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1. INTRODUCTION:

ADPKD is the most common life threatening hereditary disease in the USA. ADPKD accounts for about 5-10% 

of end-stage renal failure in the USA requiring dialysis and renal transplantation. There is no effective treatment 

for ADPKD. This proposal will study novel mTORC1 (pS6 and 4E-BP1) and 2 (Akt, PKC alpha, SGK1) 

signaling pathways that mediate ADPKD and investigate the effects of mTORC1 (Raptor) knockout, or the 

mTORC1 inhibitor (sirolimus), mTORC2 (Rictor) knockout or combined mTORC1 and 2 knockout or the 

mTOR kinase inhibitor drugs (TORKs) on cyst growth and kidney function. The overall hypothesis is that there 

is increased mTORC1 (4E-BP1) and mTORC2 (AktSer473, PKCα and SGK1) signaling in PKD kidneys and 

that combined mTORC1 (Raptor) knockout and mTORC2 (Rictor) knockout in Pkd1 -/- mice will slow cyst 

growth and improve kidney function more than mTORC1 (Raptor) knockout or mTORC2 (Rictor) knockout 

alone or that the mTOR kinase inhibitors will be more effective than sirolimus in decreasing kidney cyst 

growth. These studies will unequivocally address whether the mTORC1 (4E-BP1) or mTORC2 pathway or both 

pathways is important in PKD and whether it is worthwhile performing therapeutic interventions  using the 

novel mTORC1 and 2 inhibitors that are in clinical trials in humans 

2. KEYWORDS:

Autosomal dominant polycystic kidney disease 

mTORC1 

Raptor 

mTORC2 

Rictor 

4E-BP1 

mTOR kinase inhibitor 

3. ACCOMPLISHMENTS: What were the major goals of the project?

Major Task 1: To determine the effect of mTORC1 (Raptor) knockout in Pkd1 -/- mice  (60% complete) 

Subtask 1: To determine whether Raptor knockout decreases the cystic phenotype 

Subtask 2: To determine the effect of Raptor -/- on 4E-BP1 signaling 

Subtask 3: To determine the effect of 4E-BP inhibition on PKD 

Major Task 2: To determine the effect of mTORC2 (Rictor) knockout in Pkd1 -/- mice (100% complete) 
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Subtask 1: To determine whether Rictor knockout reduces the cystic phenotype in vivo 

Subtask 2: AktSer473, SGK1 and PKCα phosphorylation in PKD in vivo 

Subtask 3: AktSer473, SGK1 and PKCα phosphorylation in PKD in vitro 

Major Task 3: To determine the effect of combined mTORC1 (Raptor) knockout and mTORC2 (Rictor) 

knockout in Pkd1 -/- mice (75% complete) 

Subtask 1: To determine the effect of combined mTORC1 (Raptor) knockout and mTORC2 (Rictor) knockout 

in Pkd1 -/- mice on apoptosis and proliferation, cyst growth and kidney function. 

SubTask 2: To determine the effect of TORKs versus sirolimus on PKD and kidney function 

What was accomplished under these goals? 

(1) Major activities:

Major task 1: 4E-BP1 signaling has been studied in ADPKD kidneys and PKD cells in vitro. This study has 

now been published in Hum Molec. Genet.-see Major Results below. 

Major Task 2: Preliminary data on the development of Pkd1 -/- Rictor -/- double knockout mice using the 

tamoxifen-inducible ER2 Cre is presented below. These double knockout, Pkd1 -/- Rictor -/-, mice have less 

cyst growth and improved kidney function compared to single knockout Pkd1 -/- mice (Fig 1).  

We are continuing to breed Ksp1.3 mice with Pkd1fl/fl  and Rictorfl/fl  mice to develop Pkd1 -/-, Rictor -/-  double 

knockout mice (Table 1). 

Major task 3: Study of treatment of Pkd1 -/- mice with mTOR kinase inhibitors that inhibit mTORC1 and 

mTORC2 (TORKs) versus Sirolimus (mTORC1 inhibitor), has been published –see Major Results below.  

Major Tasks 1, 2 and 3: We are using FISP-MRI scans to determine polycystic kidney volume and cyst volume 

and number of cysts per kidney at different time points of the disease (Fig 2).  

We have published data that mTOR signaling is activated in cardiac hypertrophy in PKD mice (See Major 

Results below) 

We have published the effect of the autophagy inducer, trehalose, on mTOR signaling in the kidney and on 

PKD (See Major Results below). 

We have published that unilateral nephrectomy in mice results in activation of mTOR and suppressed 

autophagy (See Major Results below) 
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2) Specific objectives:

Major Task 1: To determine whether Raptor knockout decreases the cystic phenotype.  To determine the effect 

of 4E-BP inhibition on PKD. 

Major Task 2: To determine whether Rictor knockout reduces the cystic phenotype in vivo.  

Major Task 3: To determine the effect of TORKs versus sirolimus on PKD and kidney function. 

3) Major results:

Major Task 1: To determine whether Raptor knockout decreases the cystic phenotype.  To determine the effect 

of 4E-BP inhibition on PKD. Study has been published. 

