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Abstract 

Polycystic kidney disease (PKD) results in the formation of renal cysts that can impair 

function leading to renal failure. DNA damage accumulates in renal epithelial cells in PKD 

but the molecular mechanisms are unclear and are investigated here. Phosphoinositide 3-

kinase (PI3K)/AKT signaling activates mammalian target of rapamycin complex 1 

(mTORC1) and hyperactivation of mTORC1 is a common event in PKD, however, mTORC1 

inhibitors have yielded disappointing results in clinical trials. Here we demonstrate AKT and 

mTORC1 hyperactivation in two representative murine PKD models (renal epithelial-specific 

Inpp5e knockout and collecting duct-specific Pkd1 deletion) and identify a downstream 

signaling network that contributes to DNA damage accumulation. Inpp5e- and Pkd1-null 

renal epithelial cells showed DNA damage including double-stranded DNA breaks associated 

with increased replication fork numbers, multinucleation and centrosome amplification. 

mTORC1 activated CAD, which promotes de novo pyrimidine synthesis, to sustain cell 

proliferation. AKT, but not mTORC1, inhibited the DNA repair/replication fork origin firing 

regulator TOPBP1, which impacts on DNA damage and cell proliferation. Notably, Inpp5e- 

and Pkd1-null renal epithelial cell spheroid formation defects were rescued by AKT 

inhibition. These data reveal that AKT hyperactivation contributes to DNA damage 

accumulation in multiple forms of PKD and cooperates with mTORC1 to promote cell 

proliferation. Hyperactivation of AKT may play a causal role in PKD by regulating DNA 

damage and cell proliferation, independent of mTORC1, and AKT inhibition may be a novel 

therapeutic approach for PKD.  
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Introduction 

Polycystic kidney disease (PKD), the most common inherited renal disease, is 

characterized by renal tubule dilations that form cysts which reduce renal function and can 

cause renal failure. Tolvaptan, the only approved treatment, slows but does not halt or reverse 

disease progression (1). PKD is most frequently associated with autosomal dominant PKD 

(ADPKD, OMIM 173900, 613095) and autosomal recessive PKD (ARPKD, OMIM 263200, 

617610) but is also observed in syndromic ciliopathies. PKD1, encoding Polycystin 1 (~85% 

of subjects), and PKD2, encoding Polycystin 2, are mutated in ADPKD, whereas PKHD1 

(encoding Fibrocystin) and rarely DZIP1L (encoding DAZ interacting protein 1-like) 

mutations cause ARPKD (2-4). Numerous genes associated with primary cilia are mutated in 

ciliopathy syndromes including INPP5E, which encodes an inositol polyphosphate 5-

phosphatase (4-7). Common cyst promoting mechanisms including activation of mTORC1, 

extracellular signal regulated kinase and receptor tyrosine kinases, metabolic defects and 

DNA damage have been implicated in all forms of PKD (8).  

DNA damage is emerging as a possible disease promoting mechanism in many PKD 

models (9-17). Cells and kidneys with depletion of the syndromic PKD genes CEP290, 

NEK8, CEP164 or SDCCAG8 exhibit double-stranded DNA breaks (9-13). ADPKD cells and 

mouse models also show double-stranded breaks and cytogenetic abnormalities (14-17). PKD 

gene mutations are hypothesized to impair the cellular response to DNA damage leading to 

double-stranded break accumulation. Chemical induction of DNA damage also disrupts renal 

epithelial cell 3D architecture, a model of cystic kidney disease phenotypes (10, 18). 

Therefore, emerging evidence suggests DNA damage in renal epithelial cells impedes the 

processes required to maintain renal architecture, thereby contributing to cystic disease (10). 

However, the underlying mechanisms that drive DNA damage in PKD remain unclear. DNA 

is highly susceptible to damage during S phase as protein-DNA complexes, DNA secondary 

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article-abstract/doi/10.1093/hm
g/ddz232/5589186 by M

onash U
niversity Library user on 21 N

ovem
ber 2019



Conduit et al 

4 

 

structure or modifications halt replication fork progression (10, 19). Stalled replication forks 

may be repaired by the DNA damage response or collapse into double-stranded breaks (19). 

Distinct roles in DNA damage prevention or repair have been reported for each ciliopathy 

gene product examined to date. CEP290 and NEK8 depletion reduced replication fork 

velocity and induced collapse and asymmetry (9, 10.) S phase progression is slowed in 

SDCCAG8 knockout cells (11). ZNF423 and CEP164 localize to nuclear foci in response to 

DNA damage (12). No studies have examined the mechanisms driving DNA damage in 

ADPKD and the signaling pathways that contribute to DNA damage accumulation in distinct 

forms of PKD are unclear (14-17).  

Following receptor activation, phosphoinositide 3-kinase (PI3K) is activated and 

generates the membrane bound lipid phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3) 

which recruits and activates the serine threonine kinase AKT and its activating kinase PDK1 

(20-22). AKT activates many effectors including mTOR, a serine-threonine kinase that forms 

two distinct signaling complexes, mTORC1 and mTORC2 (22-28). Activated mTORC2 

forms a positive feedback loop leading to additional activating phosphorylation of AKT (22, 

28, 29). mTORC1 activation of S6K regulates cell growth, metabolism and promotes de novo 

pyrimidine synthesis (27, 30-32). Hyperactivation of mTORC1 is commonly observed in 

PKD and agents that inhibit mTORC1, such as Rapamycin and Everolimus have shown 

promising results in animal models of PKD (33, 34) but translation into human clinical use 

has proved challenging (35-40). 

Here, we explored the molecular mechanisms promoting DNA damage accumulation 

in PKD using murine models of syndromic PKD and ADPKD and identify the serine-

threonine kinase AKT as a regulator of DNA damage. Hyperactivation of AKT inhibited 

DNA repair proteins and increased replication fork numbers leading to DNA damage 

accumulation. AKT also functions with increased mTORC1 signaling to promote cell 
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proliferation. These studies suggest a possible future avenue for treatment of PKD may to be 

lower the levels of AKT activation by PI3K or AKT inhibitor treatment.  
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Results 

DNA damage accumulates in renal epithelial cells in PKD 

To examine the molecular mechanisms responsible for DNA damage accumulation in 

PKD we used representative syndromic and ADPKD murine models. INPP5E is an inositol 

polyphosphate 5-phosphatase that hydrolyses PI3K generated PtdIns(3,4,5)P3 and suppresses 

AKT and mTORC1 signaling (41-43). INPP5E mutations cause the ciliopathies MORM 

(OMIM 610156) and Joubert syndrome (OMIM 213300) which is associated with renal cysts 

(5-7, 44, 45). We previously deleted Inpp5e specifically in the renal epithelium by crossing 

Inpp5e floxed mice (LoxP sites flank exons two to six) with Ksp1.3-Cre (hereafter KspCre) 

mice to generate Inpp5e
fl/fl

;KspCre mice, a syndromic PKD model (43, 46). The Ksp 

promoter drives Cre recombinase expression in branching ureteric buds and the collecting 

duct, loop of Henle and distal tubule epithelium from E11.5 (47, 48). We reported 

Inpp5e
fl/fl

;KspCre mice developed PKD from postnatal day (P)7 with numerous cysts (Figure 

S1A) and renal failure by P21 (43). Most cysts arose from the collecting duct (Figure S1B) 

and some from the distal tubule/loop of Henle (43), consistent with other KspCre-induced 

PKD models (49). 

We also utilized Pkd1
fl/fl

;Hoxb7Cre mice, an orthologous ADPKD model. Pkd1 

encodes Polycystin 1, a transmembrane protein that forms a receptor/ion channel complex 

with Polycystin 2 (50). Pkd1
fl/fl

 mice contain LoxP sites flanking exons two to four (51) and 

Hoxb7Cre is expressed in the epithelium of the embryonic mesonephric duct from E9.5 and 

its derivatives (collecting ducts, ureter) (52). Consistent with a previous report (53), 

Pkd1
fl/fl

;Hoxb7Cre mice exhibited enlarged kidneys and collecting duct-derived cysts by P7 

(phenotype at P11 shown in Figure S1C). 

Inpp5e- and Pkd1-null cystic kidneys were evaluated for evidence of DNA damage. 

