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ABSTRACT 

Background. Cystic kidney disease is common. Beyond autosomal dominant polycystic kidney disease ( ADPKD) , 
knowledge of other hereditary forms of cystic kidney disease remains limited. This study aimed to retrospectively 
analyse 702 patients with multiple renal cysts from the Chinese PLA General Hospital ( September 2015–December 2023) . 
Methods. Patients suspected of having hereditary cystic kidney disease underwent next-generation sequencing ( NGS) 
and subsequent bioinformatics analysis. Variations were assessed for pathogenicity in accordance with the American 

College of Medical Genetics and Genomics ( ACMG) guidelines. Moreover, the ClinVar and Mastermind databases were 
used to identify novel mutation sites. Statistical analysis was performed using SPSS 25.0 software. 
Results. Of 702 patients, 96 ( 13.7%) lacked gene mutations associated with cystic kidney disease. In contrast, 606 
patients ( 86.3%) were found to have gene mutations associated with renal cyst phenotypes, involving 23 unique mutated 
genes. Among these, mutations in 158 patients were categorized as variants of uncertain significance. The remaining 448 
patients harboured mutations predicted by the ACMG guidelines to be pathogenic or likely pathogenic, enabling a 
diagnosis of hereditary cystic kidney disease. These mutations were linked to seven diseases and 10 genes. The most 
common was ADPKD [434 cases ( 96.9%) ], followed by autosomal dominant tubulointerstitial kidney disease [ADTKD; six 
cases ( 1.3%) ], autosomal recessive polycystic kidney disease [ARPKD; five cases ( 1.1%) ] and tuberous sclerosis complex 
[two cases ( 0.4%) ]. One case each was found for autosomal dominant polycystic liver disease, COL4A1 -related disease 
and IFT140 -related disease. The mutated genes included PKD1 , PKD2 , GANAB , HNF1B , REN , PKHD1 , ALG8 , IFT140 , COL4A1 
and TSC2 . Moreover, 63 novel pathogenic or likely pathogenic variants were identified. 
Conclusion. In this study we identified 23 mutated genes linked to renal cyst phenotypes, 10 of which had pathogenic or 
likely pathogenic variants. These findings facilitated the diagnosis of seven hereditary cystic kidney diseases, including 
ADPKD, ADTKD, ARPKD and others. Furthermore, 63 novel pathogenic or likely pathogenic variants were identified. 
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KEY LEARNING POINTS 

What was known: 

• Cystic kidney disease is common, with autosomal dominant polycystic kidney disease being the most prevalent form; how- 
ever, knowledge about other types and their pathogenic variants remains limited.

• Research on cystic kidney disease has predominantly focused on polycystic kidney disease.
• A comprehensive understanding of the disease spectrum and genetic landscape of cystic kidney disease is crucial for clini- 

cians to improve diagnostic methodologies, thereby minimizing misdiagnoses and missed diagnoses.

This study adds: 

• The identification of seven distinct types of hereditary cystic kidney disease.
• The discovery of 23 mutated genes associated with hereditary cystic kidney diseases, 10 of which included pathogenic or 

likely pathogenic variants.
• The identification of 63 novel pathogenic or likely pathogenic variants.

Potential impact: 

• This study elucidates the primary disease and genetic spectra of hereditary cystic kidney disease, identifying new mutation 
sites and thus enriching the gene database.

• These findings expand clinicians’ understanding and perspectives, potentially leading to enhanced diagnostic accuracy and 
the development of targeted therapeutic strategies.

• By providing a comprehensive genetic and clinical overview, this study enhances the ability to identify and manage various 
forms of cystic kidney disease, ultimately contributing to better patient outcomes and reducing the incidence of misdiag- 
noses and missed diagnoses.
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NTRODUCTION 

ystic kidney disease is common, and its prognosis significantly 
aries depending on the cause. Hereditary cystic kidney disease 
enerally has a poor prognosis, whereas simple kidney cysts 
ave a more favourable prognosis, highlighting the importance 
f precise and differential diagnoses. 