The consequences of increased 4E-BP1 in Polycystic kidney disease. Holditch SJ, Brown CN, Atwood D, 

Brown SE, Lombardi AM, Nguyen KN, Hill RC, Lanaspa M, Hopp K, Weiser-Evans M, Edelstein CL  

Hum. Molec Genet. 2019 Dec 15;28(24):4132-4147 

Autosomal Dominant Polycystic kidney disease (ADPKD) is the most common hereditary renal disease, 

characterized by cyst formation and growth.  Hyperproliferation is a major contributor to cyst growth. At the 

nexus of regulating proliferation, is 4E-BP1. We demonstrate that ADPKD mouse and rat models, ADPKD 

patient renal biopsies, and PKD1-/- cells exhibited hyperphosphorylated 4E-BP1, a biomarker of increased 

translation and proliferation. We hypothesized that expression of constitutively active 4E-BP1 constructs (4E-

BP1F113A and 4E-BP1R13AF113A) would decrease proliferation, and reduce cyst expansion. Utilizing the Pkd1RC/RC 

mouse we determined the effect of 4E-BP1F113A on PKD. Unexpectedly, 4E-BP1F113A resulted in increased cyst 

burden and suppressed apoptosis markers, increased anti-apoptotic Bcl-2 protein and increased mitochondrial 

proteins. Exogenous 4E-BP1 enhanced proliferation, decreased apoptosis, increased anti-apoptotic Bcl-2 

protein, impaired NADPH oxidoreductase activity, increased mitochondrial proteins and increased superoxide 

production in PKD patient derived renal epithelial cells. Reduced 4E-BP1 expression suppressed proliferation, 

restored apoptosis, and improved cellular metabolism. These findings provide insight into how cyst-lining cells 

respond to 4E-BP1.  

Major Task 2: To determine whether Rictor knockout reduces the cystic phenotype in vivo 

In new preliminary data, Rictorfl/fl mice were bred with the Pkd1fl/fl; KspCad-CreERT2 mice to develop 

Rictorfl/fl, Pkd1fl/fl; KspCad-CreERT2 mice that were treated with tamoxifen to develop kidney-specific Rictor, 

Pkd1 double -/- mice that were evaluated at 90 and150 days post tamoxifen (Fig1). These mice develop slow 

PKD over a period of 150 days. gDNA was quantified by qPCR primers specific to PKD1 flox site and 
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RICTOR flox site in Rnase treated DNA isolated from total kidney homogenates and showed that kidney 

specific PKD1 and Rictor genomic flox sites significantly reduced post Tamoxifen treatment. 

We are breeding KSP 1.3 Cre mice with Pkd floxed and Rictor floxed mice to obtain KSP 1.3 Cre Pkd floxed 

mice and double knockout KSP 1.3 Cre Pkd floxed Rictor floxed mice. The mice develop rapid PKD and were 

sacrificed at days 16-18 of age. We have obtained mice of all these genotypes and results are shown in Table 1 

below. In this model, heterozygous Rictor knockout in the polycystic kidney seems to make PKD slightly 

worse. 

Table 1 Wild type 

N=12 

KSP1.3 Pkd1 -/- 

N=3 

KSP1.3Pkd1-/-

Rictor -/- 

N=4 

KSP1.3Pkd1-/-

Rictor +/- 

N=1 

2K/TBW (%) 1.52 ± 0.03 38.9 ± 0.05 * 41.6 ± 1.1** 41.8 

2K/TBW (%) = 2 kidney weight/total body weight as a % - a marker of cystic disease in the kidney 

*P<0.001 vs. wild type, ** P<0.001 vs. wild type, P<0.01 vs KSP1.3 Pkd1 -/-.

Major Task 3: To determine the effect of TORKs versus sirolimus on PKD and kidney function. 

We have found that in a mouse model of autosomal dominant polycystic kidney disease (ADPKD), both 

sirolimus and an mTOR kinase inhibitor decrease cyst volume and improve kidney function despite differential 

effects signaling and apoptosis. Study has been published: 

Holditch S, Brown CN, Atwood DJ, Lombardi AM, Nguyen KN, Toll HW, Hopp K,  Edelstein CL. A 

study of sirolimus and an mTOR kinase inhibitor (TORKi) in a hypomorphic Pkd1 mouse model of 

autosomal dominant polycystic kidney disease (ADPKD). Am J.Physiol Renal Physiol 2019 Jul 

