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Autosomal-Dominant Polycystic Kidney Disease, ADPKD, is the most common genetic kidney disease 
affecting 1:1000 people worldwide. It is caused by mutations in the PKD1 (~ 80%) or PKD2 gene 
(~ 15%). Although the germline mutation is inherited in dominant fashion, disabling the second allele 
is required for emergence of clonal cysts. Presently, no cure exists for ADPKD. In approximately 30% 
of patients, the heritable ADPKD mutation involves a single nucleotide substitution that converts 
the normal mRNA triplet encoding an amino acid into a Premature Termination Codon (PTC). The 
translation machinery poses at the PTC and detaches from the mutant mRNA; the unstable transcript 
and protein are degraded. Certain aminoglycosides bind to the mammalian ribosome and relax 
translational fidelity, permitting continued translation and production of a full-length protein. In this 
study, we tested the ability of aminoglycosides to induce readthrough of the PTC codons in the human 
PKD1 gene and ascertained the effect of these drugs on pathologic features of PKD1 mutant cells. We 
report that aminoglycosides induce 8–25% expression of full-length Polycystin1 (PKD1 gene product) 
and significantly improve aberrant cell adhesion and cell signaling. Based on our observations, we 
propose that aminoglycoside readthrough drugs show potential as therapeutic agents for ADPKD.
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Autosomal-dominant polycystic kidney disease, ADPKD, affects 1:1000 people worldwide and is inherited as a 
dominant trait associated with mutations in the Polycystic Kidney Disease gene 1, PKD1 (~ 80%) or Polycystic 
Kidney Disease gene 2, PKD2 (~ 15%), encoding two interacting proteins, Polycystin1 (PC1) and Polycystin2 
(PC2)1. PC1 and PC2 are believed to form a receptor-Ca2+ channel complex that detects mechano- and chemo- 
external stimuli and transmits this information inside the cell to regulate key cell behaviors2. Both proteins are 
found at the primary cilium and elsewhere in renal epithelia3,4. Among those who inherit a germline mutation, 
somatic loss of the second allele disturbs the signals that normally constrain renal epithelial cell division to the 
tubular plane. Loss of polycystins disrupt signaling pathways that normally regulate cell proliferation, apoptosis, 
adhesion and motility, culminating in cyst formation. Progressive cyst enlargement over many years leads to 
renal failure between 40 and 70 years. Half of affected individuals develop end stage kidney disease by age 62, 
necessitating renal replacement therapy5. In addition, ADPKD often has extrarenal manifestations such as liver 
and pancreatic cysts6 and vascular aneurisms7, further increasing the social and financial burden on the patients 
and medical system.

For reasons that are unclear, about ~ 25% of germline PKD1 gene mutations and ~ 40% of germline PKD2 
gene mutations involve a single nucleotide substitution that generates a Premature Termination Codon in the 
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DNA (https://pkdb.mayo.edu). This is significantly higher than 10–12% prevalence of nonsense mutations in 
other genetic diseases8. In the corresponding mRNA, PTCs convert the normal nucleotide triplet that recognizes 
a transfer RNA delivering an amino acid to one of the three STOP codons, TAA, TAG and TGA, for which there 
are no cognate transfer mRNAs. When the translational machinery arrives at a STOP codon, translation comes 
to a halt, the dysfunctional truncated protein is released and both the unstable protein and its mRNA are usually 
degraded9.

Remarkably, the impact of PTC can be modified by compounds belonging to the aminoglycoside 
family10. These drugs exert their antibiotic properties by binding to the bacterial ribosome and blocking 
protein translation. Although aminoglycosides bind only weakly to mammalian ribosomes and don’t block 
mammalian protein translation, they do relax translational fidelity. This allows insertion of a “near-cognate” 
amino acid and completion of full-length protein synthesis11. The aminoglycoside G418 (geneticin) has shown 
to induce sufficient readthrough of certain PTCs to allow 5–20% of normal full-length protein synthesis12,13. 
Unfortunately, G418 is too toxic for use in clinical practice. Another aminoglycoside, gentamycin, is less toxic 
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and is commonly used in humans as an antibiotic for limited periods, but its readthrough properties are weak 
and may cause nephrotoxicity and ototoxicity in some individuals when given at higher doses or for prolonged 
periods14,15. Several laboratories have generated PTC readthrough drugs with a reduced toxicity profile16,17. 
Eloxx Pharmaceuticals developed a series of such aminoglycoside derivatives by screening for retention of PTC 
readthrough in mammalian cells, but diminished binding to the bacterial ribosome (a surrogate for toxicity at 
the related ribosomes in mammalian mitochondria)18. At a concentration of 5–7.5 µM, ELX-02 induced 2–22% 
translational readthrough in vitro for a variety of PTCs in the genes mutated in Hurler Syndrome, Cystic Fibrosis 
or Alport syndrome12,19,20.

In this study, we show that G418 and ELX-02 induce translational readthrough of the three types of PKD1 
STOP codons reported in humans with ADPKD. This effect is substantially potentiated in the presence of 
mefloquine, an approved anti-malarial drug. We then examined the impact of these drugs on dysfunctional 
cellular pathways and show that this improves diminished adhesion and reduces excessive canonical WNT 
and YAP signaling in mutant PKD1 cells. Our observations support the hypothesis that ELOX-02 may offer a 
potential therapeutic strategy for ADPKD.

Results
Over 250 germline STOP PTCs are listed in the ADPKD variant database (https://pkdb.mayo.edu). We selected 
several PTC variants for study (Fig.  1A): Q2556X (7666C>T, TAG stop codon), one of the most common 
PTC variants, maps to Exon 19; E3020X (9058G>T, TAA stop codon), maps to Exon 25; R4228X (12682C>T, 
TGA stop codon), the second most common PTC variant, maps to the very end of the PC1 protein in Exon 
46. These three variants, representing the three known stop codons, were used to interrogate the efficacy of 
aminoglycoside-triggered translational readthrough of the human PKD1 gene.

Aminoglycosides trigger translational readthrough of PTCs in human PKD1 reporters
To ascertain whether aminoglycosides can readthrough STOP codons in the human PKD1 gene, we first generated 
small wildtype human PKD1 reporters that encode the C-terminus of the PKD1 gene (amino acids 4078–4303), 
expressing either an eGFP or Nanoluc sequence fused in-frame at the C-terminus, as well as a FLAG epitope fused 
in-frame at the N-terminus of the construct (Fig. 1B,G). The R4228X variant (TGA stop codon) truncates the 
reporter so that the C-terminally positioned eGFP or Nanoluc signal could be detected only if the translational 
readthrough is triggered. After testing viability of HEK293 cells at various concentrations of G418 and ELX-02 
(Supplemental Fig. 1A), eGFP/FLAG-tagged wildtype and mutant constructs were transiently expressed in the 
HEK293 cells and treated with 400 µg/ml G418 or 400 µg/ml ELX-02 for 40 h. Western immunoblotting with 
anti-eGFP antibody detected an eGFP signal in the cells expressing R4228X reporter only after treatment with 
G418 but not without treatment (Fig. 1C, upper panel). Wildtype protein was robustly expressed at the same 
levels with or without treatment (Fig. 1C). In the absence of aminoglycosides, only ~ 17 kDa band corresponding 
to the truncated FLAG-PKD1-R4228X (FLAG-MUT) protein could be detected with the anti-FLAG antibody 
(Fig. 1C, lower panel probed with ani-FLAG antibody). Treatment of the cells expressing a mutant reporter with 
400 µg/ml G418 or ELX-02 revealed a ~ 52 kDa band, that corresponds to the size of the FLAG-PKD1-WT-
GFP protein (Fig. 1C, lower panel probed with ani-FLAG antibody). All original uncropped blots are shown in 
Supplemental Fig. 12. The eGFP-positive signal was visualized in live cells using an overlay of the phase-contrast 
and fluorescence channels (Fig. 1D). The number of FLAG-R4228X-eGFP-positive cells was normalized to the 
number of eGFP+ cells expressing wildtype FLAG-PKD1-eGFP reporter (% of wildtype expression) or to the 
non-treated cells expressing FLAG-PKD1-R4228X-eGFP reporter (fold increase). Both 400  µg/ml G418 and 

