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Abstract: Autosomal dominant polycystic kidney disease (ADPKD) is the common hereditary kidney disease, result-
ing from mutations in polycystic kidney disease 1 (PKD1) and polycystic kidney disease 2 (PKD2). Clinical data and
genetic features of six Chinese families including ADPKD patients were analyzed via Next generation sequencing
(NGS), Sanger sequencing, and multiplex ligation-dependent probe amplification. In family A, the proband (115) with
polycystic kidney (PK), hypertension, left ventricular hypertrophy, and valvular heart disease exhibited a heterozy-
gous nonsense mutation, ¢.5086C>T (p.GIn1696Ter), in PKD1 (NM_001009944). In family B, the proband (113) with
PK, polycystic liver (PL), hypertension, hypertrophy of the left ventricle and septum, valvular heart disease, chronic
kidney disease (CKD) stage 5, bilateral renal calculi, and right inguinal hernia exhibited a heterozygous missense
mutation, ¢.6695T>C (p.Phe2232Ser), in PKD1. In family C, the proband (lll1) with PK, PL, seminal vesicle cyst,
hypertension, CKD stage 3, hypertrophy of the left ventricle and septum, and valvular heart disease harbored a
heterozygous nonsense mutation, ¢.662T>G (p.Leu221Ter), in PKD2 (NM_000297). In family D, the proband (Il13)
with PK, hypertension, and CKD stage 5 harbored a heterozygous missense mutation, ¢.8311G>A (p.Glu2771Lys),
in PKD1. In family E, the proband (I11) with PK, PL, hypertension, and CKD stage 5 exhibited a heterozygous dele-
tion mutation, exon15-22, in PKD1. In family F, the proband (l12) with PK, PL, CKD stage 3, hypertension, thick-
ened interventricular septum, and valvular heart disease carried a heterozygous missense mutation, c.1649A>G
(p.His550Arg), in PKD2. Thus, three novel mutation sites which are responsible for ADPKD were discovered in this
study.

Keywords: Autosomal dominant polycystic kidney disease, family research, polycystic kidney disease 1, polycystic
kidney disease 2, gene mutation

Introduction

Autosomal dominant polycystic kidney disease
(ADPKD) is the most common clinical monoge-
netic kidney disease, with a prevalence of
1/400-1/1000 [1]. The characteristic manifes-
tation of ADPKD is the development and pro-
gressive expansion of multiple cysts that dif-
fuse in both kidneys. Cyst formation is caused
by cell proliferation, abnormal fluid secretion,
and excessive extracellular matrix (ECM) depo-
sition, which lead to increased kidney volume
and interstitial fibrosis. Causing irreversible
damage to renal structure and function, the ill-

ness progresses to end-stage renal disease
(ESRD) in approximately half of all patients at
60 years of age, and renal replacement therapy
is required to maintain their lives [2-4]. ADPKD
ranks fourth among the causes of ESRD,
accounting for 5%-10% [5]. ADPKD is a system-
ic disease involving many systems and devel-
ops in adults and infants. Its renal manifesta-
tions include renal insufficiency, flank plain,
urinary tract infection, hematuria, renal calculi,
etc., and its extrarenal manifestations include
cysts in epithelial organs such as the liver and
pancreas, as well as abnormalities in connec-
tive tissues, such as intracranial aneurysms,
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Figure 1. Pedigree chart of each family with ADPKD patients. Males and females are indicated by squares and
circles, respectively, and members presenting with ADPKD are represented as squares/circles filled in black. The
arrow indicates the proband. Diagonal lines indicate deceased individuals.

cardiac valvular abnormalities, aortic dissec-
tion, colonic diverticulosis, and ventral hernia
[6].

ADPKD is highly genetically heterogeneous.
Two genes are predominantly related to the
onset of ADPKD: polycystic kidney disease 1
(PKD1) and polycystic kidney disease 2 (PKD?2),
which are located on chromosomes 16p13.3
and 4921 and have a mutation probability of
85% and 15% in disease pedigrees, respective-
ly [7, 8]. No obvious mutational hotspots have
been found in the PKD1 and PKD2 genes,
implying that mutations can occur at any site in
the gene [9]. Current therapeutic methods are
only able to delay the malignant progression of
renal function on a limited basis, but it is impos-
sible to reverse the malignant tendency. Conse-
quently, for families with ADPKD patients who
have a demand for children, prenatal or pre-
implantational genetic diagnosis of high-risk
fetuses or embryos as early as possible and
provision of reasonable fertility advice are
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capable of markedly reducing the occurrence
of ADPKD and ultimately decreasing the preva-
lence of ESRD.

Materials and methods
Clinical information

The probands in this study were all patients of
Han nationality at the Fujian Provincial Hospital.
The diagnostic criteria for ADPKD were as fol-
lows: patients aged <30 years with more than
two renal cysts on one or both sides; patients
aged 30 to 59 years with at least two cysts on
both renal sides; patients aged >60 years with
at least four cysts on both renal sides. However,
the diagnostic criteria can be modified if the
patient has a family history, extrarenal manifes-
tations, or positive genetic tests for diseases
such as polycystic liver, intracranial aneurysms,
or cardiac valvular abnormalities [10].

