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Autosomal dominant polycystic kidney disease (ADPKD) is a complex monogenic kidney disease which progressively

leads to kidney failure. A brief description of the main characteristics and known causes of ADPKD pathology, as well as

the current pharmacological treatment is presented. Numerous research tools have been developed over the last decades

to study this pathology and have allowed significant progress in understanding ADPKD specific disease mechanisms,

even though the precise pathophysiological mechanisms of this pathology still remain elusive. As no perfect model of

ADPKD currently exists, a broad overview of available and emerging in vitro and in vivo research models used to study

this disease is given. Finally, a multimodal approach, combining different and carefully selected in vitro and in vivo
research tools is suggested, in order to produce reliable results relevant to the human disease.
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1. Definition

Autosomal dominant polycystic kidney disease (ADPKD) is the most common monogenic inherited kidney disease in

humans and the leading inheritable cause of end stage renal disease (ESRD). Its main symptoms are the progressive

formation and enlargement of fluid filled renal cysts which gradually impair kidney function until renal replacement therapy,

such as dialysis or kidney transplantation becomes necessary . ADPKD patients present highly enlarged

kidneys, which can reach a total volume exceeding 3500 mL for both kidneys combined  (versus a mean single kidney

volume of 196 mL in healthy individuals ). Important kidney enlargement can sometimes be observed even before a

significant decline in kidney function. Notably, ADPKD patients account for about 6% of all patients under renal

replacement therapy . In addition, numerous extra-renal manifestations of the disease, such as pancreatic and liver

cysts, increased blood pressure, and a higher risk of cerebral aneurisms have been reported .

2. Introduction

As of today, the selective vasopressin V  receptor antagonist tolvaptan (Jinarc  (EU, UK, Canada), Jynarque  (USA),

Samsca  (Japan)) is the only available treatment that can slow cyst growth in ADPKD patients . Through the

inhibition of the binding of the antidiuretic hormone arginine vasopressin (AVP) to its receptor, tolvaptan diminishes cAMP

production and thus cAMP-associated cyst cell proliferation and cyst fluid secretion. However, this treatment is only

approved in adult patients at risk or showing evidence of rapidly progressing disease. Furthermore, it is not suitable for all

patients due to its risk of hepatotoxicity and some other adverse effects, like polyuria and increased thirst, that can

significantly lower the quality of life of people under treatment .

At the molecular level, ADPKD is mostly caused by mutations in either of two genes, PKD1 or PKD2, which encode

respectively polycystin-1 (PC-1) and polycystin-2 (PC-2) . A third mutated (monoallelic) gene, DNAJB11, was

recently identified to trigger ADPKD . Mutations in PKD1 are present in about 85% of ADPKD patients and are related

to a more severe disease progression with earlier onset of end stage renal disease . No human case of

homozygous PKD gene mutations is known and studies in animal models suggest that the PKD genes play a crucial role

during embryogenesis as homozygous knock-out mice present severe developmental defects and die before birth. Even

though the precise pathophysiological mechanisms of ADPKD still remain elusive, extensive research has offered

valuable insights regarding the function of the polycystin proteins (Figure 1, for review see ). Hence, PC-1 and PC-2

have been shown to interact at the primary cilium of renal epithelia cells, where they form a mechanosensitive cation

channel, and ciliary defects appear to be implicated in ADPKD pathology. However, the polycystin proteins are also found

in other subcellular locations and seem to be implicated in numerous cell signaling pathways regulating gene expression,

cellular differentiation and proliferation, as well as apoptosis .
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Figure 1. Overview of the subcellular localization of polycystins (left) and examples of major pathways and cellular

functions affected by these proteins (right). PC-1: polycystin-1; PC-2: polycystin-2; CTT: C-terminal tail (of polycystin-1);

ECM: extracellular matrix; ER: endoplasmic reticulum; M: mitochondrion; PC: primary cilium; PM: plasma membrane;

TNG: trans-Golgi network. .

The level of functional polycystin proteins produced in the cell seems to be a crucial factor for renal cyst formation and

decreased expression of the PKD genes can lead to ADPKD development in humans as well as animal models of the

disease . Importantly, renal injury seems to accelerate disease progression through the activation of repair

mechanisms .