Fig. 1.  Aminoglycosides readthrough PKD1 reporters carrying R4228X mutation. (A) Schematic drawing 
of the human Polycystin1 protein. Position of each pathogenic variant investigated in this study is mapped, 
including the nucleotide and amino-acid changes. (B) Schematic drawing of the short PKD1 (amino acids 
4078–4303) wildtype and R4228X reporters. eGFP tag is expressed at the C-terminus; FLAG tag is expressed at 
the N-terminus. The sizes of the full-length and truncated reporters are shown. (C) Western immunoblotting 
with anti-GFP antibody (upper panel) and anti-FLAG antibody (lower panel); each membrane was stripped 
and reprobed with anti-vinculin antibody. In the cells expressing FLAG-R4228X-eGFP reporter, eGFP tag 
is detected only upon treatment with G418 or ELX-02, while FLAG antibody allows to visualize wildtype 
and readthrough forms (52 kDa) and a shorter mutant form (17 kDa). (D) Both WT and R4228X reporters 
were expressed in the HEK293 cells and treated with 400 µg/ml G418 or ELX-02; cells expressing eGFP were 
identified on the overlay of the phase-contrast and fluorescence images; scale bar is 100 μm. (E,F) Statistical 
analysis of images in D presented as % of the eGFP-positive cells transfected with FLAG-PKD1-WT-eGFP and 
as a fold increase in the AMG treated over untreated cells expressing FLAG-PKD1-R4228X-eGFP construct. 
(G) Schematic drawing of the wildtype and R4228X reporters fused with NanoLuc gene at the C-terminus and 
FLAG tag at the N-terminus. Firefly Luciferase reporter was co-transfected with NanoLuc plasmids to monitor 
transfection efficiency. Nano-Glo® Dual-Luciferase® Reporter Assay was used to measure readthrough capacity 
of G418 and ELX-02 at various concentrations of aminoglycosides +/− mefloquine. (H) Statistical analysis of 
NanoLuc reporter experiments. The readthrough is presented as % of wildtype NanoLuc reporter expression. 
One-way Anova was used to compare untreated cells with the cells treated at all concentrations of AMG +/− 
MF, followed by the Tukey’s multiple comparisons test. (I) The NanoLuc reporter activity is presented as the 
fold increase over untreated cells expressing FLAG-PKD1-R4228X-NanoLuc. Three independent experiments 
were carried out for each panel, each in triplicate, for each condition, except for (B), that was repeated twice. 
***p ≤ 0.001; ****p ≤ 0.0001. NT—nontreated cells; MF—mefloquine.
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400 µg/ml ELX-02 triggered PTC readthrough on average ~ 8% (G418) and ~ 7% (ELX-02) of wildtype reporter 
expression. When normalized for eGFP expression in non-treated cells, 400 µg/ml G418 induced a ~ 12-fold 
increase in the eGFP+ signal whereas ELX-02 efficacy was a bit lower, triggering ~ ninefold increase in the cells 
expressing FLAG-PKD1-R4228X-eGFP protein (Fig. 1E,F).

Cells transfected with FLAG-PKD1-WT-Nanoluc and FLAG-PKD1-R4228X-Nanoluc were treated for 40 h 
with 100–600 µg/ml of either G418 or ELX-02 (Fig. 1H,I). The treatment induced a concentration-dependent 
increase in the readthrough activity, reaching ~ 17% (G418) and ~ 14% (ELX-02) of the FLAG-PKD1-WT-
Nanoluc expression levels at 600 µg/ml concentration. Compared to the untreated cells, treatment with 600 µg/
ml G418 or ELX-02 triggered a 17-fold (G418) and 15-fold (ELX-02) increase in the NanoLuc signal.

Several molecules that enhance readthrough activity of aminoglycosides have been described, including the 
anti-malarial drug mefloquine (approved for human use)13. Using the FLAG-PKD1-R4228X-Nanoluc reporter, 
we observed significant enhancement of readthrough with mefloquine in combination with an aminoglycoside. 
Although mefloquine alone had no appreciable effect (Fig.  1H,I), 7.5  µM mefloquine added to 100–00  µg/
ml G418 or 100–400 µg/ml ELX-02, enhanced readthrough to ~ 19% (G418) and ~ 18% (ELX-02) of wildtype 
expression (Fig. 1H). Similarly, 7.5 µM mefloquine enhanced G418 readthrough 20-fold and ELX-02 18-fold, 
when compared to the level in untreated cells (Fig. 1I). Importantly, mefloquine significantly enhanced PTC 
readthrough at all concentrations of each aminoglycoside (Fig. 1I).

Next, we studied translation in the context of the full-length PKD1 transcript (encoding amino acids 
1–4303), reasoning that elements other than the STOP codon sequence itself might influence aminoglycoside-
induced readthrough. HEK293 cells were stably transfected with a human full-length wildtype PKD1 construct 
fused in-frame with a FLAG tag at the C-terminus (PKD1-WT-FLAG) or the corresponding mutant PKD1 
construct bearing a TAA PTC (PKD1-E3020X-FLAG) (Fig. 2A). The cells were then treated with 400 µg/ml 
G418 or 400 µg/ml ELX-02 for 48 h. On Western immunoblots probed with an anti-FLAG antibody, full-length 
Polycystin1 band (~ 450–500 kDa) was detected in cells expressing PKD1-WT-FLAG and PKD1-E3020X-FLAG 
cells after G418 or ELX-02 treatment but not in the untreated PKD1-E3020X-FLAG cells (Fig.  2B). When 
the cells overexpressing PKD1-WT-FLAG cDNA were analyzed with a well-characterized N-terminus anti-
Polycystin-1 antibody 7e1221, an upper PC1 band (~ 450–500 kDa) and a lower PC1 band (~ 320 kDa) could be 
seen (Fig. 2 and Supplemental Fig. 2). The upper band corresponds to the full-length Polycystin1 protein. The 
lower band likely corresponds to the PC1 protein that is proteolytically cleaved within the GPS tripeptide His-
Leu-*Thr3048 site, generating a large N-terminal PC1 fragment, NTF (~ 320 kDa)22. A smaller C-terminus PC1 
fragment, CTF (~ 130 kDa) is also generated as a result of proteolytic cleavage at amino acid 3048. We detected 
CTF in the cells expressing wildtype reporter or in the treated cells expressing mutant reporter, when probed 
with anti-FLAG antibody (Fig. 2B). Untreated PKD1-E3020X-FLAG-expressing clones showed only the mutant 
truncated protein (running at the same size as the proteolytically-cleaved form in the cells expressing PKD1-
WT-FLAG cDNA (Fig. 2C). Endogenous expression of the PC1 protein in the HEK293 cells was undetectable 
with the 7e12 antibody (Supplemental Fig. 2). In two independent HEK293/PKD1-E3020X-FLAG clones, 
aminoglycosides induced significant expression of full-length PC1 (PC1-FL band): 400 µg/ml G418 triggered 
readthrough at ~ 25% (clone A) and ~ 27% (Clone B) of that in cells expressing PKD1-WT-FLAG construct; ~ 50-
fold increase (clone A) and up to 55-fold increase (clone B) compared to the untreated PKD1-E3020X-FLAG 
clones. The efficacy of 400 µg/ml ELX-02 was slightly lower yet still highly significant: ~ 21% (clone A) and ~ 22% 
(clone B) relative to the wildtype Polycystin1 expression and ~ 40-fold (clone A) and ~ 50-fold (clone B) increase 
compared to the untreated HEK293 clones expressing PKD1-E3020X-FLAG cDNA.

Stability of the readthrough of PC1-FL in PKD1-E3020X-expressing cells was evaluated by treating the 
cells with 400 µg/ml G418 or 400 µg/ml ELX-02 for 48 h and then allowing a drug-free “wash-out” period for 
additional 48 h (96 h total from the start of treatment) (Fig. 3 A, B). The PC1-FL could be detected up to 96 h in 
PKD1-E3020X cells treated with either aminoglycoside (Fig. 3A–D).

Aminoglycosides trigger translational readthrough of PC1 in patient-derived PKD1 cyst cells
The WT9-12 cell line was previously established from the epithelial lining of a renal cyst in a female ADPKD 
patient. These cells bear a Q2556X mutation (TAG stop codon) on one allele in combination with a somatic 
deletion of the trans-allele23 (Fig. 4A). WT9-12 cells were treated for 48 h with non-toxic concentration 400 µg/
ml G418 or 400 µg/ml ELX-02 in the presence or absence of 5 µM mefloquine (Supplemental Fig. 1B). RT-
qPCR analysis indicates that treatment with either G418 or ELX-02 increases PKD1 transcript levels (amplified 
with two independent sets of primers) (Fig. 4B). The levels of PKD1 mRNA were unchanged in the presence 
of mefloquine alone. However, addition of 5  µM mefloquine to aminoglycosides increased PKD1 mRNA 
levels ~ fivefold (G418) and ~ fourfold (ELX-02) comparing to the untreated cells (Fig. 4B).