Phosphorylation of histone H2AX at S193 (known as γH2AX) is a marker of double-stranded 
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breaks, which signals the DNA damage response machinery to initiate repair (54). Models 

with depletion of some PKD genes exhibit increased γH2AX signals (9-13). Double-stranded 

breaks were assessed in developing (P7) and established (P21) cysts using γH2AX 

immunohistochemistry. Inpp5e
fl/fl

;KspCre kidneys exhibited an increased proportion of 

collecting duct cells with γH2AX nuclear foci compared to controls, suggesting the 

accumulation of double-stranded DNA breaks (Figure 1A-C). We were unable to assess 

γH2AX signals prior to cyst formation at P7 due to the high proliferation rate of the 

developing kidney where many cells were γH2AX immunopositive, however, slower 

progressing cystic models exhibit DNA damage from early in progression (9, 10). As double-

stranded breaks can be repaired or accumulate if repair fails (55), we evaluated whether the 

double-stranded breaks in Inpp5e
fl/fl

;KspCre cyst lining epithelial cells were associated with 

multinucleation. The Inpp5e
fl/fl

;KspCre cystic epithelium exhibited multinucleated cells in 

vivo which were not observed in control kidneys (Figure 1D). DNA damage can induce 

centrosome amplification (56). A cell contains one centrosome following mitosis that is 

duplicated during S phase for mitotic spindle formation during the next division (55). 

Centrosome number was assessed in primary renal epithelial cells (pRECs) isolated from P16 

control and Inpp5e
fl/fl

;KspCre kidneys by -tubulin immunostaining. The number of Inpp5e-

null pRECs exhibiting centrosome amplification (>2 centrosomes) was increased compared 

to controls (Figure 1E and Figure S1D), consistent with other PKD models (9). This analysis 

was extended to the Pkd1-null model which also showed increased γH2AX positive 

collecting duct epithelial cells relative to control at P11 (Figure 1F and Figure S1E) and 

multinucleated cyst lining epithelial cells (Figure 1G).  

A recent study using HeLa cells reported INPP5E is required for the spindle assembly 

checkpoint (SAC) which ensures kinetochores attach to the mitotic spindle before 

chromosome segregation (57). To determine whether Inpp5e-null pRECs exhibit SAC defects 
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(characterized by the formation of multiple small nuclei following mitotic completion in the 

presence of microtubule perturbation), Inpp5e
fl/fl

;KspCre and control pRECs were treated 

with Nocodozole to destabilize the microtubules and activate the SAC. A functional SAC will 

arrest cells in prometaphase. The proportion of cells which were multinucleated, arrested 

prior to mitosis or at the SAC (mitotic arrest) was scored. Very few cells of either genotype 

escaped the SAC (multinucleated morphology) with no significant difference between 

genotypes (Figure S1F), indicating SAC insufficiency is unlikely to contribute to DNA 

damage in Inpp5e-null pRECs. Indeed, the percentage of Inpp5e
fl/fl

;KspCre cells exhibiting 

pre-mitotic arrest was slightly increased and mitotic arrest reduced compared to controls 

(Figure S1F), suggesting DNA damage in Inpp5e
fl/fl

;KspCre cells may occur earlier in the cell 

cycle than the SAC.  

 

Proliferation and replication forks are increased in PKD models 

DNA is most liable to damage during S phase (19) and cell proliferation is a key 

feature of PKD which promotes cyst expansion (58). Inpp5e
fl/fl

;KspCre cystic and control 

kidney sections were immunostained with proliferating cell nuclear antigen (PCNA) 

antibodies to determine whether Inpp5e-null cystic collecting duct cells are proliferative. At 

P7 cell proliferation was increased in cystic epithelial but not normal tubules in 

Inpp5e
fl/fl

;KspCre kidneys (Figure 2A). The percentage of PCNA positive collecting duct 

cells was also increased in established cysts at P21 (Figure 2A). Increased cell proliferation 

was also observed with Inpp5e deletion as assessed by phosphorylated histone (pHistone) H3 

immunostaining in collecting duct cells (Figure S2A). Apoptosis of cyst lining epithelial cells 

contributes to PKD progression and can be induced by DNA damage (59-61). 

Inpp5e
fl/fl

;KspCre kidneys exhibited few cleaved caspase 3 immunopositive apoptotic cells in 
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the collecting duct and interstitium, similar to Inpp5e
+/+

;KspCre (Figure S2B), indicating 

DNA damage observed in Inpp5e-null renal epithelia does not induce apoptosis.  

DNA damage is most likely during replication, as forks can stall, collapse and form 

double-stranded breaks (10, 19). Therefore, increased replication fork numbers during S 

phase increases the probability of a defect and DNA damage accumulation (62). Depletion of 

several syndromic PKD genes induces replication fork defects (9, 10). During G1, potential 

origins of replication are licensed, however, not all origins fire in S phase and those that do 

are precisely spatially and temporally regulated (63). A short pulse of the thymidine analogue 

Bromodeoxyuridine (BrdU) labels S phase cells at each replication fork where it is 

incorporated. The mean fluorescence intensity (MFI) of the thymidine analogue signal is 

proportional to the number of replication forks (62). Inpp5e
+/+

;KspCre and Inpp5e
fl/fl

;KspCre 

pRECs were treated with BrdU for 45 minutes and the BrdU MFI per S phase nucleus 

measured, revealing increased BrdU MFI per nucleus in Inpp5e
fl/fl

;KspCre cells (Figure 2B). 

To directly assess replication fork number, the number of BrdU puncta per S phase nucleus 

was scored. Wild type S phase cells exhibit an average of 100 replication fork foci (62), 

therefore we scored the number of S phase cells with more or less than 100 BrdU foci, 

revealing an increased number of Inpp5e
fl/fl

;KspCre pRECs with >100 BrdU puncta per 

nucleus compared to controls (Figure S2C). These data are consistent with the presence of 

more replication forks in Inpp5e-null cells. In Inpp5e
fl/fl

;KspCre pRECs the percentage of 

cells with DNA damage (γH2AX positive) that were in S phase (BrdU positive) was 

increased compared to Inpp5e
+/+

;KspCre pRECs (Figure 2B), suggesting DNA damage may 

be associated with the S phase, similar to other PKD gene depletion models (10).  

Cell proliferation and replication forks were also examined in Pkd1
fl/fl

;Hoxb7Cre 

kidneys. PCNA immunostaining revealed increased collecting duct cell proliferation in 

Pkd1
fl/fl

;Hoxb7Cre kidneys relative to Pkd1
fl/fl

 controls at P11 (Figure 2C). The number of 
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replications forks per S phase nucleus was also increased with Pkd1 deletion, evidenced by 

elevated BrdU MFI in P11 Pkd1
fl/fl

;Hoxb7Cre pRECs following 45 minute BrdU treatment 

(Figure 2D). Furthermore, the percentage of DNA damaged cells in S phase was increased 

with Pkd1 deletion, shown by an increased percentage of γH2AX positive cells that were 

BrdU positive (Figure 2D). Collectively, these data are consistent with the interpretation that 

Inpp5e-null and Pkd1-null cystic epithelial cells exhibit increased cell proliferation, 

replication forks and DNA damage.  

 

Hyperactivation of AKT and mTORC1 signaling in PKD 

mTORC1 signaling is almost universally activated in PKD (64), and hyperactivation 

of one of its regulators, AKT, has been detected in many murine PKD models and human 

ARPKD kidneys (33, 65-69). AKT activates mTORC1 via inhibitory phosphorylation of its 

negative regulators PRAS40 and the TSC complex (22-26). AKT is activated by T308 and 

S473 phosphorylation downstream of PI3K signaling (20-22). Notably, in cancer cells and 

fibroblasts AKT promotes origin firing, inhibits DNA repair at replication forks and 

cooperates with mTORC1-driven cell proliferation (62, 70-72). As we observed DNA 

damage and increased replication fork numbers in Inpp5e and Pkd1 knockout kidneys, we 

hypothesized AKT hyperactivation may be a common molecular mechanism contributing to 

DNA damage accumulation in both PKD models. Inpp5e deletion in renal epithelial cells 

increases PtdIns(3,4,5)P3 levels leading to AKT and mTORC1 hyperactivation (43), however, 

the mechanisms for mTORC1 activation in Pkd1-null kidneys are less clear.  

We characterized the AKT and mTORC1 activation status and downstream signaling 

networks in the PKD mouse models. We previously reported increased AKT phosphorylation 

(T308 and S473) and protein expression in P21 Inpp5e
fl/fl

;KspCre kidneys (43) and confirmed 

this observation earlier in disease at P16 via immunoblotting (Figure S3A). Both AKT1 
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(S473) and AKT2 (S474) phosphorylation and protein expression were increased in P21 

Inpp5e
fl/fl

;KspCre kidneys relative to controls (Figure S3B). In addition, phosphorylation of 

the AKT substrate PRAS40 was increased in P21 Inpp5e
fl/fl

;KspCre kidneys (Figure 3A, 

Figure S3C). Interestingly, pAKT(S473) immunoreactivity was detected in Inpp5e-null cystic 

epithelial cell nuclei, where it may phosphorylate nuclear targets (Figure 3B). S6K is 

phosphorylated/activated by mTORC1 (30, 31). Phosphorylated and total S6K levels were 

increased in Inpp5e
fl/fl

;KspCre kidneys (Figure 3C, Figure S3D). Notably, total AKT and 

S6K protein expression were elevated in Inpp5e-null kidneys, as observed in other PKD 

models (33, 66). An increase in total and phosphorylated protein kinase levels indicates there 

is a larger pool of active enzyme to hyperactivate downstream signaling in Inpp5e-null cystic 

kidneys.  

