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Autosomal recessive polycystic kidney disease (ARPKD) is a rare disorder and one of the most severe forms of

polycystic kidney disease, leading to end-stage renal disease (ESRD) in childhood. PKHD1 is the gene that is

responsible for the vast majority of ARPKD. However, some cases have been related to a new gene that was

recently identified (DZIP1L gene), as well as several ciliary genes that can mimic a ARPKD-like phenotypic

spectrum. In addition, a number of molecular pathways involved in the ARPKD pathogenesis and progression were

elucidated using cellular and animal models. However, the function of the ARPKD proteins and the molecular

mechanism of the disease currently remain incompletely understood. 

ARPKD  cyst  rare monogenic disease  nephrology

1. Introduction

Autosomal recessive polycystic kidney disease (ARPKD) is a severe inherited cystic disease characterized by the

combination of bilateral renal cystic disease and congenital hepatic fibrosis. ARPKD manifests perinatally, or in

childhood, as an important cause of pediatric morbidity and mortality . ARPKD is a rare disease; an incidence of

1 in 8000 births was calculated in an isolated and inbred population from Finland . However, in the Americas

(North, Central, and South), the reported incidence is 1 in 26:485 births, and the annualized prevalence is 1.17 per

100,000 . The widespread prevalence of ARPKD is estimated to be 1 in 20:000 births .

ARPKD is the recessive form of a group of heterogeneous monogenic disorders named polycystic kidney disease

(PKD). The dominant form, autosomal dominant polycystic kidney disease (ADPKD), has a higher epidemiological

prevalence and is typically diagnosed in adults .

2. Autosomal Recessive Polycystic Kidney Disease Clinical
Presentation

ARPKD is phenotypically highly variable; it can present as a disease of perinatal, neonatal, infantile, juvenile, or

young adult-onset disease , with no known gender or ethnic bias . Typically, the most severe cases of ARPKD

present in the late gestational or neonatal stage, with bilateral massively enlarged and echogenic kidneys with poor

corticomedullary differentiation, retained reniform contour, and multiple tiny cysts . In addition, they can

present with oligo- or anhydramnios, resulting in the typical “Potter sequence” phenotype with pulmonary

hypoplasia, characteristic facial features, and clubfoot contracted limbs . In addition to the Potter sequence,
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the presence of other extrarenal manifestations is not common . There are no documented hepatic phenotypes

, although some associated, such as abdominal dystocia, have been reported .

Detection of severe oligohydramnios is associated with worse outcome due to the high risk of associated

pulmonary hypoplasia. Up to 50% of ARPKD neonates die of respiratory insufficiency due to pulmonary hypoplasia

and thoracic compression. However, after the perinatal period, survival is high, reaching 1-year and 10-year

survival rates of 85% and 82%, respectively . The patients who survive the perinatal period require extensive

care by specialists in internal medicine . Note that prenatal diagnosis and termination of pregnancy are factors

to consider in the epidemiology of the disease . Another problem derived from kidney enlargement and

pulmonary hypoplasia, in addition to early uremia and pulmonary immaturity, includes the difficulty of enteral

feeding that could complicate nutrition, requiring persistent nasogastric feeding .

3. Diagnosis

ARPKD is frequently diagnosed in the prenatal period due to its early and severe manifestations. In prenatal

diagnosis, an ultrasound from second/third trimester can detect enlarged, echogenic kidneys, and medullary

hyperechogenicity, due to the loss of corticomedullary differentiation and diffusively increased hepatic parenchymal

echogenicity with fibrous tissue. The presence of oligohydramnios can make it challenging, so ultrasonography and

MRI are required. The finding of microcysts (5–7 mm) was reported in 30% of ARPKD cases, but macrocysts (>10

mm) are rare and could indicate another different ciliopathy. These ultrasound findings are common in other

pathologies, like Meckel syndrome, and mild forms of the disease may not be detected by prenatal ultrasounds. In

these cases, the genetic test offers the possibility of providing an accurate diagnosis .

Identifying the PKHD1 gene made it possible to perform the genetic diagnosis by direct DNA sequencing (Sanger

method). However, the genetic test for the PKHD1 mutation is complicated due to the large genomic size and the

allelic heterogeneity of the disease-associated mutations . However, according to the Genetics Work Group,

single-gene testing should be avoided in cases of suspected ARPKD due to its broad overlapping phenotypic

spectrum. As an alternative, methods such as next generation sequencing have become of interest as techniques

that can simultaneously and efficiently analyze multiple candidate genes in a unique test, at relative low cost. In

rare cases, mutations in two genes can even be observed in children with severe neonatal clinical phenotype 

.

