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1   |   INTRODUCTION

Caroli disease (CD, OMIM #600643) is a rare autoso-
mal recessive disorder, firstly reported in 1958 by Caroli 

et al.  (1958), characterized by polycystic segmental dil-
atation of the intrahepatic bile ducts (Cabral Correia & 
Morgado, 2017; Issar & Issar, 2014). The age of onset and 
its clinical manifestations including recurrent cholangitis, 
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Abstract
Background: Caroli disease (CD, OMIM #600643) is a rare autosomal recessive 
disorder characterized by polycystic segmental dilatation of the intrahepatic bile 
ducts and extreme variability in age of onset and clinical manifestations. When 
congenital hepatic fibrosis is associated with the polycystic dilatation of the bil-
iary tract, the condition is referred as Caroli syndrome. The disease is thought to 
be caused by pathogenic variants in the PKHD1 gene (OMIM *606702).
Method: We report the clinical, biochemical, and molecular characterization of 
three patients with a clinical suspicion of CS belonging to two different families. 
The genetic screening was performed using a target custom panel and sequencing 
was performed on Illumina platform.
Results: Genetic analysis revealed the presence of rare variants in the PKHD1 
gene of the analyzed patients. In the first case, and his younger sister, two patho-
genic variants (c.2702A>C and c.4870C>T) were found to be associated with a he-
patic phenotype at clinical onset, followed by renal disease probably age-related; 
while in the second case, one pathogenic variant (c.5879C>G) and a complex 
allele with uncertain clinical significance [c.3407A>G; c.8345G>C; c.8606C>A] 
were found to be associated with a severe hepatic phenotype.
Conclusion: The identification of the genetic causes of the disease and their re-
lationship with the clinical phenotype could have a favorable impact on clinical 
management and complication prevention.
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jaundice, and portal hypertension complications are 
extremely variable (Sgro et al.,  2004). When the malfor-
mation of the biliary tract is associated with congenital 
hepatic fibrosis, the condition is called Caroli Syndrome 
(CS) (Gunay-Aygun, 2009; Umar et al., 2021). CD and CS 
are probably two different presentations of a continuum 
of pathology (Gunay-Aygun, 2009). Hepatic involvement 
can be isolated or associated with polycystic renal dis-
ease (Sgro et al.,  2004). CS/CD may be included in the 
group of hepatic ciliopathies, a heterogeneous group of 
disorders due to cilia abnormalities comprising congeni-
tal hepatic fibrosis, Caroli syndrome, Caroli disease, and 
other fibrocystic liver diseases (Drenth et al., 2010; Gunay-
Aygun, 2009; Umar et al., 2021). The exact incidence and 
prevalence of the disease are not known, but it is esti-
mated to occur in approximately 1 out of 1,000,000 live 
births (Jarry et al., 2010).

It has been reported that rare pathogenic variants in 
the PKHD1 gene (OMIM *606702), which encodes a large 
single-pass transmembrane protein fibrocystin/polyduc-
tin (Obeidova et al.,  2015), are involved in the disease 
(Umar et al., 2021). Although the exact function of fibro-
cystin in the clinical phenotype remains unclear, it has 
been hypothesized that localization in bile duct primary 
cilia (Courcet et al., 2015) may play a significant role in 
maintaining tubular architecture (Obeidova et al., 2015), 
and genetic abnormalities in this protein result in fibro-
cystic changes in the kidney and liver (Umar et al., 2021).

To date 520 pathogenic variants in the PKHD1 gene 
have been reported in the Human Gene Mutation 
Database HGMD [http://www.hgmd.cf.ac.uk/ac/gene.
php?gene=PKHD1], 4 of which are described as caus-
ative of CD, while in the PKHD1 database [http://www.
humgen.rwth-aachen.de/] more than 700 variants are re-
ported. Causative variants are identified throughout the 

PKHD1 gene; extensive genetic heterogeneity renders 
genotype–phenotype correlation difficult; so the molecu-
lar diagnosis is further complicated by the large spectrum 
of phenotypes observed in affected patients (Yonem & 
Bayraktar, 2007).

Herein, we report the clinical, biochemical, and mo-
lecular characterization of three patients with a clinical 
suspicion of CS.