We also observed increased phosphorylated and total pan-AKT, AKT1 and AKT2 

levels (Figure 3D, Figure S4A-B) and hyperactivation of PRAS40 (Figure 3E, Figure S4C) in 

P11 Pkd1
fl/fl

;Hoxb7Cre kidneys compared to controls. Furthermore, phosphorylation and 

expression of S6K was increased in Pkd1 knockout kidneys (Figure 3F, Figure S4D), 

revealing AKT and mTORC1 hyperactivation, consistent with previous studies of Pkd1-null 

cells (33, 73).  

 

AKT-dependent inhibition of DNA repair/origin firing regulators in PKD 

DNA double-stranded breaks occurring at replication forks can be resolved by 

activation of the DNA damage response and recruitment of repair enzymes. The DNA 

damage response protein Ataxia Telangiectasia and Rad3-related (ATR) also tightly controls 

replication fork origin firing in perturbed and unperturbed S phase (74-76). DNA 

Topoisomerase II Binding Protein 1 (TOPBP1) mediates DNA repair and activates ATR to 

restrain origin firing and is regulated by AKT, independent of mTORC1 (70, 77). AKT 
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phosphorylates TOPBP1 at S1159 promoting oligomerization and thereby inhibiting its DNA 

repair functions, possibly by disrupting chromatin binding (70, 78). Consequently, increased 

AKT activity and its nuclear localization in cystic epithelial cells may increase origin firing 

and inhibit double-stranded break repair via TOPBP1 inhibition, leading to the accumulation 

of DNA damage. AKT-dependent TOPBP1 phosphorylation (S1159) was examined in 

Inpp5e
+/+

;KspCre and Inpp5e
fl/fl

;KspCre kidneys, revealing increased pTOPBP1(S1159) 

immunopositivity in Inpp5e
fl/fl

;KspCre epithelial cells in developing (P7) and established 

(P21) cysts (Figure 4A). Inpp5e
fl/fl

;KspCre pRECs also exhibited a greater number of 

pTOPBP1(S1159) positive nuclei relative to control (Figure 4B). Notably, the pan-AKT 

inhibitor AktX (CAS 925681-41-0) rescued pTOPBP1(S1159) positive Inpp5e
fl/fl

;KspCre 

pREC numbers to control levels (Figure 4B). However, the mTORC1 inhibitor Rapamycin 

had no effect (Figure 4C) as this inhibitor does not suppress AKT signaling. Furthermore, the 

pTOPBP1(S1159) distribution in cyst lining epithelial cells was not affected by treating 

Inpp5e
fl/fl

;KspCre mice with the mTORC1 inhibitor Everolimus (Figure 4D), which partially 

rescued the cystic phenotype and downregulated mTORC1 signaling but not AKT signaling 

(43). These data are consistent with regulation of TOPBP1 phosphorylation by AKT (70), but 

not mTORC1.  

The percentage of pTOPBP1(S1159) positive Pkd1
fl/fl

;Hoxb7Cre pREC nuclei was 

also increased compared to Pkd1
fl/fl

 control cells (Figure 4E) , which was rescued by AKT but 

not mTORC1 inhibition (Figure S5). pTOPBP1(S1159) immunoreactivity was also enriched 

in the Pkd1
fl/fl

;Hoxb7Cre cystic renal epithelium (Figure 4F). Taken together, these data are 

consistent with AKT-dependent, mTORC1-independent, inhibition of the DNA repair 

protein/origin firing suppressor TOPBP1 in cystic epithelial cells.  
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CAD is hyperactivated downstream of mTORC1 in PKD  

Increased flux through de novo pyrimidine synthesis provides nucleotides required to 

sustain proliferation in the context of increased replication fork numbers (62). CAD 

(carbamoylphosphate synthetase (CPS II), aspartate transcarbamoylase, and dihydroorotase 

activity) catalyzes the first three steps of de novo pyrimidine synthesis. S6K phosphorylates 

and activates CAD(S1859) downstream of mTORC1 (28, 32). Increased mTORC1/S6K 

activity in the cystic renal epithelium observed here may activate CAD and thereby promote 

pyrimidine synthesis to feed into enhanced cell proliferation, although, this has not been 

reported in PKD. To test for CAD activation, Inpp5e
+/+

;KspCre and Inpp5e
fl/fl

;KspCre 

kidneys were immunoblotted and immunostained with pCAD(S1859) antibodies. Both 

pCAD(S1859) and total CAD protein were increased in Inpp5e-null kidney lysates compared 

to control (Figure 5A, Figure S6A), indicating there is a larger pool of active CAD available 

to stimulate pyrimidine synthesis. pCAD(S1859) immunopositive cells were observed in the 

developing (P7) and established (P21) cystic epithelium (Figure 5B). To determine whether 

CAD activation in Inpp5e
fl/fl

;KspCre kidneys is downstream of mTORC1, pCAD(S1859) 

levels were assessed in kidney lysates from Inpp5e
fl/fl

;KspCre mice treated with vehicle or 

Everolimus. pCAD(S1859) relative to GAPDH levels were significantly reduced in 

Everolimus treated kidneys (Figure 5C, Figure S6B), indicating pharmacological mTORC1 

inhibition reduces CAD activation, but protein expression is not significantly affected. 

Furthermore, both mTORC1 inhibition using Rapamycin and AKT inhibition using the 

allosteric pan-AKT inhibitor MK2206 reduced CAD phosphorylation in Inpp5e
fl/fl

;KspCre 

pRECs (Figure 5D). Complete loss of CAD phosphorylation was observed with Rapamycin 

treatment. Immunostaining revealed Everolimus reduced pCAD(S1859) immunopositive 

cells in the Inpp5e
fl/fl

;KspCre cystic epithelium (Figure 5E).  
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Pkd1
fl/fl

;Hoxb7Cre kidneys also showed increased pCAD(S1859) and total CAD 

protein (Figure 5F, Figure S6C) and pCAD(S1859) immunopositive cystic epithelial cells 

(Figure 5G). AKT inhibition reduced and mTORC1 inhibition abolished CAD 

phosphorylation in Pkd1
fl/fl

;Hoxb7Cre pRECs relative to vehicle controls (Figure 5H).  

Collectively these data are consistent with a model that mTORC1 activation of S6K, 

downstream of AKT, in PKD leads to CAD phosphorylation and activation, which in turn 

promotes de novo pyrimidine synthesis providing a substrate for DNA replication at 

increased replication forks, to sustain cell proliferation. Consistent with this hypothesis, both 

AKT (using MK2206) and mTORC1 (using Rapamycin) inhibition reduced 

Inpp5e
fl/fl

;KspCre and Pkd1
fl/fl

;Hoxb7Cre pREC proliferation as measured by the percentage 

of pHistone H3 and BrdU positive cells as a read out for cells in G2/M and S phases 

respectively (Figure S7). 

 

AKT inhibition rescues renal epithelial cell spheroid formation and DNA damage 

accumulation 

mTORC1 inhibitors have been ineffective in PKD clinical trials, possibly due to trial 

design issues, outcome measures, high dropout rates due to toxicity and/or complex changes 

in the signaling network(s) in the treated kidneys (35-40). mTORC1 signaling feeds back to 

inhibit AKT, therefore mTORC1 inhibition often results in further AKT hyperactivation (see 

model Figure 7) (79, 80). Indeed, a recent study showed dual PI3K/mTORC1 blockage was 

more effective than mTORC1 inhibition in an ADPKD model (69). Everolimus treated 

Inpp5e
fl/fl

;KspCre kidneys exhibited increased pAKT compared to controls, which may have 

contributed to the partial phenotypic rescue (43). The signaling network identified here in 

PKD suggests AKT is a central mediator that contributes to DNA damage accumulation, 

increased replication fork numbers and inhibits repair. Therefore, AKT inhibition may be 
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more effective at suppressing cyst progression than mTORC1 inhibitors. To directly test the 

effect of AKT versus mTORC1 on DNA damage accumulation, Inpp5e
fl/fl

;KspCre and 

Pkd1
fl/fl

;Hoxb7Cre pRECs were treated with AKT and mTORC1 inhibitors and the 

proportion of H2AX immunopositive cells scored. Notably, the AKT inhibitor MK2206 

reduced the number of H2AX positive pRECs in both models (Figure 6A-B), whereas 

Rapamycin mediated mTORC1 inhibition had no effect (Figure 6A-B), supporting the 

interpretation the AKT plays a role in DNA damage in PKD.  

