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Abstract

Impact Statement

This study describes the importance of coupling the
uses of chromosome microarray analysis (CMA) and
whole-exome sequencing (WES) to genetically test
multicystic dysplastic kidney (MCDK). MCDK is one
of the most common fetal malformations, despite
unclear etiology. A total of 108 MCDK fetuses with or
without other extrarenal abnormalities were explored.
We believe that our study makes a significant
contribution to the literature because the combined
application of CMA-WES to detect MCDK fetuses can
significantly provide a basis for prenatal diagnosis,
consultation, and prognosis evaluation of MCDK
fetuses. Our study identified the novel microdeletions
4q33.1 q32.2, 15q11.2, 16p11.2, and 17p12 in MCDK
cases, enriching the disease spectrum of the above
microdeletions and microduplications.

Multicystic dysplastic kidney (MCDK) is one of the most common fetal
malformations, but its etiology remains unclear. Identification of the molecular
etiology could provide a basis for prenatal diagnosis, consultation, and
prognosis evaluation for MCDK fetuses. We used chromosome microarray
analysis (CMA) and whole-exome sequencing (WES) to conduct genetic tests
on MCDK fetuses and explore their genetic etiology. A total of 108 MCDK
fetuses with or without other extrarenal abnormalities were selected. Karyotype
analysis of 108 MCDK fetuses showed an abnormal karyotype in 4 (3.7%, 4/108)
of the fetuses. However, CMA detected 15 abnormal copy number variations
(CNVs) (14 pathogenic CNVs, and one variant of unknown significance
[VUS] CNVs), in addition to four cases that were consistent with the results
of karyotype analysis. Out of the 14 pathogenic CNVs cases, three were of
17912 microdeletion, two of 22q11.21 microdeletion, 22g11.21 microduplication
uniparental disomy (UPD), and one case of 49g31.3932.2 microdeletion, 7q11.23
microduplication, 15q11.2 microdeletion, 16p11.2 microdeletion, and 17p12
microdeletion. Of the 89 MCDK fetuses with normal karyotype analysis and
CMA, 15 were tested by WES. Two (13.3%, 2/15) fetuses were identified by
WES as Bardet-Biedl syndrome (BBS) 1 and BBS2. Combined application of

CMA-WES to detect MCDK fetuses can significantly improve the detection rate of genetic etiology, providing a basis for

consultation, and prognosis evaluation.
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Introduction

Multicystic dysplastic kidney (MCDK) is a congenital devel-
opmental abnormality with ureteral atresia, and is one of
the most common birth defects, with an incidence of 1,/4300
in newborns.! In the prenatal ultrasound phenotype, fetus
with MCDK often presents with renal enlargement and
enhanced echo of the renal parenchyma. When both kidneys
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are involved, oligohydramnios and inadequate bladder may
also be present. 94.1% of MCDK cases are diagnosed using
prenatal ultrasound.? The prognosis of fetuses with bilateral
renal involvement was poor, while 39% of those with unilat-
eral renal involvement still had contralateral renal malfor-
mations or other extrarenal dysplasia.®

MCDK is one of the most common fetal malformations;
however, its etiology remains unclear. Recent studies have
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Figure 1. Enroliment of pregnant women between January 2016 and December 2021.

shown that MCDK is associated with copy number varia-
tions (CNVs).4” Chromosome microarray analysis (CMA) is
a molecular technology that can cover whole-genome DNA
with high-throughput, high-resolution, and fast-detection
speed. This technology can detect not only microdeletion/
microduplication (<5Mb), but also chimerism (>20%) and
uniparental disomy (UPD).8° At present, CMA has been
used in the detection of fetal malformations, as well as tumor
genetic diagnosis and other fields.’®!" However, whole-
exome sequencing (WES) can detect the relevant variation of
most diseases in the exon region, and only needs to sequence
approximately 1% of exons, and has quickly become an
effective strategy for screening pathogenic genes suscepti-
ble to complex diseases.!>'* WES has gradually been used
in clinics, due to the low cost of testing. In this study, 108
fetuses with MCDK were analyzed using karyotype analy-
sis and CMA, and 15 fetuses with normal karyotype analy-
sis and CMA; results were analyzed using WES to explore
the genetic etiology and provide a genetic basis for prenatal
diagnosis and prognosis evaluation of MCDK fetuses.

