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Autosomal Dominant Polycystic Kidney Disease (ADPKD) stands as the most prevalent hereditary renal disorder in

humans, ultimately culminating in end-stage kidney disease. Animal models carrying mutations associated with polycystic

kidney disease have played an important role in the advancement of ADPKD research. The Han:SPRD rat model,

carrying an R823W mutation in the Anks6 gene is a well-documented animal model of inherited PKD with an autosomal

dominant pattern of inheritance, closely mirroring several features of human ADPKD, including renal hyperplasia,

azotemia, and extrarenal manifestations. The mutated protein, named Samcystin, is localized in cilia of tubular epithelial

cells and seems to be involved in cystogenesis. The homozygous Anks6 mutation leads to end-stage renal disease and

death, making it a critical factor in kidney development and function. 
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1. Introduction

Cystic kidney diseases are multisystemic disorders that manifest in both children and adults and arise from both genetic

and non-genetic causes, which often lead to end-stage renal disease (ESRD) . Genetic disorders include autosomal

dominant and recessive polycystic kidney disease (ADPKD, ARPKD), nephronopthisis, von Hippel–Lindau, and tuberous

sclerosis . These inherited cystic kidney diseases are caused by disorders of the cilia, often referred to as ciliopathies.

ADPKD is a highly prevalent heterogeneous disease, affecting 1 in 500 to 1000 people worldwide . Approximately

10% of all patients receiving renal replacement therapy in Europe suffer from ADPKD . Mutations in the PKD1 (MIM#

601313) and PKD2 (MIM# 173910) genes, encoding polycystins 1 or 2, lead to the dysfunction of the polycystin complex,

contributing to the vast majority of all cases of ADPKD . These mutations result in a decrease in intracellular calcium

concentration, thereby increasing the activity of adenylyl cyclase as well as cyclic adenosine monophosphate (cAMP) .

The sustained high levels of intracellular cAMP in the proximal, distal, and collecting ducts leads to abnormal proliferation

of tubular epithelial cells. Chloride-controlled fluid secretion and cAMP production are two of the main components of cyst

formation and growth . Uncontrolled cyst growth can result in the displacement of adjacent nephrons, the

destruction of the renal parenchyma, and, eventually, the enlargement of the kidneys and progressive renal failure .

Nephronophthisis (NPHP), an autosomal recessive cystic kidney disease, stands as the most prevalent genetic cause of

ESRD during the first three decades of life . The estimated incidence of new cases ranges from 1 in 50,000 to 1 in

1,000,000 live births. NPHP in three clinical forms—infantile, juvenile, and adolescent—is distinguished based on the

onset of ESRD at ages 1, 13, and 19, respectively . Renal histology reveals a distinctive triad of tubular basement

membrane disruption, tubulointerstitial nephropathy, and corticomedullary cysts . Renal size is within normal range or

slightly reduced, except in infantile NPHP type 2, where moderate renal enlargement may occur. This contrasts with

ADPKD, where cysts are evenly distributed throughout the organ and result in severe renal enlargement. NPHP is

associated with various clinical manifestations such as tapeto-retinal degeneration (Senior–Løken syndrome), cerebellar

vermis aplasia (Joubert syndrome), Cogan-type oculomotor apraxia, mental retardation, liver fibrosis, or cone-shaped

epiphyses of the phalanges. Infantile NPHP type 2 may be associated with situs inversus, retinitis pigmentosa, or cardiac

ventricular septal defect .

2. The Han:SPRD Rat Model

The intricacy of genetic studies of ADPKD in humans has led to the use of rodent models of spontaneous polycystic

kidney disease (PKD) to characterize mechanisms involved in renal cystogenesis . The Han:SPRD rat model stands as

the sole well-documented animal model of inherited PKD with an autosomal dominant pattern of inheritance, closely
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mirroring several features of human ADPKD, including renal hyperplasia, azotemia, and extrarenal manifestations .