1;317(1):F187-F196 
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Autosomal dominant polycystic kidney disease (ADPKD) is characterized by cyst formation and growth, which 

is partially driven by abnormal proliferation of tubular cells. There is activation of the pro-proliferative 

mechanistic target of rapamycin complex 1 and 2 (mTORC1 and 2) in PKD mouse kidneys. Sirolimus 

indirectly inhibits mTORC1. The novel mTOR kinase inhibitors (TORKi) directly inhibit mTOR kinase 

resulting in inhibition of both mTORC1 and 2. The aim of the present study was to determine the effects of 

sirolimus versus the TORKi, torin2, on cyst growth and kidney function in the Pkd1 p.R3277C (Pkd1RC/RC) 

mouse model, a hypomorphic Pkd1 model orthologous to the human condition and to determine the effects of 

sirolimus versus torin2 on mTORC1 and 2 signaling in PKD1-/- cells and in the kidneys of Pkd1RC/RC mice. In 

vitro, both inhibitors reduced mTORC1 and mTORC2 phosphorylated substrates, and negatively impacted 

cellular metabolic activity as measured by the MTT assay. Pkd1RC/RC mice were treated with sirolimus or torin2 

from 50 to 120 days of age. Torin2 was as effective as sirolimus in decreasing cyst growth and improving loss 

of kidney function.  Both sirolimus and torin2 decreased pS6, p4E-BP1, pAkt and proliferation in Pkd1RC/RC 

kidneys. In conclusion, both torin2 and sirolimus were equally effective in decreasing cyst burden, improving 

kidney function, and mediated comparable effects on mTORC1 and 2 signaling and proliferation in the 

Pkd1RC/RC kidney.   

4) Other achievements: Major tasks 1, 2 and 3.

Use of FISP-MRI 

We continue to use  FISP-MRI to obtain measurements of kidney and cyst volume in live PKD (See Figs 2, 3 

and 4). 

Fig 3: Treatment of mice with constitutively active adeno-

associated virus (AAV) 4E-BP1F113A  resulted in increased cyst 

burden. 

Fig 2: FISP-MRI (4.7 Tesla) of the same 
Pkd2-/- mouse kidney showing enlargement 
of the same cysts (arrows) over time.  
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We have published two papers in the last 24 months that include mTORC1/2 signaling in the heart and 

kidney in PKD. 

mTORC1/2 signaling in the heart in PKD: 

Atwood DJ, Pokhrel D, Brown CN, Holditch SJ, Bachu DM, Thorburn A, Hopp K, Edelstein CL. Increased 

mTOR and suppressed autophagic flux in the heart of a hypomorphic Pkd1 mouse model of autosomal 

dominant polycystic kidney disease. Cell Signal. 2020 (in press) 

Abstract: 

Cardiac hypertrophy is common in autosomal dominant polycystic kidney disease (ADPKD) patients. We found 

increased heart weight in Pkd1RC/RC and Pkd2WS25/+ mouse models of ADPKD. As there is a link between 

increased heart weight and mammalian target of rapamycin (mTOR), the aim of the study was to determine 

mTOR complex 1 and 2 signaling proteins in the heart in the Pkd1RC/RC mouse model of PKD. In 70 day old 

Pkd1RC/RC hearts, on immunoblot analysis, there was a large increase in p-AMPKThr172, a known autophagy 

inducer, and an increase in p-AktSer473 and p-AktThr308, but no increase in other mTORC1/2 proteins (p-

S6Ser240/244, p-mTORSer2448). In 150 day old Pkd1RC/RC hearts, there was an increase in mTORC1 (p-S6Ser240/244) 

and mTOR-related proteins (p-AktThr308, p-GSK3βSer9, p-AMPKThr172). As the mTOR pathway is the master 

regulator of autophagy, autophagy proteins were measured. There was an increase in p-Beclin-1 (BECN1), an 

autophagy regulator and activating molecule in Beclin-1-regulated autophagy (AMBRA1), a regulator of Beclin 

that play a role in autophagosome formation, an early stage of autophagy. There was a defect in the later stage 

of autophagy, the fusion of the autophagosome with the lysosome, known as autophagic flux,  as evidenced by 

the lack of an increase in LC3-II, a marker of autophagosomes, with the lysosomal inhibitor bafilomycin, in 

both 70 day old and 150 day old hearts. To determine the role of autophagy in causing increased heart weight, 

Pkd1RC/RC were treated with 2-deoxyglucose (2-DG) or Tat-Beclin1 peptide, agents known to induce autophagy.  

2-DG treatment from 150 to 350 days of age, a time period when increased heart weight developed, did not

reduce the increased heart weight. Unexpectedly, Tat-Beclin 1 peptide treatment from 70 to 120 days of age 

Fig 4: FISP-MRI (Tesla 9.4) in 120 d old female Pkd1 RC/RC kidneys. Bruker 

9.4 Tesla Biospec Mouse Body Coil. BioSpec instruments are the highest 

magnetic field strength preclinical MRI instruments.  
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resulted in increased heart weight. In summary, there is suppressed autophagic flux in the heart at an early age 

in Pkd1RC/RC mice. Increased mTOR signaling in older mice is associated suppressed autophagic flux. There 

was a large increase in p-AMPKThr172, a known autophagy inducer, in both young and old mice. 2-DG treatment 

did not impact increased heart weight and Tat-Beclin1 peptide increased heart weight.  

mTOR signaling in the kidney in PKD: 

Atwood DJ, Brown DN, Holditch SJ, Pokhrel D, Thorburn A, Hopp K and Edelstein CL. The effect of trehalose 

on autophagy-related proteins and cyst growth in a hypomorphic Pkd1 mouse model of autosomal dominant 

polycystic kidney disease. Cell Signal. 2020 (in press). 