Materials and methods
Patients

A total of 114 cases of MCDK fetuses identified by prena-
tal ultrasound at tertiary referral hospitals were included

in the study between January 2016 and December 2021.
Six patients refused interventional prenatal diagnosis after
genetic counseling, and 108 subjects eventually provided
informed consent for interventional prenatal diagnosis.
Amniotic fluid was extracted from 108 cases for karyotype
analysis and CMA, among which 15 MCDK fetuses with
normal karyotypes and CMA were simultaneously ana-
lyzed using WES (Figures 1 and 2). The 108 cases ranged
in age from 21 to 43 years and gestational age from 16 to
24 weeks. The cases were divided into isolated MCDK and
non-isolated MCDK groups based on the fetal ultrasound
phenotype. In this study, 64 cases (59.3%, 64/108) of iso-
lated MCDK were identified as MCDK only, and no other
ultrasound abnormalities were found. There were 44 cases
(40.7%, 44/108) of non-isolated MCDK with other ultra-
sound abnormalities.

Karyotype analysis

Amniotic fluid (40mL) was extracted from abdomen under
ultrasound-guided extraction (20mL for karyotype analysis,
10mL for CMA, and 10mL for WES). Under aseptic opera-
tion conditions, the extracted amniotic fluid was loaded into
an aseptic centrifugal tube to collect amniotic fluid cells. The
adherent cell culture method was used for 10-14 days. When
the cells grew well, colchicine was added, and amniotic fluid
cells were collected. Routine section, G banding (C and N
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Figure 2. The intrauterine ultrasound image of a fetus with MCDK.

banding if necessary), karyotype collection by GSL-120
automatic chromosome scanning platform, and karyotype
analysis.

Chromosome microarray analysis

Amniotic fluid from 108 fetuses was collected by centrifu-
gation. Genomic DNA was extracted from amniotic fluid
cells using QIAamp DNA Blood Mini Kit. The procedure
was performed according to the instructions provided by
Affymetrix. The CMA results were analyzed using the
supporting Chromosome Analysis Suite (ChAS) V3.2,
and CNV properties were determined by analyzing the
CMA results with related databases. Reference databases
include internal and online public databases. Based on
the corresponding criteria,'> CNV properties were divided
into pathogenic CNVs, likely pathogenic CNVs, variants
of unknown significance (VUS), benign CNVs, and likely
benign CNVs. For fetuses with VUS, it is recommended
that parents’ peripheral blood samples be tested for CMA
combined with pedigree analysis to further clarify the
nature of CNV.

WES

In this study, 15 MCDK fetuses with normal karyotypes
and CMA were further examined using WES. A Bioruptor
was used to fragment DNA to approximately 200-250bp.
DNA library construction kit (Illumina, FC-121-2003),
including terminal complementing, 3-terminal adenylation,
splicing, fragment selection, and amplification. The target
area was captured using NimbleGen magnetic beads and
Hybridization and Wash Kit, followed by polymerase chain
reaction (PCR) amplification with high-fidelity DNA poly-
merase (Roche). PE100 sequencing was performed in the
HiSeq 2500 high-throughput mode. Mutations were anno-
tated according to the American College of Medical Genetics
and Genomics guidelines, and the effects of protein func-
tion and shear hazards were predicted. Finally, the obtained

mutation sites were determined and divided into the fol-
lowing five categories: pathogenic, likely pathogenic, VUS,
likely benign and benign.!® Fetuses and parents with patho-
genic and likely pathogenic mutants were verified using
Sanger sequencing.

Follow-up of pregnancy outcome

All pregnant women were followed-up over telephonic call
for pregnancy outcomes and postnatal conditions.

Statistical analysis

SPSS 20.0 (IBM) software was used for data processing. The
chi-square test was applied to analyze the detection rate of
pathogenic genome between groups, and P <0.05 was con-
sidered to be statistically significant.

Results
Karyotype analysis results

Karyotype analysis detected abnormalities in four (3.7%,
4/108) of the 108 MCDK fetuses, including two cases of tri-
somy 21 syndrome, one case of chimerism (47, XX + 9[29] /46,
XX[26]), and one case of 4p16.3p15.1 large fragment deletion
(Table 1). After genetic counseling, the parents of four MCDK
fetuses with chromosomal abnormalities were chosen to ter-
minate pregnancy.

