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ABSTRACT
Autosomal dominant polycystic kidney disease (ADPKD) is the most common hereditary kidney disease. Its progressively ex-
panding, fluid-filled renal cysts eventually lead to end-stage renal disease. Despite the relatively high prevalence, treatment 
options are currently limited to a single drug approved by the FDA and EMA. Here, we investigated human ADPKD patient-
derived three-dimensional cyst cultures (3DCC) as an in vitro model for ADPKD and drug repurposing research. First, we ana-
lyzed the proteomes of 3DCC derived from healthy and diseased tissues. We then compared the protein expression profiles with 
those of reference tissues, mainly from the same patients. We quantified 290 proteins affecting drug disposition and proposed 
target proteins for drug treatment. Lastly, we investigated the functional response of the quantified target proteins after exposure 
to repurposing candidates in the 3DCC. Proteomic profiling of human 3DCC reflected previously reported pathophysiological 
alterations, including aberrant protein expression in inflammation and metabolic reprogramming. While the 3DCCs largely 
recapitulated the disease phenotype in vitro, drug transporter expression was reduced compared to in vivo conditions. Target 
proteins for proposed repurposing candidates showed similar expression in vitro and in tissues. Exposure to these repurposing 
candidates inhibited cyst swelling in vitro, supporting the suitability of the 3DCC for ADPKD drug screening. In summary, our 
results provide new insights into the ADPKD proteome and offer a starting point for further research to improve treatment op-
tions for affected individuals.

1   |   Introduction

Autosomal dominant polycystic kidney disease (ADPKD) is a 
chronic, progressive, hereditary disease with a prevalence of 4 

to 10/10,000. ADPKD mainly manifests as fluid-filled cysts in 
the kidney, liver, and other organs, which increase in number 
and size over time and eventually lead to end-stage renal dis-
ease. Common symptoms include pain, bleeding, infections, 
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hypertension, and cardiovascular diseases [5]. ADPKD is ge-
netically heterogeneous but is most commonly caused by mu-
tations in the PKD1 (approx. 78% of cases) or PKD2 (approx. 
15% of cases) genes, which encode the proteins polycystin-1 
and -2, respectively [6]. Aberrant molecular mechanisms in 
the disease include proliferation and cell dedifferentiation, 
inflammation and complement activation, fibrosis and meta-
bolic reprogramming toward a Warburg-like effect [7–9].

The vasopressin 2 receptor (V2R) antagonist tolvaptan is the first 
and only drug approved by the EMA and FDA for the treatment 
of ADPKD patients with rapid disease progression. Unfortunately, 
its use is limited by reduced tolerability due to aquaretic effects 
and risk for hepatotoxicity [10]. Therefore, the search for a more 

effective drug that can reduce the progression of ADPKD contin-
ues. Potential drug candidates must have a strong safety and toler-
ability profile, as the disease requires lifelong treatment [11]. Due 
to the high costs and long timelines in drug development of new 
drug entities, drug repurposing has been considered in the search 
for new treatment options for ADPKD. This strategy utilizes exist-
ing compounds with known pharmacokinetic and safety profiles 
for new clinical indications [1].

Repurposing candidates have been tested for their cyst-reducing 
effects in vivo in various Pkd1 knockout or conditional knock-
out mouse models [12]. Alternatively, mouse cells with a knock-
down of Pkd1 or post-nephrectomy renal epithelial cells derived 
from ADPKD patients [13, 14] can be cultured in a 3D format 
to better mimic the morphology of the in  vivo state. In these 
models, cyst swelling can be induced by the addition of forskolin 
or desmopressin, and the compounds can then be screened for 
their capacity to inhibit cyst swelling.

Transcriptional gene profiling has been used to characterize 
mouse and human ADPKD kidneys [15–17], revealing alterations 
in a large number of genes associated with renal development, 
cell cycle progression, hypoxia, mitogen-mediated proliferation, 
epithelial–mesenchymal transition, aging, and immune/inflam-
matory responses [15]. However, mRNA and protein expression 
correlate poorly [18] and the vast majority of targets of approved 
drugs are proteins, not transcripts [19]. Since any in vitro model 
needs to be well characterized to ensure its relevance for the in-
tended purpose, proteomic profiling of ADPKD in  vitro mod-
els and tissues provides a more relevant characterization and 
validation of the model system. Furthermore, differentially ex-
pressed proteins (DEPs) may be of interest as new targets [1].