This model was first described by Dr. Deerberg as a spontaneous derived model (Central Institute for Laboratory Animal

Breeding, Hannover, Germany) in 1989 . Subsequently, the colony of inbred Han:SPRD rats was established in the

laboratory in Mannheim, under the control of Dr. Gretz after 18 additional generations of inbreeding, and named

PKD/Mhm (University of Heidelberg, Mannheim, Germany) rats . A striking contrast in the severity of cystic

disease is evident when comparing homozygous and heterozygous affected animals. Homozygous rats developed

massive renal enlargement and marked azotemia, and died at approximately 3 weeks of age. Clinically, affected

homozygous rats show a markedly distended abdomen and, in post-mortem analysis, reveal enlarged kidneys, often

comprising more than 20% of total body weight . At 9 weeks of age, all heterozygous animals exhibit kidney

enlargement and abnormal ultrasound features. Male rats, at this age, commonly display hyperechoic renal cortex with

cyst formation and loss of corticomedullary junction. On the contrary, female rats have no visible cysts at this age, and

enlarged hyperechoic renal cortex is the most prevalent abnormality.

3. Kidney Histology of Han:SPRD Rats

The histological differences between homozygous (Cy/Cy) and heterozygous (Cy/+) Han:SPRD rats are apparent . In

homozygotes, cystic dilatation affects all segments of the nephron except the glomeruli . However, the histology results

in heterozygotes differ according to the age and sex of the rats. Early on, Cy/+ rats have minimal renal cyst development,

mainly on the proximal tubules of juxtamedullary nephrons . At 5 to 6 weeks, cysts become more prominent but still

mainly affect the proximal tubules. By 8 to 10 weeks cysts fill the entire organ, with male kidneys more often affected than

females (Figure 1) .

Figure 1. Characteristics of the kidney in wild-type (A) and Han:SPRD Cy/+ rats (B), hematoxylin and eosin (HE)-stained

kidneys of 12-week-old rats (unpublished results, scale bar: 1.5 mm).

4. Genetics

The phenotypic ratios observed from mattings of rats affected by PKD, as well as from mattings of healthy and diseased

rats, align consistently with those of an autosomal dominant trait transmitted by a single gene . In an experimental

backcross population comprising affected Han:SPRD rats and unaffected Wistar Ottawa Karlsburg rats, a comprehensive

genome scan employing 117 microsatellite markers successfully identified and allowed the genetic dissection of PKD on

rat chromosome 5. In a detailed linkage mapping of rat chromosome 5, the PKD locus is located approximately 25 cM

from the proenkephalin gene . This region serves as a quantitative trait locus that controls PKD, kidney mass, and

plasma urea concentration. The gene that induces PKD in the Han:SPRD rat was neither PKD1, which is located on

human chromosome 16, nor PKD2, which is located on human chromosome 4. Therefore, Bihoreau et al. denoted a new

locus as PKDR1. Searching the EST database for similar sequences to rat Pkdr1, Kaisaki et al. pinpointed human

ANKS6, located on human chromosome 9, as the human PKDR1 . The ANKS6 gene contains 15 coding exons and

spans 64.5 kb . The deduced protein, which is called samcystin, was found to be expressed specifically in the proximal

renal tubules, and it contains 11 tandem ankyrin repeats in the NH2 terminus and a sterile alpha motif (SAM) in the COOH

terminus. Positional cloning and mutational analysis revealed a cytosine-to-thymine transition, resulting in an arginine-to-

tryptophan substitution at amino acid 823 in the protein sequence. The arginine residue mutated in the rat sequence of

the SAM domain, suggesting an important functional role. The removal of arginine and insertion of tryptophan disrupt the

overall tertiary structure of the protein and prevent the mid-loop surface of the ANKS6–SAM domain from adopting a

complementary fold for binding to RNA and other proteins, including the ANKS3 and other signaling molecules, that are

critical to its function .
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5. Localization and Function of Samcystin in Kidney

Early postnatal kidney samcystin expression was observed in wild-type rats during the final stage of renal development,

with levels decreasing from 7 to 45 days. In the kidneys of heterozygous and homozygous rat kidney (Han:SPRD-Cy/+; or