Hereditary cystic kidney disease comprises a group of disor- 
ers caused by gene mutations and is characterized by the for-
ation of multiple cysts within the kidneys. Over time, these

ysts increase in size and number, potentially resulting in de-
reased kidney function and progression to end-stage renal dis- 
ase. These disorders can result from various gene mutations,
he most common being autosomal dominant polycystic kidney 
isease ( ADPKD) , with gene mutations including PKD1 and PKD2 
1 ]. Additionally, several gene mutations can lead to multiple kid-
ey cysts, but clinicians have limited knowledge of the disease
nd the genetic landscape associated with hereditary cystic kid- 
ey disease. 
The Chinese PLA General Hospital is a large, comprehensive 

ospital and the first medical institution in China to establish
 specialty clinic for hereditary kidney disease. Patients come 
rom across the country, providing a rich resource that encom-
asses a diverse spectrum of diseases and genetic variations.
ummarizing the disease spectrum, genetic landscape and new 

utation sites in hereditary cystic kidney diseases will help ex-
and clinicians’ diagnostic approaches, enrich gene databases 
nd provide additional information on pathogenic sites for fu- 
ure studies. 

This study aimed to retrospectively analyse 702 patients with 
ultiple renal cysts from the Chinese PLA General Hospital 

 September 2015–December 2023) . 

ATERIALS AND METHODS 

tudy population 

his study retrospectively analysed 702 patients diagnosed with 
r suspected of having hereditary cystic kidney disease at the
ereditary Kidney Disease Clinic of the Chinese PLA General
ospital between September 2015 and December 2023. The in-
lusion criteria were as follows: more than two kidney cysts
ound on ultrasonography, computed tomography or magnetic 
esonance imaging; or a family history of cystic kidney disease
lus at least one kidney cyst; and relevant genetic testing for kid-
ey disease. Genetic testing was approved by the Ethics Com-
ittee of the Chinese PLA General Hospital ( approval number:
012-001) . The patients provided informed consent before blood
ampling for genetic testing. 

tudy methods 

enetic testing and data collection 

e used next-generation sequencing ( NGS) to analyse the 
enomes of patients diagnosed with hereditary cystic kidney
isease. The genetic testing for each individual was conducted.
atients with typical manifestations of multiple renal cysts or a
ominant family history of cystic kidney disease underwent a
enetic panel test targeting 140 known ciliopathy-related genes
 Supplementary Table S1) . For patients pr esenting with atypical 
enal cysts or unexplained renal dysfunction, an expanded panel
overing > 800 genes associated with kidney diseases was uti-
ized ( Supplementary Table S2) . In certain cases, whole exome 
equencing ( WES) was performed. 

ata processing and bioinformatics analysis 

o ensure the accuracy and comprehensiveness of the sequenc-
ng results, rigorous quality control measures and multistep
ioinformatics analyses were applied. The detailed process was
s follows: 

ata preprocessing and quality control. FastQC was employed to
valuate the quality of raw sequencing data. Low-quality reads
s well as adapter contamination were filtered out. High-quality
eads were aligned to the reference genome ( hg19 version) using
WA-MEM, resulting in bam files. 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf064#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf064#supplementary-data
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ariant detection and functional annotation. The Genome Analy- 
is Toolkit or SAMtools was used to detect variants, including 
ingle nucleotide variants ( SNVs) and small insertions/deletions 
 indels) . 

Detected variants were functionally annotated using ANNO- 
AR or Variant Effect Predictor, assessing their potential impact 
n gene and protein function. The pathogenicity of the variants 
as classified according to guidelines provided by the American 
ollege of Medical Genetics and Genomics ( ACMG) . 

rotein function prediction and splicing effect assessment. For po- 
ential pathogenic variants, multiple prediction tools were em- 
loyed to evaluate protein function. Rare Exome Variant Ensem- 
le Learner ( REVEL) was used to predict the pathogenicity of 
ariants, while spliceAI was used to determine whether variants 
ffected splicing. 

KD1 gene analysis. Due to the high sequence similarity ( 97.7%) 
etween exons 1–33 of the PKD1 gene and six pseudogenes on 
hromosome 16, a long polymerase chain reaction amplification 
trategy was used to avoid pseudogene interference during mu- 
ation detection in this region. The amplified products were val- 
dated by Sanger sequencing to ensure accurate mutation iden- 
ification. 

opy number variation ( CNV) analysis. CNV analysis was con- 
ucted using CNVkit to identify large-scale gene copy number 
ariations. For patients with ambiguous CNV results, further 
alidation was performed using multiplex ligation-dependent 
robe amplification. 

itochondrial gene analysis. Mitochondrial gene analysis was 
erformed only for those patients who underwent WES. For 
ther patients, genetic testing primarily focused on nuclear 
enome variations, and a comprehensive analysis of mitochon- 
rial genes was not included. 