Here, we investigated the proteomes of healthy and late-stage 
ADPKD patient-derived 3DCC as well as donor-matched reference 
tissues using mass spectrometry-based global proteomics. We 
compared the ADPKD pathophysiology in the 3DCC with that in 
the matched tissues. We identified and quantified seven clinically 
relevant drug transporters, four drug-metabolizing enzymes, and 
19 drug targets both in vitro and in vivo. Finally, we confirmed the 
function of the target proteins by investigating the cyst-reducing 
effects of drug repurposing candidates. In conclusion, our 3DCCs 
largely maintain the disease phenotype. Target proteins for pre-
viously identified promising drug repurposing candidates had 
comparable expression in vitro and in tissues. Exposure to drug 
repurposing candidates acting via the identified target proteins 
inhibited cyst swelling in vitro, supporting the suitability of the 
3D in vitro model in screening of ADPKD repurposing candidates.

2   |   Methods

All materials and suppliers are summarized in the Supporting 
Information.

2.1   |   Healthy and Diseased Renal Tissue

Healthy human reference kidney tissues (TH: tissue, healthy) 
were obtained from BioIVT (donor 2) and processed by Crown 
Bioscience Netherlands B.V. (donor 1). ADPKD patient tissue 

Summary

•	 What is the current knowledge on the topic?
○	 Despite significant advances in proteomic analysis 

of ADPKD, much of the research has been limited to 
non-human models and human urinary extracellu-
lar vesicles.

○	 This leaves a significant gap in our understanding of 
how global protein expression in human 3D in vitro 
systems aligns with actual patient kidney tissues.

○	 Furthermore, the translation of these protein ex-
pression patterns into phenotypic responses has yet 
to be investigated.

•	 What question did this study address?
○	 Our study offers a comprehensive analysis of the 

proteome of human 3D cyst cultures from healthy 
and late-stage ADPKD patients, additionally com-
paring them with corresponding reference tissues.

○	 We investigate how accurately these in  vitro mod-
els reflect the protein expression patterns found in 
ADPKD tissues.

○	 Additionally, we examine the correlation between 
drug target protein expression and functional cyst 
swelling responses, showcasing the potential of 
our 3D cyst cultures for effective ADPKD drug 
screening.

•	 What does this study add to our knowledge?
○	 Our comprehensive protein expression analysis 

uncovers that key disease pathways—such as in-
flammation and metabolic reprogramming—are 
accurately represented in the 3D in vitro model.

○	 Most of the drug targets we examined are expressed 
in the 3D cyst cultures, and their functional re-
sponses to repurposing candidates highlight the 
model's potential for advancing translational drug 
discovery and development in ADPKD.

•	 How might this change clinical pharmacology or 
translational science?
○	 This study provides comprehensive insights into the 

differential protein expression between healthy in-
dividuals and ADPKD patients, setting the stage for 
biomarker and drug target discovery.

○	 Moreover, our detailed characterization of the 
3D in  vitro model opens up for high-quality drug 
screenings, potentially accelerating the identifica-
tion of novel treatments for ADPKD.
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at end-stage kidney disease (n = 3; TD: tissue, diseased) was 
obtained after full nephrectomy. Tissue donors signed an 
informed consent according to the regulations of the Leiden 
University Medical Center (LUMC) (ref. NIER-23/SH/sh). 
The ADPKD patients had the following mutations: donor 3 
(PKD1 mutation: c.10594C>T p.Gln3532*), donor 4 (PKD1 mu-
tation: c.5622G>A p.Trp1874*), and donor 5 (PKD2 mutation: 
c.1774C>T p.Arg592*). From each donor, small tissue samples 
were snap frozen in liquid nitrogen directly upon sampling 
and stored at −80°C until analysis as tissue samples. Three 
technical replicates, i.e., individual sample preparations from 
tissue homogenates, were analyzed from every biological 
replicate.

2.2   |   Healthy and Diseased 3D Cyst Culture

Cells were isolated from the healthy (donor 1) and three diseased 
tissues (donor 3–5). 3DCC were established and maintained as 
described previously [13, 14]. Briefly, both the healthy (CH: cyst 
culture, healthy) and ADPKD patient (CD: cyst culture, dis-
eased) cells were mixed with PrimCyst-Gel and then expanded 
in droplet culture in 6-well plates. After gel polymerization, 
PrimKidney medium was added. Cells were grown in the gel 
matrix for 6–8 days before splitting, for 3 weeks to create work-
ing stock cultures. Working stock cultures were then further 
expanded an additional 3 weeks to assay-ready cultures. At this 
time point, the cells were also used in the 3D cyst assay. Three 
technical replicates, i.e., individual sample preparations from 
individual 3D cyst cultures, were analyzed from every biological 
replicate.

2.3   |   3D Cyst Assay Using Primary Kidney Cells

Both healthy and patient-derived primary cyst assays were exe-
cuted as previously described [13]. Briefly, cells were mixed with 
PrimCyst-Gel and plated in 384-well plates using a CyBio Felix 
96/60 robotic liquid dispenser. The gel-cell mix was plated at a 
final cell density of 450 cell clusters per well. Cells were grown 
in the gel for 24 h, after which they were co-exposed to forsko-
lin or ddAVP and test compounds. Optimal compound concen-
trations were selected from pilot dose–response experiments. 
After 48 h, cultures were fixed and processed as described in the 
Supporting Information for the 3D cyst assay using the mIMCD3 
Pkd1−/− cell line. Experiments were conducted in quadruplicate 
on two independent occasions.