In WT9-12 cells, the full-length PC1 protein is undetectable, yet a faint ~ 280 kDa band can be seen with 
7e12 antibody (Fig.  4C). This band likely corresponds to the mutant truncated PC1-Q2556X protein. At 
a concentration of 200  µg/ml neither aminoglycoside induced sufficient readthrough to detect full-length 
Polycystin-1 (Fig.  4C). However, at 400  µg/ml, modest translational readthrough was seen: ~ 5–6% (G418) 
and ~ 3% (ELX-02) of endogenous full length PC1 in normal control (HK-2) cells used as a control (Fig. 4D). 
5 µM mefloquine alone had no effect but nearly doubled levels of Polycystin1 in combination with 400 µg/ml 
G418 or ELX-02 (Fig. 4D).

Polycystin1 is proteolytically cleaved at amino acid 3048, generating a large N-terminal PC1 fragment, NTF 
(~ 320  kDa); when glycosylated, it can acquire a higher molecular weight of ~ 400–450  kDa and visualized 
alongside full-length PC1 protein22,24. In addition, endogenous human PKD1 transcript is frequently differentially 
spliced over introns 21 and 22, generating a major alternatively spliced truncated ~ 330 kDa isoform (PC1-AT)24. 
However, the Q2556X mutation maps to exon 19. Therefore, without readthrough of the upstream Q2556X PTC, 
neither full-length, nor N-terminal fragment or alternatively spliced truncated PC1 protein can be generated. 
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Fig. 2.  Aminoglycoside-mediated PTC readthrough of PKD1-E3020X pathogenic variant in the stably-
transfected HEK293 cells. (A) Schematic drawing of the wildtype PKD1-WT-FLAG and PKD1-E3020X-
FLAG expression constructs. Both constructs express FLAG tag at the C-terminus however, in the PKD1-
E3020X-FLAG construct, FLAG can be expressed only upon successful PTC readthrough. Note that PC1 
protein is proteolytically cleaved at amino acid 3048 and two fragments are generated: ~ 320 kDa N-terminal 
fragment, NTF, and ~ 130 kDa C-terminal fragment, CTF. (B) Both PKD1-WT-FLAG and PKD-E3020X-
FLAG constructs were stably expressed in the HEK293 cells, and immunodetection with anti-FLAG antibody 
was carried out. Full-length PC1 or CTF bands are detected in the cells expressing PKD1-WT-FLAG and 
only upon treatment of PKD1-E3020X-FLAG-expressing cells with 400 µg/ml G418 or ELX-02. (C) Western 
immunodetection of PC1 with 7e12 antibody. WT Lane: HEK293 cells stably expressing PKD1-WT-FLAG 
cDNA. Both the full-length PC1 (PC1-FL, upper band) and a ~ 320 kDa N-terminal fragment (PC1-NTF) 
can be detected. HEK293 cells transfected with PKD1-E3020X – three individual clones (clones A, B, C); 
a strong band that corresponds to the PC1-E3020X is visible. Upon treatment with 400 µg/ml of either 
G418 or ELX-02 for 48 h, the PC1-FL (upper band) can be visualized. (D) Densitometric intensity of bands 
corresponding to PL1-FL was measured on membranes from three independent experiments, normalized for 
vinculin expression and shown as % of wildtype PC1-FL. (E) PC1-FL levels in the presence of aminoglycoside 
are presented as fold increase compared to the untreated cells expressing PC1-E3020X. Three independent 
experiments were carried out. ****p ≤ 0.0001 (one-way ANOVA) followed by the Tukey’s multiple comparisons 
test. NT- nontreated cells.
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Therefore, we calculated AMG readthrough activity based on the combined intensity of PC1-FL (~450 kDa) and 
the PC1-PC & PC1-AT (320–330 kDa) proteins (PC1-total) in the treated WT9-12 cells relative to the intensity 
of the PC1-total bands seen in the HK-2 cells. Without mefloquine, only ~ 2–4% of PC1-total readthrough was 
detected, however, 5 µM mefloquine enhanced readthrough of the Q2556X to ~ 8.5% (400 µg/ml G418 + MF) 
and ~ 6% (400 µg/ml ELX-02 + MF) of the level in HK-2 cells (Fig. 4E).

Fig. 3.  Stability of AMG-mediated PC1 readthrough in the HEK293 clones expressing PKD1-E3020X 
pathogenic variant. (A) HEK293 cells stably expressing truncated PC1-E3020X protein seen as a lower band 
(clones A and B) were treated with 400 µg/ml ELX-02 for 48 h. After 48 h, cells were washed and collected at 
72, 84 or 96 h after start of the treatment. WT lane shows HEK293 cells stably overexpressing PC1-WT-FLAG 
protein. (B) The clones were treated with 400 µg/ml G418 for the same duration followed by a wash-ff regimen. 
(C) Densitometric intensity was measured on Western blot membranes from three independent experiments 
for each AMG treatment. The intensity of the upper PC1-FL band was normalized for vinculin and presented 
as % of wildtype PC1-FL band intensity (assigned 100% value). (D) The densitometric data presented as fold 
increase in expression of PC1-FL from the mutant E3020X transcript vs non-treated cells. Three independent 
experiments were carried out. ****p ≤ 0.0001 all treated lanes vs no treatment (NT), one-way Anova followed 
by the Tukey’s multiple comparisons test. NT- nontreated cells.
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To evaluate stability of the full-length, NTF and alternatively spliced PC1 products induced by aminoglycoside 
with or without mefloquine in WT9-12 cells, the cells were treated with aminoglycosides for 48 h and then 
incubated in fresh medium for additional 48 h. The newly synthesized PC1-FL and PC1-NTF/PC1-AT bands 
were detected for up to 84 h from the start of the experiment (Fig. 5A–D).

Aminoglycosides rescue adhesion in cells expressing STOP codons
Mutant PKD1 epithelial cells exhibit altered adhesiveness to various substrates in vitro25,26. To ascertain whether 
this ADPKD phenotype could be rescued, we measured adhesion of the HEK293 cells stably expressing 
similar levels of full-length PKD1-WT-FLAG or PKD1-E3020X-FLAG cDNA. The clones expressing mutant 
PKD1 construct exhibited on average ~ 18% weaker adhesion to the collagen type I-coated surface compared 
to the cells expressing wildtype PKD1 construct (Fig.  6A). Treatment of HEK293/PKD1-E3020X cells with 
aminoglycosides (400 µg/ml) increased cell adhesion modestly but significantly (Fig. 6A). Aminoglycosides did 
not affect HEK293/PKD1-WT-FLAG cell adhesion (Supplemental Fig. 3A).

To test whether adhesion of mutant WT9-12 cells differs from cells expressing wildtype PKD1, we generated 
clones of WT9-12 cells stably expressing a wildtype PKD1-WT-FLAG construct. Two clones with exogenous 
PC1 expression levels similar to that in HK-2 cells were chosen for further experiments (Supplemental Fig. 
4). Adhesion of WT9-12 cells was ~ 25% weaker than that of the two independent WT9-12/PKD1-WT-FLAG 
clones. Treatment of WT9-12 cells with 400 µg/ml aminoglycosides significantly improved cell adhesiveness, 
though the effect was modest (Fig. 6B). Aminoglycosides had no effect on adhesion of WT9-12/PKD1-WT-
FLAG cells (Supplemental Fig. 3B).

Expression of the β1-integrin transcript (ITGB1 gene) and the corresponding protein has been reported by 
others to be altered in cells with loss of PKD127–29. Therefore, we compared the expression of ITGB1 mRNA by 
RT-qPCR in stable HEK293 clones expressing either PKD1-WT-FLAG or PKD1-E3020X-FLAG. ITGB1 mRNA 
expression was significantly decreased in PKD1-E3020X-expressing clones compared to PKD1-WT-FLAG-
expressing cells (Fig. 6C). Importantly, the levels of ITGB1 mRNA in HEK293/E3020X-expressng cells treated 
with 400 µg/ml of G418 or ELX-02 were increased, in parallel with a modest increase in adhesion of these cells 
upon treatment (Fig. 6C). Similarly, we detected a significant decrease of ITGB1 mRNA level in mutant WT9-12 
cells compared to basal ITGB1 transcript in WT9-12/PKD1-WT-FLAG control cells (Fig. 6D). Incubation of 
WT9-12 cells with aminoglycosides led to an increase in ITGB1 mRNA expression that was further potentiated 
by addition of mefloquine (Fig. 6D).