Renal epithelial cell 3D spheroid formation is a well-characterized assay for renal 

architecture, as cells assemble into polarized structures with hollow lumens that model renal 

tubule formation. The spheroid model is more amenable than in vivo systems to genetic 

and/or pharmacological manipulation (81). Spheroid formation is an established model for 

cystic kidney disease as depletion of PKD-causing genes, including multiple genes linked to 

DNA damage, and the chemical induction of DNA damage disrupt renal epithelial cell 

spheroid architecture (9, 10, 18). P16 Inpp5e
fl/fl

;KspCre and P11 Pkd1
fl/fl

;Hoxb7Cre pREC 

spheroid morphology was assessed in the presence or absence of MK2206 In 3D pREC 

spheroid cultures from controls, 30-35% of structures exhibited a hollow lumen surrounded 

by a single layer of epithelial cells (Figure 6C-D). In contrast, only ~10% of 

Inpp5e
fl/fl

;KspCre and Pkd1
fl/fl

;Hoxb7Cre pREC spheroids exhibited a hollow lumen and 

many structures were solid balls of cells with an actin rich core (Figure 6C-D). Spheroids of 

all genotypes were variable in size, cell number and cell morphology (Figure 6C-D). Notably, 

MK2206 treatment increased the percentage of Inpp5e
fl/fl

;KspCre and Pkd1
fl/fl

;Hoxb7Cre 

spheroids exhibiting the characteristic hollow lumen morphology to levels similar to controls 

(Figure 6C-D), suggesting AKT hyperactivation may contribute to cyst progression, and in 

vitro AKT inhibition can revert 3D renal epithelial architecture. It remains unclear and 

appears unlikely that AKT inhibition in this experimental model directly resolves structural 
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DNA damage within an individual cell, rather AKT inhibition may select for the 

incorporation of genomically unperturbed cells into spheroids. This proposed model is 

reminiscent of the effect of AKT and ROCK inhibition in constitutively active PI3Kmutant 

tumor cells, whereby the proportion of cells with centrosome amplification was rescued via 

unknown mechanisms (82). Furthermore, cyclin dependent kinase inhibitor treatment rescued 

centrosome amplification in Cep290 gene trap renal cells, a PKD model (9).
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Discussion 

 DNA damage is emerging as a common event in PKD that may contribute to cyst 

progression by disrupting the processes that maintain 3D renal architecture (9-17). However, 

the molecular events that lead to DNA damage accumulation in PKD are unclear (9). Here, 

using syndromic PKD and ADPKD models we demonstrate AKT and mTORC1 signaling are 

increased in both forms of PKD, consistent with previous studies (33, 43, 64-69), and identify 

the downstream signaling network that contributes to DNA damage. Enhanced AKT 

signaling, independent of mTORC1, inhibited TOPBP1 a key regulator of DNA repair and 

suppressor of replication fork origin firing, which in turn impacted on DNA damage and 

increased cell proliferation (proposed model Figure 7). mTORC1-dependent hyperactivation 

of the pyrimidine synthesis enzyme CAD also contributed to increased cell proliferation 

(proposed model Figure 7). Notably AKT inhibition rescued Inpp5e-null and Pkd1-null 

spheroid formation defects, suggesting it may be a possible therapeutic option for PKD. 

These studies reveal enhanced AKT signaling independent of mTORC1 plays a significant 

role in PKD.  

 We and others have shown PI3K/AKT pathway hyperactivation in PKD models (33, 

43, 64-69) and dominant active PI3K induces renal cysts in mice (83). Therefore, we 

explored whether AKT hyperactivation contributes to DNA damage accumulation and 

proliferation in PKD and confirmed Inpp5e
fl/fl

;KspCre and Pkd1
fl/fl

;Hoxb7Cre kidneys exhibit 

increased AKT signaling (both AKT1 and AKT2), including increased nuclear pAKT(S473) 

in Inpp5e
fl/fl

;KspCre kidneys. The mechanism for AKT activation in Inpp5e-null cells is well 

defined (43), and although it is less clear in Pkd1-null cells this may relate to increased 

secreted growth factors in the cystic environment (84-86). DNA damage is most likely to 

occur at replication forks as they can stall and collapse into double-stranded breaks (19). 

AKT phosphorylates and inhibits TOPBP1 and CHK1, key regulators of origin firing and 
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double-stranded break repair (70-72, 77, 87). TOPBP1 activates ATR to inhibit origin firing 

and thereby limits replication fork numbers (77). Renal epithelial cells from both PKD 

models here showed increased inhibitory TOPBP1 phosphorylation, that was rescued by 

AKT but not mTORC1 inhibition. Increased replication fork numbers per S phase nucleus 

were observed in Inpp5e
fl/fl

;KspCre and Pkd1
fl/fl

;Hoxb7Cre pRECs compared to controls. 

Furthermore, in both models the DNA damage was associated with S phase and was rescued 

by AKT inhibition. Previous reports showed DNA damage in CEP290 and NEK8 depleted 

cells also occurs at replication forks (9, 10). Therefore, we propose TOPBP1 inhibition by 

AKT increases replication forks, the site at which DNA is most susceptible to damage, and 

prevents repair of double-stranded breaks, collectively promoting DNA damage accumulation 

(proposed model Figure 7). It is possible that phosphorylation/inhibition of CHK1 at S280 by 

AKT (71, 72) also contributes to increased origin firing and impaired DNA repair in PKD, 

however, the lack of specific pCHK1(S280) antibodies precludes this analysis. In addition, 

we cannot exclude the possibility that other yet to be identified AKT effectors also contribute 

to DNA damage accumulation. Interestingly, some evidence suggests the DNA damage 

response kinases ATR, ATM and DNA-PK phosphorylate AKT in the context of DNA 

damage (88-90), however, it is not clearly established whether AKT can be activated in a 

PI3K/PI(3,4,5)P3-independent manner (22). 

mTORC1 signaling through S6K activates CAD to stimulate de novo pyrimidine 

synthesis (32). In our study, Inpp5e
fl/fl

;KspCre and Pkd1
fl/fl

;Hoxb7Cre cystic kidneys 

exhibited increased S6K and CAD phosphorylation and expression. Increased CAD 

phosphorylation was mTORC1-dependent in both models. The increased production of 

nucleotides from de novo pyrimidine synthesis coupled with increased replication fork 

numbers may support rapid cystic epithelial cell proliferation, which is known to contribute 
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to cyst expansion in PKD (58) (proposed model Figure 7). Indeed, AKT and mTORC1 

inhibition reduced Inpp5e
fl/fl

;KspCre and Pkd1
fl/fl

;Hoxb7Cre pREC proliferation.  

We propose AKT inhibition may rescue effects mediated directly by hyperactive 

AKT signaling and downstream via mTORC1 to reduce DNA damage, promote repair and 

inhibit cell proliferation and may therefore be a more effective approach compared to 

mTORC1 inhibitors which have shown limited efficacy in PKD trials (35-40). We tested this 

hypothesis in a proof of principle experiment, revealing AKT inhibition rescues Inpp5e-null 

and Pkd1-null spheroid morphology, possibly via rescue of DNA damage or via selective 

pressure that promotes the incorporation of non-damaged cells into spheroids. However, we 

cannot exclude the possibility that inhibition of other AKT effectors also modulates spheroid 

architecture. Identifying the optimal timing of AKT inhibition during disease progression 

may be essential, as downregulating AKT may repair double-stranded breaks, and has been 

shown to rescue the proportion of cells with centrosome amplification within a population 

(82), but this is unlikely to rescue multinucleation or centrosome amplification in an 

individual cell. Furthermore, the need to treat for long time periods will require careful 

assessment of safety. However, AKT inhibitors have been well tolerated in solid tumor 

clinical trials (91, 92).  

In summary, our data are consistent with the contention that activation of AKT 

inhibits DNA repair and enhances replication fork numbers leading to DNA damage 

accumulation and cooperates with mTORC1 signaling to promote cell proliferation in PKD. 