2.4   |   Quantitative Global Proteomic Analysis 
of Human Kidney Tissues and Cells

The cryopreserved 3DCCs and tissues were thawed and lysed, 
and the proteins were denatured at 95 °C. Sample prepara-
tion for proteomic analysis followed a modified sp3 protocol 
[20], using endoproteinase LysC and trypsin. Peptides were 
separated on an EASY-spray C18-column (50 cm, 75 μm inner 
diameter), using an acetonitrile/water gradient (0.1% formic 
acid) at 300 nL/min and analyzed on an Orbitrap Q Exactive 
HF mass spectrometer. The raw MS data files were processed 
with MaxQuant [21] using the UniProtKB/Swiss-Prot reference 

human proteome database [22]. Data analysis was performed in 
amica [23], Perseus [24] and using an in-house developed pro-
teomics data pipeline in R (version 4.3.1). Differential expres-
sion analysis was performed with DEqMS [25] (p-value ≤ 0.05; 
min. absolute log2fold enrichment ≥ 1) in amica and gene set 
enrichment analysis (GSEA; p-value ≤ 0.05; multiple testing 
correction with Benjamini-Hochberg method) with clusterPro-
filer [26] (version 3.18) in R. Protein abundances (fmol/μg total 
protein) were calculated with the Total Protein Approach [27]. 
To ensure high-quality quantification, only proteins identified 
with at least three unique + razor peptides were considered to be 
quantified. The mass spectrometry proteomics data have been 
deposited to the ProteomeXchange Consortium via the PRIDE 
[28] partner repository with the dataset identifier PXD056281. 
See Supporting Information for details.

2.5   |   Statistical Analysis

Unless otherwise stated, statistical analysis and plot genera-
tion were carried out using GraphPad Prism version 9.0.0. Each 
sample was analyzed in three technical replicates, i.e., individ-
ual sample preparations, with three additional technical repli-
cates, i.e., individual LC–MS/MS runs, yielding a total of nine 
proteomes per condition. Results are presented as mean values 
± SD of all biological and technical replicates. Technical repli-
cates were strongly correlated throughout (average Pearson's r of 
0.94–0.99; Figure S1).

3   |   Results

3.1   |   Global Proteomes of Healthy and Diseased 
Human Kidney

We identified 6718 proteins and quantified 5947 proteins across 
all samples by label-free quantitative global proteomic analysis 
of healthy and ADPKD 3DCCs and reference tissues (Figure 1a; 
Table  S5). Of these, 4661 (85%) and 4268 (84%) proteins were 
shared across the 3DCCs and tissue samples, respectively 
(Figure 1b). Scatter plots and corresponding Spearman correla-
tions (Figure 1c, Figure S2) and principal component analysis 
(PCA; Figure  1d) highlighted the differences between 3DCCs 
and tissue samples. As expected, the 3DCC samples showed a 
lower intragroup variance than the tissue samples due to their 
greater cellular homogeneity. The principal component loadings 
are presented in Figure S3 and Table S1.

The expression of tubular segment markers (Figure 1e, Table S1) 
was analyzed to characterize tubular cell types in 3DCC and 
tissue samples. Protein abundances were more comparable be-
tween healthy tissue (TH) and diseased tissue (TD) than be-
tween healthy cyst cultures (CH) and diseased cyst cultures 
(CD). CD showed a higher expression of proximal tubular and 
collecting duct markers and a lower expression of distal tubular 
markers compared to CH. Overall, the proximal tubular mark-
ers were approximately 100-fold and 20-fold more abundant 
than the distal tubular marker, SLC12A3, and the marker of the 
collecting duct, AQP2, respectively, which is consistent with the 
fact that proximal tubular cells make up the majority (more than 
90%) of renal tubular cells [29].
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FIGURE 1    |     Legend on next page.
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ADPKD is characterized by increased proliferation and par-
tial dedifferentiation, i.e., epithelial-to-mesenchymal transition 
(EMT) [7]. In our samples, protein expression of the epithelial 
marker E-cadherin (CDH1) was significantly lower in TD than 
in TH (Figure  1f, Table  S1). Although no other EMT markers 
showed significant differences, epithelial markers were gener-
ally more abundant in healthy samples, while mesenchymal or 
proliferative markers were more abundant in diseased samples. 
CDH1 and N-cadherin (CDH2) are also markers for distal and 
proximal tubular segments, respectively [30]. Thus, decreased 
CDH1 expression and increased CDH2 expression in CD com-
pared to CH align with the observed tubular cell type propor-
tions (Figure 1e).