UC1-VNTR analysis. The variable number tandem repeat 
 VNTR) region of the MUC1 gene, due to its complex structure,
as excluded from routine analysis. Detailed analysis of this re- 
ion requires specialized methods and was not a focus of this 
tudy. 

iscovery of novel mutation sites 

hile analysing known genes with pathogenic variants, particu- 
ar attention was paid to novel mutation sites that had not been 
reviously reported. Novel variations were screened by search- 
ng the ClinVar database and Mastermind genomic literature.
hese newly discovered variations were subjected to in-depth 
ioinformatic and functional analyses to evaluate their poten- 
ial effects on kidney disease phenotypes. 

tatistical analyses 

ll statistical analyses were performed using SPSS Statistics ver- 
ion 25.0 ( IBM, Armonk, NY, USA) and included descriptive statis- 
ics, normality tests and t -tests. 

ESULTS 

isease spectrum 

he genetic testing results of the 702 enrolled patients were 
nalysed, including 336 female and 366 male patients, indicating 
 nearly equal prevalence between the genders. The median age 
f the patients was 38.6 years ( range 0–77.2) . This analysis cov- 
red 30 provincial-level administrative regions in China, exclud- 
ng Taiwan, Hong Kong, the Macau Special Administrative Re- 
ion and the Tibet Autonomous Region ( Supplementary Fig. S1) .
mong these patients, 531 underwent a genetic panel test tar- 
eting 140 ciliopathy-related genes, 118 received an expanded 
anel covering over 800 genes associated with kidney diseases 
nd 53 underwent WES. A total of 606 patients carried mutations 
n genes related to the kidney cyst phenotype, accounting for 
6.3% ( 606/702) of the cases, whereas cases without mutations 
n genes for cystic kidney disease accounted for 13.7% ( 96/702) . 

A total of 23 mutated genes associated with hereditary cystic 
idney disease were identified in 606 patients. 

The ACMG guidelines classified pathogenic or likely 
athogenic variants in 448 patients, involving 10 genes and 
even hereditary diseases. The most common diagnosis was 
DPKD, observed in 434 cases ( 96.9%) , followed by autosomal 
ominant tubulointerstitial kidney disease ( ADTKD) in six 
ases ( 1.3%) and autosomal recessive polycystic kidney disease 
 ARPKD) in five cases ( 1.1%) . Additionally, tuberous sclerosis 
omplex ( TSC) was diagnosed in two cases ( 0.4%) , while autoso- 
al dominant polycystic liver disease ( ADPLD) , COL4A1 -related 
isease and IFT140 -related disease were each identified in one 
ase ( 0.2%) ( Fig. 1 , Table 1 ) . 

In addition to the 448 patients, another 158 patients were 
ound to carry gene mutations associated with phenotypes,
hich were classified as variants of uncertain significance ( VUS) 
ccording to the ACMG guidelines. The pathogenicity of these 
utations requires further evidence, advanced computational 

ools or functional studies for validation. The implicated mu- 
ated genes and their potentially related diseases are detailed 
n Fig. 1 and Table 1 . 

The clinical information of a subset of patients with a single 
athogenic mutation, excluding PKD1 and PKD2 mutations, are 
resented in Table 2 . 

enetic landscape 

mong the 702 patients, 606 had gene mutations related to 
ystic kidney disease, including 448 patients whose mutation 
ites were classified as pathogenic or likely pathogenic by the 
CMG. In total, there were 459 distinct mutations spanning 364 
utation sites ( Supplementary Table S3) . Based on the inheri- 

ance patterns of the gene mutations, the diseases are divided 
nto dominant and recessive inheritance. Dominant inheritance 
ncluded six diseases involving nine gene mutations, totalling 
43 patients ( 441 had one gene mutation detected and two had 
wo gene mutations detected) . Recessive inheritance included 
ne disease involving one gene mutation, totalling five patients 
 Table 1 ) . 