Chromosome microarray analysis

A total of 108 cases were tested by CMA simultaneously,
and 19 abnormal CNVs were detected, including 18 patho-
genic CNVs (16.7%, 18/108) and one VUS (0.9%, 1/108).
Compared with karyotype analysis, 15 additional abnormal
CNVs (including 14 pathogenic CNVs and one VUS) were
detected by CMA, in addition to the four cases that were con-
sistent with karyotype analysis. The 14 cases of pathogenic
CNVs included three cases of 17q12 microdeletion, two cases
of 22q11.21 microdeletion, 22q11.21 microduplication, UPD,
and one case of 4q31.3q32.2, microdeletion, 7q11.23, 15q11.2,
16p11.2, and 17p12 microdeletions, respectively (Table 2).
After genetic counseling, the parents of 18 fetuses with path-
ogenic CNV (including four cases of abnormal karyotype
and 14 cases of microdeletion or microduplication) chose to
terminate the pregnancy.

WES

Fifteen MCDK fetuses with normal karyotypes and CMA
results were simultaneously examined by WES. WES results
showed that the BBS gene mutation occurred in two MCDK
fetuses, and the abnormal detection rate was 13.3% (2/15)
(Table 3). In one fetus, BBS1 gene mutation was derived from
homozygous variation of the ¢.1177C>T locus of the mother
and father (Figure 3). The mutation of C. 1177C>T leads to
premature termination of the protein encoding at amino acid
393, which is predicted to produce truncated proteins and thus
affect normal protein function. However, the other fetus was
detected as a compound heterozygote with two pathogenic
mutations, ¢.1814C>G(P.605*)/C.534+1G>T, in the BBS2 gene



Table 1. Abnormal karyotype results of fetuses with MCDK.
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Case Karyotype CMA results Ultrasonic phenotype Postnatal outcome
1 47, XY,+21 arrflhg19](21)x3 Bilateral MCDK, Strong echo in left ventricle, TP
Enhanced intestinal echo
2 47, XY,+21 arr[hg19](21)x3 Bilateral MCDK, FGR, CHD TP
3 47, XX +9[29)/46, arrfhg19] (9)x2~3, (XX)x1 Bilateral MCDK, Right kidney seeper, Right TP
XX[26] ureterectasia, Right foot deformity
4 46, XY,del(4)(p15) arrflhg19]4p16.3p15.1(68,345-35,252,743)x1 Bilateral MCDK, FGR, Nasal bone dysplasia TP

CMA: chromosomal microarray analysis; CHD: congenital heart disease; MCDK: Multicystic dysplastic kidney; FGR: growth restriction; TP: termination of pregnancy.

Table 2. Abnormal CNVs in fetuses with MCDK.

Case CMA results Size Ultrasonic phenotype Interpretation Inheritance Postnatal
(Mb) outcome
1 arr[hg19] 22911.21(18,916,842-21,800,471)x1 2.8 Right MCDK P - TP
2 arr[hg19] 22911.21(20,730,143-21,800,471)x1 1.0 Right MCDK, Polyhydramnios, P - TP
Strephenopodia
3 arr[hg19] 22911.21(20,730,143-21,800,471)x3 1.0 Right MCDK P de novo TP
4 arr[hg19] 22911.21(20,730,143-21,800,471)x3 1.0 Left MCDK P de novo TP
5 arr[hg19] 17912(34,822,465-36,311,009)x1 1.4 Bilateral MCDK, Mild tricuspid P de novo TP
regurgitation
6 arr[hg19] 17912(34,822,465-36,243,365)x1 1.4 Bilateral MCDK P - TP
7 arr[hg19] 17912(34,822,465-36,307,773)x1 1.48 Bilateral MCDK P - TP
8 arrfhg19] 4931. 6.7 Right MCDK, Enhanced intestinal P de novo TP
3032.2(155,463,038-162,158,990)x1 echo
9 arr[hg19] 7q11.23(72,701,098-74,069,645)x3 1.3 Left MCDK, Ventricular septal P de novo TP
defect
10 arr[hg19] 15911.2(22,770,421-23,277,436)x1 0.83 Right MCDK P - TP
11 arr[hg19] 16p11.2(29,428,531-30,177,916)x1 0.73 Left MCDK, Ureterectasia, Single P - TP
umbilical artery
12 arrfhg19] 17p12(14,083,054-15,482,833)x1 1.4 Left MCDK P Maternal TP
13 arr[hg19] 16923.2924.3(79,800,878-90,146,366) — Left MCDK, FGR, Ventricular P UPD TP
hmz,16p13.3p12.3(94,807-19,302,326) hmz septal defect, Aortarctia (Maternal)
14 arrfhg19] 2p25.3p11.2(50,813-87,053,152) hmz, — Bilateral MCDK, FGR, CHD P UPD TP
arr[hg19]2911.1937.3(95,550,957-242,773,583) (Maternal)
hmz
15 arrfhg19] 9g21. 2.7 Left MCDK VUS - D