Cell–cell junction proteins, crucial for barrier function, cell–
cell communication, adhesion, and cell signaling, were more 
highly expressed in 3DCC samples than in tissues (Figure S4, 
Table S1). Expression of these proteins was generally decreased 
in diseased samples compared to healthy samples, though 
not statistically significant. In contrast, fibrotic (Figure  S5, 
Table  S1) and vascular markers (Figure  S6, Table  S1) were 
partially absent in 3DCCs in line with their greater cellular 
homogeneity. The expression of the majority of fibrotic mark-
ers was increased in diseased samples, with significant differ-
ences in Matrilysin (MMP7) and Tenascin (TNC). There was 
no clear trend in the expression of vascular markers, with only 
von Willebrand factor (VWF) significantly increased in TD 
compared to TH.

3.2   |   Differential Expression Analysis of Healthy 
and Diseased 3DCCs

Differential expression analysis of proteins quantified in 
healthy and ADPKD 3DCC (Figure 2a) resulted in 104 DEPs 
(Figure  2b, Table  S2), with 44 significantly downregulated 
and 60 significantly upregulated proteins in CD (adjusted 
p-values between 1.7*10−29 and 0.029). For a better under-
standing of the biological differences, gene set enrichment 
analysis was performed where the normalized enrichment 
score reflects the degree of gene set overrepresentation at 
the top or bottom of a ranked list of genes based on their 
logarithmic fold change. Here, gene set enrichment analysis 
(Figure 2c, Table S3) revealed that key pathways upregulated 
in CD include: biological oxidations, diseases of metabolism, 
and innate immune system including the nuclear factor NF-
kappa-B (NF-κB) pathway (DEPs in Figure  2d–f, Table  S1). 
Downregulated pathways in CD included SLC transporter 
disorders, SUMOylation, and mRNA splicing (DEPs in 
Figure  2g–i). Inflammation and metabolic reprogramming 
previously described in ADPKD [7, 9] were also reflected in the 
3D cyst proteomes (Figure 2e,f). In addition, reduced mRNA 
splicing (Figure  2i) and post-translational modification by 

SUMOylation (Figure  2h) suggest reduced protein synthesis 
in the diseased cultures. Proteins of major proliferative signal-
ing pathways involved in cyst growth [5, 7, 31] like JAK–STAT, 
PI3K/Akt, AMPK/mTOR, MAPK/ERK, Wnt/β-catenin were 
quantified in both CH and CD but were not differentially ex-
pressed. Other pathophysiological changes in ADPKD [7, 32] 
such as fibrosis and changes in wound healing were not rep-
resented in the epithelial cell cultures, as they lack the fibro-
blasts and vessels involved in these processes.

3.3   |   Differential Expression Analysis of Healthy 
and Diseased Patient Tissues

To generate reference data for comparison with the 3D cyst 
model, we analyzed differential protein expression between 
matched diseased and healthy tissues, identifying 186 DEPs 
(Figure 3a, Table S2)–74 downregulated and 112 upregulated in 
TD (adjusted p-values between 3.3*10−22 and 0.045). Consistent 
with inflammation (Figure  2f) and metabolic reprogramming 
(Figure 2e) observed in the 3D cyst model, gene set enrichment 
analysis (Figure 3b, Table S3) showed that the complement cas-
cade (DEPs in Figure 3c, Table S1) was upregulated, while fatty 
acid metabolism (DEPs in Figure 3f), and the citric acid (TCA) 
cycle and respiratory electron transport (DEPs in Figure  3h) 
were downregulated in TD. Similarly, as observed in the 3DCCs 
(Figure  2h,i), TD samples displayed reduced mitochondrial 
translation, particularly mitochondrial tRNA aminoacylation 
(DEPs in Figure 3g), confirming mitochondrial dysfunction in 
the disease [9]. Consistent with previously described changes in 
wound healing and fibrosis in ADPKD [7, 32], platelet degranu-
lation (DEPs in Figure 3d) and extracellular matrix organization 
and interactions (DEPs in Figure 3e) were among the upregu-
lated pathways in TD that were not detectable in the 3DCCs, due 
to their greater cellular homogeneity.

Among the proteins involved in proliferative signaling pathways 
commonly upregulated in ADPKD, only STAT1 was upregulated 
in TD. Overall, despite the perceived heterogeneity of the tissue 
samples and the limited number of samples, our pathway analy-
sis aligned with previous transcriptome findings [15, 16, 33] and 
highlighted alterations of protein synthesis pathways as a hall-
mark of ADPKD. Further, a good agreement between the DEPs 
in ADPKD 3DCCs and tissues supports the potential of 3DCCs 
as an in vitro model for ADPKD drug screening.