Clinical investigations suggested that there
were six families. In family A (Figure 1A), there
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Table 1. The primers design of the fragments with suspected responsibility point mutation of each

ADPKD pedigree

Transcript Exons

Pedigree Gene .
accession no. covered

Forward primer

Length

Reverse primer
P (bp)

A PKD1 NM_001009944 EX15 GCCCCTCCTCCAAGGACCAA GGGTCCTACCATCTCTTACACCTT 494
B PKD1 NM_001009944 EX15 GTGGCAAGCTGGGTGTTCTCT ATCACAGCGCAACTACTTGGAG 505
C PKD2  NM_000297 EX2  AAGATATTGCTAATGGGCTTGGGA AGTTGCCCCTCTGGTGCATAC 494
D PKD1 NM_001009944 EX23 GAATGCCATCGAGGCCACCTT TCTCTGCACTGACCTCACGCA 428
F PKD2 ~ NM_000297 Ex7 CCGAACTAAGGAAATGCAAGCAA  GCTTTGGCTGGTCACTTGAATT 498

were four patients; the proband (I15) was a
female aged 33 years with manifestations of
lumbodynia, hypertension, urinary tract infec-
tion, and inguinal hernia. In family B (Figure
1B), there were seven patients; the proband
(l1I3) was a woman aged 61 years with the fol-
lowing manifestations: lumbodynia, upper ab-
dominal discomfort, hypertension, urinary tract
infection, multiple renal calculi, gross hematu-
ria, and foam in urine. In family C (Figure 1C),
there were nine patients; the proband (Ill1) was
a male aged 48 years, with the manifestations
being lumbodynia, upper abdominal discom-
fort, hypertension, urinary tract infection, foam
in urine, and seminal vesicle cysts. In family D
(Figure 1D), there were five patients; the pro-
band (IlI3) was a female aged 36 years, with
the manifestations being anemia, hyperten-
sion, and foam in urine. In family E (Figure 1E),
there were two patients; the proband (l11) was a
male aged 48 years with manifestations of lum-
bodynia, upper abdominal discomfort, hyper-
tension, urinary tract infection, and foam in
urine. In family F (Figure 1F), there were two
patients; the proband (I12) was a female aged
58 years with manifestations of hypertension,
and foam in urine. This study was approved by
the Ethics Committee of Fujian Provincial
Hospital and all patients.

Clinical phenotype detection

The clinical manifestations and examination
results of related biochemistry and imaging
manifestations of the probands and family
members were collected, such as Doppler
ultrasound, computed tomography (CT), and
nuclear magnetic resonance (MRI).

Gene detection

Genomic DNA extraction: For genomic DNA
extraction, 10 mL of peripheral blood from the
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probands and 2 mL of peripheral blood from
the other family members were obtained. Ge-
nomic DNA was extracted using an Omega
E.Z.N.A® Tissue DNA Kit (QIAGEN) according to
the manufacturer’s instructions.

lllumina sequencing: (1) Sample detection: The
concentrations of the DNA samples from the
probands were detected using Nanodrop 2000.
DNA samples with concentrations over 3 ug
were used for DNA fragmentation. (2) DNA frag-
mentation: DNA samples were cut into frag-
ments of approximately 250 bp via CovarisAFA
technology and then recycled. (3) Construction
of the lllumina sequencing library: The recycled
DNA fragments were used for the end repair
reaction. The sequencing adapter was connect-
ed with end repair products, after which the
products were amplified according to the bind-
ing sites of the universal primers on the adapt-
er. Thereafter, the products were recycled and
purified. (4) Target-gene capturing and enrich-
ment: A DNA-capture array that can capture
multiple genes was used to enrich various ge-
ne fragments, including target genes PKD1
(NM_001009944) and PKD2 (NM_000297).
Sequencing of the enriched products was per-
formed using Illumina2000 (Hiseq2000 se-
quencer) [11, 12].

Sanger sequencing: Primers were designed
using Primer 5.0 and synthesized by Beijing
Liuhe BGI Technology Co., Ltd. (Table 1). The
PCR annealing temperature was 53-60°C. PCR
products were purified using the E.Z.N.A.™ Gel
Extraction Kit (Omega) according to the manu-
facturer’s instructions. Sanger sequencing was
performed using the BigDye Terminator v1.1 Kit
according to standard procedures. The se-
quencing results were compared with the nor-
mal sequences using DNAMAN Version 5.2.2.
When loss of heterozygosity or insertion was
suspected, the PCR products were ligated onto
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Figure 2. CT or MRI images of the probands in six families (A-F) associated with polycystic kidney disease and/or
polycystic liver disease.