The outcome of the genetic testing is essential for clinical management of comorbidities and complications

associated with each disease, allowing informed genetic counselling and, in the future, precision medicine on a

more specific basis .

4. Differential Diagnosis

The ARPKD phenotype is not only caused by mutations in PKHD1. This makes diagnosis and management,

including care during the perinatal period, a difficult task. A number of other recessive and dominant genes need to
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be considered (Figure 1) .

Figure 1. Schematic representation of ARPKD differential diagnosis. PHKD1 is the main causative gene in

ARPKD, where DZIP1L present milder phenotype. Mutations in other genes can overlap clinical manifestations of

ARPKD, such as PKD1 and PKD2, the main causative genes of autosomal dominant polycystic kidney disease

(ADPKD); TSC2, that causes tuberous sclerosis (TSC); and others for instance HNF1β, nephronophthisis (NPHP)

genes and other ciliopathies as Bardet–Biedl (BBS), Joubert (JS), and Meckel syndrome (MKS). These

overlapping phenotypes manifest the physiologic complex and functional interactions that occur among ciliopathy

genes.

5. Genetics of ARPKD

As we mentioned earlier, ARPKD is caused by mutations in PKHD1 and, the recently discovered, DZIP1L .

PKHD1, located on chromosome 6 (6p12.3-p12.2) (Figure 2A) , is one of the largest human genes with

a genomic segment of ~500 kb. It is predicted to have a minimum of 86 exons assembled in a complicated pattern

of alternative splice variants, transcribing a large full-length mRNA of approximately 8.5 kb–13 kb . Multiple

types of mutations characterized as pathogenic have been identified across the gene. Currently, approximately 750

PKHD1 mutations have been identified, of which approximately half are missense changes. A missense mutation in

exon 3 (c. 107C>T; p.Thr36Me) is the most common mutation described, accounting for more than 20% of all

cases . This mutation has been observed in the context of heterozygotes, with a second distinct mutant allele

. Most cases are familial, but de novo mutations are also reported and account for 2 to 5% of cases .
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Interestingly, in the context of isolated autosomal dominant polycystic liver disease (ADPLD), Besse and

colleagues have reported several individuals with PKHD1 mutations in heterozygote carriers, 10 of 102 ADPLD

patients of their cohort were explained by PKHD1 mutations, one of them presented the p.Thr36Me missense

variant . According to the clinical observation, it is a genetic fact that 10% of ARPKD patients present

innumerable asymptomatic liver cysts . However, the data are not sufficient to explain why PKHD1 in ARPKD

leads to severe hepatic and renal phenotype, but not in ADPLD; in this regard, more studies are needed .

Figure 2. ARPKD genes, transcripts, and proteins: (A) PKHD1 and DZIP1L genes and transcripts. The positions of

the exons are illustrated and numbered, and the longest transcript are shown from both: 67 exons for PKHD1 and

16 for DZIP1L; (B) structure of fibrocystin/polyductin (FPC) and DAZ-interacting protein 1-like protein (DZIP1L).

Proteins are not to scale.

6. ARPKD Proteins: Structure and Function

The protein product of PKHD1 is fibrocystin/polyductin/FPC (Figure 2B) , a membrane protein with a long

extracellular N-terminus, a single transmembrane domain and a short cytoplasmic C-terminus tail. The extracellular

domain contains twelve TIG/IPT domains (Ig-like domains) that have been described in cell surface receptors .
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In addition, three potential protein kinase A (PKA) phosphorylation sites were identified in the cytoplasmic tail that

may be relevant for its function . A PKHD1 homologue was reported, PKHD1L, with an identity of 25% and

similarity of 41.5%, which encodes fibrocystin-L, a receptor with inducible T lymphocyte expression, and has not

been implicated in PKD . The longest open reading frame (ORF) of FPC is predicted with a length of 4074

amino acids . However, the PKHD1 gene undergoes a complicated splicing pattern and can encode several

additional gene products. In the same way, FPC exhibits a highly complex pattern of Notch-like proteolytic

processing validated at the in vitro level  and in the vivo level using mouse models , which make the

investigation of PKHD1/FPC particularly difficult.

FPC is a 440 kDa membrane-bound protein that is expressed mainly in the kidney (cortical and medullary ducts),

the liver (intra- and extra-hepatic biliary ducts) and the pancreas (pancreatic ducts) . Two alternative FPC

products of ~230 and ~140 kDa were detected and, more importantly, the ~140 kDa product was found in cellular

fractions of secreted FPC products . At the subcellular level, FPC is expressed in the primary apical cilia 

 and the basal body area of cilia  in renal epithelial cells and cholangiocytes . Furthermore, FPC is also

expressed in the apical membrane and cytoplasm of collecting duct cells . It is controversial whether ARPKD

tissues lack FPC expression, some studies support this idea , but other evidence suggests otherwise ,

suggesting a temporal and spatial expression complexity of FPC splicing variants.