This signaling network is activated in both murine syndromic PKD and ADPKD models, 

consistent with a common mechanism for the accumulation of DNA damage. These results 

may help to explain why mTORC1 inhibitors have been ineffective in PKD and suggest AKT 

as a novel therapeutic target. 
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Materials and Methods 

Antibodies and reagents  

Antibodies and organelle stains were: actin (IB: 1:5000, #MS-1295) from Thermo 

Fisher Scientific (Waltham, Massachusetts, USA), pAKT(S473) (immunoblot (IB) 1:1000, 

4058), pAKT(T308) (IB 1:1000, 2965), AKT (IB 1:1000, 4685), pAKT1(S473) (IB: 1:1000, 

9018), AKT1 (IB: 1:1000, 2967), pAKT2(S474) (IB: 1:1000, 8599), AKT2 (IB: 1:1000, 

5239), pCAD(S1859) (IB 1:1000, immunohistochemistry-paraffin IHC-P 1:100, 12662), 

CAD (IB 1:1000, 11933), cleaved caspase 3 (IHC-P 1:300, 9664), pHistone H3 (IHC-P 

1:200, IF: 1:1600, 3377), PCNA (IHC-P 1:4000, 2568), pPRAS40(T246) (IB: 1:1000, 2997), 

PRAS40 (IB: 1:1000, 2691), pS6K (IB: 1:1000, 9234), S6K (IB: 1:1000, 9202), 

pS6(S235/236) (IB: 1:1000, 4851), S6 (IB: 1:1000, 2217) and H2AX (IHC-P 1:800, IF 

1:200, 1:800, 2577) from Cell Signaling Technologies (Danvers, Massachusetts, USA), -

tubulin (IF 1:00, ab11316) from Abcam (Cambridge, Massachusetts, USA), pAKT(S473) 

(IHC-P 1:500, 700392) and GAPDH (IB 1:50,000, AM4300) from Life Technologies 

(Carlsbad, California, USA) and pTOPBP1(S1159) (IF 1:400, AP3774a) from Abgent (San 

Diego, California, USA). Alexa-Fluor-488/555-conjugated mouse and rabbit secondary 

antibodies (IHC-P 1:400/1:800, IF 1:600) and Alexa-Fluor-488 Phalloidin (1:500) were from 

Life Technologies. HRP-conjugated mouse and rabbit secondary antibodies (IB 1:10,000) 

were from GE Healthcare (Chicago, Illinois, USA) and Millipore (Burlington, Massachusetts, 

USA). Fluorescein conjugated DBA (IHC-P 1:250, FL-1031) was from Vector Laboratories 

(Burlingame, California, USA).  All other reagents were from Sigma-Aldrich (St. Louis, 

Missouri, USA) unless specified.  
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Mouse strains 

Monash University, Monash Animal Research platform animal ethics committee 

approved procedures using mice. We generated and previously described 

Inpp5e
tm1Cmit/tm1Cmit

;Ksp1.3-Cre (Inpp5e
fl/fl

;KspCre) mice (43). Pkd1
tm2Ggg/J/ tm2Ggg/J

;Hoxb7Cre 

(Pkd1
fl/fl

;Hoxb7Cre) mice were obtained from Professor Ian Smyth. Pkd1
tm2Ggg/J/

 (JAX 

#010671) were previously reported (51). All mouse stains used were on the C57BL/6 

background.  

 Genotyping was performed using PCR analysis of genomic DNA with the following 

primers: For Inpp5e
fl/fl

;KspCre mice, Inpp5e Fl WT 5’: 

GAGAAGCTGATAGATGGCTAGG, Inpp5e Fl WT 3’: 

AACCAGAAGACCTCATCAAACC, Ksp1.3-Cre 5’ AGGTTCGTTCACTCATGGA, 

Ksp1.3-Cre 3’ TCGACCAGTTTAGTTACCC, for Pkd1
fl/fl

;Hoxb7Cre mice,  Pkd1 5': CCT 

GCC TTG CTC TAC TTT CC, Pkd1 3':  AGG GCT TTT CTT GCT GGT CT, Global Cre 

5’: GCG GTC TGG CAG TAA AAA CTA TC, Global Cre 3’: GTG AAA CAG CAT TGC 

TGT CAC TT, Internal Control (Cre) 5’: CTA GGC CAC AGA ATT GAA AGA TCT, 

Internal Control (Cre) 3’: GTA GGT GGA AAT TCT AGC ATC ATC C.  

 For Everolimus treatment male Inpp5e
fl/fl

;KspCre mice used. Mice were treated orally 

from P8 to P20 with daily 4 mg/kg Everolimus (Novartis, Basel, Switzerland) or vehicle and 

killed at P21 for analysis (43). During the treatment period mice were monitored three times 

per day according to Monash University animal ethics guidelines. 

 

Isolation and culture of primary renal epithelial cells  

 pRECs were isolated as described previously (93). Briefly, P11 (Pkd1
fl/fl

 and 

Pkd1
fl/fl

;Hoxb7Cre) or P16 (Inpp5e
+/+

;KspCre and Inpp5e
fl/fl

;KspCre) murine kidneys were 

placed in 4°C PBS with 0.1% (w/v) streptomycin and 100 units/ml penicillin (Sigma-Aldrich, 
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P4458) and the capsule and ureter removed. The kidney was minced with a scalpel and 

digested using 0.2% collagenase A (Sigma-Aldrich, 10103578001) in PBS for 30 minutes at 

37°C with agitation. Horse serum was added to the cell preparation and samples were 

vortexed. The tissues was allowed to settle and the supernatant containing isolated cells were 

centrifuged for 7 minutes at 200 g. Cells were washed with PBS and centrifuged at 200 g for 

7 minutes. Finally, cells were resuspended in pREC media (DMEM/F12 (Life Technologies, 

11330) containing ITS-X (Life Technologies, 51500-056), 1.3 ng/ml T3 (Sigma-Aldrich; 

T5516),  0.04 g/ml hydrocortisone (Sigma-Aldrich, H0888), 0.02 g/ml epidermal growth 

factor (Life Technologies, PMG8044), 1:200 dilution of nystatin suspension (Sigma-Aldrich, 

N1638), 0.1% (w/v) streptomycin and 100 units/ml penicillin and 1 mM L-glutamine (Sigma-

Aldrich; 59202C)) and plated on 10 g/ml collagen (Sigma) coated dishes. For experiments 

pRECs were seeded onto 1 mg/ml ECL Cell Attachment Matrix (Millipore) coated cover 

slips or collagen coated dishes or chamber slides.  

 BrdU labelling was performed to detect replication forks in S phase and cell 

proliferation pRECs using the 5-Bromo-2’-deoxy-uridine Labeling and Detection Kit I 

(Roche, Basel, Switzerland). Cells were grown in pREC media for 24 or 60 hours +/- 

inhibitors as appropriate and then treated with BrdU for 45 minutes. Cells were then fixed 

and stained as per the manufacturer’s instructions with counter staining for nuclei using 

DAPI and double-stranded breaks using H2AX antibodies.  

 For AKT and mTORC1 inhibitor studies in 2D culture, pRECs were cultured for 36 

hours and treated with 5 M AktX (CAS 925681-41-0, Merck, Darmstadt, Germany), 0.1 

M, 0.5 M or 1 M MK2206 (Seleckchem, Houston, Texas, USA), 100 nM Rapamycin 

(Sigma-Aldrich) or vehicle for 24 hours prior to fixation for immunofluorescence. 

Alternatively, pRECs were cultured overnight and treated with 100 nM Rapamycin (Sigma-

Aldrich) or 1 µM MK2206 for 24 hours followed by lysis for immunoblotting.  
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 For pRECs spheroid formation 10,000 cells were mixed with growth-factor reduced 

Matrigel (Corning 356231, Corning, New York, USA,) in a 1:1 ratio and plated in 8 well 

changer-slides. Once the Matrigel polymerized at 37°C for 15-30 minutes, 200 l of pRECs 

media was added and cells were incubated at 37°C for 24 hours. Media was replaced with 

serum free DMEM/F12 containing 10 M MK2206 or vehicle and cells were cultured for a 

further 6 days to form spheroids with cleared lumens.  

 To assess the integrity of the SAC pRECs were cultured for 12 hours and then treated 

with 400 ng/ml Nocodozole (Sigma-Aldrich) for 8 hours to disrupt the spindle microtubules 

and activate the SAC. Cells were fixed with 4% paraformaldehyde for 20 minutes and stained 

with DAPI.  