PGEM-T Easy (Promega) vectors to select sub-
clones for sequencing.

Multiplex ligation-dependent probe amplifica-
tion (MLPA): Large intragenic gene deletions
were detected via MLPA. Detection of PKD1/
PKD2 exons was performed using the MLPA kit
(SALSA MLPA KIT P351-B2/P352-C1 PKD1-
PKD2; MRC-Holland, Amsterdam, The Nether-
lands) following the standard process [13].

Bioinformatic analysis

The original image file was read by the lllumina
base calling software 1.7, and paired-end
sequences (reads) of 90 bp were obtained.
Purified data were used for sequence align-
ment analysis after removing low-quality and
contaminated reads and adapter sequences.
The coy number, single nucleotide polymor-
phism (SNP), and insertion/deletion (INDEL)
were analyzed and annotated to screen for sus-
pected pathogenic mutations using the SOAP
software. The data were compared using the
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HGMD database (http://www.hgmd.cf.ac.uk),
NCBI Clinvar database, and Mayo clinic PKD
gene mutation database (http://pkdb.mayo.
edu). The Polyphen (http://genetics.bwh.har-
vard.edu/pph/) and SIFT (http://sift.jcvi.org/)
software were used to predict protein function
to evaluate the pathogenic potential, and DNA
parental separation analysis was further per-
formed to verify pathogenicity [14, 15].

Results
Clinical phenotype analysis

In family A, the proband (l15) visited our hospital
for “recurrent bilateral lower back pain for two
months and worsening for half a month” and
was diagnosed with hypertension and polycys-
tic kidney. The CT results showed that multiple
cysts had developed in the renal parenchyma
with a maximum diameter of approximately 4.5
cm. Some cystic walls had spotted and nodular
calcifications after enhanced CT (Figure 2A).
Patient 114 had “polycystic kidney, polycystic

Am J Transl Res 2020;12(12):8123-8136



Genetic mutation in six families with ADPKD

liver, hypertension, and post-cyst fenestration
and decortication in both kidneys” (Table 2).

In family B, the proband (II3) visited our hospi-
tal for “lower left back pain with gross hematu-
ria for four days”. She was diagnosed with
“polycystic kidney, polycystic liver, hyperten-
sion, and left renal calculi” ten years ago, had
undergone surgery for a right inguinal hernia
three years ago, was diagnosed with chronic
kidney disease (CKD) stage 5 two months ago,
and had started blood dialysis treatment. The
CT urography (CTU) results showed that multi-
ple cysts had developed in both kidneys with a
maximum diameter of 8.4 cm. In both kidneys,
multiple increased ground-glass opacities were
observed, and multiple cysts were seen in the
liver, with a maximum diameter of approximate-
ly 3.5 cm (Figure 2B). Most members of this
family exhibited extrarenal manifestations such
as polycystic liver and urinary stones. Patient
115 suffered from “polycystic kidney, polycystic
liver, hypertension, left ventricular hypertrophy,
heart valve disease, and CKD stage 5 and was
undergoing long-term peritoneal dialysis treat-
ment”. Patient 118 had “polycystic kidney, hyper-
tension, bilateral renal calculi, and CKD stage
17. Patient IlI3 was diagnosed with “polycystic
kidney, polycystic liver, hypertension, bilateral
renal calculi, and CKD stage 1" (Table 2).

In family C, the proband (lll1) visited our hospi-
tal for “recurrent lower left back pain for over
ten years”. He was diagnosed with “polycystic
kidney, polycystic liver, and urinary tract infec-
tions” 12 years ago, had “hypertension” ten
years ago, and suffered from “cyst of seminal
vesicle” one year ago. The MR urography (MRU)
results showed multiple cysts in both kidneys,
with a maximum diameter of about 8 cm, and
polycystic liver (Figure 2C). Patient 111 died of
“stroke” and suffered from “polycystic kidney,
polycystic liver, hypertension, hypertensive
heart disease, intracranial aneurysm, and
inguinal hernia” when alive. Patient 1l4 had
“polycystic kidney, polycystic liver, hyperten-
sion, hypertensive heart disease, uremia, long-
term hemodialysis, and post-thoracic aortic
aneurysm surgery” (Table 2).

In family D, the proband (llI3) visited our hospi-
tal for “foamy urine for seven consequent
years”. She had “polycystic kidney, hyperten-
sion, CKD stage 5, and long-term peritone-
al dialysis” for four years. The CT urography
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results showed that multiple cystic lesions had
developed in the kidney, along with partially
compressed stenosis of the renal pelvis and
calyces (Figure 2D). Patient II1 suffered from
“polycystic kidney, polycystic liver, hyperten-
sion, post right renal cyst fenestration and
decortication, and CKD stage 3". Patient II3
had “polycystic kidney, right renal calculi, hyper-
tension, post thoracoabdominal aortic aneu-
rysm surgery, and CKD stage 1” (Table 2).