The structure of FPC suggests a possible function of the cell surface receptor, which interacts with extracellular

ligand through the N-terminus or transduces intracellular signals to the nucleus through its C-terminus . The

cytoplasmic tail can translocate to the nucleus after full-length cleavage . However, the intrinsic mechanism of

the C-terminus remains unclear, as its deletion in mouse models did not result in renal or hepatic cystic phenotype,

suggesting that it is not essential for cyst formation in ARPKD .

DZIP1L encodes the DAZ (Deleted in AZoospermia) interacting protein 1-like, a zinc-finger protein with several

coiled-coil domains and one C2H2-type zinc finger domain near its N-terminus . The zinc finger protein DZIP1L

is involved in primary cilium formation , and Lu and colleagues suggest a possible function in the

polycystins/PCs (the ADPKD proteins) trafficking . The results highlighted the transition zone of cilia as a new

possible vital point to study ARPKD pathogenesis .

7. Pathogenesis of ARPKD/Molecular Basis/Disease
Mechanism

7.1. ARPKD Rodent Models: Lessons from Animal Models

To date, several animal models have been developed in which they closely resemble human ARPKD (Table 1).

Early models of PKD resulted from spontaneous mutations in non-orthologous genes that mimic the recessive trait

and phenotype of the disease . The first mouse model reported was the congenital polycystic kidney mouse, or

cpk, in 1985 . The development and expression/penetrance of disease and the genetics in this model were

extensively studied . The cpk model results in a spontaneous mutation in the C57BL/6J (B6) strain, which
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corresponds with the Cys1 gene . Later, during the 1990s, other models appeared with spontaneous mutations

in other loci, including the well-studied pcy mouse  that has a mutation in the locus for Nphp3 . Furthermore,

BALB/c polycystic kidney (bpk)  and the juvenile cystic kidney model (jck)  were described and characterized,

that had spontaneous mutations in Bicc1  and Nek8  respectively. This was followed by animal models

designed by chemical induction, as the juvenile congenital polycystic kidney (jcpk), which was obtained using a

chlorambucil mutagenesis program . Interestingly, later studies showed that bpk and jcpk models refined the

mutated loci in Bicc1 gene . Furthermore, by insertional mutagenesis, the Oak Ridge polycystic kidney or

orpk mouse was uncovered from a large-scale insertional mutagenesis program .

7.2. Abnormalities of EGFR-Axis Expression and Fluid Secretion

The first evidence that the epidermal growth factor receptor (EGFR) axis was altered in PKD was in 1992, by

demonstrating that cells from primary cultures of PKD patients increased cyst expansion . Subsequently, in

primary cells isolated from ADPKD patients, epidermal growth factor (EGF) stimulated cyst formation . In

ARPKD, the first data were obtained from cpk mouse model renal extracts, which showed upregulation of EGF

expression . Progressively, other evidence has shown a significant role for EGFR in vitro  and murine models

, and patients with ARPKD , where EGFR upregulation was located on the surface of the cystic

epithelium. In the same way, abnormal expression of EGF  and transforming growth factor-alpha (TGFα) 

have been demonstrated in ARPKD, and several members of EGFR family of receptors (EGFR1, ErbB2, and

ErbB4) were found overexpressed in ARPKD rodent models  (Figure 3A). This overexpression includes

increased mRNA, protein, and receptor activity or phosphorylation . Furthermore, evidence from animal models

suggests similar abnormalities in hepatic cystogenesis of the EGFR axis .

Figure 3. ARPKD molecular pathogenesis: (A) diagram representing the proposed up-, down-, or deregulated

pathways in ARPKD renal epithelial cell and proposed potential therapies; (B) cartoon representing the localization

of ARPKD protein in the cilium of a renal epithelial cell. FPC is located in the primary apical cilia and the basal body

area of the cilia, whereas DZIP1L is located in the transition zone of the basal body of the cilium. (FPC—

fibrocystin/polyductin; DZIP1L—DAZ interacting zinc finger protein 1 like; PC1—polycystin 1; PC2—polycystin 2;
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TGF—transforming growth factor; ENaC—epithelial sodium channels; Na —sodium cation; EGFR—epidermal

growth factor receptor; VEGF—vascular endothelial growth factor; Cl —chlorine anion; SMURF—SMAD specific