DPKD 

here were 356 cases with PKD1 mutations, including 354 cases 
ith only PKD1 mutations [median age 37.6 years ( range 3.0–
9.8) ]. Among the remaining three cases, two had co-occurring 
SC2 mutations. A total of 360 mutations were detected, 317 of 
hich were located in exons [88.1% ( 317/360) ]. The most com- 
on type of mutation was a point mutation, accounting for 
7.8% ( 172/360) of the cases, including 57 missense mutations 
nd 115 nonsense mutations. Frameshift mutations were the 
econd most common, accounting for 32.5% ( 117/360) of all mu- 
ations. Exon 15 had the highest frequency of point mutations,

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf064#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf064#supplementary-data
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Figure 1: Spectrum of hereditary cystic kidney disease. Among 702 patients with cystic kidney disease, 96 had no detectable pathogenic gene mutations while 606 
patients exhibited gene mutations associated with phenotypes. Of these 606 patients, 448 had mutations classified as pathogenic or likely pathogenic, involving 

seven diseases and 10 mutated genes. The remaining 158 patients had mutations classified as VUS. The dashed box highlights diseases and mutated genes with 
unclear diagnoses. NONE: the absence of detectable pathogenic gene mutations; + : the number of patients with multiple gene mutations, including specific gene 
mutations. 
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ccounting for 15.7% ( 27/172) of all point mutations, which was 
ignificantly higher than in the other exons. 

There were 76 cases of PKD2 mutations, all of which exclu-
ively involved PKD2 mutations [median age 48.8 years ( range 
5.2–76.6) ]. A total of 76 mutations were detected, with point mu-
ations being the most common, accounting for 50.0% ( 38/76) , in- 
luding 34 nonsense and four missense mutations. Frameshift 
utations were the second most common, representing 32.9% 

 25/76) of all mutations. 
There were two cases of GANAB mutations. Although there is

ngoing debate regarding the classification of GANAB as ADPKD 

r ADPLD, it is more appropriately classified as ADPKD since the
ene is involved in the maturation of polycystin-1 ( PC1) . 

ther autosomal dominant cystic kidney diseases 

his study included six cases of ADTKD involving two genetic
ubtypes. The distribution was as follows: five cases with HNF1B 
utations and one case with a REN mutation. All patients ex-
ibited multiple kidney cysts, with some experiencing reduced 
idney function and liver cysts. The median patient age was
4.4 years ( range 2.9–37.8) , with a male:female ratio of 5:1. 

In addition, one patient with an ALG8 mutation was di-
gnosed as having ADPLD. Another patient with a dominant 
FT140 mutation was identified, which was potentially associ- 
ted with ciliopathy. Furthermore, a single case with a COL4A1
utation was reported. 
Additionally, two cases of TSC2 mutations with large segment 

eletions were reported, all of which involved mutations in the
KD1 gene. 

RPKD 

ive cases of PKHD1 mutations were identified [median age 
6.0 years ( range: 17.3–53.3) ]. Among the five patients, only 
ne carried a homozygous mutation, whereas the remaining 
our had compound heterozygous mutations. Nine mutation 
ites were identified, eight of which were missense muta-
ions ( 88.9%) . In one compound heterozygous patient, a muta-
ion site was categorized as a VUS by ACMG. The patient re-
orted no family history; however, the possibility of autosomal
ominant inheritance with incomplete penetrance cannot be 
uled out. 

Age analysis in PKD patients revealed a statistically signifi-
antly lower average age of onset in patients with PKHD1 muta-
ions compared with those carrying PKD1 and PKD2 mutations
 Bonferroni post hoc test; P < .05) . Specifically, the average age of
nset was found to follow the sequence PKHD1 < PKD1 < PKD2 .
mong patients carrying PKD1 and PKD2 mutations, no statisti-
ally significant difference in average age of onset was observed
 P > .05) . Gender distribution analysis revealed no significant
ifferences in male:female ratios among the three groups ( chi-
quared test; P = .907) . Despite the limited sample size, patients
ith PKHD1 mutations demonstrated a clear trend of younger
ge at onset. 