In family E, the proband (111) visited our hospital
for “recurrent bilateral lower back pain for more
than eight years”. He suffered from “polycystic
kidney and polycystic liver” for nine years and
had “CKD stage 5, hypertension, and long-term
peritoneal dialysis” for six years. The CT results
showed that multiple cysts with a maximum
diameter of about 4.6 cm had developed, mul-
tiple patchy and cord-like high-density shadows
were present in the parenchyma of both kid-
neys, and polycystic liver had developed with a
maximum cyst diameter of approximately 2.7
cm (Figure 2E). Patient Ill1 was diagnosed with
“polycystic kidney, polycystic liver, and CKD
stage 1” (Table 2).

In family F, the proband (112) visited our hospital
for “recurring dizziness for over a year and
recurrence for a week”. She had “polycystic kid-
ney, polycystic liver, post left renal cyst fenes-
tration and decortication, and hypertension”
for ten years. The CT results showed that the
liver was slightly deformed with multiple cystic
lesions of a maximum diameter of 5.7 cm, mul-
tiple cystic lesions had developed in the kidney,
with a maximum diameter of 3.7 cm, and resid-
ual renal parenchyma was scattered, leading to
several nodular dense shadows (Figure 2F).
Patient IlI1 had “polycystic kidney with normal
renal function” (Table 2).

Gene detection analysis results

In family A, the sequencing data analysis of
PKD1 and PKD2 exons showed that the pro-
band (115) was found to have no large deletions
or duplications in either gene. A heterozygous
nonsense mutation, c.5086C>T (p.GIn1696Ter),
was found in the coding region of the PKD1
gene (Figure 3A, 3B); this mutation terminated
protein synthesis in advance and induced pro-
duction of truncated proteins or gene degrada-
tion, thus affecting protein function. This site
has an extremely low probability of being

Am J Transl Res 2020;12(12):8123-8136
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Table 2. Clinical data of the probant in every family associated with ADPKD

Iltem Prot?and in Proband in Pedigree B Proband in Pedigree C Proband in Pedigree D Prot?and in Propand n
Pedigree A Pedigree E Pedigree F
Sex Male Male Female Male Female Male
Age (years) 38 61 50 36 48 58
First discovery (age, years) 33 53 48 29 39 38
Total Kidney Volume (TKV, cm®) 755.03 1154.53 111.50 1022.59 479.06 91.93
Staging of chronic kidney disease (CKD) nomal CKD5 CKD3 CKD5 CKD5 CKD3
Blood pressure (SBP/DBP, mmHg) >160/90 >140/90 >160/110 >160/100 >160/90 >180/90
Blood urea nitrogen (BUN, mmol/L) 4.2 14.7 5.7 43.6 20.6 8.1
Creatinine (CREA, pmol/L) 62 582 139 1724 425 145
Uric acid (URIC, ypmol/L) 280 255 444 444 571 375
eGFR [mlemin?e(1.73 m?)] 99.362 7.005 50.286 2.261 14.442 37.262
Triglyceride (TG, mmol/L) 2.13 2.09 1.38 0.96 3.00 2.07
Cholesterol (CHOL, mmol/L) 5.13 5.89 4.59 4.40 4.80 6.01
High-density lipoprotein (HDL, mmol/L) 0.78 1.09 1.37 1.85 0.80 1.64
Low-density lipoprotein (LDL, mmol/L) 3.64 4.19 2.98 2.27 2.40 4.38
Red blood cell (RBC, x10'%/L) 3.64 3.95 12.2 2.35 3.90 4.07
White blood cell (WBCx10°%/L) 5.35 8.20 5.60 6.20 8.90 6.40
Hemoglobin (HGB, g/L) 149 121 155 72 124 116
Hematocrit value (HCT, %) 0.450 0.368 0.466 0.206 0.360 0.350
Platelet (PLT, x10°/L) 391 167 207 203 150 255
Pain of renal origin Y Y Y N Y
urinary system infection Y Y Y N Y
Haematuria (microscopic/gross) N Y N N N
Albuminuria trace amount 3+ trace amount 2+ trace amount 1+
Nephrolithiasis N Y N N N N
Extrarenal manifestations LVH, VDH PCLD, LVH, VDH, IH PCLD, SVC, LVH, VDH N PCLD PCLD, LVH, VDH
Clinical features of other patients 114: PKD, PCLD, 115: PKD, PCLD, HBP, CKD5, LVH, 111: PKD, PCLD, HBP, HHD, 111: PKD, PCLD, HBP, 1l11: PKD, PCLD, CKD1 1l11: PKD
HBP VDH; 118: PKD, Nephtolithiasis, IA, CAV, IH; l14: PKD, PCLD, CKD3; 113: PKD, HBP,

HBP, CKD1, 1113: PKD, PCLD, HBP,  HBP, AA, HHD
Nephtolithiasis, CKD1

Note: PL, polycystic liver disease; SVC, cyst of seminal vesicle; PC, pancreatic cyst; IAC, intracranial arachnoid cyst; LVH, left ventricular hypertrophy; VDH, valvular disease-heart; IA, intracranial aneurysm; SAH, subarachnoid hemorrhage; CAV,
cerebrovascular accident; AA, aortic aneurysm; DD, diverticular disease; AH, abdominal hernia; IH, inguinal hernia; HHD, hypertension heart disease. Y, Yes; N, None.