Polycystin 1 is a large transmembrane protein localized at the plasma membrane and primary cilium3,30. 
It is known to precipitate with the adhesion complex components and influence adhesion26,31. Therefore, if 
the improvement in cell adhesion in aminoglycoside-treated mutant cells is due to readthrough of Polycystin 
1, then the readthrough protein should be expressed at the cell surface. To test this, we performed a surface 
biotinylation assay to determine whether readthrough PC1 protein translated from the mutant Q2556X allele 
in the patient-derived WT9-12 cells could reach the plasma membrane (see Supplemental Fig. 5). As expected, 
the full-length and N-terminal forms of wildtype PC1 in control WT9-12/PKD1 cells were biotinylated, pulled 
down on NeutrAvidin agarose beads and detected by Western blotting using the 7e12 antibody. Importantly, we 
also detected biotinylated readthrough full-length and N-terminal PC1 forms (Supplemental Fig. 5), suggesting 
that readthrough PC1 is likely to be functional.

Aminoglycosides rescue WNT and YAP signaling in patient-derived cells
Kidney cyst growth and progression in ADPKD has been associated with deregulation of multiple signaling 
pathways32, including canonical WNT signaling33,34 and YAP signaling35,36. We used a well-characterized 
TOPFLASH assay, where a Luciferase reporter is expressed under control of a canonical WNT-sensitive 
promoter37. The HEK293 clones expressing PKD1-WT-FLAG and PKD1-E3020X-FLAG constructs were 
transiently transfected with TOPFLASH reporter and stimulated with either L-WNT3a or L-cell conditioned 
medium. The HEK293/PKD1-E3020X clones were ~ 65% more responsive to WNT3a than HEK293 cells 
expressing PKD1-WT-FLAG (Fig. 7A). Cells transfected with FOPLASH, a reporter in which WNT-sensitive 
motif is mutated, did not respond to WNT3a stimulation (Supplemental Fig. 6). When treated with either 
400  µg/ml G418 or ELX-02, TOPLASH-Luciferase activity decreased modestly but significantly to the 152–
155% range compared to PKD1-WT-FLAG-expressing cells. G418 had a more pronounced effect than ELX-
02 (Fig. 7A). Aminoglycoside treatment of HEK293 clones expressing wildtype PKD1 had no effect on WNT 
signaling (Supplemental Fig. 7A). The WNT activity in WT9-12 cells was ~ 35% higher compared to WT9-12/
PKD1-WT-FLAG clones (Fig. 7B). Cell treatment with 400 µg/ml G418 or ELX-02, especially in combination 
with 5 µm mefloquine, significantly reduced WNT signaling to about 120% of that seen in WT9-12/PKD1-
WT-FLAG clones. We detected no change in WNT activity for WT9-12/PKD1-WT-FLAG cells exposed to 
aminoglycosides with or without mefloquine (Supplemental Fig. 7B).

Canonical WNT signaling is mediated by β-catenin, which is stabilized in cytoplasm and translocates from 
cytoplasm to the nucleus in response to canonical WNT signals (reviewed in38). Therefore, we measured both 
total and nuclear intensity of β-catenin detected by immunofluorescence microscopy. There was a significant 
increase in the signal intensity corresponding to the total and nuclear localization of β-catenin in untreated 
mutant WT9-12 cells versus WT9-12/PKD1-WT-FLAG cells (Fig. 7C–E; Supplemental Fig. 8). This increase 
was modestly but significantly reduced after WT9-12 cell treatment with 400 µg/ml PTC-readthrough drugs and 
5 µm mefloquine (Fig. 7C–E; Supplemental Fig. 8).

Elevated nuclear retention of the Yes-associated protein, YAP (a downstream mediator of the Hippo pathway) 
has been associated with ADPKD pathogenesis35,36. Thus, we explored the subcellular localization of YAP in 
the mutant WT9-12 and WT9-12/PKD1-WT-FLAG cells by immunofluorescent microscopy with anti-YAP1 
antibody (Fig. 8A; Supplemental Fig. 9). We found a highly significant increase in the nucleus:cytoplasm ratio 
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of YAP expression in mutant cells (Fig. 8B). This ratio was significantly reduced in mutant cells after treatment 
with 400 µg/ml of an AMG in combination with 5 µM mefloquine (Fig. 8B). We validated these results by using a 
YAP-Luciferase reporter, which reflects YAP transcriptional activity39. As shown in Fig. 8C, YAP reporter activity 
in mutant cells was on average ~ 75% higher compared with the WT9-12/PKD1-WT-FLAG cells. YAP activity 
decreased significantly in WT9-12 cells treated with 400  µg/ml G418 or ELX-02 (Fig.  8C); further decrease 
in YAP reporter activity was noted when 5 µm mefloquine was added to an aminoglycoside (Fig. 8C). AMG 
treatment of WT9-12 cells expressing wildtype PKD1 cDNA did not affect YAP-Luciferase activity (Supplemental 
Fig. 10). To validate YAP-luciferase reporter results, we analyzed expression of several well-characterized YAP 
transcriptional targets (See Supplemental Table). For 7 out of 8 interrogated target genes, expression in the WT9-
12 cells was significantly elevated comparing to the control WT9-12/PKD1-WT-FLAG cells. Cell treatment with 
400 µg/ml G418 and ELX-02 decreased YAP gene expression, which was further potentiated in the presence of 
5 µM mefloquine (Fig. 8D).

Discussion
In this study, we demonstrate that aminoglycosides induce significant translational readthrough of human 
PKD1 mRNA bearing a STOP codon, allowing production of full-length Polycystin1. The restoration of PKD1 
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expression is associated with improvement in cell adhesion and inhibition of excessive canonical WNT and YAP 
signaling. Based on these observations, we propose that aminoglycosides, especially with mefloquine, constitute 
a way to reverse key pathogenic mechanisms underlying ADPKD and might offer a novel therapeutic strategy 
with the potential to improve disease outcome.

G418 is known to induce translational readthrough of mRNA STOP codons12,13. However, its use in clinical 
practice is precluded by significant toxicity in mitochondrion-rich tissues such as kidney. For that reason, ELX-
02 was developed by screening aminoglycoside derivatives for good readthrough of mammalian PTCs but 
reduced binding to the bacterial ribosome—a surrogate for mammalian mitochondrial toxicity17. The improved 
readthrough/toxicity profile of ELX-02 led to FDA authorization of several clinical trials: NCT04126473 in cystic 
fibrosis (Phase 2); NCT04069260 in Cystinosis (Phase 2); NCT05448755 in Alport syndrome (Phase 2). In our 
study, the readthrough effect of ELX-02 for each of the three types of STOP codons was somewhat lower than 
that of G418. Nevertheless, it consistently induced Polycystin1 expression ranging from 5 to 20% of wildtype 
PKD1 expression, depending on the assay in which the STOP codon was tested and the cell type used.

Aminoglycosides are thought to enhance incorporation of near-cognate transfer RNAs at STOP codons by 
binding directly to the decoding center of the 80S ribosome that links transfer RNA to the mRNA codon40. 
Ferguson et al. reported that mefloquine, an oral drug approved for malarial prophylaxis, could enhance 
the readthrough effects of aminoglycosides, though it had no readthrough effects on its own13. Using X-ray 
crystallography and single-particle cryo-EM, it was recently shown that mefloquine, in a complex with G418, 
binds directly to the proteins of translation machinery in the inter-subunit space of the ribosomal decoding 
center, changing the rotational state of the vacant ribosome40, thereby facilitating PTC readthrough. Indeed, in 
our study, in combination with both G418 and ELX-02, mefloquine significantly potentiated AMG efficacy of 
PKD1 PTC readthrough. This was particularly noticeable in the patient-derived WT9-12 cells bearing mono-
allelic Q2556X PTC: treatment with both mefloquine and AMGs increased synthesis of full-length Polycystin1 
by almost 100%. Moreover, the availability of the PKD1 mRNA increased fivefold compared to untreated cells, as 
detected by qRT-PCR. By inducing readthrough activity, AMGs may interfere with nonsense mRNA-mediated 
decay (NMD), the cellular surveillance mechanism that identifies mRNAs containing PTCs and degrades them41. 
Our in silico analysis of the Q2556X mutations using NMDetective algorithms42 indicates that Q2556X allele 
is highly NMD-susceptible (Supplemental Fig. 11), however, mefloquine alone did not increase either PKD1 
mRNA or PC1 protein levels. Thus, it is likely that enhancement of Q2556X readthrough upon treatment with 
both mefloquine and AMGs is due to their combined effects on the ribosome/translational machinery complex.