3.4   |   ADME-Related Proteins in Healthy 
and Diseased Human Kidney

Since drug exposure to the target cells can be influenced by 
drug transporting and drug-metabolizing proteins, we ana-
lyzed the expression of these in the 3DCCs and tissues. Of the 

FIGURE 1    |    Global proteomic analysis of human healthy and ADPKD patient-derived 3DCCs and kidney tissues. (a) Outline of the present study. 
(b) Venn diagrams representing the overlap of quantified proteins in 3DCCs and tissues. (c) Correlations between protein levels across all sample 
types. (d) Principal component analysis (PCA) with each dot representing one sample replicate. Protein concentration plots of selected marker pro-
teins for e) tubular cell types and f) epithelial–mesenchymal–transition with mean values ± SD of all biological and technical replicates (nCH = 9, 
nCD = 27, nTH = 18, nTD = 27).
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682 ADME-related proteins compiled by Schröder et al. [34], we 
quantified 290 across all samples, with 87% (217 proteins) and 
88% (231 proteins) shared between 3DCCs and tissue samples, 
respectively (Figure 4a). The correlation of ADME protein abun-
dances between healthy and diseased 3DCCs (Spearman cor-
relation r = 0.9064; Figure 4b) and tissues (r = 0.9355; Figure 4b) 
was high. Most of the clinically important drug transporters [36] 
were detected at low abundances in tissues, with no significant 
differences between TH and TD (Figure  4c,d; Tables  S1, S4). 
Some transporters recommended for evaluation during drug 

development in previous guidelines [37], OCTN2 (SLC22A5), 
OAT4 (SLC22A11), and URAT1 (SLC22A12), were quanti-
fied, while other clinically relevant renal transporters OAT2 
(SLC22A7), THTR2 (SLC19A3), and PEPT2 (SLC15A2) were 
below the limit of detection or, in the case of MATE1 (SLC47A1), 
MATE2-K (SLC47A2), and ENT1 (SLC29A1), were detected but 
not quantified according to our strict requirement for quantifica-
tion (see methods). In vitro, the anion transport axis OAT/MRP 
was preserved, while the cation transport axis OCT/MATE was 
below detection limit.

FIGURE 2    |    Differential protein expression in healthy and diseased 3DCCs. (a) Representative light micrographs of healthy and ADPKD 3DCCs. 
Scale bar = 100 μm. (b) Volcano plot with significantly downregulated and upregulated proteins in the ADPKD 3DCCs. (c) Summary of gene set 
enrichment analysis with selected downregulated (left) and upregulated (right) Reactome pathways in ADPKD 3DCCs. The plot is sorted based on 
the normalized enrichment score. (d) Protein concentration plots of differentially expressed proteins related to biological oxidations; (e) diseases of 
metabolism; (f) innate immune system; (g) SLC transporter disorders; (h) SUMOylation; (i) mRNA splicing with mean values ± SD of all biological 
and technical replicates (nCH = 9, nCD = 27).
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The renal drug-metabolizing enzymes CYP3A5 (CYP3A5), 
UGT1A6 (UGT1A6), UGT1A9 (UGT1A9), and UGT2B7 (UGT2B7) 
were quantified in at least one 3DCC or tissue sample (Figure 4d, 
Tables S1, S4) with UGT1A6 significantly higher in CH than CD. 
UGTs 1A9 and 2B7 [38] were only quantified in tissues. Overall, 
fewer drug transporters and drug-metabolizing enzymes were 
quantified in 3DCCs compared to tissues, consistent with previous 
observations in other renal tubular cell culture models [39, 40].

In addition to drug transporters, we analyzed the expression of 
renal tubular transporters of proteins, electrolytes, glucose, and 
urate (Figure S7, Table S1), essential for maintaining renal func-
tion. No significant differences in the expression of these trans-
porters were found between healthy and diseased samples. As 
observed for drug transporters, expression levels of these trans-
port proteins were barely maintained in vitro, as most transport-
ers were below the detection limit. We can therefore not exclude 

FIGURE 3    |    Differential protein expression in healthy and diseased patient tissues. (a) Volcano plot with significantly downregulated and up-
regulated proteins in the ADPKD tissues. (b) Summary of gene set enrichment analysis with selected downregulated (left) and upregulated (right) 
Reactome pathways in ADPKD tissues. The plot is sorted based on the normalized enrichment score. (c) Protein concentration plots of differentially 
expressed proteins related to complement cascade; (d) Platelet degranulation; (e) ECM organization and interactions; (f) fatty acid metabolism; (g) 
mitochondrial translation; (h) TCA cycle and respiratory electron transport with mean values ± SD of all biological and technical replicates (nTH = 18, 
nTD = 27).
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that differences between diseased and healthy samples were 
below the resolution limit.