Nephtolithiasis, AA, CKD1

8128 Am J Transl Res 2020;12(12):8123-8136



Genetic mutation in six families with ADPKD

E 7\;“ 140 150

LAhuuuAAHNALuA“hnluulmhnulhhhh

o
o
==
==¢
e
o
e
&
By
s
l“llhm“dl“mhl“AMALAA““Hmm“ﬂ“ meets| = o
==
o
=
==
=
==
=
i
v
]

04.089.147899 4 PKD2-1 - 388nt
PKD2-1 - 207nt
PKD2-2- 142nt
PKD2-2- 463nt
PKD2-3- 371nt
PKD2-4 - 342nt
PKD2-5 - 220nt
PKD2-6 - 263nt
PKD2-6 - 233nt
PKD2-7 - 202nt
PKD2-8 - 380nt
PKD2-9 - 325nt

04-089.148055
04.089.159652
04.089.159715
04.-089.175948
04.089.178438 4
04.089.183476
04.089.186871
04-089.186960

04-089.192211
04.089.196271
04.089.198192

04.089.205973 4 PKD2-12- 148nt

04-089.215019] PKD2:-14-178nt
PKD2-15 - 425nt
- PKD1:37- 405nt
PKD1-36.- 159nt
PKD1-33- 416nt
PKD1-31-191nt

04.089.215716 -

16-002.087832
16-002.092014 PKD1-26 - 315nt
16-002.094543 PKD1-22- 452nt
16-002.095482 PKD1-21 - 270nt

16-002.096168 PKD1-19- 291nt

E:IE

16002101496 EN PKD1-15- 248nt
16-002.106804 - e PKD1-7- 153nt

16.002.107535

= PKD1-6- 185nt
16.002.127382 PKD1-up - 257nt
16-002.127880] [— ! PKD1-up - 444nt
01-154.371241 e | Reference® - 334nt
02:222.868507 ] = = Reference® - 280nt
05.132.037610] [EeoH Reference - 136nt
07-142.711002] el
08-001.811738] e
11-067.933988 Reference - 240nt
13.051.422428 ) — Reference® - 172nt

E=
15.097.300059 [ | Reference® - 471nt
-

17-026.708413] | Reference® - 307nt

Reference* - 433nt
Reference* - 362nt

19.056.050014 Reference® - 396nt

21.038.869457 EoH Reference® - 214nt

lulh.lmn.mlmlmmlmlmmmﬂm

Figure 3. Sanger sequencing diagram or MLPA test.

(A) A heterozygous nonsense mutation, ¢.5086C>T

(p.GIn1696Ter), was found in the coding region of the PKD1 gene in family A; (C) A heterozygous missense muta-
tion, ¢.6695T>C (p.Phe2232Ser), was found in the coding region of the PKD1 gene in family B; (E) A heterozygous
nonsense mutation, c.662T>G (p.Leu221Ter), was found in the coding region of the PKD2 gene in family C; (G) A
heterozygous missense mutation, ¢.8311G>A (p.Glu2771Lys), was found in the coding region of the PKD1 gene in
family D; (K) NGS and MLPA suggest that a heterozygous deletion mutation, exon15-22, was found in the coding
region of the PKD1 gene in family E; (1) A heterozygous missense mutation, ¢.1649A>G(p.His550Arg), was found in

the coding region of the PKD2 gene in family F; (B, D, F, H, and J) correspond to wild-type forms.

mutated in healthy people. A relevant study has
been reported on the pathogenicity of this site
[16]. Additionally, two heterozygous missense
mutations were found in the coding region of
the PKD1 gene: ¢.10678G>A (p.Gly3560Arg)
and ¢.2813C>T (p.Thr938Met). The two muta-
tions were predicted to be harmless to protein
function, using the SIFT and Polyphen software
(Table 3). Sanger sequencing confirmed that
patients 12, l14, 115, and IlI5 in family A carried
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p.GIn1696Ter, while healthy individuals-I1, 111,
112, 13, e, Iz, 118, 14, 12, 13, M4, and l16-
tested negative. In this family, the genotype
and phenotype were separated. Therefore, the
nonsense mutation p.GIn1696Ter was consid-
ered to be a pathogenic mutation in this fami-
ly.