Han:SPRD-Cy/Cy), samcystin expression was downregulated at 3 and 7 days, and then was markedly increased

compared to age-matched normal kidneys . Immunohistochemical analysis revealed that samcystin was distributed on

the brush border of proximal tubules in normal rat kidneys. Conversely, in Cy/+ kidneys, robust samcystin staining was

observed in cyst-lining epithelial cells, accompanied by loss of apical localization and increased numbers of proliferating

cell nuclear antigen-positive cells in cyst-lining epithelia (Figure 2) . Anks6 is exclusively expressed in the proximal

tubules of the adult kidney, thus indicating that cysts primarily originate from these tubules in mutants . While anks6
(p.R823W) may be critical for the maintenance of proximal tubular function, its mild expression in other tubular

segments/tubules may lead to cyst formation, albeit to a lesser extent and in older age. By inhibiting or impairing the

ability of the cell to proliferate, Anks6 disrupts the delicate balance between the opposing processes of cell proliferation

and apoptosis. Furthermore, in heterozygous neonatal rats Han:SPRD (Cy/+), distinct mRNA expression of anks6 (p.

R823W) was observed in the tubular epithelium and podocytes. Therefore, the proteinuria of some patients could be

attributed to ANKS6 mutation, which may indicate a critical function of ANKS6 not only in tubular epithelial cells but in

podocytes as well . Finally, molecular analysis indicates that anks6 localizes in the primary cilium of tubular epithelial

cells, particularly in the inversin compartment (IC), where interacts with colocalized cystoproteins INVS, NHPH3, and

NEK8 (Figure 3), .

Figure 2. Immunohistochemical staining of renal cortex was performed in 12-week-old wild-type (A) and PKD/Mhm (Cy/+)
(B) rats for Anks6. Anks6 localized in the brush border of proximal tubules (red arrow). Cysts came mainly from proximal

tubules, but there were also cysts without anks6 expression (arrowhead) (unpublished results, the Anti-Anks6 sc-515124

Ab Santa Cruz Biotechnology, was used in a 1:150 dilution; scale bar 100 μm).
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Figure 3. Anks6 localizes in the inversin compartment of renal primary cilium and interacts with other nephrocystins in

transition zone. The polycystin complex, which acts as a calcium channel, is localized in the primary cilia as well, however

a clear interaction with anks6 has not been yet revealed. “Created with BioRender.com, accessed on 26 January 2024”.

6. Role of Samcystin in Cystogenesis

Samcystin expression is consistent with the observed development of cysts in heterozygous rats, as well as the

widespread cystic growth and renal enlargement in homozygous rats. The main sites of its expression were the proximal

tubules, with particular emphasis on the brush border as the central point of expression . Overexpression of samcystin

in mutants resulted in a loss of specificity for its localization to the brush border in cyst-lined epithelial cells , indicating

a link between the Cy mutation in the SAM domain and mislocalization of the protein. Overall, a point mutation of anks6,

which results in the substitution of the amino acid “R823W” in the samcystin domain, results in the misexpression and

mislocalisation of samcystin in the cystic epithelial cell . The Cy mutation may interfere with samcystin’s interactions

with other signaling molecules, while also increasing samcystin levels in response to the loss of a functional protein. This

could lead to the accumulation of inadequate samcystin proteins and a dominant negative reaction, resulting in cellular

differentiation and cyst formation . Though the precise role of ANKS6 in renal cystogenesis is not fully understood, a

recent study provides a compelling argument for the potential role of ANKS6 and NEK8 in regulating polycystic kidney

function. The authors suggest a mechanistic connection between the IC and the phenotypic results of both ANKS6 and

NEK8 polycystic kidney mutants. ANKS6 transports NEK8 from the cytoplasm to the cilia, where it is phosphorylated in

the presence of INV and NPHP3, suggesting its role as both a substrate and a functional activator of NEK8 kinase activity

. NEK8 has already been identified as an important regulator in kidney and liver cystogenesis and seems to be

involved in the same signaling cascade as PKD1 and PKD2 .