Abstract:  

Autosomal dominant polycystic kidney disease (ADPKD) is a common inherited disorder characterized by 

kidney cyst growth often resulting in end-stage renal disease.  There is growing attention on understanding the 

role of impaired autophagy in ADPKD. Trehalose (TRE) has been shown to increase both protein stability and 

aggregate clearance and induce autophagy in neurodegenerative diseases. TRE treatment in wild type mice 

compared to vehicle resulted in increased expression in the kidney of Atg12-5 complex and increased Rab9a, 

autophagy-related proteins that play a role in the formation of autophagosomes. Thus, the aim of the study was 

to determine the effect of TRE on cyst growth and autophagy-related proteins, in the hypomorphic Pkd1RC/RC 

mouse model of ADPKD. Pkd1RC/RC mice were treated 2% TRE in water from days 50 to 120 of age. TRE did 

not slow cyst growth or improve kidney function or affect proliferation and apoptosis in Pkd1RC/RC kidneys. In 

Pkd1RC/RC vs. wild type kidneys, expression of the Atg12-5 complex was inhibited by TRE resulting in 

increased free Atg12 and TRE was unable to rescue the deficiency of the Atg12-5 complex. Rab9a was 

decreased in Pkd1RC/RC vs. wild type kidneys and unaffected by TRE. The TRE-induced increase in p62, a 

marker of autophagic cargo, that was seen in normal kidneys was blocked in Pkd1RC/RC kidneys. In summary, 

the autophagy phenotype in Pkd1RC/RC kidneys was characterized by decreases in crucial autophagy-related 

proteins (Atg12-5 complex, Atg5, Atg16L1), decreased Rab9a and increased mTORC1 (pS6, p-mTORS2448) 

proteins. TRE increased Atg12-5 complex, Rab9a and p62 in normal kidneys, but was unable to rescue the 

deficiency in autophagy proteins or suppress mTORC1 in Pkd1RC/RC kidneys and did not protect against cyst 

growth.  

We have published that there is increased mTORC1 and 2 signaling and suppressed autophagy caused by 

sham surgery in a unilateral nephrectomy (UNX) model in mice. 
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Surgical procedures suppress autophagic flux in the kidney  

Carolyn N. Brown,  Daniel Atwood, Deepak Pokhrel, Sara J. Holditch, Christopher Altmann, Nataliya I. 

Skrypnyk, Jennifer Bourne, Jelena Klawitter, Judith Blaine, Sarah Faubel, Andrew Thorburn, Charles L. 

Edelstein. 

Abstract 

Many surgical models are used to study kidney and other diseases in mice, yet the effects of the surgical 

procedure itself on the kidney and other tissues have not been elucidated.  In the present study, we found that 

both sham surgery and unilateral nephrectomy (UNX), which is used as a model of renal compensatory 

hypertrophy, in mice resulted in increased mammalian target of rapamycin complex 1/2 (mTORC1/2) in the 

remaining kidney. mTORC1 is known to regulate lysosomal biogenesis and autophagy. Genes associated with 

lysosomal biogenesis and function were decreased in sham surgery and UNX kidneys.  In both sham surgery 

and UNX, there was suppressed autophagic flux in the kidney as indicated by the lack of an increase in LC3-II 

or autophagosomes seen on immunoblot, IF and EM after bafilomycin A1 administration and a concomitant 

increase in p62, a marker of autophagic cargo.  There was a massive increase in pro-inflammatory cytokines, 

which are known to activate ERK1/2, in the serum after sham surgery and UNX. There was a large increase in 

ERK1/2 in sham surgery and UNX kidneys, which was blocked by the MEK1/2 inhibitor, trametinib. 

Trametinib also resulted in a significant decrease in p62. In summary, there was an intense systemic 

inflammatory response, an ERK-mediated increase in p62 and suppressed autophagic flux in the kidney after 

sham surgery and UNX. It is important that researchers are aware that changes in systemic pro-inflammatory 

cytokines, ERK1/2 and autophagy can be caused by sham surgery as well as the kidney injury/disease itself. 

What opportunities for training and professional development has the project provided? 

The grant was not meant to provide training or professional development. However, starting in the summer 

there was a Visiting Scholar, Dr Ozgur Oto MD, working with our group as a volunteer to advance his 

professional skills in basic medical research. 

How were the results disseminated to communities of interest? 

Our results to date have been accepted as Poster Presentations at the annual American Society of Nephrology 

Meetings from 2016 to 2021. 

We have published a review paper that includes much of our recent research and will be of interest to the PKD 

community: 

Nowak K, Edelstein CL Apoptosis and autophagy in PKD. Cell Signal 2020 Apr;68:109518. doi: 10.1016 
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Apoptosis in the cystic epithelium is observed in most rodent models of polycystic kidney disease (PKD) and in 

human autosomal dominant PKD (ADPKD). Apoptosis inhibition  decreases cyst growth, whereas induction of 

apoptosis in the kidney of Bcl-2 deficient mice increases proliferation of the tubular epithelium and subsequent 

cyst formation. However, alternative evidence indicates that both induction of apoptosis as well as increased 

overall rates of apoptosis are associated with decreased cyst growth. Autophagic flux is suppressed in cell, zebra 

fish and mouse models of PKD and suppressed autophagy is known to be associated with increased apoptosis. 