In family B, a heterozygous missense mutation,
€.6695T>C (p.Phe2232Ser) (Figure 3C, 3D),

Am J Transl Res 2020;12(12):8123-8136
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was found in the coding region of the PKD1
gene of the proband (II3), contributing to the
substitution of glutamic acid by serine that may
affect protein phosphorylation. This site rarely
occurs in normal people, and there have been
no reports of its pathogenicity. The SIFT and
Polyphen values were O and 0.994, respective-
ly, and the mutation was predicted to be harm-
ful to protein function (Table 3). Sanger se-
quencing confirmed that patients 113, 115, I8,
and I3 harbored p.Phe2232Ser, while healthy
individuals-112, 114, 116, 117, 1, 14, 1115, 116, 1117,
1118, and Il19-did not. In this family, the genotype
and phenotype were separated. Consequently,
the missense mutation p.Phe2232Ser was
considered to be a newly discovered type of
pathogenic mutation in this family.

In family C, a heterozygous nonsense mutation,
€.662T>G (p.Leu221Ter) (Figure 3E, 3F), was
found in the coding region of the PKD2 gene of
the proband (lll1); this mutation terminated
protein synthesis in advance and induced the
production of truncated proteins, leading to a
serious effect on protein structure and func-
tion. The site rarely occurs in normal people,
and there have been no reports of its pathoge-
nicity. Additionally, two heterozygous missense
mutations were found in the coding region of
the PKD1 gene: ¢.11333C>A (p.Thr3778Asn)
and ¢.10379C>T (p.Ser3460Leu). These two
mutations were predicted to be harmless to
protein function by the SIFT and Polyphen soft-
ware (Table 3). Sanger sequencing confirmed
that patients 114, llI1, and IV1 carried the
€.662T>G (p.Leu221Ter) mutation, but normal
individuals-I12, 118, 1112, and 1113-did not. In this
family, the genotype and phenotype were sepa-
rated. Accordingly, the nonsense mutation
Leu221Ter was considered to be a newly dis-
covered type of pathogenic mutation in this
family.

In family D, a heterozygous missense mutation,
¢.8311G>A (p.Glu2771Lys), was found in the
coding region of PKD1 (Figure 3G, 3H); this
mutation causes glutamic acid to be replaced
by lysine and might influence the structure and
function of the protein. This site rarely occurs in
normal people. The SIFT and Polyphen values
were 0.011 and 0.998, respectively, and the
mutation was predicted to be harmful to pro-
tein function. Relevant studies have been con-
ducted on the pathogenicity of this site [17-19].
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Additionally, a heterozygous missense muta-
tion, ¢.2813C>T (p.Thr938Met), was found in
the PKD1 gene and was predicted to be harm-
less to protein function via the SIFT and
Polyphen software (Table 3). Sanger sequenc-
ing verified that patients 111, 113, 116, and 1113 car-
ried the p.Glu2771Lys mutation, but normal
individuals-112, 118, 1112, and 1lI3-did not. In this
family, the genotype and phenotype were sepa-
rated. As a result, the missense mutation p.
Glu2771Lys was considered to be a pathogenic
mutation in this family.

In family E, NGS and MLPA suggested that a
heterozygous deletion mutation, exon15-22,
was found in the coding region of PKD1 in the
proband (I11) (Figure 3K). This mutation causes
a large deletion in the protein-coding region
and thus might affect protein structure and
function. In addition, a heterozygous deletion
mutation, ¢.9067A>G (p.Met3023Val), was fo-
und in the coding region of PKD1 and was pre-
dicted to be harmless to the protein function
via the SIFT and Polyphen software (Table 3).
MLPA results indicated that patients II1 and IlI1
both carried exon15-22 deletion mutation,
whereas normal individuals-11, 12, 112, 113, 114,
115, 116, 112, 1113, and 1ll4-did not. In this family,
the genotype and phenotype were separated.
As a result, the deletion mutation exon15-22
was considered to be a newly discovered patho-
genic mutation in this family.

In family F, a heterozygous missense mutation,
¢.1649A>G (p.Hisb550Arg) (Figure 3l, 3J), was
found in the coding region of the PKD2 gene of
the proband (112); this mutation caused histi-
dine to be replaced by arginine. This site rarely
occurs in normal people, and there have been
no reports of its pathogenicity so far (Table 3).
Sanger sequencing demonstrated that patients
112 and llI1 carried the p.His550Arg mutation,
while normal individuals-111, 113, 114, and IlI2-did
not. Co-segregation of genotypes and pheno-
types was present in this family. Therefore, the
missense mutation p.His550Arg was con-
sidered to be a pathogenic mutation in this
family.