31921.32(82,732,469-85,502,241)x1

CMA: chromosomal microarray analysis; CHD: congenital heart disease; MCDK: multicystic dysplastic kidney; FGR: growth restriction; P: pathogenic; VUS: variants of

unknown significance; TP: termination of pregnancy; TD: term delivery.

Table 3. WES detected in fetuses with MCDK.

Case WES Ultrasonic phenotype Interpretation Inheritance Postnatal outcome
1 BBS1, c.1177C>T(p. Arg393*) Bilateral MCDK, oligoamnios P Homozygous variation TP
2 BBS2, c.1814C>G(p.S605%) Bilateral MCDK, cardiac P Heterozygote variation TP
enlargement, oligopamnios
BBS2, ¢.534+1G>T - P Heterozygote variation -

MCDK: multicystic dysplastic kidney; P: pathogenic; TP: termination of pregnancy; WES: whole-exome sequencing.

inherited from the father/mother, respectively (Figure 4). After
genetic counseling, the parents of the two MCDK fetuses with
genetic abnormalities chose to terminate the pregnancy.

Subgroup analysis based on whether MCDK
fetuses were associated with other ultrasound
abnormalities

In 64 cases with isolated MCDK fetuses, seven cases with
pathogenic genomes were detected, with a positive rate of

10.9%. Thirteen pathogenic genomes were detected in 44
non-isolated MCDK fetuses, with a positive rate of 29.5%.
The difference between the two groups was statistically sig-
nificant (x2=5.983, P=0.014).

Subgroup analysis of unilateral and bilateral MCDK
fetuses

The fetuses were divided into unilateral and bilateral MCDK
groups according to whether unilateral or bilateral MCDK
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Figure 3. (A) The fetus had a homozygous mutation in exon 12 ¢.1177C>T. (B) The mother had a heterozygous mutation in exon 12 ¢.1177 C>T. (C) The father had

a heterozygous mutation in exon 12 ¢.1177C>T.

occurred. In 78 unilateral MCDK fetuses, 11 cases of patho-
genic genome were detected, with a positive rate of 14.1%. In
bilateral MCDK fetuses of 30 cases, nine cases of pathogenic
genome were detected, with a positive rate of 30.0%. The dif-
ference between the two groups was statistically significant
(x2=3.629, P=0.057).

Follow-up

In the follow-up of 108 pregnant women, 100 cases were suc-
cessfully followed-up, eight cases were uncooperative or lost
to follow-up, and the follow-up rate was 92.6% (8/108). Of
the 100 cases successfully followed-up, 38 were terminated
due to abnormal genomic or ultrasonic structure, and the
remaining 62 fetuses (all with unilateral MCDK) had normal
growth and development after birth.