7. Extrarenal Manifestations of ADPKD

Cerebrovascular aneurysms, heart valve abnormalities, and colonic diversions are the most frequent extrarenal

manifestations of ADPKD. Notably, Han:SPRD (Cy/+) rats lack cerebral aneurysms, in contrast to humans. In the heart,

the splice-site and truncating mutations of ANKS6 were linked to hypertrophic obstructive cardiomyopathy, aortic stenosis,

pulmonary stenosis, patent ductus arteriosus, and situs inversus . Furthermore, male rats exhibit fibrosis, ranging from

isolated interstitial connective tissue collections to dense collagen in regions devoted to normal cardiac fibers . The

involvement of ANKS6 in cardiac development and function is further supported by the observation that a patient who had

a truncation in ANKS6 at the N-terminal end of the SAM domain, who also presented aortic stenosis, resulted in

obstructive cardiomyopathy . Regarding renal osteodystrophy, impaired kidney function in male rats leads to renal

osteodystrophy, with conspicuous hyperplasia of the parathyroid glands and replacement of bone by fibrous tissue .

Furthermore, metastatic calcification affects several organs, including the media wall of large arteries such as the aortic

arch, thoracic aorta, abdominal aorta, and renal artery, which are calcified. Focal mineralization of heart muscle fibers

occurs as well . Regarding enteritis, uremic enteritis is observed in about 40% of male HAN:SPRD rats.

8. Preclinical Trials

Many studies in the bibliography have used Han:SPRD rats as a model for PKD. Table 1 illustrates the most significant

studies that have been conducted in Han:SPRD; however, in clinical studies, the results have been controversial. Among

the most noteworthy clinical studies in PKD is the use of mTOR inhibitors as a potential treatment to prevent cyst onset,

expansion, and PKD progression.

Table 1. Comparison of clinical and preclinical studies with Han:SPRD as a polycystic kidney disease animal model.

Mechanism of
Action Intervention Han:SPRD Human

  Cyst Growth Other Effect Cyst
Growth Other Effect

mTOR inhibitor Sirolimus
Reduction Reduction of CKD

progression 
Reduction No effect in CKD

progression 

COX-2 inhibitor NS-398 Reduction N/A N/A N/A

SGLT1,2i Phlorizin Reduction Reduction of CKD
progression N/A N/A
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Mechanism of
Action Intervention Han:SPRD Human

  Cyst Growth Other Effect Cyst
Growth Other Effect

SGLT2i Dapagliflozin No effect Reduction of CKD
progression Increase Increase of CKD

progression 

Calcium channel
inhibitors Verapamil Increase Increase of CKD

progression N/A Increase of CKD
progression 

Natural vitamin Fish oil None Reduction of diastolic
dysfunction N/A N/A

CKD: chronic kidney disease, mTOR: Mammalian target of rapamycin, COX-2: cyclooxygenase-2, SGLT2i: Sodium–

glucose co-transporter 2 inhibitor, N/A: non-applicable.

9. ANKS6 in Humans

Recent findings have established an association between ANKS6 and human kidney disease, particularly with

nephronophthisis. The genomic sequence of PKDR1 on chromosome 9q22.33 spans approximately 64.5 Mb and includes

15 coding exons and one non-coding exon. The gene responsible for encoding human samcystin has been sequenced,

revealing new coding and non-coding polymorphisms . The UniProt database lists four isoforms of ANKS6, denoted as

Q68DC2-1 to Q68DC2-4, although experimental confirmation is lacking for two of them . Notably, many of the

mutations detected are located in the ankyrin repeats, with a specific truncation at tyrosine790 observed in the SAM

domain. This truncation significantly impacts normal function of anks6 in both rats and humans. Mutation analysis of

nephronophthisis cohorts have identified patients with truncating, splice-site, and non-synonymous missense mutations

. Individuals in these cohorts generally exhibit early, infantile onset of PKD, except for those in family NPH316,

where juvenile onset is observed . Patients with missense mutations showed cystic kidney disease without extrarenal

manifestations. On the other hand, truncating mutations were linked to an enlarged renal size, PKD, and early onset

ESRD, as well as severe extrarenal defects . The severity of the phenotype in patients with splicing mutations is linked

to the location of the causative mutations. Different conformational changes in ANKS6 and/or defective interactions with

different interacting partners may be the cause of these different phenotypic characteristics .
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