2   |   MATERIALS AND METHODS

2.1  |  Clinical presentation

2.1.1  |  Case 1

We describe a 31-month-old boy with itching and en-
larged liver and spleen. Abdominal ultrasound showed 
several cystic lesions with mild splenomegaly. Laboratory 
evaluation showed mild signs of cholestasis and iron defi-
ciency anemia. Cholangio-Pancreato Magnetic Resonance 
(CPRM) confirmed the diagnosis of CS (Figure  1a). 
During follow-up, he had only one episode of cholangitis. 
At the last observation he was 9.7 years old and presented 
chronic liver disease complicated by portal hypertension 
with hypersplenism and esophageal varices and mild im-
pairment of liver function; high blood pressure for age; 
stage 3 chronic renal failure; osteopenia. He was being 
treated with iron and fat-soluble vitamin supplements, 
diuretics, and ursodeoxycholic acid (UDCA).

His younger sister was 17-month-old when she had her 
first cholangitis. Her diagnosis of CS was based on: family 
history, liver enlargement with cystic images in the right 
hepatic lobe at ultrasound and CPRM (Figure  1b) and 
splenomegaly. At the last observation she was 5 years old 

F I G U R E  1   CPRM scan of three patients with CS. (a) Case 1, index case; (b) case 1, index cases's sister; (c) case 2

(a) (b) (c) 

http://www.hgmd.cf.ac.uk/ac/gene.php?gene=PKHD1
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=PKHD1
http://www.humgen.rwth-aachen.de/
http://www.humgen.rwth-aachen.de/
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with liver enlargement but normal spleen diameter, nor-
mal liver, and kidney functions and osteopenia. She was 
under UDCA treatment and was taking fat-soluble vita-
min supplementation.

The parents and a third brother did not show any 
clinical and laboratory signs of liver and kidney disease. 
Ultrasound examination did not reveal hepatic and renal 
cysts in any of them.

2.1.2  |  Case 2

A 14-year-old girl was referred for CS. Her history was 
characterized by several findings of high liver enzyme 
values for which she underwent an abdominal ultrasound 
and CPRM (Figure  1c) at the age of 13 years. Imaging 
showed diffusely ectasis biliary tree complicated by por-
tal hypertension with hypersplenism and F1 esophageal 
varices. At the age of 14 years, she had her first episode 
of cholangitis and 7 months later the girl underwent liver 
transplantation. Liver histology showed diffuse fibrosis 
with enlarged intrahepatic biliary ducts (mainly in the 
right lobe) and multiple multilobular cysts. Regarding 
her kidney function, after starting immunosuppressive 
treatment she showed moderate renal impairment, and 
3 months after transplantation she was switched from 
tacrolimus to sirolimus with the improvement of renal 
function. At the last evaluation, the girl was 15.7-year-old 
and presented normal liver function and good renal func-
tion. The father and brother did not show any clinical and 
laboratory signs of hepatic and renal disease, while the 
mother presented with gallbladder stones associated with 
a slight increase in aminotransferases with normal indices 
of cholestasis.

2.2  |  Genetic screening and data analysis

Informed consent for the study was obtained from at 
least one parent of each patient. Genomic DNA was ex-
tracted from peripheral blood by using ReliaPrep™ Blood 
gDNA Miniprep System, according to the manufacturer's 
instructions (Promega, Madison, Wisconsin, USA). A 
custom panel of 94 liver disease-related genes, including 
PKHD1 (NG_008753.1), was used to screen Case 1 and 
Case 2. For each gene we included the coding regions, 
25 bp in each of the intronic boundaries, the 5′UTR and 
the 3′UTR regions. Samples preparation was performed 
by the SureSelect QXT Target Enrichment kit for Illumina 
Sequencing (Agilent Technologies, Santa Clara, CA, 
USA). High-throughput sequencing was performed on 
the Illumina MiSeq platform (llumina Inc., SanDiego, CA, 
USA).

The obtained Fastq files were aligned against the hg38 
genome assembly; variant alignment and calling were per-
formed by Alissa Align and Call (Alissa v5.2.6—Agilent 
Technologies, Santa Clara, CA, USA) whereas variant fil-
tering was performed by Alissa Interpret software (Alissa 
v5.2.6—Agilent, Santa Clara, CA, USA).

Agilent SureCall software (Agilent Technologies, Santa 
Clara, CA, USA) was used to search for copy number vari-
ations (CNVs).

Variants were firstly filtered on their minor allele fre-
quency (MAF) and the pathogenicity of rare variants (with 
a MAF < 1%) was assessed according to the American 
College of Medical Genetics and Genomics (ACMG) 
guidelines (Richards et al., 2015). All the prioritized vari-
ants were confirmed by Sanger sequencing.