US in genes associated with phenotypes 

n addition to the 448 patients harbouring pathogenic or likely
athogenic mutations, 158 carried phenotype-associated muta- 
ions classified as VUS under the ACMG guidelines. 

The identified mutations span 18 genes and are poten-
ially associated with nine distinct diseases, including ADPKD
 associated genes: PKD1 , PKD2 , DNAJB11) , ARPKD ( associated
ene: PKHD1) , ADTKD ( associated genes: HNF1B , UMOD) , AD-
LD ( associated genes: SEC63 , LRP5) , hereditary tubulopathies 
 HTD; associated genes: SLC34A1 , SLC7A9 , CLCN5) , nephronoph-
hisis ( NPHP; associated genes: TTC21B , ZNF423 , NPHP1 , NPHP3) ,
ystic renal dysplasia ( CYSRD; associated gene: BICC1) , Alström 

yndrome ( ALMS; associated gene: ALMS1) and TSC ( associated 
ene: TSC2) ( Fig. 1 , Table 1 ) . Further details on mutation sites are
vailable in Supplementary Table S4) . 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf064#supplementary-data
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Table 1: Genetic landscape of hereditary cystic kidney disease. 

Characteristics Disease Mutant gene Cases, n 
Inheritance 

pattern 

Mutations in genes associated with 
phenotypes and pathogenicity 

ADPKD PKD1 354 + 2 AD 

PKD2 76 AD 

GANAB 2 AD 

ADTKD HNF1B 5 AD 

REN 1 AD 

ARPKD/AD PKHD1 5 AR 

ADPLD ALG8 1 AD 

IFT140 -related IFT140 1 AD 

COL4A1 -related COL4A1 1 AD 

TSC TSC2 + 2 AD 

Multiple gene 
mutations 

PKD1 + TSC2 2 

Mutations in genes associated with 
phenotypes with VUS pathogenicity 

ADPKD PKD1 121 + 5 AD 

PKD2 10 + 2 AD 

DANJB11 1 AD 

ARPKD PKHD1 5 + 2 AR 

ADTKD HNF1B 2 AD 

UMOD 1 + 1 AD 

ADPLD SEC63 1 AD 

LRP5 2 AD 

HTD SLC34A1 1 AD 

SLC7A9 1 AD 

CLCN5 1 AD 

NPHP TTC21B 2 AD/AR 
ZNF423 1 AD/AR 
NPHP1 1 AR 
NPHP3 1 AR 

CYSRD BICC1 1 AD 

ALMS ALMS1 1 AR 
TSC TSC2 + 1 AD 

Multiple gene 
mutations 

PKD1 + PKD2 2 

PKD1 + TSC2 1 
PKD1 + PKHD1 1 
PKD1 + PKHD1 + UMOD 1 

Proportion of different diseases among hereditary cystic kidney disease patients. + : the number of patients with multiple gene mutations, including a specified gene 

mutation. AD: autosomal dominant inheritance; AR: autosomal recessive inheritance. ADPKD, ADTKD, ARPKD, NPHP, ADPLD, HTD, TSC, CYSRD and ALMS are defined 
as shown in Fig. 1 . 
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o pathogenic mutations in genes detected 

n 96 patients, no clear gene mutations were detected or the gene 
utations found were benign or possibly benign based on ACMG 

athogenicity analysis and REVEL protein function. 

ovel pathogenic or likely pathogenic mutation sites in 

enes 

hrough the ClinVar and Mastermind genomic literature 
atabases, 63 novel mutations sites were identified among those 
lassified as pathogenic or likely pathogenic by the ACMG guide- 
ines. 

Among PKD1 mutation patients, 360 mutations were 
etected, involving 288 mutation sites. Among these, 49 
ovel mutation sites were identified ( Fig. 2 , Supplementary
able S5) . 
Among PKD2 mutation patients, 76 mutations were detected 
nvolving 56 mutation sites. Among these, 10 novel mutation 
ites were identified ( Fig. 3 , Supplementary Table S6) . 

Four additional novel mutations were detected in other genes 
 Table 3 ) . 