Discussion

Fetal MCDK may be caused by an early renal pelvis, infun-
dibular or ureteral atresia, and severe stricture, resulting
in ipsilateral retrorenal degeneration and cystic dysplasia.
MCDK is characterized by abnormal renal morphology
on the affected side, which is replaced by multiple sacs of
varying sizes separated by tissues containing the original
dysplasia component. For fetuses with MCDK indicated by

prenatal ultrasound, the resolution of currently used chro-
mosome karyotype analysis can only reach 5Mb; thus, the
detection rate of pathogenic fragments is low, and the source,
size, nature, and genes contained in fragments cannot be
accurately determined. Staebler ef al.'” conducted karyotype
analysis on 73 MCDK fetuses and found chromosomal kar-
yotype abnormalities in only two fetuses (2.7%). Hsu et al.18
conducted karyotype analysis on 14 MCDK fetuses and
found karyotype abnormalities in 46, XN, t(12,13)(p13q21.2)
in one fetus. In this study, we conducted karyotyping analy-
sis on 108 MCDK fetuses, and the results showed abnormal
karyotyping in four fetuses, with a detection rate of 3.7%, is
consistent with the above literature reports.

CMA can detect chromosomal abnormalities that can-
not be detected by karyotype analysis." In this study, 108
MCDK fetuses were examined simultaneously with CMA.
Compared with karyotype analysis, 14 additional cases of
pathogenic CNV were detected by CMA, in addition to four
cases with the same results as karyotype analysis. Of the 14
cases of pathogenic CNVs found, three fetuses had 17q12
microdeletions. According to literature, the main clinical
manifestations of 17q12 microdeletion syndrome include
renal cysts and diabetes syndrome, autism and schizophre-
nia, learning difficulties, transient neonatal elevated blood
calcium, and neonatal cholestasis.?’ The deletion fragment
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mainly contains HNF1B and LHX1 genes, and mutations
inHNF1B and LHX1 are closely associated with urinary mal-
formations.?'-2 In this study, there were two MCDK fetuses
with 22q11.21 microdeletion and 22q11.21 microduplication.
22 q11.21 region contains HNF1B, SNAP29, and CRKL genes.
By searching the literature and databases, it was found that
changes in HNF1B, SNAP29 and CRKL genes can lead to
abnormalities in the urinary system.?* Changes in some
chromosomal gene imprinting regions and UPD may also
cause abnormalities in the fetal urinary system. In this study,
UPD was found in two MCDK fetuses: maternal UPD on
chromosome 2, and maternal UPD on chromosome 16. It
has been reported that maternal UPD on chromosome 2 and
maternal UPD on chromosome 16 may be associated with

\ /‘\ /‘l (’\ /a abnormal development of urinary system.?2¢ In this study,

B GAATATCATTGAGTGCATCAG

there was also one MCDK fetus with 7q11.23 microduplica-
tion. 7q11.23 Microduplication can lead to multiple system
involvements, including renal malformations.?” In this study,
C GAATATCATTCAGTGCATCAG one fetus had 4q31.39q32.2 microdeletions, including GRIA2
and LRAT genes. GRIA2 gene may be associated with neu-
rodevelopmental disorders of speech and abnormal behav-
ior,”® and LRAT gene may be associated with early onset of
severe retinal dystrophy,?® but there is no literature reporting
that the deletion of these two genes can cause malforma-
tion of the urinary system. One fetus had a microdeletion of
17p12, and it was found that deletion of this segment could
lead to hereditary stress-susceptible peripheral neuropathy.3
D GTATCTTC TGATACGTTTTTT However, no studies have reported that deletion of this seg-
ment could cause abnormalities in the urinary system. One
fetus had 16p11.2 microdeletion, which contained BP4-BP5

gene. Patients with 16p11.2 microdeletion have great dif-

l-,l ferences in clinical phenotypes, including developmental

delay, learning difficulties, language disorders, slight special

f\/‘\ﬂ’ \j\[\ facial features, epilepsy or EEG abnormalities, psychiatric
y A disorders, obesity, heart malformations, and other abnor-

malities.3! However, microdeletion of 16p11.2 has not been

E GTATCTTCTGATACGTTTTTT reported to cause urinary system abnormalities. One fetus

had 15q11.2 microdeletions, including TUBGCP5, CYFIP1,

NIPA2 and NIPA1. The clinical phenotype of 15q11.2 micro-

deletion varies widely and may be normal or abnormal, such

as developmental delay, epilepsy, feeding difficulty, inat-

tention, and autism.3? However, no studies have reported

[ A A f ﬁl that 15q11.2 microdeletion can cause urinary system abnor-

malities. Therefore, the relationship between 4q33.1 q32.2,

15q11.2, 16p11.2, and 17p12 microdeletions and MCDK was

reported for the first time in this study. Whether these four

types of microdeletions are related to kidney development

needs to be further verified by increasing the number of

samples.