Although ADPKD is inherited as a dominant condition, it behaves as a recessive genetic disease at the cellular 
level. While heterozygous germline PTCs don’t have an overt effect on renal tubular morphology, loss of the 
second allele through random sporadic mutations during tubular cell division is thought to give rise to clonal 
cysts43,44. In a recent study, kidney organoids carrying heterozygous PKD1 or PKD2 nonsense mutations did 
not develop cysts, whereas > 75% of organoids carrying the same mutations in homozygosity were cystic45. 
Notably, experimental repair of one mutant allele with CRISPR/Cas9 technology rescued cystogenesis ex vivo45. 
Hence, PC1 or PC2 expression levels must dip well below the 50% mark to drive cyst formation. A frequently 
occurring abnormal alternative splicing of human PKD1 mRNA produces a much shorter (~ 330 kDa), primarily 
endoplasmic reticulum-residing, dysfunctional truncated PC1 form. This is believed to further reduce the overall 
levels of functional PC1, thereby increasing the risk of cyst formation24. In some recessive genetic diseases such 
as cystinosis, residual expression of the CTNS protein as low as 10% of the wildtype averts kidney failure and 
leads only to a mild ocular phenotype46. Thus, it is reasonable to postulate that aminoglycoside readthrough of 
PKD1 STOP codons, permitting Polycystin1 expression in the range of 10% of wildtype cells, might be sufficient 
to prevent cystogenesis or slow down the rate of cyst growth over time. If so, it is conceivable that long-term 
use of a non-toxic aminoglycoside + /- mefloquine might improve renal outcome in the subgroup of ADPKD 
patients (about one third) who inherit a PTC variant of the PKD1 or PKD2 gene.

Fig. 4.  Aminoglycoside-mediated readthrough of the endogenous human PKD1-Q2556X pathogenic variant 
in the patient-derived cells. (A) Schematic drawing of the endogenous PKD1-Q2556X allele in the WT9-
12 cells (ATCC); the size of the Q2556X band is ~ 280 kDa; the NTF is ~ 320 kDa; the alternatively spliced 
truncated form (AT) is ~ 330 kDa. (B) qRT-PCR of the PKD1 mRNA expression in the WT9-12 cells treated 
with aminoglycosides +/− 5 µM mefloquine (MF). Two pairs of primers to amplify two non-overlapping 
amplicons were used. Three independent experiments were done in duplicate for each condition. (C) WT9-12 
cells do not express detectable PC1 full length (PC1-FL), nor they express a proteolytically cleaved N-terminal 
fragment (PC1-NTF) or a major alternatively spliced truncated form (PC1-AT). However, a weak band 
of ~ 280 kDa is detectable that likely corresponds to the truncated PC1- Q2556X protein. WT lane shows PC1 
expression in the established HK-2 proximal tubular cells (5% cell lysate was loaded into the WT lane). Note 
absence of the Q2556X truncated PC1 form in the HK-2 lane. (D) Densitometric intensity of the full-length 
PC1 band (upper PC1-FL) was measured in three independent experiments, and each intensity value was 
normalized for a corresponding vinculin expression (loading control). The PC1-FL expression in the WT9-
12 cells is plotted as % of the PC1-FL expression in the wildtype cells. (E) Densitometric intensity of the total 
PC1 expression (combined intensities of PC1-FL, proteolytically cleaved N-terminal fragment PC1-NTF and 
alternatively spliced truncated form PC1-AT) was measured, normalized for a corresponding vinculin level 
(loading control), and presented as % of the PC1-total expression in the HK-2 cells. Note, endogenous PC1-
NTF and PC1-AT proteins are of similar molecular weight (~ 320–330 kDa) and cannot be distinguished under 
the conditions used. Three independent experiments were carried out. *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001 
(one-way ANOVA) followed by the Tukey’s multiple comparisons test. NT—nontreated cells; MF—mefloquine.
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Recently, Vishy et al. reported that both ELX-02 and ELX-10 (the latter is a more recent modification of 
ELX compounds) reverse cystogenesis in iPSC-derived kidney organoids bearing bi-allelic PKD1 and PKD2 
nonsense PTCs45. Intriguingly, despite a remarkable decrease in the percentage of cystic organoids, the authors 
detected low levels of full-length PC1 and virtually no expression of full-length PC2 in the ELX-treated mutant 

Fig. 5.  Stability of AMG-mediated readthrough of endogenous PC1 protein from the PKD1-Q2556X allele 
in the patient-derived cells. (A) Mutant WT9-12 cells were treated with 400 µg/ml ELX-02 in the presence 
of absence of 5 µM mefloquine (MF) for 24–48 h, then washed and collected at 72, 84 and 96 h after the start 
of treatment. Please note that no ELX-02 was added in the lane labelled MF. (B) The cells were treated with 
400 µg/ml G418 as in A. (C) Densitometric intensity of the full-length Polycystin1 (PC1-FL) band in three 
independent experiments was normalized to vinculin and presented as % of PC1-FL expression in wildtype 
HK-2 cells (last lane, 5% of loading comparing to the lysates from WT9-12 cells). (D) Densitometric intensity 
of the total Polycystin1 (combined PC1-FL and PC1-NTF/PC1-AT bands) in three independent experiments 
presented as % of PL1-total expression in wildtype cells. ****p < 0.0001. All samples were compared to the 
untreated sample (one way ANOVA) followed by the Tukey’s multiple comparisons test. NT- nontreated cells; 
MF- mefloquine.
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organoids. These unexpected results suggest that either the detection method was not sufficiently robust or that 
even a small, barely detectable, increase in expression of PC1 and PC2 levels might be sufficient to improve 
the cystogenic phenotype. To prove the latter point, the authors reported that ELX treatment of PC2 mutant 
organoids dramatically increased PKD1 mRNA expression, even in the absence of detectable PC2 readthrough 
product45, suggesting that low levels of polycystins can bring about impressive changes at the cellular level. By 
optimizing the Western immunodetection method, we improved detection of various PC1 forms. This allowed 
us to correlate PC1 levels with improvement in cell adhesion and signaling in aminoglycoside-treated mutant 
cells. Importantly, all assays in mutant WT9-12 cells measured the impact of de novo functional PC1 expression 
from only one Q2556X allele. Thus, clonal cysts in which a second allele bears a PTC could be highly sensitive 
to readthrough therapies.

Cells with inactivation of PKD1 and PKD2 are characterized by changes in cell adhesion, extra-cellular 
matrix composition or modification of integrin expression and signaling26,28,29,47. Castelli et al. reported that 
adhesion of canine medullary collecting duct, MDCK, cells overexpressing wildtype PC1 was more robust than 

Fig. 6.  Effect of aminoglycosides on cell adhesion. (A) HEK293 cells stably expressing PC1-E3020X-FLAG 
and matching control HEK293/PKD1-WT-FLAG clones were treated with 400 µg/ml ELX-02 or G418 for 
48 h and then trypsinized. Equal number of cells was seeded in the 96-well plates coated with collagen 1 
and allowed to adhere for 2 h. The intensity of the crystal violet-stained cells was measured. Intensities of 
all samples were normalized for the average intensity of the cells expressing PKD1-WT-FLAG. (B) Similar 
adhesion test was performed on WT9-12 cells bearing Q2556X pathogenic allele or matching WT9-12 clones 
stably expressing PKD1-WT-FLAG. Both G418 and ELX-02 modestly yet significantly increase cell adhesion 
in treated vs untreated cells. (C) Relative expression of ITGB1 gene in each cell group described in A measured 
by quantitative RT-PCR. Expression in the untreated HEK293/PKD1-E3020X-FLAG cells is assigned “1” and 
the expression of other samples is normalized to the expression in untreated cells. (D) qRT-PCR measurements 
of relative ITGB1 expression in the untreated WT9-12 cells (assigned “1”), treated mutant cells and WT9-12 
clones stably expressing PKD1-WT-FLAG. Three independent experiments were carried out for each cell 
line. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001. All samples were compared with one way ANOVA 
followed by the Tukey’s multiple comparisons test. NT- nontreated cells; MF- mefloquine.
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in the paternal MDCK clones, while adhesion of Pkd1−/− mouse fibroblasts was reduced comparing to control 
Pkd1+/+ cells26. The authors linked changes in adhesiveness to the changes in turnover of focal adhesions. β1-
integrin, an important constituent of focal adhesions, and its downstream signaling pathways were elevated 
in mouse Pkd1−/− cells28. This suggests that the β1-integrin pathway is cystogenic. Similar observations were 
recently reported by Lichner et al.: porcine proximal tubule (LLCPK) cells with RNAi-mediated silencing of 