 

Fluorescent staining pRECs 

pRECs were fixed in 4% paraformaldehyde for 15-20 minutes and permeabilized with 

0.1% Triton X-100 for 90 seconds. Cells were blocked in 1% bovine serum albumin (BSA) 

for 30 minutes. The primary antibodies were diluted in 1% BSA and applied to the cells for 1 

hour at room temperature. Cells were washed and incubated with Alexa Fluor conjugated 

secondary antibodies and DAPI in 1% BSA at room temperature for 45 minutes-1 hour, 

followed by washing. Cells were then either mounted using Fluoromount G (Electron 

Microscopy Science, Hatfield, Pennsylvania, USA) or left unmounted and stored in PBS 

containing NaN3.  

pREC spheroids were fixed with 2% paraformaldehyde at room temperature for 20 

minutes and permeabilized with 0.5% Triton X-100 for 10 minutes, prior to rinsing in PBS 

with 100 mM glycine three times for 10 minutes. Spheroids were blocked in IF buffer (130 

mM NaCl, 7 mM Na2HPO4, 3.5 mM NaH2PO4, 7.7 mM NaN3, 0.1% BSA, 0.2% Triton X-

100, 0.05% Tween-20) with 10% goat serum and 20 g/ml goat anti-mouse F(ab’) fragment 
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for 2 hours at room temperature prior to staining with Phalloidin and DAPI in IF buffer with 

10% goat serum for 40 minutes at room temperature. Following three 20 minute washes in IF 

buffer, spheroids were washed once in PBS for 5 minutes and mounted with Fluoromount G.  

 

Histology and Immunohistochemistry  

For histology, formalin fixed, paraffin embedded (FFPE) kidneys were sectioned in 

the coronal plane, dewaxed and stained with hematoxylin and eosin (H&E).  

IHC (fluorescence) was performed on dewaxed FFPE kidney sections. Heat-induced 

antigen retrieval was performed in 10 mM citrate buffer pH 6 using a pressure cooker for 5 

minutes. The sections were blocked for 1 hour with PBS containing 5% goat serum and 0.3% 

Triton X-100. Sections were incubated with primary antibodies diluted in SignalStain 

antibody diluent (Cell Signaling Technology) overnight at 4°C, followed by Alexa Fluor 

conjugated secondary antibodies and DAPI diluted in PBS with 5% goat serum and 0.3% 

Triton X-100 for 1 hour at room temperature. Following washing, slides were mounted using 

Fluormount G. 

IHC (DAB) was performed using dewaxed FFPE kidney sections via antigen retrieval 

in 10 mM sodium citrate (pH 6) (for pCAD(S1859)) or epitope retrieval solution (pH 9) 

(Leica, Wetzlar, Germany) (for pTOPBP1(S1159)) using a pressure cooker for 5 min. A 10 

minute 3% hydrogen peroxide incubation was used to block endogenous peroxidase activity, 

then the sections were blocked for 1 hour at room temperature with 20 mM Tris-HCl, 137 

mM NaCl, 0.1% Tween-20(TBST)/5% normal goat serum. The primary antibodies were 

diluted in SignalStain antibody diluent and incubated at 4°C overnight. Secondary antibodies 

were SignalStain Boost Detection Reagent (Cell Signaling Technology) which was incubated 

for 30 minutes at room temperature. Staining was then developed with the EnVision System-

HRP (DAB) kit (Dako, Agilent, Santa Clara, California, USA; K4011). Hematoxylin was 
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used to counter stain nuclei and sections were dehydrated and mounted using DPX 

(Labchem, Zelienople, Pennsylvania, USA). pAKT(S473) IHC was performed as we 

described previously (43).  

 

Microscopy 

Microscopy was performed at Monash Micro Imaging, Monash University. Confocal 

microscopy was performed using a Leica TCS SP8 microscope with a 63x HC PL APO CS2 

(11506350) 1.4 NA oil, 40x HC PL APO CS2 1.10 water objective lens and 20x/0.75 IMM 

CORR HC PL APO CS2 (506343) HyD detector and Leica LAS X acquisition software, 

Leica TCS inverted SP5 microscope with a HCX PL APO lambda blue 63.0x1.40 oil 

objective lens and Leica LAS X acquisition software or a Nikon (Tokyo, Japan) C1 

microscope with 60x PlanApo VC DICN2 1.4 NA objective lens, PMT detector, 450/35, 

515/30, 605/75 filters or 20x/0.75 MImm Plan Fluor DIC N2 and NIS-Elements acquisition 

software. Brightfield microscopy was performed using an Olympus (Tokyo, Japan) Provis 

microscope with 20x UPlanApo 0.8 NA, 40x uPlanApo 1.0 NA, 60x PlanApo 1.4 NA or 

100x UPlanApo 1.35 NA objective lenses, DP70 camera and cellSens acquisition software. 

Widefield fluorescence microscopy was performed using an Olympus dotSlide microscope 

with 10x UPlanSApo UIS 2 0.40 NA objective, XC10 camera and VS-ASW-FL acquisition 

software. Image processing was performed using Image J software (National Institutes of 

Health, Rockville, Maryland, USA) and was limited to alterations of brightness, subjected to 

the entire image. 

 

Image analysis  

The percentage of H2AX, PCNA or pHistone H3-positive collecting duct cells was 

scored in kidney sections immunostained with the appropriate antibodies and counter stained 
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with DBA and DAPI. For each candidate, samples were imaged at the same laser intensity 

and analyzed using the cell counter tool in ImageJ.  

The percentage of pRECs exhibiting centrosome amplification (>2 centrosomes) or 

immunopositive for pTOPBP1, H2AX, BrdU or pHistone H3 was scored relative to total 

nuclei number per field in fixed cells immunostained with the relevant antibodies and DAPI. 

Cells were imaged at the same laser intensity for each candidate and analyzed using the 

Image J cell counter tool.  

 To score the percentage of H2AX positive cells which are BrdU positive, pRECs 

were pulsed with BrdU, immunostained with H2AX and BrdU antibodies, counter stained 

with DAPI and imaged at the same laser intensity. The number of BrdU/H2AX double 

positive cells out of the total number of H2AX positive cells was scored using the Image J 

cell counter tool. The BrdU MFI per nucleus was measured in cells prepared as described 

above using Image J. BrdU positive cells were identified and the nucleus of these cells 

defined as the region of interest. The BrdU MFI was measured within the region of interest. 

To score the number of BrdU puncta per S phase nucleus using ImageJ a region of interest 

containing the nucleus was defined and a common threshold applied to all images. The 

analyze particles tool was used to count the number of puncta greater than 0.01 m in each 

nucleus.  

 To assess the integrity of the SAC, pRECs were treated with Nocodozole and stained 

with DAPI. The percentage of nuclei exhibiting the characteristic morphology of pre-mitotic 

arrest, mitotic arrest or multinucleation was scored out of the total nuclei number per field 

using the Image J cell counter tool.  

 Spheroid morphology was scored in cultures stained with Phalloidin and DAPI. All 

structures containing 3 or more cells were counted and the number of spheroids exhibiting an 
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open lumen was calculated as a percentage of the total number of spheroids with 3 or more 

cells.  

 

SDS-PAGE and Immunoblotting  

For immunoblotting kidney lysates, dissected kidneys were snap frozen in liquid 

nitrogen and RIPA buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 10% glycerol, 1.5 mM 

MgCl2, 1 mM EGTA, 1 mM Na3VO4, 1% volume/volume (v/v) Triton X-100, 1% 

weight/volume (w/v) sodium deoxycholate, 0.1% (w/v) sodium dodecyl sulphate (SDS), 100 

mM NaF) or radioimmunoprecipitation buffer (20 mM Tris-HCl, 150 mM NaCl, 1 mM 

EDTA, 1 mM Na2VO4, 50 mM NaF, 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS, 100 

nM calyculin A, protease inhibitor tablet (Roche;11836153001)) soluble lysates extracted. 

pREC lysates were prepared by direct lysis in reducing buffer (62.5 mM Tris-HCl pH 6.8, 2% 

SDS, 10% glycerol, 50 mM DTT, 0.01% bromophenol blue). Sodium dodecyl sulfate 

polyacrylamide gel electrophoresis was used to separate lysates which were transferred to 

polyvinylidene fluoride (EMD Millipore Corporation, Burlington, Massachusetts, USA) or 

nitrocellulose (Pall Scientific, Port Washington, New York, USA) membranes  for 

immunoblotting. Densitometry was performed to quantify relative protein levels 

(ImageQuant software, GE Healthcare).  

 

Statistical Analysis 

GraphPad Prism 7 (San Diego, California, USA) was used for statistical analysis. 

Graphs represent mean ± SEM. Differences between groups were considered statistically 

significant when p<0.05. Unless indicated in the figure legend p values were calculated using 

a two tailed unpaired Student's t test with or without Welch’s correction for unequal variance 

as appropriate (difference in sample variance assessed by the F test). For multiple 
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comparisons one-way or two-way ANOVAs followed by Tukey’s post hoc test were used as 

indicated in the figure legends (difference in sample variance assessed by the Brown-

Forsythe test). The sample size is listed in the figures and figure legends for all experiments. 

The sample size selected was based on our and others previous studies (43, 94, 95). 