3.5   |   ADPKD Repurposing Candidates Inhibit Cyst 
Swelling In Vitro

18 potential repurposing candidates for ADPKD and their re-
spective targets were recently summarized by Zhou and Torres 
[1]. We investigated if these drug targets were present in the 
3DCCs. For two of the drugs (probucol and elamipretide), mo-
lecular targets were not defined and they were therefore ex-
cluded. The remaining 16 drugs, along with their putative target 
proteins and/or key regulators in ADPKD, and their expression 
levels in 3DCCs and tissues are summarized in Figure  5a,b 
and Table  1. We also included the approved drug tolvaptan, 
the SMAC mimetic birinapant [2], and the mTOR inhibitor 
rapamycin. Of the 39 targets, we quantified 19 proteins—16 in 

3DCCs and 16 in tissues (Figure 5a,b; Table S1). As previously 
observed, AVPR2, the target of tolvaptan, was below the limit of 
detection. Importantly, its expression in 3DCCs was confirmed 
by gene expression analysis (unpublished data). Previous phe-
notypic screens in murine ADPKD 3DCCs showed a reduction 
of cyst size through treatment with the repurposing candidates 
birinapant [2] and pioglitazone [3], although pioglitazone was 
not effective in mice. Here, we complemented these results with 
our own studies in mouse and human ADPKD 3DCCs to ex-
pand the number of involved targets (Figure 5c,d; Table 2). The 
AMPK activators metformin and pioglitazone, the glycolysis in-
hibitor 2-deoxy-D-glucose, the NRF2 activator bardoxolone, the 
SMAC mimetic birinapant, and the mTOR inhibitor rapamycin 
all inhibited cyst swelling in vitro. Additionally, another study 
recently demonstrated that the direct and specific allosteric 
AMPK activator PXL770 inhibits cyst swelling in human 3DCCs 
[13]. Lastly, in line with its mechanism of action, tolvaptan only 
inhibits cyst swelling when cyst growth is induced through 

FIGURE 4    |    ADME (absorption, distribution, metabolism, excretion) protein expression in human healthy and ADPKD patient-derived 3DCCs 
and kidney tissues. (a) Venn diagrams representing the overlap of quantified ADME proteins in 3DCCs and tissues. (b) Linear correlation plots of 
ADME protein expression in 3DCCs and tissues. (c) Clinically important transporters and enzymes in renal proximal tubular cells (modified from 
Galetin et al. [35]). Proteins highlighted in purple were quantified in our samples while proteins in gray were below the limit of detection. (d) Protein 
concentrations of clinically relevant drug transporters (SLC and ABC families) and phases 1 and 2 drug-metabolizing enzymes with mean values ± 
SD of all biological and technical replicates (nCH = 9, nCD = 27, nTH = 18, nTD = 27).
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FIGURE 5    |    Protein quantification of ADPKD drug targets. (a) Schematic illustration of the key mechanisms of ADPKD pathogenesis and dys-
regulated signaling pathways targeted by potential repurposing candidates, modified from Zhou and Torres [1]. Drug targets, key regulators and 
the drug candidates targeting these that were detected in the ADPKD 3DCCs and tissues are highlighted in red. (b) Protein abundance of drug tar-
gets and/or key regulators in 3DCC and tissue samples with mean values ± SD of all biological and technical replicates (nCH = 9, nCD = 27, nTH = 18, 
nTD = 27). Targets that upon drug engagement reduced cyst size in human and/or mouse ADPKD 3D cyst swelling assay are marked with green ticks 
[2–4]. (c) Representative image of the phenotypic ADPKD 3D cyst assay with swelling inducer desmopressin (ddAVP) alone (left) and together with 
tolvaptan (right). Cytoskeleton in red and nuclei in blue. (d) Functional response of human ADPKD 3DCCs to exposure with ADPKD repurposing 
candidates and cyst swelling inducer desmopressin (ddAVP).
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the vasopressin analogue desmopressin (ddAVP; see methods). 
We conclude that many proposed drug targets for treatment of 
ADPKD, including those affecting cell proliferation, can be in-
vestigated in 3DCCs.

4   |   Discussion

In this study, we analyzed the proteomic signature and function 
of late-stage ADPKD patient-derived 3D cyst models for drug 
repurposing and donor-matched tissue references, resulting in 
three major findings.

First, our results indicate that the ADPKD 3DCCs largely mimic 
the cellular disease profile present in tissues. Maintaining a 
disease phenotype in vitro is challenging, and cell cultures can 
differ significantly from their parent tissues [41]. Importantly, 
the three ADPKD tissues and 3DCCs in our study were derived 
from the same patients, enabling reliable analysis of how well 
the 3DCCs represent the ADPKD kidney proteome. Despite the 
small sample size and probable differences in the sampling site 
of the small tissue piece and the combination of various tissue 
pieces for establishment of the cyst cultures, our results are 
remarkably consistent with previous studies based on human 
kidney transcriptomes [15, 16, 33], emphasizing the validity of 
this study.