Fig. 7.  Effect of aminoglycosides on WNT signaling in the PKD1 PTC-bearing cells. (A) HEK293 cells stably 
expressing exogenous PKD1-WT-FLAG or PKD1-E3020X-FLAG constructs were transiently transfected 
with TOPFLASH reporter and Renilla luciferase to monitor transfection efficiency. The cells were treated with 
400 µg/ml G418 or 400 µg/ml ELX-02 for 48 h, and half the samples were stimulated with the conditioned 
medium collected from L-WNT3a cells (ATCC) while the other half was treated with the conditioned medium 
from L cells (no WNT3, unstimulated cells) in the last 24 h. Luciferase activity in each sample was first 
normalized for transfection efficiency and then presented as a fold change in the WNT3a-stimulated vs non-
stimulated cells. The fold change in the AMG untreated cells was considered as 100%, and all other variants 
were expressed as a percentage of the 100% in the untreated cells. (B) WT9-12 cells were transfected with 
TOPFLASH reporter, treated with aminoglycosides for 48 h and stimulated with WNT3a during the last 24 h. 
(C) Immunofluorescence detection of the β-catenin. WT9-12 cells were stably transfected with wildtype PKD1 
expression construct, and the clones with the physiological levels (compared to the human proximal tubule 
cells HK-2) were chosen. These cells served as control. Scale bar is 20 µm. (D) Quantification of total β-catenin 
IF intensity in the WT9-12/PKD1 and WT9-12 cells treated with 400 µg/ml G418 or ELX-02 in the presence 
of mefloquine to maximize re-expression of functional PC1. (E) Quantification of the nuclear intensities of 
β-catenin, which is associated with higher WNT activity. Three independent experiments were carried out for 
each panel. *p ≤ 0.05, ****p ≤ 0.0001. One way ANOVA followed by the Tukey’s multiple comparisons test. NT- 
nontreated cells; MF- mefloquine.
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Pkd1 or Pkd2 genes expressed increased levels of Itgb1 mRNA29. The results of our experiments are consistent 
with the model of PKD1 overexpression reported by Castelli et al. Our HEK293/PKD1-WT-FLAG clones and 
WT9-12/PKD1-WT-FLAG clones exhibited increased cell adhesion to collagen I when compared to HEK293/
PKD1-E3020X or mutant WT9-12 cells, similar to the MDCK cells overexpressing full-length wildtype PKD1 
construct, reported by Castelli. Surprisingly, we also detected increased ITGB1 mRNA expression in the control 
cells. The latter results contradict the observations by Lee and Lichner and are likely the consequence of wildtype 
PC1 overexpression in the cells that were used as control. Despite this limitation, both cell models expressing 
mutant PKD1 PTC variants were informative for testing the effects of aminoglycosides. After aminoglycoside 
treatment, HEK293/PKD1-E3020X cells and WT9-12 cells displayed significantly enhanced adhesion and 
increased ITGB1 mRNA expression, more closely resembling cells with wildtype PC1 expression. Remarkably, 
these changes parallelled the efficacy of aminoglycosides on PKD1 PTC readthrough: G418 was more efficient 
than ELX-02 in enhancing adhesion/ITGB1 mRNA expression, which was further potentiated by addition of 
mefloquine; the percentage increase in adhesion/ITGB1 expression was consistent with the percentage of full-
length PC1 readthrough in both cell models. The readthrough PC1 in the aminoglycoside-treated mutant WT9-
12 cells reached plasma membrane surface, suggesting that it is a functional protein. Thus, we conclude that the 
changes in cell behavior were likely triggered by the de novo synthesis of full-length Polycystin1 induced by 
AMG treatment.

A hallmark of cyst formation in the PKD1 and PKD2 mutant models is the deregulation of multiple signaling 
pathways32,48,49. In this study, we show that treatment with aminoglycosides reduces inappropriately elevated 
transcriptional activity of both WNT and YAP signaling pathways in the PKD1 mutant cells by decreasing 
nuclear localization and transcriptional activity of β-catenin and YAP, respectively. Importantly, the percentage 
improvement correlated with levels of full-length PC1 expression and was consistent with the higher potency of 
G418 compared to ELX-02.

Our study has several limitations. Although we interrogated the three existing types of STOP codons, it 
was done in various settings. This did not allow us to compare the efficacy of AMG-mediated readthrough on 
different types of PTCs. Also, we did not explore the nucleotide surroundings, proximity to the N-terminus or 
to exon–intron junctions; these parameters are known to contribute to the effectiveness of readthrough50–52. 
The human PKD1 gene is one of the largest genes; furthermore, there are six pseudogenes along much of its 
length, making PKD1 gene editing challenging. This precluded us from generating a library of cell clones with 
various PTCs or producing isogenic controls with a rescued Q2665X variant. We detected a modest, albeit highly 
significant, 5–8% AMG readthrough activity in WT9-12 cells, precluding the use of biochemical methods (e.g. 
nuclear fractionation) to detect the differences in nuclear β-catenin or YAP retention between the untreated and 
treated cells. Despite these limitations, the results of our study were dependable and highly reproducible.

In summary, we report that the aminoglycosides, G418 and ELX-02, elicit consistent readthrough of STOP 
codons (PTCs) in human PKD1 mRNA and partially correct several pathogenic features of mutant PKD1 cells. 
These observations support the hypothesis that selected aminoglycosides +/− mefloquine can induce sufficient 
readthrough to ameliorate cystic renal disease in ADPKD patients bearing PKD1 premature termination codons.

Materials and methods
Plasmids
Human full-length (amino acids 1–4303) wildtype PKD1-WT-FLAG and PKD1-E3020X-FLAG expression 
vectors were obtained from Addgene (AF20 and AF41, respectively; Addgene, Watertown, MA, USA). In both 
constructs, FLAG tag is expressed in-frame at the C-terminus. The PKD1 cDNA is expressed under CMV 
enhancer/promoter. The small FLAG-PKD1-NanoLuc and FLAG-PKD1-GFP reporters were custom-designed 
by GenScript (New Jersey, USA) by fusing in-frame a small fragment of the human PKD1 gene encoding amino 
acids 4078–4303 with an N-terminally expressed FLAG tag and either a C-terminally expressed NanoLuc 
sequence (from pNLF1 vector, NCBI accession number KF811458) or eGFP sequence (from the GeneScript 
library). The matching FLAG-PKD1-R4228X-NanoLuc and FLAG-PKD1-R4228X-GFP reporters expressing 
common nonsense variant R4228X (C>T(12891, NCBI accession number NM_001009944.3) were also 
generated. All small reporters were made on the pcDNA3.1/Hygro(+) backbone from the GenScript library. 
Firefly Luciferase (pGL2-Empty control-SV40-Luc) was a gift from Rudolf Jaenisch (Addgene plasmid # 26280); 
Renilla Luciferase (R-Luc vector driven by the SV40 promoter, Promega, Car# E2231).

Cell culture and transfection
All experiments with human cells were covered by the Research Institute of the McGill University Health Centre 
Environmental Health and Safety protocol (230702-ET-1) and were conducted according to the institutional 
rules and regulations. The cells from the ATCC were obtained with the appropriate Material Transfer Agreements. 
Experiments were carried out in human embryonic kidney (HEK) 293 cells, human proximal tubule HK-2 cells 
(CRL-2190, ATCC, Manassas, VA, USA,) and WT9-12 cells (CRL-2833, ATCC). HEK293 cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM, Wisent, St-Bruno, QC, Canada). HK-2 and WT9-12 cells were 
grown in a 1:1 mixture of DMEM and Ham’s F12 medium (DMEM-F12, Wisent). All media were supplemented 
with 10% fetal bovine serum (FBS, heat-inactivated; Wisent), penicillin (100 units/ml) and streptomycin 
(100 μg/ml) both from Wisent. Cells were detached in 0.25% trypsin and 2.21 mM EDTA solution (Wisent). All 
cells were grown at 37 °C in a humidified environment at 5% CO2.