3. ADPKD research models

As of today, a vast number of in vitro and in vivo models have been developed for ADPKD research and have permitted to

achieve significant progress in understanding this complex disease over the last decades (Figure 2). In addition, some

new technologies are emerging, including in particular the “kidney-on-a-chip”. They will likely be particularly useful to gain

more insights in this complex disease.

Figure 2. Schematic overview on the different ADPKD research models available to the scientific community. 2D: two-

dimensional; 3D: three-dimensional. 

This large choice of models can, however, be confusing and, since no perfect model of ADPKD exists to date, the

suitability of a chosen model in view of a specific research hypothesis must be thoroughly considered. This issue is

currently partly addressed by the multimodal approach most research teams choose. Importantly, the choice of such an

approach is the result of a balance between a rigorous scientific strategy and the available resources, with the final aim to

validate results in several distinct experimental conditions, ethical concerns, as well as economic considerations, not to

mention the need to obtain exploitable results in a reasonable timeframe.

Most in vitro techniques present the advantages of being relatively rapid, cost-effective, and independent from any ethical

issues (as compared to in vivo models). Hence, a large body of reproducible results can be rapidly obtained through

standardized protocols and manipulation techniques. The main in vitro tools used in ADPKD research today are 2-

[19][21][22][23][24][25][26]

[27][28]

[29][30][31]



dimensional or 3-dimensional cell cultures conducted with primary or immortalized kidney cell lines .

Furthermore, kidney organoids established from (patient-derived or genetically modified) pluripotent stem cells (PSCs)

allow researchers to study disease mechanisms and the efficiency of potential therapeutic compounds in a more organ-

like context . However, even though the ‘kidney-on-a-chip’ might represent an attractive solution to a certain

extent , in vitro models in use today are studied by essence in a complete absence of any physiological context. This

may be viewed as an advantage for the investigation of isolated cellular mechanisms, but those models cannot give any

indications on complex in vivo tissue or organ interactions, compound metabolization or potential off-target in vivo toxicity

of a parent compound or of its metabolites. Small and widely-used invertebrate models, like the fruit fly Drosophila
melanogaster and the worm Caenorhabditis elegans, and non-mammalian vertebrate models, like the zebrafish Danio
rerio or the frogs of the Xenopus genus, may be considered as they represent an interesting alternative and compromise

between in vitro models and complex in vivo models . Indeed, their housing costs are relatively low, their numerous,

and by definition ex utero developing embryos are, at least up to certain developmental states in the case of vertebrates,

not concerned to the legislation on the protection of animals used for scientific purposes . In addition, as the embryos

and larvae of those animals are often transparent, they allow direct observation of physiological processes and facilitate

the development of high-throughput technologies to test the toxicity or efficacy of a large number of compounds.

Furthermore, an increasing number of tools for the genetic manipulation of such organisms are available nowadays. The

genomes of these small model organisms have been sequenced, which allows the study of protein expression and

function in a physiological context and thereby to create human disease models in these model organisms. Importantly, in

biomedical research, high-throughput screening using in vitro or simple in vivo models is often the first step to identify

potential therapeutic molecules. For ADPKD research, high-throughput platforms using 3D cysts  or kidney organoids

derived from PKD knock-out human pluripotent stem cells , as well as the automated imaging pipeline using zebrafish

larvae  in combination with Pkd1a/b or Pkd2 morpholino oligos could be particularly useful to detect promising

candidates, while limiting false positives. The efficiency and lack of toxicity of the potential therapeutic molecules identified

in such a way must then be validated in animal models more closely related to humans, such as the commonly used

rodent models. Those species have again the advantage that housing costs are relatively low compared to larger

mammals such as dogs or mini-pigs, while producing a relatively high number of offspring . Furthermore, those

organisms are very well studied and the scientific community has a large number of different transgenic or non-transgenic

strains readily available. However, even though rodents are more closely related to humans than the aforementioned

organisms and despite the fact that a considerable number of transgenic mouse models of human diseases exists today,

results obtained in those models are not always fully transposable to humans. In addition, although murine models have

proven reliable models of aging, in ADPKD research notably, the short lifespan of those animals might be a limiting factor.