Disease-relevant proliferation, metabolic reprogramming, and 
inflammatory responses [7, 9] were preserved in the 3DCCs. 
Similarly, gene set enrichment analysis of ADPKD tissues 
closely mirrored these processes, along with increased extra-
cellular matrix disposition and hemostasis, reflecting the pro-
gressive fibrosis and altered wound healing [7, 32] associated 
with the disease. Additionally, downregulation of protein syn-
thesis processes, namely mRNA splicing (transcription), mi-
tochondrial translation, and SUMOylation (post-translational 
modification), was observed in both 3DCCs and ADPKD tis-
sues, suggesting an overall reduced mitochondrial mass, which 
is in agreement with observations in mouse and rat models of 
ADPKD [42]. This is, however, in contrast to the hypothesis that 

metabolic reprogramming occurs in ADPKD to ensure a net in-
crease in biomass, including proteins, required for proliferation 
[9]. Activation of mTOR and stress kinases (eIF2K) and reduced 
activity of the protein synthesis inhibitor PERK (PKR-like ER 
kinase) suggest an increase in protein synthesis in proliferating 
ADPKD tissue [43]. Thus, whether protein synthesis is increased 
or decreased in ADPKD remains unclear.

Notably, no differential expression was observed for proteins 
involved in the proliferative signaling pathways PI3K/Akt, 
AMPK/mTOR, MAPK/ERK, and Wnt/β-catenin. Most signal-
ing pathways are mediated by phosphorylation and dephosphor-
ylation cascades, suggesting that phosphoproteomics, rather 
than global proteomics, would be more appropriate for studying 
disease-associated changes in these pathways. While this anal-
ysis was beyond the scope of this study, ongoing work within 
the DRUGtrain consortium suggests differential phosphoryla-
tion of signaling pathways such as MAPK, mTOR, and PPAR 
in ADPKD tissues. Furthermore, our phenotypic 3DCC model 
captured cyst swelling inhibition through phosphorylation state 
dependent AMPK activation and mTOR inhibition following ex-
posure to repurposing candidates.

Several proteomic studies of urinary exosomes from ADPKD 
patients have identified potential urinary biomarkers and target 
proteins for the treatment of ADPKD, including complement-
related proteins [8], the PC1/TMEM2 or PC2/TMEM2 ratio [44], 
and proteins involved in cell proliferation and matrix remodel-
ing [45], including the recent Matrix Metalloproteinase-7 [46]. 
Interestingly, differential expression of several of these biomark-
ers was confirmed in our tissue proteomes.

We observed large differences in the abundance of tubular cell 
types, with notably higher expression of proximal tubular epi-
thelial marker proteins, which explains why few distal tubular 
and collecting duct markers were above the limit of detection in 
this bulk proteomics analysis. The dominance of the proximal 
tubular cells provides an explanation for the good agreement 
with the 3DCCs, which are also mainly composed of these cells. 
That said, there are at least 16 highly specialized renal epithelial 

TABLE 2    |    Functional response of human and mouse ADPKD 3D cyst cultures to exposure with ADPKD repurposing candidates and cyst 
swelling inducer forskolin (FSK).

Drug Concentration Assay tested Inhibition of swelling

Metformin 5000 μM mouse 50% inhibition

Metformin 5000 μM human 50% inhibition

Pioglitazone [3] 10 μM mouse 100% inhibition, slight cytotoxicity

2-deoxy-D-glucose 5000 μM human 50%–100% inhibition

Bardoxolone Methyl 10 μM mouse 100% inhibition, cytotoxic

Tolvaptan 5 μM mouse No effect

Tolvaptan 5 μM human No effect

Birinapant [2] 100 μM mouse 100% inhibition

Rapamycin [2, 4] 0.03 μM mouse 50%–100% inhibition

Rapamycin 0.03 μM human 50%–100% inhibition
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cell types accompanied by specialized endothelial cells, im-
mune cells, and interstitial cell types, making renal tissue quite 
heterogeous [47]. ADPKD kidneys additionally exhibit cystic 
and fibrotic regions and altered vascular architecture, further 
increasing the potential sample heterogeneity [48]. Indeed, we 
observed a trend toward higher expression of fibrotic markers 
in diseased samples compared to healthy samples (Figure S5). 
Consistent with the greater cellular homogeneity of 3DCCs, fi-
brosis and vascular marker proteins were more frequently and 
abundantly found in tissue samples. Overall, this indicates that 
the 3DCC model is not suitable for studies of ADPKD-induced 
interstitial fibrosis and vascular alterations.