ISCUSSION 

o date, this is the most comprehensive study on hereditary cys- 
ic kidney disease and its mutations in genes. We systematically 
rganized the genetic testing results of 702 patients diagnosed 
ith hereditary cystic kidney disease at the hereditary kidney 
isease clinic over the past nine years. We found that 606 
 86.3%) patients harboured gene mutations associated with 
ystic kidney disease, involving 23 mutated genes and > 500 
utation sites. Among these, 158 patients harboured mutations 
lassified as VUS, while 448 patients were definitively diagnosed 
ased on genetic findings. These diagnoses encompassed seven 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf064#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf064#supplementary-data
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Figure 2: Novel mutation sites in PKD1. PKD1 mutations involved 49 novel mutation sites, including five nonsense mutations, 40 frameshift mutations and four splice 

site mutations. 
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classified as ADPKD. 
istinct diseases associated with 10 pathogenic genes, including 
he identification of 63 novel mutation sites. This study clarified 
he primary disease and genetic spectra of hereditary cystic 
idney disease, enriched the genetic database and broadened 
linicians’ diagnostic perspectives. 

DPKD and cystic renal dysplasia 

DPKD is the most common hereditary cystic kidney disease 
nd mainly involves mutations in PKD1 and PKD2 . These two 
enes encode PC1 and polycystin-2 ( PC2) , respectively. These two 
roteins interact to form new calcium ion channels and regulate 
he structure and function of renal tubules [2 ]. PC1 and PC2 are 
o-distributed in the primary cilia. Gene mutations can disrupt 
he mechanosensory capabilities of the cilia, leading to abnor- 
al signal transduction and cell dysfunction, thus they can be 
lassified as ciliopathies [3 , 4 ]. 

Mutations in GANAB and DNAJB11 are also associated with 
DPKD. The GANAB gene encodes the catalytic subunit of α- 
lucosidase II, which is involved in quality control during glyco- 
rotein folding [5 ]. DNAJB11 encodes a glycoprotein that resides 
n the endoplasmic reticulum and acts as a co-factor of GRP78 
 HSPA5) , which is responsible for the correct folding and assem- 
ly of proteins [6 ]. Mutations in GANAB or DNAJB11 lead to a sig-
ificant reduction in the membrane surface expression of PC1,
urther affecting ciliary function. In this study, all four mutated 
enes were reported, with PKD1 being the most common among 
ll mutated genes, followed by PKD2 . The pathogenicity of mu- 
ations in DNAJB11 has yet to be fully elucidated. 

Additionally, this study reported a case of renal cysts associ- 
ted with a BICC1 gene mutation, with the mutation site clas- 
ified as a VUS. This gene co-localizes with PC2 at the basal 
ody of the primary cilia and regulates the expression of PKD2 
7 , 8 ]. Mutations can also lead to CYSRD. Along with GANAB and
NAJB11 , this gene is involved in the regulation of proteins en- 
oded by ADPKD gene mutations. However, the former regulates 
KD2 , whereas the latter two regulate PKD1 . Currently it is not
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Figure 3: Novel mutation sites in PKD2. PKD2 mutations involved 10 novel mutation sites, including eight frameshift mutations, one nonsense mutation and one 
deletion mutation. 

Table 3: Novel mutation sites. 

Gene Variation Mutation type ACMG Criteria ACMG Classification 

PKHD1 NM_138694 ( PKHD1) : c.2240dupT ( p.Ala748GlyfsTer18) Frameshift PVS1 + PM2 + PM3 Pathogenic 
GANAB NM_198335 ( GANAB) : c.2730G > A ( p.Trp910Ter) Point ( nonsense mutation) PVS1 + PM4 + PM2 Pathogenic 
COL4A1 NM_001845 ( COL4A1) : c.3819G > A ( p.Trp1273Ter) Point ( nonsense mutation) PVS1 + PM2 Likely pathogenic 
ALG8 NM_024079.5 ( ALG8) : c.129G > A ( p.Trp43Ter) Point ( nonsense mutation) PVS1 + PM2 Likely pathogenic 
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ther autosomal dominant inherited diseases 

DTKD is characterized by the structural and functional im- 
airment of the renal tubules and interstitium. Currently, six 
enotypes are known: HNF1B , MUC1 , UMOD , REN , SEC61A1 and
NAJB11 [9 , 10 ]. The first four genes were summarized in the
015 Kidney Disease: Improving Global Outcomes guidelines,
hereas the latter two genes were discovered and reported in
ecent years. The current study aimed to classify the DNAJB11 
ene as ADPKD. In this study, mutations were detected in all
ve genes except SEC61A1 . Among these, some mutation sites
n HNF1B and all mutation sites in REN cases were classified as
athogenic or likely pathogenic, while some mutation sites in 
he HNF1B and all mutation sites in UMOD cases were catego-
ized as VUS. These patients may develop kidney cysts, which
re usually small and limited in number. 