There may be a link between apoptosis and autophagy in PKD. The mammalian target of rapamycin (mTOR), 

B-cell lymphoma 2 (Bcl-2) and caspase pathways that are known to be dysregulated in PKD, are also known to

regulate both autophagy and apoptosis. Induction of autophagy in cell and zebrafish models of PKD results in 

suppression of apoptosis and reduced cyst growth supporting the hypothesis autophagy induction may have a 

therapeutic role in decreasing cyst growth, perhaps by decreasing apoptosis and proliferation in PKD. Future 

research is needed to evaluate the effects of direct autophagy inducers on apoptosis in rodent PKD models, as 

well as the cause and effect relationship between autophagy, apoptosis and cyst growth in PKD. 

What do you plan to do during the next reporting period to accomplish the goals? 

1) This is a final report We have submitted a DOD Expansion Award to study mTOR signaling in the heart

in PKD.

2) We have hearts from Pkd1 -/- mice. We are studying mTORC1 and 2 signaling pathways in hearts from

Pkd1 -/- mice. It will be novel to discover that mTORC1 or 2 signaling is activated in the hearts of Pkd1

-/- mice.

4. IMPACT:

What was the impact on the development of the principal discipline(s) of the project? 

Major findings: 

1) Reduced 4E-BP1 expression suppressed proliferation, restored apoptosis, and improved cellular metabolism

in Pkd1RC/RC mice and human Pkd1 cells. These findings provide insight into how cyst-lining cells respond to 

4E-BP1. Interventions involving the 4E-BP1 system may provide a future rationale for treatment to decrease 

PKD (Published-see above). 

2) The mTOR kinase inhibitor Torin2 is as effective as sirolimus to treat PKD in Pkd1 -/- mice despite different

effects on mTOR signaling, proliferation and apoptosis. These findings provide a rationale for the testing of 

new generation mTOR kinase inhibitors e.g AZD 2014 in preclinical studies in animal models of PKD, These 



13 

studies provide insights into the use of combined mTORC1 and 2 inhibitors (the mTOR kinase inhibitors or 

TORKs) as future treatments in PKD (Published-see above). 

3) Activation of the mTORC1 and 2 pathway in Pkd1 -/- mice is associated with suppressed autophagy in the

kidney. These studies will provide novel insights on the potential use of autophagy inducers that are mTOR 

inhibitors as therapy for PKD. 

4) There is suppressed autophagic flux in the heart at an early age in Pkd1RC/RC mice. Increased mTOR

signaling in older mice is associated suppressed autophagic flux. There was a large increase in p-AMPKThr172, a 

known autophagy inducer and mTORC1 inhibitor, in both young and old mice. 2-DG treatment did not impact 

increased heart weight and Tat-Beclin1 peptide increased heart weight (Published-see above).  

5) The autophagy phenotype in Pkd1RC/RC kidneys was characterized by decreases in crucial autophagy-related

proteins (Atg12-5 complex, Atg5, Atg16L1), decreased Rab9a and increased mTORC1 (pS6, p-mTORS2448) 

proteins. TRE increased Atg12-5 complex, Rab9a and p62 in normal kidneys, but was unable to rescue the 

deficiency in autophagy proteins or suppress mTORC1 in Pkd1RC/RC kidneys and did not protect against cyst 

growth (Published-see above) 

6) There was activation of mTORC1 and mTORC2, an intense systemic inflammatory response, an ERK-

mediated increase in p62 and suppressed autophagic flux in the kidney after sham surgery and UNX. It is 

important that researchers are aware that changes in systemic pro-inflammatory cytokines, ERK1/2 and 

autophagy can be caused by sham surgery as well as the kidney injury/disease itself. 

What was the impact on other disciplines? 

1) Cancer: Many cancers are driven by increased 4E-BP1 signaling. We determined that inhibition of the 4E-

BP1 system in PKD has different effects compared to studies in cancer. Transformed hyperproliferative breast 

cancer cells, lymphocytes, and epithelial cells forced to shift from cap-dependent to IRES-dependent 

translation results in increased apoptosis, decreased proliferation, and decreased cell size, thus retarding the 

growth of transformed tissues. However in PKD, a disease known for being driven by abnormal epithelial 

proliferation, we observed the opposite. In our in vitro studies, a shift from cap-dependent to IRES-dependent 

translation mediated by constitutively active 4E-BP1 suppressed apoptosis, increased proliferation, stimulated 

mitochondrial biogenesis, and augmented superoxide production uniquely in a PKD genotype, largely leaving 

non-PKD cell lines uninfluenced. In vivo, constitutively active 4E-BP1 resulted in mitochondrial 

dysregulation, and worsened PKD disease. 
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2) Cancer: Many cancers are driven by increased mTORC2 signaling. Demonstration that mTOR kinase

inhibitors e.g. Torin2, AZD2014 decrease proliferation and have an effect on apoptosis may provide a future 

rationale for the use of mTOR kinase inhibitors to certain cancers. 