The vast majority of human ADPKD patients present a heterozygous mutation in one of the PKD genes and the disease

progresses over decades before renal function is impaired to a point that renal replacement therapy is necessary; while in

murine models, heterozygous Pkd mutations—which better recapitulate the human disease—cause a mild and very

variable disease phenotype . Somatic mutations of the second non-mutated PKD allele are supposed to play a role in

the initiation of cyst formation in ADPKD patients , and even though somatic mutation rates may differ between

organisms, the short lifespan of rodents might thus explain the only very mild phenotype observed as a consequence of

heterozygous Pkd mutations . In this sense, the ADPKD cat  and transgenic mini-pig  models

seem to recapitulate human ADPKD pathogenesis more accurately than rodent models. Porcine models of human

disease seem especially promising in view of their strong physiological similarity to humans . However, up to now,

only few research facilities have the required equipment, staff experienced in handling, and an adequate husbandry to

house those species, not to forget that the housing costs of such models are much higher. However, in the long term,

increasing use of specific mini-pig models of human disease in biomedical research might eventually decrease these

expenses. In addition, the significant financial loss due to the clinical trials of molecules which seemed effective and

promising in preclinical rodent models, but that later turned to be ineffective or to present important adverse effects in

humans may also be in favor of the use of cat and mini-pig models for ADPKD. Examples of such molecules that showed

promising results in preclinical studies carried out on rodent models of polycystic kidney disease (PKD) are the mTOR

inhibitors sirolimus (rapamycin) and everolimus. While both molecules efficiently slowed down disease progression in the

Han:SPRD cy/+ rat  and rapamycin further proved to be efficient in the bpk mouse and the orpk-rescue mouse

, no beneficial effect of rapamycin or everolimus treatment could be observed in clinical trials with ADPKD patients 

. In this context, it may be interesting to note that none of the PKD rodent models employed during the preclinical

evaluation of those compounds was based on mutations in the Pkd genes.

In line, Hester Happé and Dorien J. M. Peters suggested  that ADPKD candidate treatments should be tested in at

least two different animal models, of which at least one should be based on a PKD gene mutation. Vasopressin

V  receptor antagonists OPC-31260 and its derivative tolvaptan (OPC-41061) have for example shown effectiveness in

several distinct rodent models of PKD, among those the PCK rat, the pcy mouse, the Pkd2 WS25 mouse, and a

[32][33][34][35][36][37]

[38][39][40][41][42]

[43]

[44][45]

[46]

[37]

[47]

[48]

[49]

[50]

[51]

[18][52] [53][54][55][56][57] [58][59]

[60][61]

[62][63][64]

[65] [66]

[67]

[28]

2



conditional kidney specific Pkd1 knock-out model , as well as in the cpk mouse , a model of autosomal

recessive PKD (ARPKD), before and while clinical testing for its effectiveness in ADPKD treatment was conducted.

However, before tests are carried out in animals, potential therapeutic compounds have to be identified in adequate in
vitro models in order to limit the wasteful use of laboratory animals.

The existence of such numerous tools and models to conduct ADPKD research results from the very active research that

has been carried throughout the last decades. The valuable findings which have been collected through the use of those

tools help to better understand this complex disease and have made the discovery of the first drug treatment permitting to

slow down ADPKD progression possible. Furthermore, the existence of several in vitro and in vivo models for this human

disorder provides researchers with the flexibility to choose among the diverse models those which best suit their specific

research questions. However, as of today no model perfectly recapitulates the human disease, special attention has to be

paid to the specific characteristics of each model when establishing a research protocol.  Finally, the InterMOD project

(MOD: Model Organism Database), which “aims to make it easier to carry out cross-MOD comparative analysis and to

relate MOD data to medical research”  should also be mentioned here. Different MODs, among those FlyMine

(https://www.flymine.org/flymine/begin.do), ZebrafishMine (http://www.zebrafishmine.org/begin.do), MouseMine

(http://www.mousemine.org/mousemine/begin.do), RatMine (http://ratmine.mcw.edu/ratmine/begin.do) and HumanMine

(https://www.humanmine.org/humanmine/begin.do) participate to this project and thus permit cross-species analysis of

biological data. Therefore, this project constitutes a helpful and interesting tool for the integration and translation of model

organism research into medical applications, as well as for the comparison of model organisms in view of a specific

research project.
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