ADPLD is the most common extrarenal manifestation of 
DPKD. In addition to the liver cysts caused by ADPKD, sev-
ral gene mutations have been associated with ADPLD, including 
RKCSH , SEC35 , ALG8 , LRP5 [11 ] and SEC63 [12 ]. This study iden-
ified ALG8 as a gene with potential pathogenicity and LRP5 and
EC63 as genes classified as having VUS. LRP5 encodes a trans-
embrane protein that regulates Wnt signalling through endo- 

ytosis. ALG8 encodes α-3-glucosyltransferase, which is involved 
n proper protein folding and function, leading to cyst forma-
ion by affecting the glycosylation and cell surface transport of
C1 [13 ]. The protein encoded by SEC63 is involved in the cor-
ect folding and transport of proteins in the endoplasmic retic-
lum [14 ]. These gene mutations further confirm the associa-
ion between specific genes and ADPLD and multiple renal cysts.
owever, research indicates that various types of mutations in 
hese genes do not significantly influence the clinical phenotype 
f ADPLD, including the disease’s manifestations and severity.
hus, while these gene mutations contribute to disease patho- 
enesis, specific mutation types or locations are insufficient to 
redict the clinical presentation or severity in affected individ- 
als [15 ]. Additionally, certain heterozygous mutations in the 
RP5 gene may be associated with the development of ADPKD,
uggesting a potential genetic interaction between ADPLD and 
DPKD [16 ]. 
a  
Additionally, one case of a ciliopathy-related IFT140 com-
ound heterozygous mutation was reported. The protein en-
oded by IFT140 is mainly located at the base and tip of the cilia
17 ]. Its functions include cilia formation and maintenance, ret-
ograde ciliary transport and the regulation of cilia-dependent
ignal transduction. IFT140 mutations exhibit two inheritance 
atterns: one associated with ciliopathies in an autosomal re-
essive manner and another, more recently discovered pattern,
n which monoallelic truncating or obligatory splicing site muta-
ions result in an ADPKD phenotype [18 ]. In this case, the patient
as a splicing site mutation, characterized by a large renal cyst
henotype linked to ciliopathy, and is currently considered au-
osomal dominant. 

Another patient was found to have a COL4A1 mutation. Mu-
ations in this gene have high clinical heterogeneity and can af-
ect multiple organ systems, including the nervous system and
idneys. This may be related to the phenotype of multiple kid-
ey cysts [19 ]. The patient presented with clinical phenotypes
f multiple liver and kidney cysts and bilateral hydronephrosis.
owever, the relationship between the gene mutation and the
henotype remains unclear. 
The TSC2 pathogenic gene encodes the protein tuberin,

hich regulates the mammalian target of rapamycin signalling
athway and affects cell proliferation and metabolism [20 ]. Mu-
ations can lead to the occurrence of multisystem benign tu-
ours and cysts. TSC2 is adjacent to PKD1 , and all three patients
ith TSC2 mutations reported by us had PKD1 gene mutations,

ncluding two cases with large segment deletions, possibly re-
ated to PKD1-TSC2 contiguous gene syndrome. We also iden-
ified one patient with a single TSC2 gene mutation without a
idney cyst phenotype; therefore, the association between TSC2
nd the kidney cyst phenotype is unclear. 