Samples and mice were not excluded from the analysis. Mice were allocated to groups based 

on their genotype and randomly allocated to each experiment. Investigators were blind to 

genotype for all image analysis. 
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Legends to Figures  

Figure 1: DNA damage accumulates in the cystic epithelium  

A-C. Kidney sections from (A) P7 or (B) P21 Inpp5e
+/+

;KspCre and Inpp5e
fl/fl

;KspCre mice 

stained with H2AX antibodies (green), counter stained with collecting duct marker DBA 

(red) and DAPI (blue) and imaged by confocal microscopy. Arrows indicate H2AX 

immunopositive collecting duct nuclei. Bars indicate 10 m. (C) Graph shows the percentage 

of collecting duct cells positive for H2AX immunoreactivity relative to total nuclei number 

at P21. Bars represent mean ± SEM, n=3-5 mice of each genotype, at least 207 cells from 10 

random fields scored per mouse, * p<0.05. 

D. Kidney sections from P21 Inpp5e
+/+

;KspCre and Inpp5e
fl/fl

;KspCre mice stained with 

H&E, arrows indicate multinucleated cells, dotted line outlines multinucleated cell in inset 

image. Bar indicates 20 m, images are representative of n=5 mice of each genotype. 

E. pRECs isolated from P16 Inpp5e
+/+

;KspCre and Inpp5e
fl/fl

;KspCre kidneys were 

immunostained with -tubulin antibodies and DAPI and imaged by confocal microscopy. 

Graph shows the percentage of cells exhibiting >2 centrosomes. Bars represent mean ± SEM, 

n=4 cell lines of each genotype, each derived from an individual mouse, with at least 100 

cells scored per cell line, * p<0.05. 

F. Kidney sections from P11 Pkd1
fl/fl

 and Pkd1
fl/fl

;Hoxb7Cre mice stained with H2AX 

antibodies (green), counter stained with collecting duct marker DBA (red) and DAPI (blue) 

and imaged by confocal microscopy. Arrows indicate H2AX immunopositive collecting 

duct nuclei. Bar indicates 10 m. (See Figure S1E for quantification). 

G. Kidney sections from P11 Pkd1
fl/fl

 and Pkd1
fl/fl

;Hoxb7Cre mice stained with H&E, arrows 

indicate multinucleated cells, dotted line outlines multinucleated cell in inset image. Bar 

indicates 20 m, images are representative of n=5 mice of each genotype. 
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Figure 2: Proliferation and replication forks are increased in PKD renal epithelial cells 

A. Kidney sections from (top) P7 or (bottom) P21 Inpp5e
+/+

;KspCre and Inpp5e
fl/fl

;KspCre 

mice stained with PCNA antibodies (red), counter stained with collecting duct marker DBA 

(green) and DAPI (blue) and imaged by confocal microscopy. Arrows indicate PCNA 

immunopositive collecting duct nuclei. Bar indicates 10 m. Graphs show the percentage of 

collecting duct cells positive for PCNA immunoreactivity relative to total nuclei number. 

Bars represent mean ± SEM, n=3-5 mice of each genotype, at least 114 cells from 5-10 

random fields scored per mouse, statistical significance was determined using (left) one-way 

ANOVA (p=0.0021) followed by Tukey’s post hoc test or (right) Student’s t-test, ** p<0.01, 

**** p<0.0001. 

B. pRECs isolated from P16 Inpp5e
+/+

;KspCre and Inpp5e
fl/fl

;KspCre kidneys were pulsed 

with BrdU for 45 minutes, co-stained with BrdU (green) and H2AX (red) antibodies and 

DAPI (blue) and imaged by confocal microscopy. BrdU labels cells in S phase as it is 

incorporated into newly synthesized DNA, the intensity of the nuclear BrdU signal is 

proportional to the number of replication forks. Arrows indicate BrdU immunopositive 

nuclei. Bar indicates 50 m. Graph (left) shows the BrdU MFI, the results are expressed 

relative to an Inpp5e
+/+

;KspCre cell line, which was arbitrarily assigned a value of one. Bars 

represent mean ± SEM, n=3 cell lines of each genotype, each derived from an individual 

mouse, with at least 35 cells scored per cell line. Graph (right) shows the percentage of 

H2AX positive cells that were BrdU positive. Bars represent mean ± SEM, n=3 cell lines of 

each genotype, each derived from an individual mouse, with at least 600 cells scored per cell 

line, * p<0.05, ** p<0.01. 

C. Kidney sections from P11 Pkd1
fl/fl

 and Pkd1
fl/fl

;Hoxb7Cre mice stained with PCNA 

antibodies (red), counter-stained with collecting duct marker DBA (green) and DAPI (blue) 

and imaged by confocal microscopy. Arrows indicate PCNA immunopositive collecting duct 
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nuclei. Bar indicates 10 m. Graph shows the percentage of collecting duct cells positive for 

PCNA immunoreactivity relative to total nuclei number. Bars represent mean ± SEM, n=5 

mice of each genotype, at least 290 cells from 10 random fields scored per mouse, **** 

p<0.0001. 

D. pRECs isolated from P11 Pkd1
fl/fl

 and Pkd1
fl/fl

;Hoxb7Cre kidneys were pulsed with BrdU 

for 45 minutes, co-stained with BrdU (green) and H2AX (red) antibodies and DAPI (blue) 

and imaged by confocal microscopy. Arrows indicate BrdU immunopositive nuclei. Bar 

indicates 30 m. Graph (left) shows the BrdU MFI, the results are expressed relative to a 

Pkd1
fl/fl

 cell line, which was arbitrarily assigned a value of one. Bars represent mean ± SEM, 

n=3 cell lines of each genotype, each derived from an individual mouse, with at least 50 cells 

scored per cell line. Graph (right) shows the percentage of H2AX positive cells that were 

BrdU positive. Bars represent mean ± SEM, n=3 pREC lines each derived from an individual 

mouse for each genotype in which at least 468 cells scored per cell line, * p<0.05, ** p<0.01. 
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Figure 3: AKT/mTORC1 signaling is activated in PKD models 

A. P21 Inpp5e
+/+

;KspCre and Inpp5e
fl/fl

;KspCre kidney lysates were immunoblotted with 

pPRAS40(T246), PRAS40 or GAPDH antibodiesEach lane represents lysate from an 

individual mouse. (See Figure S3C for quantification) 

B. Kidney sections from P21 Inpp5e
+/+

;KspCre and Inpp5e
fl/fl

;KspCre mice stained with 

pAKT(S473) antibodies, counter stained with haematoxylin and imaged by brightfield 

microscopy. Arrows indicate pAKT(S473) immunopositive nuclei. Bar indicates 10 m. 

Images are representative of n=3 mice of each genotype. 

C. P21 Inpp5e
+/+

;KspCre and Inpp5e
fl/fl

;KspCre kidney lysates were immunoblotted with 

pS6K(T389), S6K or GAPDH antibodiesEach lane represents lysate from an individual 

mouse. (See Figure S3D for quantification) 

D-F. P11 Pkd1
fl/fl

 and Pkd1
fl/fl

;Hoxb7Cre kidney lysates were immunoblotted with (D) 

pAKT(T308), pAKT(S473), AKT, (E) pPRAS40(T246), PRAS40, (F) pS6K(T389), S6K or 

GAPDH antibodiesEach lane represents lysate from an individual mouse. (See Figure S4A, 

C-D for quantification). 

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article-abstract/doi/10.1093/hm
g/ddz232/5589186 by M

onash U
niversity Library user on 21 N

ovem
ber 2019



Conduit et al 

42 

 

 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article-abstract/doi/10.1093/hm
g/ddz232/5589186 by M

onash U
niversity Library user on 21 N

ovem
ber 2019



Conduit et al 

43 

 

Figure 4: Inhibitory phosphorylation of TOPBP1 is increased in PKD models 

A. Kidney sections from (left) P7 or (right) P21 Inpp5e
+/+

;KspCre and Inpp5e
fl/fl

;KspCre 

mice stained with pTOPBP1(S1159) antibodies, counter-stained with haematoxylin and 

imaged by brightfield microscopy. Arrows indicate pTOPBP1(S1159) immunopositive nuclei 

in the cystic epithelium. Bar indicates 50 m. Images are representative of n=3-4 mice of 

each genotype. 

B. Inpp5e
+/+

;KspCre and Inpp5e
fl/fl

;KspCre pRECs were treated vehicle or 5 M AktX for 24 

hours, stained with pTOPBP1(S1159) antibodies (green) and DAPI (blue) and imaged by 

confocal microscopy. Bar indicates 50 m. Graph shows the percentage pTOPBP1(S1159) 

positive cells. Bars represent mean ± SEM, n=3-4 cell lines for each genotype, in which each 

pREC line was derived from an individual mouse, with at least 511 cells scored per cell line, 

per condition, statistical significance was determined using two-way ANOVA (interaction 

p=0.0488, row factor p=0.0365, column factor p=0.0094) followed by Tukey’s post hoc test, 

* p<0.05.  