E3 ubiquitin-protein ligase; Nedd4-2—E3 ubiquitin-protein ligase Nedd4-2; SRC—proto-oncogene tyrosine-protein

kinase Src; AKT—RAC-alpha serine/threonine-protein kinase; Ca —calcium cation; PDE—phosphodiesterase;

mTOR—mammalian target of rapamycin; MAPK—mitogen-activated protein kinases; RAF—rapidly accelerated

fibrosarcoma; MEK—mitogen-activated protein kinase kinase; ERK—extracellular-signal-regulated kinase; Rhoa—

Ras homolog family member A; ER—endoplasmic reticulum; PKA—protein kinase A; cAMP—cyclic adenosine

monophosphate (cyclic AMP); ATP—adenosine triphosphate; AC6—adenylate cyclase type 6; AQP2—aquaporin 2;

V2R—vasopressin receptor 2; AVP—arginine vasopressin; MMPs—matrix metalloproteinases).

7.3. cAMP and Proliferation

Several studies have shown that adenylyl cyclase adenosine 3′,5′-cyclic monophosphate (cAMP) pathway

stimulates cell proliferation in the renal epithelium of ARPKD and ADPKD. Production of cAMP is aberrant in the

cyst epithelium, resulting in a large amount of this nucleotide in the cyst fluid . cAMP activates the B-

Raf, MEK, and ERK pathways in the cyst epithelium of the kidneys with ADPKD , and ADPKD and ARPKD

cells in culture . In the same way, these results were complemented with data showing upregulation at the

protein level of MAPK and AKT/mTOR pathways in several rodent models of ARPKD . These facts

correlated with the reduction of intracellular Ca  and the phosphorylation of the SCR protein . In

particular, blocked intracellular Ca  elevated AKT and proliferative activity in ARPKD cells in culture . This study

opened the opportunity to use the level of intracellular calcium restoration as a therapeutic approach in PKD.

7.4. Other Pathways Involved in ARPKD Physiopathology

Other pathogenic features have been identified in ARPKD, as well as alterations in extracellular matrix (ECM) and

metalloproteinase expression (MMPs) , upregulation of vascular endothelial growth factor (VEGF) and

hypoxia-inducible factor-1 alpha (HIF-1α) in Pkhd1 deficient cells , upregulation of peroxisome-proliferator-

activated receptor-γ (PPAR-γ) in animal models , or metabolic alterations . In a large and interesting study,

Kaimori and colleagues published information about novel functional relationships between FPC and members of

the C2-WWW-HECT domain E3 family of ubiquitin ligases. The authors localized FPC in vesicles where Ndfip2

was also present, a ubiquitin ligase interacting protein implicated in trafficking and regulating the Nedd4-2 ubiquitin

ligase family and SMURF1 and SMURF2. These data may explain different universal phenotypes in ARPKD and

renal and hepatic fibrosis through TGF-β signaling pathways, hypertension through to ENaC mediated sodium

reabsorption, and cystogenesis through to RhoA ubiquitination and cytoskeleton organization  (Figure 3A). In

other studies, tubular morphogenesis in PKD was associated with an abnormality planar cell polarity (PCP) .

However, later studies have shown contrary results .

7.5. Role of Cilia

Figure 3 shows the ARPKD proteins (zinc finger protein DZIP1L and FPC) are located in the cilia. The cilia are long

and microtubular structures emanating from the surface of mammalian cells. The axoneme of primary cilia contains
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nine peripheral bundles of microtubules (9 + 0 pattern). Pathologies related to a loss of proper cilia function are

called ciliopathies, including ARPKD . PC2, also called TRPP2, is a member of the transient receptor channel

(TRP) family and is a calcium-permeable non-selective channel . PC2 and PC1 form a receptor-channel

complex, that is involved in the calcium pathway and cilia response  (Figure 3B). FPC has been shown

to interact with PC2 in primary cilia and regulates PC2 channel activity . In addition, it has been reported

that the C-terminus of FPC physically interacts with the N-terminus of PC2 in vivo and in vitro, and that Pkhd1-

deficient cells exhibit dysregulation of PC2 channel activity . However, Wang and colleagues found no

differences in PC2 levels in cells with reduced FPC levels . Other data using a novel Pkhd1 mouse model have

shown that deletion of the last exon of Pkhd1, the PC2 binding site, and the nuclear localization signal, had no

apparent pathologic effects in mice . In addition, the researchers were unable to co-precipitate FPC-PC2 in

kidney samples from the transgenic mouse model. These results suggest that the PC2 binding domain of FPC is

not essential for the fibrocystin function .
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