3) Aging: Suppressed autophagy and increased mTOR signaling plays a role in disease processes like cancer

and  aging. Our studies of the effect of autophagy inducers on mTOR signaling and PKD will help in the 

understanding of the pathogenesis and treatment of other processes like aging and cancer. 

4) Cardiac hypertrophy: We demonstrated increased mTORC1/2 signaling and cardiac hypertrophy in Pkd1

RC/RC mice. These studies may provide insight into the mechanisms of cardiac hypertrophy. 

5) In vivo models of disease: Many researchers study in vivo models of disease in many different organ

systems. It is important that researchers are aware that changes in systemic pro-inflammatory cytokines, 

ERK1/2 and autophagy can be caused by sham surgery as well as the kidney injury/disease itself. 

What was the impact on technology transfer? 

Nothing to report. 

What was the impact on society beyond science and technology? 

The study of mTOR kinase inhibitors like Torin2 or autophagy inducers to treat patients with ADPKD. 

The genetic studies (Pkd1 -/- mice with additional knockout of mTORC1 or 2 or both) will offer mechanistic 

insights into novel mTORC1 and 2 signaling pathways in ADPKD. 

The pharmacological studies (4E-BP1 inhibition, AktSer473, PKCα or SGK1 inhibition and TORKs) and gene 

therapy studies (AAV gene therapy against 4E-BP1) will provide insights into future therapies for PKD.  

Discovery of new treatments for PKD could improve the quality of life and extend the life span of people with 

ADPKD. 

Discovery of mechanisms and treatments for cardiac hypertrophy in ADPKD patients could impact life 

expectancy in PKD patients. 

Our studies provided some insights on how surgery puts stresses on the body. 

5. CHANGES/PROBLEMS:

Changes in approach and reasons for change 
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The tamoxifen-inducible ER2 Cre did not always work leading to mice with a very variable form of the 

ADPKD disease. Instead we used  KSP 1.3 Cre mice that have an embronic Cre that is spontaneous (does not 

need tamoxifen) and the Pkd1 -/- mice develop PKD and kidney failure at a much earlier age. This model will 

lead to a more reproducible and faster model of ADPKD. Due to the change in our Cre mice and the Covid 

pandemic (see below), we were not successful in creating triple knockout Pkd, rictor, raptor mice 

Both polycystin (PC-1) and polycystin-2 (PC-2) are known to modulate the mTOR pathway. PC-1 deficiency 

upregulates the mTOR pathway via TSC-2. PC-2 modulates the mTOR pathway in human cardiomyocytes. On 

further consideration, we realized that PKD mice that also have the gene defect in the heart should have 

upregulation of mTORC1/2 in the heart. Our published data confirmed increased mTORC1/2 signaling in the 

heart in PKD mice.  On examining our PKD mice further, we were intrigued by the degree of cardiac 

hypertrophy even in heterozygous Pkd2+/- mice without PKD. A critical barrier to progress on understanding 

the causes of cardiac hypertrophy in PKD is that it is often presumed that cardiac hypertrophy is due to the 

hypertension and that many pre-clinical studies in PKD do not study the heart or even measure the blood 

pressure. Thus we are studying mTORC1/2 signaling in both the heart and kidneys in PKD. mTOR signaling 

in the heart is the topic of our DOD Expansion Award submission in 2021. 

Actual or anticipated problems or delays and actions or plans to resolve them 

Dr Holditch, the post-doctoral fellow/instructor who was performing the 4E-BP1 studies, resigned in July 2019 

as her husband was transferred to another city. A new PRA, Deepak Pokhrel, was hired to continue the mTOR 

studies in PKD and has learnt all the necessary techniques related to mouse breeding and mTOR studies. 

Laboratories were closed for 3 months, from March to end of May, 2020, at the start of the Covid-19 pandemic. 

This closure lead to a loss of many of our mouse breeders. We were not able to perform experiments or provide 

the best breeding for our PKD mice during this time. This loss of 3 months had an impact to severely slow our 

research and mouse breeding. Now a slowing of the supply chain due to the pandemic e.g. obtaining essential 

chemicals has slowed our research. As a result we were not successful in creating triple knockout Pkd, rictor, 

raptor mice. 

Changes that had a significant impact on expenditures 

Purchase of Ksp 1.3 Cre mice and increased number of breeding cages has increased expenses.  Costs for FISP-

MRI scans. 

Less expenditures when lab was closed for 3 months due to Covid-19. Hence a second no cost extension was 

granted. 
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Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select agents 

None. 

Significant changes in use or care of human subjects 

Not applicable 

Significant changes in use or care of vertebrate animals. 

None 

Significant changes in use of biohazards and/or select agents 

None 

6. PRODUCTS: 

Publications, conference papers, and presentations 

Nothing to report 

Journal publications. 