Discussion

The PKD1 gene, approximately 52 kb in length,
contains 46 exons and encodes 4,303 amino
acids (aa). Polycystinl (PC1), its encoding prod-
uct, has a complete membrane protein struc-
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Table 3. Mutations detected of the proband in every family with ADPKD

Pedigree  Gene Transcript Coding Protein Exon/= gy Chromosomal —y onp MAF Prediction of
accession no. intron location protein function
A PKD1 NM_001009944 ¢.10678G>A p.Gly3560Arg Exon36 Het chr16:2143955  rs79000340  0.0156 -
PKD1 NM_001009944 ¢.5086C>T p.GIn1696Ter Exon15 Het chr16:2160082 - 0 Pathogenic
PKD1 NM_001009944 €.2813C>T p.Thro38Met Exonl11l Het chr16:2164211 rs148709380 0.0925 -
B PKD1 NM_001009944 c.6695T>C p.Phe2232Ser Exon15 Het chr16:2158473 - 0 VUS
C PKD1 NM_001009944 ¢.11333C>A p.Thr3778Asn Exon40 Het chrl6:2142126 rs114656915 0 -
PKD1 NM_001009944 ¢.10379C>T p.Ser3460Leu Exon33 Het chr16:2147346  rs373743750 0 -
PKD2 NM_000297 ¢.662T>G p.Leu221Ter Exon2 Het chr4:88940676 - 0 Likelypathogenic
D PKD1 NM_001009944 €.2813C>T p.Thro38Met Exonl1l Het chr16:2164211 rs148709380 0.0925 -
PKD1 NM_001009944 c.8311G>A p.Glu2771Lys Exon23 Het chr16:2153747 - 0 Pathogenic
E PKD1 NM_001009944 EX15_22DEL - Exon15_22 Het - - 0 Likelypathogenic
PKD1 NM_001009944 ¢c.9067A>G p-Met3023Val Exon25 Het chr16:2152516 - 0 VUS
F PKD2 NM_000297 ¢.1649A>G p.His550Arg Exon7 Het chr4:88973243 - 0

Note: The mutated sites with MAF >1% from dbSNP 1000 Genomes (population frequency information from the 1000 genomes project) were removed.
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Figure 4. Structure of polycystins. PC1 has a large extracellular domain, 11-transmembrane domain, and short
C tail. PC2 has a six-transmembrane domain and cytoplasmic N- and C-termini. The coiled-coil domain in the C-

terminal end of PC1 interacts with the C-terminal tail of PC2.

ture with a large extracellular N-terminal region
(3,074 aa), 11 transmembrane regions (1,032
aa), and a short intracellular C-terminal region
(197 aa) (Figure 4) [20]. As a cell membrane
receptor, PC1 is distributed in the primary cilia
of plasma membranes and in some cell junc-
tions such as focal adhesions, desmosomes,
tight junctions, and adhering junctions [21-23].
It is involved in multiple cell signal transduction
pathways, including the Wnt, JAK2/signal trans-
ducer and activator of transcription (JAK-STAT),
JNK-AP1, Ca?*-NFAT, IGF-1, and HDACG/EGFR
pathways, as a regulator of cell proliferation
and apoptosis through cell-cell or cell-matrix
interactions [24-29]. The PKD2 gene is approxi-
mately 68 kb in length and contains 15 exons.
Polycystin2 (PC2), encoded by PKD2, is also a
membrane-associated protein, with 25% and
50% of its sequence identical and similar to
PC1, respectively. Additionally, it has six trans-
membrane regions and cellular N-terminal and
C-terminal regions, and both the amino and
carboxyl terminals are located in the cytoplasm
(Figure 4). PC2 is detected in the endoplasmic
reticulum (ER), primary cilia, and apical and
basolateral membranes of the kidney. As a
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member of the transient receptor potential
family of ion channels, PC2 is considered to be
a nonselective cation channel and a member of
a third class of Ca?" release channels apart
from ryanodine receptors and IP3 receptors
[23, 30]. In addition, PC2 is a voltage-gated
Ca?* channel protein that stimulates the open-
ing and closing of the Ca?* channel and regu-
lates the concentration of Ca2* in renal tubular
epithelial cells by receiving the signal transmit-
ted in the baroreceptor; additionally, it is
involved in the proliferation and differentiation
of renal tubular epithelial cells via the Ca?
phospholipid-dependent protein kinase. PC1
and PC2 interact with each other in kidney pri-
mary cilia to form a spiral polycystic protein
complex in the C-terminus that hypothetically
functions as a cell surface signal receptor and
mechanical sensor to promote tubular epitheli-
al cell proliferation and differentiation [31]. As a
cell membrane receptor, PC1 senses extracel-
lular mechanical or chemical stimulation to
control the influx of Ca?* through the PC2 chan-
nel to regulate the intracellular Ca?* concentra-
tion, thereby combining with the intracellular
signaling pathway to participate in cyst forma-
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tion. However, when mutations occur in PKD1
and PKD2, they trigger the dysfunction of the
polycystic complex, leading to decreased in-
tracellular Ca?" concentrations and increased
intracellular cAMP concentrations. The fluid
movement driving cyst formation is stimulated
by cAMP and involves the interaction between
apical cystic fibrosis transmembrane regulator
and the basolateral Na*-K*-2CI- cotransporter
NKCC1, which drives the flow of CI into the
lumen [24]. Mutations in PKD1 and PKD2 also
affect the Wnt pathway, Hippo pathway, mam-
malian target of rapamycin, mitogen-activated
protein kinase, PI3K-AKT signaling, AMP-
activated protein kinase, and JAK-STAT path-
way, sparking abnormal tubular cell cycle regu-
lation and metabolism along with aberrant pro-
liferation and apoptosis of epithelial cells and
ultimately inducing cyst formation [4, 32-35].