RPKD 

he ARPKD pathogenic gene PKHD1 encodes fibrocystin, which
s mainly expressed in the kidneys and pancreas. Mutations
ead to the loss of fibrocystin function, causing ciliary dysfunc-
ion and mitotic defects [21 ]. Although typically associated with
n autosomal recessive inheritance pattern, it may occasionally
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anifest in an autosomal dominant form with incomplete pen- 
trance. In this study, PKHD1 was more commonly associated 
ith compound heterozygous mutations, with only one of the 
ve patients having a homozygous mutation. 
Mutations in PKD1 , PKD2 and PKHD1 lead to the development 

f polycystic kidney disease, with no statistically significant dif- 
erences in gender distribution noted among patients with the 
hree mutation types. However, the average age of onset in pa- 
ients carrying PKHD1 mutations was significantly earlier than 
hat observed in patients with PKD1 and PKD2 mutations, align- 
ng with findings from previous studies. 

thers 

his study identified 158 patients carrying genetic variants 
inked to phenotypes classified as VUS under the ACMG guide- 
ines. Predicting the pathogenicity of these mutations relies 
eavily on existing gene and disease databases. However, these 
atabases primarily contain mutation frequency and phenotype 
ssociation data derived from Western populations, resulting in 
imited study of rare or newly identified variants due to insuf- 
cient database support. Furthermore, inconsistencies among 
ioinformatics tools underscore the constraints of current pre- 
iction models. Consequently, these 158 mutations and their as- 
ociated diseases require further investigation. 

In addition to the VUS mutations mentioned, this study iden- 
ified three patients with single-gene mutations in HTD, present- 
ng with renal cystic phenotypes. HTD mutations primarily dis- 
upt renal tubular pump function. Although the relationship be- 
ween HTD mutations and renal cystic phenotypes is poorly un- 
erstood and sparsely documented in the literature, their poten- 
ial association cannot be disregarded, considering their impact 
n renal tubular function. 
Additionally, two patients were identified as carrying TTC21B 

utations and one with a ZNF423 mutation. These genes are im- 
licated in NPHP and play essential roles in cilia development.
revious studies have reported that mutations in these genes 
isplay both dominant and recessive inheritance patterns. 
This study also identified four other autosomal recessive 

ene mutations—NPHP1 , NPHP3 and ALMS1 —all of which are di- 
ectly related to ciliary function. The first two are classified as 
PHP, a disease that leads to kidney failure in children and ado- 
escents. In addition to kidney phenotypes, extrarenal manifes- 
ations such as liver fibrosis, situs inversus and cardiac anoma- 
ies may also occur. It is associated with various syndromes,
ncluding Senior–Løken syndrome ( SLSN1) , Joubert syndrome 
 JBTS1) and Meckel–Gruber syndrome ( MKS1) . Associated gene 
utations are located in the cilia and related structures [22 ]. 
ALMS is an autosomal recessive disease. The ALMS1 -encoded 

rotein participates in the structure and function of the centri- 
les, which are primarily located at the base of the cilia. It man- 
fests as obesity, retinal pigment degeneration, cardiomyopathy 
nd diabetes and is less directly associated with kidney cysts. 

Notably, 13.6% of the patients in this study were not found to 
arbour any associated genetic mutations, highlighting the need 
or further exploration. Advancements in genetic testing will un- 
over more pathogenic mutations in genes, enrich the genetic 
andscape of hereditary cystic kidney diseases and elucidate the 
olecular mechanisms underlying physiological and patholog- 

cal processes. 
However, this study had some limitations. This was a ret- 

ospective, single-centre study, which might have limited the 
epresentativeness of the sample. Predictions of the pathogenic- 
ty of novel mutations mainly rely on bioinformatics, potentially 
eading to erroneous pathogenicity predictions. The scope of 
enetic testing is limited, as most patients do not undergo 
hole genome or whole exome sequencing, thereby possibly 
issing known or unknown pathogenic mutations in genes.
isease grouping may change based on future studies as genes 
re reclassified, such as the recent shift in GANAB from ADPLD 

o ADPKD. 

ONCLUSIONS 

n this study, 23 gene mutations associated with renal cyst phe- 
otypes were identified, of which 10 included pathogenic or 
ikely pathogenic variants. These findings enabled the diagno- 
is of seven hereditary cystic kidney diseases, including ADPKD,
DTKD, ARPKD and others. Furthermore, 63 novel pathogenic 
r likely pathogenic variants were identified. This clarified the 
ain disease spectrum and genetic landscape of hereditary cys- 

ic kidney disease and new mutation sites, enriched the gene 
atabase and broadened clinicians’ perspectives. 
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