See Appendix. 

Books or other non-periodical, one-time publications. 

Nothing to report 

Other publications, conference papers, and presentations. Recent abstract presentations. 

Three abstracts accepted for presentation at the annual American Society of Nephrology virtual meeting 

from October 21-25, 2020. 

1. On behalf of the American Society of Nephrology (ASN) and the Kidney Week Education Committee,

thank you for submitting an abstract for Kidney Week, which will be a fully digital meeting. We are pleased to 

inform you that your abstract 3444404 "Mechanisms of suppressed autophagic flux in the kidney caused by 

sham surgery and unilateral nephrectomy" has been selected by the Committee for an ePoster presentation. 

2. On behalf of the American Society of Nephrology (ASN) and the Kidney Week Education Committee,

thank you for submitting an abstract for Kidney Week, which will be a fully digital meeting. We are pleased to 

inform you that your abstract 3442415 "The effect of trehalose on autophagy-related proteins and cyst 
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growth in a hypomorphic Pkd1 mouse model of autosomal dominant polycystic kidney disease 

(ADPKD)" has been selected by the Committee for an ePoster presentation. 

3. On behalf of the American Society of Nephrology (ASN) and the Kidney Week Education Committee,

thank you for submitting an abstract for Kidney Week, which will be a fully digital meeting. We are pleased to 

inform you that your abstract 3442374 "Suppressed autophagic flux in the heart in a hypomorphic Pkd1 

mouse model of ADPKD" has been selected by the Committee for an ePoster presentation. 

Two abstracts accepted for presentation at the annual American Society of Nephrology virtual meeting 

from November 1-5, 2020. 

1. On behalf of the American Society of Nephrology (ASN) and the Kidney Week Education Committee,

thank you for submitting an abstract for ASN Kidney Week 2021, which will be a hybrid format meeting. We 

are pleased to inform you that your abstract 3604788 "Autophagy inhibition ameliorates PKD" has been 

selected by the Committee for poster presentation. 

2. On behalf of the American Society of Nephrology (ASN) and the Kidney Week Education Committee,

thank you for submitting an abstract for ASN Kidney Week 2021, which will be a hybrid format meeting. We 

are pleased to inform you that your abstract 3604576 "Suppressed Autophagy Drives Increased Cellular 

Metabolic Activity in Human ADPKD Cells" has been selected by the Committee for poster presentation. 

4. Website(s) or other Internet site(s)

Nothing to report (yet) 

Technologies or techniques 

Nothing to report (yet) 

Inventions, patent applications, and/or licenses 

Nothing to report (yet) 

Other Products 

Nothing to report (yet) 

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project? 
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Provide the following information for: (1) PDs/PIs; and (2) each person who has worked at least one person 

month per year on the project during the reporting period, regardless of the source of compensation (a person 

month equals approximately 160 hours of effort). If information is unchanged from a previous submission, 

provide the name only and indicate "no change." 

Example: 

Name: Charles Edelstein 

Project Role: PI 

Researcher Identifier (e.g. 

ORCID ID): 

Nearest person month 

worked: 
12 

Contribution to Project: 
Dr. Edelstein has overseen the design, performance and 

analysis of the studies 

Funding Support: DOD funding. VA Merit award funding. 

Name: Deepak Pokhrel 

Project Role: PRA 

Researcher Identifier (e.g. 

ORCID ID): 

Nearest person month 

worked: 
6 

Contribution to Project: 

Creation of double knockout mic, 

Mouse treatment studies 

mTORC1/2 signaling pathways  

General Lab Manager duties 

Funding Support: 50% DOD funding. 50% VA Merit Award funding 

Name: Dan Atwood 

Project Role: PRA 

Researcher Identifier (e.g. 
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ORCID ID): 

Nearest person month 

worked: 
6 

Contribution to Project: 

Breeding of single and double knockout mice 

Genotyping of mice   

Performing immunohistochemistry 

Mouse treatment studies 

mTORC1/2 signaling pathways 

Funding Support: 50% DOD funding. 50% VA Merit Award funding 

Name: Nicole Brown 

Project Role: PRA 

Researcher Identifier (e.g. 

ORCID ID): 

Nearest person month 

worked: 
4 

Contribution to Project: 
Autophagy studies. Genotyping animals, animal injections, 

Performing immunoblots,  

Funding Support: 50% DOD funding. 50% VA Merit Award funding 

Name: Sara Holditch 

Project Role: Post-doctoral Fellow 

Researcher Identifier (e.g. 

ORCID ID): 

Nearest person month worked: 12 

Contribution to Project: 
4E-BP1 studies, Creation of double knockout mice, 

Mouse treatment studies,  

Funding Support: DOD funding. PKD Foundation Fellowship Award funding 

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since the last 

reporting period? 
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1) VA Merit Award VA Merit Award to Charles Edelstein. BX003803-01A1. Autophagy in polycystic kidney

disease. (Edelstein)        07/01/18-07/01/22. 

2) Pharmaceutical Company support: Title: Effect of oxypurinol and L-arginine on PKD in the rat. XORTX

Pharmaceuticals. PI Edelstein.  06/01/2021–06/01/2023. 