C. Inpp5e
+/+

;KspCre and Inpp5e
fl/fl

;KspCre pRECs were treated with DMSO or 100 nM 

Rapamycin for 24 hours, stained with pTOPBP1(S1159) antibodies (green) and DAPI (blue) 

and imaged by confocal microscopy. Bar indicates 50 m. Graph shows the percentage 

pTOPBP1(S1159) positive cells. Bars represent mean ± SEM, n=3 cell lines of each 

genotype, in which each pREC line was derived from an individual mouse, with at least 352 

cells scored per cell line, per condition, statistical significance was determined using two-way 

ANOVA (interaction p=0.3288, row factor p=0.3202, column factor p=0.0002) followed by 

Tukey’s post hoc test, * p<0.05, **p<0.01.  

D. Kidney sections from P21 vehicle and Everolimus treated Inpp5e
fl/fl

;KspCre mice stained 

with pTOPBP1(S1159) antibodies, counter-stained with haematoxylin and imaged by 

brightfield microscopy. Arrows indicate pTOPBP1(S1159) immunopositive nuclei in the 
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cystic epithelium. Bar indicates 50 m. Images are representative of n=4-5 mice of each 

genotype. 

E. Pkd1
fl/fl

 and Pkd1
fl/fl

;Hoxb7Cre pRECs were stained with pTOPBP1(S1159) antibodies 

(green) and DAPI (blue) and imaged by confocal microscopy. Bar indicates 30 m. Graph 

shows the percentage pTOPBP1(S1159) positive cells. Bars represent mean ± SEM, n=3 cell 

lines of each genotype, in which each pREC line was derived from an individual mouse, with 

at least 532 cells scored per cell line, * p<0.05.  

F. Kidney sections from P11 Pkd1
fl/fl

 and Pkd1
fl/fl

;Hoxb7Cre mice stained with 

pTOPBP1(S1159) antibodies, counter-stained with haematoxylin and imaged by brightfield 

microscopy. Arrows indicate pTOPBP1(S1159) immunopositive nuclei in the cystic 

epithelium. Dashed circles highlight normal tubules. Bar indicates 25 m. Images are 

representative of n=5 mice of each genotype. 
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Figure 5: CAD is activated in PKD models 

A. P21 Inpp5e
+/+

;KspCre and Inpp5e
fl/fl

;KspCre kidney lysates were immunoblotted with 

pCAD(S1859), CAD or GAPDH antibodiesEach lane represents lysate from an individual 

mouse. (See Figure S6A for quantification) 

B. Kidney sections from (top) P7 or (bottom) P21 Inpp5e
+/+

;KspCre and Inpp5e
fl/fl

;KspCre 

mice stained with pCAD(S1859) antibodies, counter-stained with haematoxylin and imaged 

by brightfield microscopy. Arrows indicate pCAD(S1859) immunopositive nuclei in the 

cystic epithelium. Bar indicates 50 m. Images are representative of n=3-5 mice of each 

genotype. 

C. Kidney lysates from P21 vehicle and Everolimus treated Inpp5e
fl/fl

;KspCre mice were 

immunoblotted with pCAD(S1859), CAD or GAPDH antibodiesEach lane represents lysate 

from an individual mouse. (See Figure S6B for quantification) 

D. Inpp5e
fl/fl

;KspCre pRECs were treated with DMSO, 100 nM Rapamycin or 1 M MK2206 

for 24 hours, and immunoblotted with pCAD(S1859), CAD, pS6(S235/236), S6, 

pAKT(T308), AKT or actin antibodies. Each lane represents lysate from an individual pREC 

line derived from an individual mouse. 

E. Kidney sections from P21 vehicle and Everolimus treated Inpp5e
fl/fl

;KspCre mice stained 

with pCAD(S1859) antibodies, counter-stained with haematoxylin and imaged by brightfield 

microscopy. Arrows indicate pCAD(S1859) immunopositive nuclei in the cystic epithelium. 

Bar indicates 50 m. Images are representative of n=4-5 mice of each genotype. 

F. P11 Pkd1
fl/fl

 and Pkd1
fl/fl

;Hoxb7Cre kidney lysates were immunoblotted with 

pCAD(S1859), CAD or GAPDH antibodiesEach lane represents lysate from an individual 

mouse. (See Figure S6C for quantification) 

G. Kidney sections from P11 Pkd1
fl/fl

 and Pkd1
fl/fl

;Hoxb7Cre mice stained with 

pCAD(S1859) antibodies, counter-stained with haematoxylin and imaged by brightfield 
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microscopy. Arrows indicate pCAD(S1859) immunopositive nuclei in the cystic epithelium. 

Bar indicates 50 m. Images are representative of n=5 mice of each genotype. 

H. Pkd1
fl/fl

;Hoxb7Cre pRECs were treated with DMSO, 100 nM Rapamycin or 1 M 

MK2206 for 24 hours, and immunoblotted with pCAD(S1859), CAD, pS6(S235/236), S6, 

pAKT(T308), AKT or actin antibodies. Each lane represents lysate from an individual pREC 

line derived from an individual mouse. 
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Figure 6: AKT inhibition rescues defective spheroid morphology in PKD cells in vitro 

A-B. (A) Inpp5e
fl/fl

;KspCre and (B) Pkd1
fl/fl

;Hoxb7Cre pRECs were treated with DMSO, 100 

nM Rapamycin or 1 M MK2206 for 24 hours, stained with H2AX antibodies  (green) and 

DAPI (blue) and imaged by confocal microscopy. Bar indicates 10 m. Graph shows the 

percentage H2AX positive cells. Bars represent mean ± SEM, n=4 Inpp5e
fl/fl

;KspCre or n=6 

Pkd1
fl/fl

;Hoxb7Cre cell lines, in which each pREC line was derived from an individual 

mouse, with 400-600 cells scored per cell line, per condition, **** p<0.0001. 

C-D. (C) Inpp5e
+/+

;KspCre and Inpp5e
fl/fl

;KspCre or (D) Pkd1
fl/fl

 and Pkd1
fl/fl

;Hoxb7Cre 

pRECs were grown in Matrigel with DMSO or 10 M MK2206, stained with phalloidin 

(green) and DAPI (blue) and imaged by confocal microscopy. Bars indicates 10 m. Graphs 

show the percentage of spheroids exhibiting an open lumen. Bars represent mean ± SEM, n=3 

cell lines of each genotype, in which each pREC line was derived from an individual mouse, 

statistical significance was determined using two-way ANOVA ((A) interaction p=0.0155, 

row factor p=0.0004, column factor p=0.0114, (B) interaction p=0.4857, row factor 

p=0.0024, column factor p=0.0021) followed by Tukey’s post hoc test, * p<0.05, ** p<0.01.  
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Figure 7: Model for AKT-dependent DNA damage in PKD 

AKT and mTORC1 signaling are increased in the cystic kidney. We propose increased AKT 

signaling in PKD inhibits the DNA repair protein and replication fork origin regulator 

TOPBP1 leading to increased origin firing and impaired DNA repair. DNA is most liable to 

damage during replication, therefore increased replication fork numbers may promote the 

accumulation of DNA damage. AKT also activates mTORC1 signaling promoting flux 

through de novo pyrimidine nucleotide synthesis which feed into the increased replication 

forks to drive cell proliferation. Therefore, AKT promotes DNA damage accumulation and 

cooperates with mTORC1 to stimulate cell proliferation in PKD.  
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Abbreviations 

ADPKD autosomal dominant PKD  

ARPKD autosomal recessive PKD  

ATR  Ataxia Telangiectasia and Rad3-related  

BrdU  bromodeoxyuridine  

BSA  bovine serum albumin  

FFPE  formalin fixed, paraffin embedded  

H&E  hematoxylin and eosin  

IB  immunoblot 

IHC-P  immunohistochemistry-paraffin  

MFI  mean fluorescence intensity 

mTORC1 mammalian target of rapamycin complex 1  

P  postnatal day 

PCNA  proliferating cell nuclear antigen  

pHistone phosphorylated histone  

PI(3,4,5)P3 phosphatidylinositol 3,4,5-trisphosphate  

PI3K  phosphoinositide 3-kinase  

PKD  polycystic kidney disease  

SAC  spindle assembly checkpoint 

SDS  sodium dodecyl sulphate  

TOPBP1 DNA Topoisomerase II Binding Protein 1 

v/v  volume/volume  

w/v  weight/volume 
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