% (17/34)
(Table 2). Four couples (cases 2, 3, 7, 9) received frozen
embryo transfer (FET) and were clinically pregnant. One cou-
ple (case 6) was planning for transfer, while 3 couples (cases
1, 5, 8) suffered implantation failure (Table 2). Unfortunately,
case 3 had an early miscarriage and the SNP array study of the
fetus tissue did not show chromosomal abnormality. The am-
niocentesis was performed on case 2 and case 7 at 20 weeks of
gestation, and the PGT-M results were reconfirmed by PKD1
gene mutation detection of gDNA from the cultured amnion
cells (Fig. 4a and b). Of note, no mutation was observed from

the cultured amnion cells gDNA. Two healthy neonates in
case 2 and case 7 were born successfully.

Discussion

ADPKD is a single-gene autosomal dominant kidney disease
characterized by renal cysts and progression to renal failure.
PGT-M is an effective strategy to prevent its transmission
from one generation to another. However, it was reported that
ADPKD shows a high de novo mutation rate as high as 10–
25% [21], which poses a challenge to linkage analyses of
PGT-M. To overcome this difficulty, we developed a compre-
hensive and wide-applicable strategy for these PKD1 patients.
The workflow of this strategy, using gamete or embryo as
proband for linkage analyses (GEPLA), is shown in Fig. 5.
First, single sperms of male patients and PB2 of female pa-
tients were collected as backups respectively after ICSI and
fertilization. Second, the affected embryo or gamete carrying
mutant allele as proband is identified. All blastocysts were
biopsied and the whole genome of the samples was amplified,
and then the carrier status of each embryo could be determined
through Sanger sequencing upon specific touchdown PCR.
Once an embryo carrying the mutant allele is identified, it
could be regarded as EAP for following haplotype analyses.
If no EAP was identified in a family, a supplemental proce-
dure would be performed.Mutation detection for the collected
sperms or PB2 would be conducted to determine the “pro-
band.” Third, DNA library was constructed and the NGS at
a 2× depth was performed to sequence the blastocyst WGA
product. Lastly, the aneuploid status of each embryo was de-
termined based on NGS data. To avoid allele dropout, SNP-
based haplotype analyses were performed. According to EAP
or GAP with known carrying status of the mutation, linkage
analyses were carried out to identify the parental haplotype
and the carrier status of the embryos was deduced consequent-
ly. In addition to the direct mutation site detection, the

Fig. 4 Mutation detection by
Sanger sequencing following
specific touchdown PCR of the
cultured amnion cells. a Amnion
cell mutation (PKD1, c.10453_
10454insAGCCC) detection of
case 2. b Amnion cells mutation
(PKD1, c.914G>A) detection of
case 2
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diagnosis of embryos was double-checked with SNP-based
haplotype analysis.

Because of the pseudogenes, mutation detection of PKD1
gene is very challenging [22]. Our mutation detection PCR
was performed using specific primers and touchdown proce-
dure. Specific primers were designed against diverse se-
quences and the amplicon contained at least one specific site
to distinguish PKD1 from its pseudogenes. As shown in Fig.
1a and b, Sanger sequencing showed the pseudogenes were
excluded. In case 2, the c.10453_10454insAGCCC mutation
of PKD1 gene was in the terminal of the duplicated region
without pseudogenes interference [23]. We detected all muta-
tions successfully and only 2 embryos had allele dropout. Our
preferential selection of EAP was a success and this novel
mutation detection method is both convenient and cost-effec-
tive. If no EAP can be used, gametes carrying the mutant allele
can be chosen for haplotype analyses. Our double-checking
strategy containing mutation detection and haplotype analyses
is applicable to almost all de novo PKD1 mutations and can
ensure accuracy for genetic diagnosis results.

In summary, our method, GEPLA, provides a comprehen-
sive and specific strategy for preimplantation genetic diagno-
sis of patients with de novo PKD1 mutations or lacking pos-
itive family member. Furthermore, this strategy offers new
insights into the preimplantation genetic testing of other
single-gene disorders with de novo mutations.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s10815-021-02188-z.
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