Currently, the clinical diagnosis of ADPKD chief-
ly involves a renal imaging technique based on
the age-associated cyst number [36]. For
ADPKD sufferers with a family history, ultra-
sound could be the first choice, whose detec-
tion rate can be as high as 96% [37]. However,
for patients who have no family history, are
unable to be diagnosed by imaging, or the cur-
rent diagnostic criteria are unable to provide a
definitive diagnosis for patients who have high-
ly similar clinical manifestations caused by
mutations in other genes such as TSC, HNF-13,
and PKHD; in such cases, genetic diagnosis is
the gold standard. The ADPKD mutation data-
base (Version 3.0, http://pkdb.mayo.edu/) indi-
cates that until December 15, 2019, the PKD1
gene had 2,323 mutation sites, including 868
clear pathogenic mutations, while PKD2 had
278 mutation sites, including 162 pathogenic
mutations. The database is continuously updat-
ed. PKD1 is a complex gene in composition and
structure [38]. There are six highly homologous
pseudogenes in the proximal 5’ exon regions
1-33 [39] and a number of GC base pairs in
exon region 1 [17]; additionally, there is a
polypyrimidine repeat sequence (PyRE) of
approximately 2.5 kb in the intron region 21,
which may interfere with PKD1 replication, tran-
scription, and RNA processing [32]. These
unique circumstances make the analysis and
screening of mutations in PKD1 extremely chal-
lenging. NGS application significantly increases
the positive detection rate of responsible muta-
tions in the coding, multiple copy, and single
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copy regions of the PKD1 and PKD2 genes [40];
however, NGS lacks sensitivity to large copy
number changes, whereas MLPA can be used
to detect copy number alterations in target
gene fragments. In the six Chinese families
with ADPKD in this study, three novel co-segre-
gated mutations were discovered. The p.
Leu221Ter mutation in PKD2 forms a stop
codon at exon221, leading to the truncation of
PC2. This truncated protein contains the intra-
cellular N-terminal of PC2 but lacks the intra-
cellular C-terminal. The lack of proper C-ter-
minal-mediated signhal transduction cascades
contributes to improper regulation of gene tran-
scription and aberrant renal development [31].
The mRNA chain transcribed upon the exon15-
22del mutation in PKD1 is incomplete and
would eventually produce a pathogenic effect
and lead to genetic phenotype changes.
Nonetheless, large deletions and nonsense
mutations have been clearly regarded as patho-
genic mutations, and DNA parental separation
can be demonstrated by family linkage analy-
sis. The p.Phe2232Ser mutation in PKD1 is
located in the extracellular N-terminal domain
of PC1. Glutamic acid is a nonpolar and hydro-
phobic amino acid, while serine is a polar and
neutral amino acid. The substitution of serine
for glutamic acid is likely to affect the phos-
phorylation process.

In conclusion, the analysis of a number of fami-
lies with ADPKD patients indicated that patients
with PKD1 mutations had suffered from ESRD
about 20 years earlier than those with PKD2
mutations. Patients with truncated mutations
were more likely to develop ESRD than were
those with nontruncated mutations, and
patients with mutations in the 5 region had
more severe clinical manifestations than did
those with mutations in the 3’ region [41-43].
However, this study found that patients from
the same family had different clinical pheno-
types even though they carried the same
mutant genes and genetic background. Con-
sequently, it is difficult to explain the “one-on-
one” relationship between the genetic muta-
tion and clinical phenotype of ADPKD, possibly
due to the high degree of heterogeneity in the
inheritance of ADPKD and the effects of envi-
ronment and genetic modification [44].

In recent years, the number of newly identified
disease-associated genes has grown exponen-
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tially in all fields of ADPKD since the emergence
of NGS technology. However, different genetic
mutation modes have different sensitivities to
detection techniques. For example, NGS lacks
sensitivity to large deletions of gene, and thus,
a combined MLPA detection method is often
required. Therefore, in order to reduce false
negative or false positive results, the selection
of genetic testing techniques should be per-
formed carefully. This study found that patients
with considerable exon-deletion mutations did
not present severe clinical manifestations; this
is contrary to traditional cognition and reveals
that the degree of clinical manifestation is not
related to the degree of genetic mutation. In
addition, NGS has opened the door not only for
molecular diagnosis but also for the discovery
of treatments for diseases that were consid-
ered death sentences in the past. Nevertheless,
for many years, gene therapy has been associ-
ated with very few success stories. There are
reasons to believe that the journey has only
begun, and much work remains to overcome
many unknown challenges.
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