Transfections were performed using jetPRIME reagent (VWR International, Mississauga, ON, Canada) 
according to the manufacturer’s instructions. Small FLAG-PKD1-WT-GFP and FLAG-PKD1-R4228X-GFP 
reporters were transiently transfected using FuGENE®6 Transfection Reagent (Promega Corporation, E2691) 
according to the manufacturer’s instructions. To generate stable clones, HEK293 cells were transfected with 
either the full-length PKD1-WT-FLAG or the PKD1-E3020X-FLAG construct, together with pcDNA3.1-hygro 
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(Thermo Fisher, Waltham, MA, USA). The WT9-12 cells were transfected with the full-length PKD1-WT-
FLAG and pcDNA3.1/Hygro (Invitrogen, Waltham, MA, USA). Forty-eight hours after transfection, cells were 
passaged, and individual clones were selected within three weeks in complete growth medium supplemented 
with hygromycin (0.3 mg/ml) (Thermo Fisher). The expression of exogenous wildtype or mutant Polycystin1 was 
confirmed by Western immunoblotting in several individual clones. The clones with the Polycystin1 expression 
at levels comparable to endogenous PC1 expression in the HK-2 cells were selected for further experiments.

Cell treatment with aminoglycosides
HEK293 clones stably expressing either full-length PKD1-WT-FLAG or PKD1-E3020X-FLAG, WT9-12 mutant 
cells, and WT9-12 cells stably expressing full-length PKD1-WT-FLAG protein were seeded in 24-well plates and 
treated 24 h later with 0–400 μg/mL ELX-02 (Eloxx Pharmaceuticals, USA), 0–400 μg/mL of G418 (Thermo 
Fisher), and/or 5 μM of mefloquine (Millipore Sigma, Oakville, ON, Canada) for 48 h. Control HK-2 cells were 
cultured alongside HEK293 and WT9-12 cells in the medium without drugs. In wash-off experiments, cells 
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were treated with aminoglycosides with or without mefloquine for 48  h, quickly washed and then switched 
to fresh medium without drugs. Cells were harvested or fixed, and assayed by Western blot, Luciferase assays, 
quantitative PCR and immunofluorescence as described below. To the HEK293 cells transiently transfected 
with small FLAG-PKD1-WT-Nanoluc, FLAG-PKD1-R4228X-Nanonluc, FLAG-PKD1-WT-GFP and FLAG-
PKD1-R4228X-GFP, aminoglycosides and/or 7.5 µm mefloquine were added 6–8 h post-transfection, cells were 
cultured in the presence of drugs for 48 h and then processed for luciferase assays or GFP live imaging.

Western immunoblotting
Cell pellets were lysed on ice for twenty minutes in RIPA buffer (1  mM DTT, 1  mM EDTA, 1  mM EGTA, 
150 mM NaCl, 50 mM Tris–HCl, pH 7.4, 1% Triton X-100) (all reagents from BioShop Canada, Burlington, ON, 
Canada), supplemented with 1  mM phenylmethylsulfonyl fluoride (PMSF, Millipore Sigma) and a complete 
protease inhibitor cocktail (Thermo Fisher). Cell lysates were centrifuged at 12,000g for 20 min at 4 °C, and the 
supernatants were stored at − 80 °C. Protein quantification was conducted using Bradford protein assay reagent 
(Bio-Rad, Mississauga, ON, Canada). Initially, we conducted a pilot study to optimize visualization of PC1 
protein: various gel gradients, concentrations of sucrose and SDS were tested. Equal amounts of proteins per lane 
were separated on 4–10% polyacrylamide/0.2% SDS gels containing 6% sucrose and subsequently transferred 
to a nitrocellulose membrane (Bio-Rad) in 25  mM Tris, 192  mM glycine (Bioshop), and 20% methanol 
(Thermo Fisher). Blots were blocked in TBS (20 mM Tris–HCl, pH 7.5, and 137 mM NaCl) supplemented with 
0.1% Tween 20 and 5% dried milk powder (reagents from Bioshop). Membranes were probed using mouse 
monoclonal antibodies against Polycystin1 (7E12, Santa Cruz, La Jolla, CA, USA), Flag M2 (Millipore Sigma), 
anti-GFP antibody (B2, Santa Cruz), and Vinculin (V9131, Millipore Sigma) followed by detection using 
Clarity™ Western ECL Substrate (Bio-rad) and ChemiDoc™ Imaging System (Bio-Rad). Densitometric analysis 
of protein expression levels was conducted via ImageJ53, URL = http://imageJ. Three independent experiments 
per condition were carried out.

Real time quantitative reverse transcription—polymerase chain reaction
Total RNA was extracted with the RNeasy Plus mini kit (Qiagen Canada, Toronto, ON, Canada) in accordance 
with the manufacturer’s instructions. The RNA concentration was quantified using a NanoDrop 2000c (Thermo 
Scientific, Waltham, MA, USA). RNA was reverse transcribed with SuperScript IV Vilo reverse transcriptase 
mastermix (Thermo Fisher) in accordance with the manufacturer’s instructions. Quantitative real-time PCR 
(qPCR) was performed with SsoFast™ EvaGreen® Supermix (Bio-Rad) using the Applied Biosystems QuantStudio 
Real-Time PCR Detection System (Thermo Fisher). Results were calculated utilizing the ΔΔCt method. The 
level of gene expression in each sample was normalized to the reference human housekeeping HPRT gene and 
presented as a fold change relative to the expression of genes in cells untreated with aminoglycosides. Two 
biological replicas per experiment, three technical replicas per each biological sample were processed for each 
gene. A minimum of three independent experiments were carried out. The primer sequences utilized are listed 
in Supplemental Table.

Immunofluorescence
For all immunodetection experiments, cells were plated on cover slips coated with 15 µg/ml rat tail Collagen 
type I (Thermo Fisher) in a 12-well tissue culture plate (VWR International). Cells were treated for 48 h with 
aminoglycosides +/− mefloquine as described above, washed with PBS and fixed in 4% Paraformaldehyde (PFA)/
PBS (Thermo Fisher) for 20 min at RT. For YAP1 and β-catenin immunodetection, the autofluorescence was 
quenched with 100 mM glycine in PBS for 10 min. Cells were permeabilized with 0.5% Triton X-100 (Fisher) 
in PBS for 5 min and then blocked for 30 min at room temperature in 10% Normal Donkey Serum (NDS) 
(Cedarlane, Burlington, ON, Canada), 1% Albumin Bovine Serum (BSA) (BioShop), 0.1% Triton X-100 in 
PBS. Cells were incubated with anti-YAP1 antibody (Cat# H00010413-M01, Abnova, Taipei, Taiwan) or anti-
β-catenin antibody (Cat# 8480, Cell Signaling, Danvers, MA, USA) in 1% BSA, 0.1% Triton X-100 in PBS for 
1.5 h at RT followed by incubation with secondary Donkey Alexa-488 anti-mouse IgG (H + L) antibody (Cat# 
A-21202, Thermo Fisher) or Donkey Alexa-488 anti-rabbit IgG (H + L) antibody (Cat# 711-545-152, Cedarlane) 

Fig. 8.  Effect of aminoglycosides on YAP signaling in the PKD1 mutant cells. (A) Representative images of 
immunofluorescence detection of total YAP1 protein and its localization in the WT9-12 cells stably expressing 
wildtype PKD1-WT-FLAG (control) and in the mutant WT9-12 cells. The mutant cells were treated with 
400 µg/ml G418 or ELX-02 +/− 5 µM mefloquine for 48 h. Scale bar is 20 µm. (B) Quantification of the 
nuclear/cytosolic ratio of YAP IF intensities. Nuclear YAP is associated with higher YAP signalling; cytosolic 
YAP is associated with inactive YAP. AMG treatment of the mutant cells leads to a partial decrease (~ 10%) 
of abnormal nuclear localization of YAP in the mutant cells. (C) WT9-12 cells and matching WT9-12 clones 
stably expressing wildtype PKD1-WT-FLAG construct were transfected with YAP-luciferase reporter, and the 
cells were treated with 400 µg/ml G418 or ELX-02 +/− 5 µM mefloquine. The luciferase activity was measured 
after 48 h of treatment. The AMGs significantly suppress YAP transcriptional signaling. (D) Quantitative RT-
PCR to measure expression of YAP transcriptional targets. Relative expression of each gene in the untreated 
WT9-12 cells is assigned “1”. Expression of each gene is normalized for its expression in untreated WT9-12 
cells. Treatment with AMGs significantly lowers YAP target expression in 7/8 genes tested. Three independent 
experiments for each condition were carried out. Standard deviations are shown in all graphs. *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001—samples were compared to the untreated sample (one way ANOVA 
followed by the Tukey’s multiple comparisons test. NT—nontreated cells; MF—mefloquine.