Studies have shown that mutations in a single gene can

II a ||'1| affect renal development.®*-3> With the continuous progress

m“\‘ J || | / { 'I ! || \ in gene detection technology, an increasing number of stud-

ies are attempting to use WES for the detection of patients

with renal dysplasia. Saisawat et al.3¢ used WES to identify

. o TRAP1 gene mutations in two families with isolated uro-

Figure 4. (A) The fetus has a complex heterozygous mutation in the BBS2 logical I ti Vi te ef al.¥’ dah

gene from the mother’s C. 534+1G>T site heterozygous mutation. (B) The ogical maltormations. vivante et 4t.>" used a homozygous

father has a normal locus. (C) The mother had heterozygous variation in the localization method combined with WES to identify nine

C.534+1G>T locus. (D) The fetus has a complex heterozygous mutation in pathogenic recessive mutations in 33 families. Humbert
the BBS2 gene from the father’s heterozygous mutation of C. 1814C>G. (E) 38 . . . .

The mother has normal loci. (F) The father had a heterozygous variation at the et al.® detected ITGA8 mutations in two families with bilat-

¢.1814C>G locus. eral renal absence using WES. In this study, we conducted

F GTATCTTCTGATCCTTTTTTT
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WES on 15 MCDK fetuses with normal karyotypes and CMA
results, and gene mutations were detected in two fetal sam-
ples, with a detection rate of 13.3% (2/15), indicating that the
occurrence of MCDK is related to single gene variation to a
certain extent. We detected ¢.1177C>T heterozygous muta-
tions in BBS1in one fetal sample with bilateral polycystic
kidney disease and oligohydramnios indicated by prena-
tal ultrasound, and ¢.1814C>G and C. 534+1G>T complex
heterozygous mutations in BBS2 in one fetal sample with
bilateral polycystic kidney disease, enlarged heart, and oli-
gohydramnios, respectively. Both BBS1 and BBS2 are associ-
ated with kidney development and are pathogenic genes
related to kidney development.3?40

In this study, the rates of pathogenic genome in the iso-
lated MCDK fetuses and non-isolated MCDK fetuses were
10.9% and 29.5, respectively (P <0.05), and the difference
between the two groups was statistically significant. This
indicates that non-isolated MCDK fetuses are at a signifi-
cantly higher risk of developing genomic abnormalities than
isolated MCDK fetuses are. Unilateral MCDK fetuses are
more common; however, many cases are often accompanied
by contralateral pyeloureteral junction obstruction, malrota-
tion, or other types of dysplasia. In this study, the detection
rate of the pathogenic genome in bilateral MCDK fetuses
was higher than that in unilateral MCDK fetuses (14.1%
versus 30.0%, P> 0.05), suggesting a stronger correlation
between the bilateral MCDK and the pathogenic genome
than that in unilateral MCDK, but the difference between
the two was not statistically significant. Owing to the small
sample size in this study, there may be bias in the detection
rate of the pathogenic genome. Therefore, it is necessary to
increase the sample size to obtain a more comprehensive and
reliable assessment.

This study has some limitations. First, the follow-up of
fetuses with MCDK in this study was incomplete. Our fol-
low-up of MCDK fetuses after birth was telephonic, lacking
imaging reports, and the results may be biased; therefore, our
follow-up system needs to be further improved. Second, only
15 MCDK fetuses with normal karyotypes and CMA results
were treated with WES. There may be missed diagnoses, so
more cases need to be treated with WES in the next step.

Conclusions

In summary, we jointly used CMA-WES to detect fetuses
with MCDK revealed by prenatal ultrasound, significantly
improving the detection rate for genetic causes of MCDK
fetuses. New candidate genes were also identified. It pro-
vides a basis for prenatal diagnosis, consultation, and prog-
nosis evaluation of fetuses with MCDK. Microdeletions
4q33.1 q32.2,15q11.2, 16p11.2, and 17p12 were first reported
in MCDK cases. Enriches the disease spectrum of the above
microdeletions and microduplications. WES results showed
that the BBS gene mutation occurred in two MCDK fetuses.
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