3   |   RESULTS

NGS analysis revealed that the number of reads in the tar-
get regions was about 70% with an average read depth of 
160X for both patients.

Genetic analysis revealed the presence of rare variants 
in the PKHD1 gene; the cascade screening was carried out 
in the relatives of the probands to verify variants segrega-
tion, showing that both index cases presented at least one 
rare variant in both alleles (Figure 2).

CNV analysis was negative in all three cases.
Table  1 shows the biochemical features of three CS 

patients, while the complete list of variants detected is 
shown in Table 2.

Case 1 was a compound heterozygous for two missense 
variants (c.2702A>C and c.4870C>T), both previously 
reported in literature and classified as likely pathogenic; 
after genetic cascade screening, the same genotype was 
observed in his younger sister, diagnosed with CS too.

Case 2 showed a complex genotype; in fact, she was com-
pound heterozygous for a missense variant (c.5879C>G), 
inherited by her mother, and for a complex allele, con-
sisting of three different missense variants [c.3407A>G; 
c.8345G]>C; c.8606C>A], two of them (c.3407A>G and 
c.8606C>A) were reported in the GnomAD database with 
a MAF of almost 1%.

4   |   DISCUSSION

Since the very first description of CS, following the in-
troduction of more advanced molecular biology tech-
niques, several familial cases have been reported even 
before molecular defects at the level of the PKHD1 
gene had been identified (Hoglund et al.,  1989; Teufel 
& Farack, 1987; Wu et al., 2002). Herein, we report the 
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clinical, biochemical, and molecular characterization 
of three CS patients from two different families. In the 
first family, of Moroccan origin, two siblings were com-
pound heterozygotes for two likely pathogenic variants 
(c.2702A>C and c.4870C>T) in the PKHD1 gene asso-
ciated with liver and kidney progressive disease, prob-
ably age-related. Both variants have been reported in the 

HGMD database as causative of polycystic kidney dis-
ease and not as causative of CS. The variant c.2702A>C 
has been previously reported in a large cohort of pedi-
atric patients with autosomal recessive polycystic kid-
ney disease (ARPKD), at compound heterozygous status 
(Melchionda et al.,  2016) and more recently the same 
variant has been reported in literature as a compound 

F I G U R E  2   Pedigree of the case 1 family (a) pedigree of the case 2 family (b) with segregation analysis of the variants. Both index case 
were compound heterozygote for different PKHD1 variants

Case 1 (a)

I

II

Index case

PKHD1 c.2702A>C – p.Asn901Thr

PKHD1  c.4870C>T – p.Arg1624Trp

c.2702A>C/wt wt/c.4870C>T

c.2702A>C/c.4870C>T c.2702A>C/c.4870C>Twt/c.4870C>T

I.1 I.2

II.2II.1 II.3

c.[3407A>G;8345G>C;
8606C>A]/wt

I

II

Index case

PKHD1  c.[3407A>G; 8345G>C; 8606C>A] 
p.[(Tyr1136Cys);(Gly2782Ala);(Thr2869Lys)]

PKHD1  c.5879C>G  p.Thr1960Arg

wt/c.5879C>G

c.[3407A>G;8345G>C;
8606C>A]/wt

c.[3407A>G;8345G>C;
8606C>A]/c.5879C>G 

I.1 I.2

II.1 II.2

Case 2 (b)

T A B L E  1   Biochemical features of 3 CD patients

Case 1 Case 1's sister Case 2

At entry At last observation At entry At last observation At entry At last observation

Sex M F F

Age (years) 2.6 9.7 1.4 5 14.6 15.7

AST (UI/L) 62 68 60 57 35 34

ALT (UI/L) 22 27 21 24 29 40

GGT (UI/L) 50 35 27 23 94 55

TB (mg/dl) 0.4 1.95 0.31 0.64 0.73 1.55

DB (mg/dl) NA 1.08 0.12 0.28 0.52 0.57

Albumin (g/dl) 4.6 3 4.4 4.5 3.2 4.8

Creatinine (mg/dl) 0.5 1.22 0.4 0.5 0.62 0.77

Urea (mg/dl) 46 67 43 36 20 44

Leukocytes 6600 8570 10,050 6390 11,970 4330

Hb (g/dl) 9.7 13.2 7.7 11.9 9.3 12.9

Platelets 209,000 81,000 451,000 130,000 229,000 102,000

Abbreviations: F, female; DB, direct bilirubin; M, male; TB, total bilirubin.
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heterozygote with other missense variants, in an adult 
patient with chronic kidney disease (CKD) of unknown 
etiology, who also presented a congenital hepatic fi-
brosis (Connaughton et al.,  2019). The second variant 
c.4870C>T, found in the family, has been already pre-
viously detected in patients affected by ARPKD with 
other clinical manifestations such as developmental 
and speech delay, hepatomegaly, gallbladder stones, 
dilated segmental intrahepatic biliary radicles (Alfares 
et al., 2017); as this variant has been observed with high 
frequency in individuals living in the Middle East re-
gion, it is supposed to have a possible founder effect (Al 
Alawi et al., 2020).