Our second major finding is that relevant targets for drug re-
purposing are expressed in the 3DCCs. To complement our 
differential expression analysis for identification of putative 
drug targets, we analyzed the protein expression of targets of 
proposed drug candidates with proven efficacy in preclinical 
ADPKD models and FDA approval or phase 2/3 clinical trials 
for other diseases [1]. Thirteen (81%) of the 16 ADPKD targets 
identified in our kidney tissues were also found in the 3DCC. 
These targets participate in four different pathways investigated 
for drug interventions in ADPKD, which underscores the ver-
satility of the 3DCC for screening of ADPKD drug candidates.

Increased cAMP levels in cystic tissues are central in ADPKD 
pathophysiology as they stimulate cell proliferation, and sev-
eral strategies are targeting cAMP signaling to ameliorate cyst 
growth [35]. In turn, cAMP has been suggested to regulate 
AMPK activity [49] and several targets along this pathway can 
reduce cell proliferation in ADPKD, namely inhibition of gly-
colysis, activation of AMPK, and inhibition of mTOR. Targets 
for the glycolysis inhibitor 2-deoxy-D-glucose, AMPK activator 
metformin, and mTOR inhibitor rapamycin were quantified in 
both tissues and 3DCCs, suggesting that this central signaling 
pathway with proven in vivo efficacy [50] can be studied in our 
phenotypic 3DCC model.

Indeed, our third major finding shows that the 3D cyst model 
responds to repurposing candidates acting via these identified 
target proteins. In line with the quantification of target pro-
teins in the human 3DCCs, up to 50% inhibition of cyst swelling 
through the AMPK activator metformin, and up to 100% inhi-
bition through the glycolysis inhibitor 2-deoxy-D-glucose and 
the mTOR inhibitor rapamycin was observed in the phenotypic 
drug screening. While the expression of the V2R, the target of 
tolvaptan, was below the limit of detection, in vitro inhibition of 
cyst swelling by tolvaptan was still observed in the 3DCCs, only 
after stimulation with the receptor agonist ddAVP. Even though 
this indicates some discrepancy between quantified protein ex-
pression and functional response, the efficacy of tolvaptan in 
our assay suggests that drugs with target expression below the 
limit of detection might still inhibit cyst swelling in the 3DCCs. 
Conversely, all tested drugs with quantified targets showed 
in vitro efficacy. Importantly, most of the quantified target pro-
teins are located intracellularly while fewer membrane-bound 
proteins were detected in our whole-cell homogenates. For the 
latter, membrane enrichment is suggested to elevate the abun-
dance of these proteins beyond the limit of quantification and 
help identify less abundant drug target proteins, transporters, 
and drug-metabolizing enzymes [51].

The inversion of apicobasal polarity in renal tubular epithe-
lial cells promotes cell proliferation and cyst enlargement in 
ADPKD [52], making it a key characteristic of the disease. While 
our proteomic analysis of bulk samples does not allow insights 
into cell polarity, we were able to quantify, among others, the po-
larity markers Na+/K+-ATPase and tight junction proteins 1–3. 
Immunofluorescent staining confirmed that the 3DCCs exhibit 
normal cell polarization with cilia protruding into the lumen 
(data not shown). The outward-facing basolateral membrane, 
which is in direct contact with the vasculature in  vivo, can 
thus be exposed to potential drug candidates in  vitro without 
concerns regarding partial inversion of the apicobasal polarity. 
Meanwhile, drug transporters expressed on the inward-facing 
apical membrane, often below the detection limit in our analy-
sis, will therefore not affect the initial exposure of the cells to the 
repurposing candidates.

As samples from early-stage ADPKD patients were not included 
in our analysis, the results cannot be generalized to the entire 
ADPKD population. However, the 3DCCs and matching dis-
eased tissues from end-stage renal disease patients analyzed 
here likely show the greatest contrast to healthy reference sam-
ples. They therefore reflect most of the disease-relevant changes 
that may remain unresolved in earlier stages of the disease. 
This presumption is supported by our findings throughout the 
study, where 3DCCs from late-stage ADPKD patients not only 
reflected significant disease-relevant changes in protein expres-
sion but also responded effectively to treatment with promising 
repurposing candidates.

In summary, our study comprehensively evaluates patient-
derived 3DCCs and confirms the ADPKD pathophysiology of 
these cultures at the proteomic level. Quantified expression of 
drug target proteins provides a valuable resource for future drug 
repurposing efforts and target parameterization in ADPKD 
pharmacodynamic models. Finally, our phenotypic 3DCC assay 
effectively responds to key repurposing candidates and drugs 
such as AMPK activators, an mTOR inhibitor, and tolvaptan, 
indicating its versatility as an in vitro model for drug screening 
in ADPKD research.
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