◂

Scientific Reports |        (2025) 15:42746 15| https://doi.org/10.1038/s41598-025-26775-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


in 5% NDS, 0.1% Triton X-100 in PBS for 1 h at RT. 4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI) 
(Millipore Sigma) was applied to stain nuclei, and the cells were mounted with Fluoromount-G™ Mounting 
Medium (Thermo Fisher). The images were captured on a LSM880 Laser Scanning Confocal Microscope (ZEISS, 
Oberkochen, Germany) using a Plan-Apochromat 63×/1.40 Oil DIC M27 lens. All images were analyzed by Zen 
2.1 SP3 package software (ZEISS Blue edition) using Zones of Influence method; ​h​t​t​p​s​:​​​/​​/​w​w​​w​.​z​e​i​s​​s​.​c​​o​m​/​​m​i​c​r​o​s​​c​
o​​p​y​​/​​e​n​/​h​​o​​m​e​.​​h​t​​m​l​?​v​​a​​U​R​​L​=​w​w​​w​.​​z​e​i​​​s​s​.​c​o​​m​/​m​i​c​r​o​s​c​o​p​y. The primary object was defined as the nucleus with the 
ZOI width 30 pixel around the nucleus. The area (µm2) of each individual nucleus, the area of each ZOI and the 
mean intensity of YAP1 channel in each designated area were measured, and the ratio of nuclear YAP1 intensity 
per area unit to the intensity of YAP1 in the ZOI per area unit was calculated for each cell. Total β-catenin 
intensity per cell or per each nucleus was calculated using Image J. 10 images per experiment were taken in three 
independent experiments for YAP1 and β-catenin immunostaining.

GFP-expressing live-cell imaging
The HEK293 cells transiently transfected with small FLAG-PKD1-WT-GFP and FLAG-PKD1-R4228X-GFP 
reporters were treated with aminoglycosides for 48  h as described above. GFP expression in live cells was 
captured using transmitted light and a green fluorescence channel, objective X 10, on AxioObserver 100 inverted 
fluorescence microscope (ZEISS) using ZEN 2.6 software (ZEISS Blue Edition). The percentage of GFP-positive 
cells per image was calculated. The number of green + cells in the HEK293 cells expressing FLAG-PKD1-
R4228X-GFP reporter was presented as a percentage of the green + HEK293 cells expressing wildtype FLAG-
PKD1-WT-GFP, taken as “100%”. A minimum of 10 images per experiment were captured; three independent 
experiments were carried out.

Cell adhesion assay
HEK293 clones stably expressing full-length PKD1-WT-FLAG or PKD1-E3020X-FLAG, WT9-12 cells and 
WT9-12/PKD1-WT-FLAG stable clones were treated for 48 h with 400 µg/mL aminoglycosides, +/− mefloquine, 
trypsinized, pelleted, and washed with DMEM. Cells were resuspended in DMEM/0.1% BSA, counted, and the 
concentration was adjusted to 500,000 cells/ml. 50,000 cells were seeded into each well of 96-well plates coated 
with 50 µg/ml of rat tail collagen type I (Cat# A1048301, Thermo Fisher) and incubated at 37 °C for 2 h. Control 
wells contained cell-free medium. The plates were then rinsed twice with ice-cold PBS on ice. Cells were fixed 
in cold methanol and stained for 10 min at RT with 0.5% crystal violet in 20% methanol. The wells were cleared 
with distilled water and air-dried overnight. 100 μl of 1% SDS solution was added to each well for 10 min at 
RT to solubilize the cells, and the absorbance was measured at 570 nm using an Infinite M200 Pro microplate 
reader (Tecan, Männedorf, Switzerland). The background for the staining procedure was measured at OD 570 
in the wells without cells. Three independent experiments were carried out, 8 replicas per experiment for each 
condition.

Luciferase assay
HEK293 cells were transfected at 85–90% confluency with the small PKD1-WT-Nanoluc or PKD1-R4228X-
Nanoluc reporters and a firefly luciferase reporter plasmid as an internal control at a ratio of 1:5. Six hours 
post-transfection, aminoglycosides and/or mefloquine were added to the medium. At 48 h, cells were collected, 
and nano-luciferase activity was quantified with the Nano-Glo luciferase assay (Promega, Madison, WI, USA) 
following the manufacturer’s instructions. The assay for firefly luciferase was conducted according to manufacturer 
instructions (Pierce™ Renilla-Firefly Luciferase Dual Assay Kit (Thermo Fisher). YAP transcription activity was 
quantified utilizing the 8xGTIIc-luc (firefly) reporter (Cat# 34615, Addgene) alongside a Renilla-luciferase 
plasmid (10:1 ratio). At six hours post-transfection, fresh growth medium containing aminoglycosides, with 
or without mefloquine, was added and cells were collected at 48  h. To measure activity of canonical WNT 
signaling, a TOPFLASH construct37 alongside a Renilla-luciferase construct was utilized; FOPFLASH reporter 
plasmid37 with a mutant TCF/LEF binding site served as a negative control. Six hours post-transfection, 
aminoglycosides +/− mefloquine were added. At 24 h post-transfection, the medium was replaced with a 1:1 
mixture of growth medium and conditioned medium (from L-Wnt3A cells or L-cells (CRL-2647 ™ and CRL-
2648, respectively, ATCC) containing aminoglycosides. On the following day, cells were collected for assays. 
Firefly luciferase and Renilla luciferase activities were assessed using Pierce Renilla-Firefly Luciferase Dual assay 
kit (Thermo Fisher). Luciferase activities were measured using a Fluostar Optima luminometer (BMG Labtech, 
Ortenberg, Germany). Three technical replicas per condition per experiment were used; three independent 
experiments for each luciferase construct were conducted.

PrestoBlue cell viability assay
HEK293 and WT9-12 cells were seeded at a density of 0.03 × 106 cells per well in 48-well tissue culture plates 
and cultured in complete medium until ~ 85–90% confluency and then treated with aminoglycosides for 48 h, 
where indicated. PrestoBlue reagent (Thermo Fisher) was then added, and incubation was continued for 2 h. 
Absorbance was measured at 570 nm and normalized to the 600 nm value.

Cell surface biotinylation
We used the biotinylation method described in54. Briefly, WT9-12 cells were grown in 60 mm dishes, treated with 
aminoglycosides and mefloquine for 48 h as described above and rinsed twice with ice-cold PBS supplemented 
with 0.9 mM CaCl₂ and 0.49 mM MgCl₂ (pH 7.4) (Wisent). Cell surface proteins were biotinylated for 30 min 
by adding a 1  mg/ml solution of EZ-Link™ Sulfo NHS-LC-LC-Biotin (in supplemented PBS) (#A35358, 
Thermofisher) in the cold room. Biotinylation was stopped by three washes in cold 100 mM Glycine (pH 3.0) 
in supplemented PBS. Cells were then lysed in 1% Triton X-100, 150 mM NaCl, 10 mM Tris–HCl at pH 7.5, 
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1 mM EDTA, 1 mM EGTA, 0.5% NP-40, and 10% sucrose at 4 °C for 30 min. The lysates were collected by 
centrifugation at 15,000×g for 20  min, and biotin-labelled surface proteins were captured on NeutrAvidin 
Agarose beads (Pierce, Thermofisher) by rotating overnight at 4 °C. Proteins bound to beads were collected by 
a brief centrifugation at 3000×g for 1 min, and pellets were washed three times with lysis buffer for 20 min at 
4 °C. Biotin-labeled surface proteins were eluted with SDS gel-loading buffer and analyzed by western blotting. 
Experiment was repeated twice.

Statistical analysis
GraphPad Prism software, version 10.6.1, https://www.dotmatics.com/ (La Jolla, CA) was used to produce all 
graphs and for statistical analyses. For two group comparisons, a two-tailed unpaired Student’s t-test was used. 
For comparisons among more than two groups, one-way ANOVA was used followed by post-hoc analyses 
using Tukey’s multiple comparisons test. The standard deviations are shown in all graphs. A p-value ≤ 0.05 was 
considered significant; the p-values in the graphs are * for p ≤ 0.05, ** for p ≤ 0.01, *** for p ≤ 0.001, and **** for 
p ≤ 0.0001; not significant values are not shown.

Data availability
All data are available upon request. Please contact Elena Torban at elena.torban@mcgill.ca or Paul Goodyer at 
paul.goodyer@mcgill.ca.
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