In the first family, our findings are consistent with lit-
erature data as to the pathogenicity of the variants exam-
ined. To date, this is the first case in which these variants 
were found in a patient with hepatic phenotype at clini-
cal onset, followed by renal disease, probably age-related. 
This hypothesis is confirmed by the fact that the younger 
sister, in whom we observed the same genotype, did not 
manifest any renal phenotype.

In the second family, of Italian origin, the presence of 
a complex allele with uncertain significance [c.3407A>G; 
c.8345G>C; c.8606C>A] in the index case was associated 
with a probably pathogenic variant (c.5879C>G), leading 
to liver transplantation because of recurrent cholangitis. 
The variant c.5879C>G was classified as likely patho-
genic according to the ACMG and was of matrilineal in-
heritance. It seems that to date, although this nucleotide 
can be found in the dbSNP database, it has never been re-
ported in literature. However, another nucleotide change, 
causing the same amino acid change has been reported, at 
compound heterozygous state, in a 6-month-old German 
child affected by ARPKD (Bergmann et al.,  2005). The 
pathogenicity of this variant is also evidenced by the pres-
ence of gallbladder stones and of transaminase slight in-
creases in the mother.

The complex allele consists of three missense vari-
ants [c.3407A>G; c.8345G>C; c.8606C>A], found on 
the same paternal chromosome; the variant c.3407A>G 
was reported several times in cis with other rare variants; 
Maylikeev et al. described it in cis with c.8606C>A vari-
ant in a 37-year-old male suffering from CS with cystic 
dilatation of the intrahepatic biliary ducts, liver cirrhosis, 
and portal hyperthension (Mavlikeev et al., 2019); in this 
work, the authors considered the c.3407A>G variant as 
pathogenic and the c.8606C>A variant as benign. Gunay-
Aygun et al reported the variant c.3407A>G in cis with a 
nonsense mutation and considered the variant as unlikely 
pathogenic, at least in the families examined (Gunay-
Aygun et al., 2010).

The c.3407A>G variant has been reported in litera-
ture also in a compound heterozygous state, in patients T
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suffering from CD and considered as probably patho-
genic (Eisenberger et al.,  2015). The c.8606C>A variant 
has been described as benign variant in one study (Furu 
et al., 2003) and as a possible disease-causing variant in 
another (Rossetti et al., 2003).

The last variant of the complex allele was the 
c.8345G>C; this variant, at best of our knowledge, 
has been reported two times and considered as benign 
(Bergmann et al., 2005; Sharp et al., 2005).

Due to conflicting literature data, ithas not been possi-
ble to confer a clear pathogenic role to this complex allele 
but, given the severe phenotype observed in our patient, 
it may be inferred that at least one of these three variants, 
or maybe their combination, could affect protein function. 
This is in agreement with the presence, on the other allele, 
of a likely pathogenic variant in a disease with recessive 
transmission.

The cases described herein confirm that pathogenic 
variants in the PKHD1 gene can be associated with a large 
spectrum of phenotypes from asymptomatic cases to pa-
tients with severe liver and/or kidney involvement (Serra 
et al.,  2020; Wang et al.,  2021). Szabo et al showed how 
biallelic loss-of-function mutations in a cohort of ARPKD 
patients were associated with fatal outcome in the perina-
tal period (Szabó et al.,  2018). The genotype–phenotype 
correlation was recently emphasized by Burgmaier et al. 
who suggested the involvement of the PKHD1 affected 
region in determining both phenotype and outcome 
(Burgmaier et al.,  2021). These findings clearly demon-
strate the importance of molecular characterization in 
clinically affected patients, also in order to carry out pre-
natal diagnosis and predict possible complications in fu-
ture generations (Maruotti et al., 2013).

In conclusion, genetic characterization followed by 
cascade screening and genotype–phenotype correlation is 
particularly beneficial for the follow-up and clinical man-
agement of CS patients.
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