Overlap: None 

What other organizations were involved as partners? 

Nothing to report 

8. SPECIAL REPORTING REQUIREMENTS

COLLABORATIVE AWARDS: 

Not applicable 

QUAD CHARTS: 

Not applicable 

9. APPENDICES:

Copies of our most significant papers published during the reporting period of the DOD grant and 

related to the DOD grant are attached in the Appendix: 

1. Holditch S, Brown CN, Atwood DJ, Lombardi AM, Nguyen KN, Toll HW, Hopp K,  Edelstein CL. A study

of sirolimus and an mTOR kinase inhibitor (TORKi) in a hypomorphic Pkd1 mouse model of autosomal 

dominant polycystic kidney disease (ADPKD). Am J.Physiol Renal Physiol 2019 Jul 1;317(1):F187-F196 

2. The consequences of increased 4E-BP1 in Polycystic kidney disease. Holditch SJ, Brown CN, Atwood D,

Brown SE, Lombardi AM, Nguyen KN, Hill RC, Lanaspa M, Hopp K, Weiser-Evans M, Edelstein CL.  Hum. 

Molec Genet, 2019 Dec 15;28(24):4132-4147 

3. Nowak K, Edelstein CL Apoptosis and autophagy in PKD. Cell Signal 2019 (in press)
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4. Atwood DJ, Pokhrel D, Brown CN, Holditch SJ, Bachu DM, Thorburn A, Hopp K, Edelstein CL. Increased

mTOR and suppressed autophagic flux in the heart of a hypomorphic Pkd1 mouse model of autosomal 

dominant polycystic kidney disease. Cell Signal. 2020 (in press) 

5. Atwood DJ, Brown DN, Holditch SJ, Pokhrel D, Thorburn A, Hopp K and Edelstein CL. The effect of

trehalose on autophagy-related proteins and cyst growth in a hypomorphic Pkd1 mouse model of autosomal 

dominant polycystic kidney disease. Cell Signal. 2020 (in press). 

6. Brown CN, Atwood D, Pokhrel D, Holditch SJ, Altmann C, Skrypnyk NI, Bourne J, Klawitter J, Blaine J,

Faubel S, Thorburn A, Edelstein CL. Surgical procedures suppress autophagic flux in the kidney.  Cell Death 

Dis. 2021 Mar 5;12(3):248. doi: 10.1038/s41419-021-03518-w. 

7. Edelstein CL, Venkatachalam M, Dong Z. Autophagy inhibition by chloroquine and hydroxychloroquine

could adversely affect AKI and other organ injury in critically ill patients with COVID-19. Kidney Int. 2020 (in 

press). 

Other publications during the reporting period not directly related to DOD grant and not attached to 

Appendix. 

1. Jain S, Edelstein CL, Jani A. Protection from apoptotic cell death during cold storage followed by rewarming

in 13-lined ground squirrel tubular cells: the role of pro-survival factors XIAP and phosphoAkt. Transplantation 

2016 Mar;100(3):538-45 

2. Faubel S and Edelstein CL. Mechanisms and mediators of lung injury after acute kidney injury. Nature Rev

Nephrol 2016 Jan;12(1):48-60 

3. Kameswaran Ravichandran; Qian Wang; Abdullah Ozkok; Alkesh Jani; Howard Li; Zhibin He; Danica

Ljubanovic; Mary Weiser-Evans; Raphael Nemenoff; Charles Edelstein. CD4 T cell knockout does not protect 

against kidney injury and worsens cancer." J. Mol. Med 2016 Apr;94(4):443-55 

4. Abdullah Ozkok, Kameswaran Ravichandran, Qian Wang, Danica Ljubanovic and Charles L. Edelstein. NF-

KB inhibition ameliorates cisplatin-induced acute kidney injury. Toxicol. Lett 2016 Jan 5;240(1):105-13 

5. Klionsky D, Edelstein CL et al (multiple authors) . Gudelines for the use and monitoring of assays for

measuring autophagy. Autophagy  2016 Jan 2;12(1):1-222. 
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6. Schmidt ED,  Overdier LH, Dun X, Yang Y, Ammons LA,  Holler T D, Sulfite M, Yu U, Chen Y, Yang S, 

Burley CC,  Edelstein CL, Douglas I, Linhardt R. Urinary glycosaminoglycans predict outcomes in septic shock 

and ARDS.  Am J Resp Crit Care Med 2016 Aug 5;194(4):439-49 

7. Gist KM, Kaufman J, da Cruz EM, Friesen RH, Crumback SL, Linders M, Edelstein C, Altmann C, Palmer 

C, Jalal D, Faubel S.A Decline in Intraoperative Renal Near-Infrared Spectroscopy Is Associated With Adverse 

Outcomes in Children Following Cardiac Surgery. Pediatr Crit Care Med. 2016 Feb 24. [Epub ahead of print] 

8. Zhao B, Lu Q, Cheng Y, Belcher JM, Siew ED, Leaf DE, Body SC, Fox AA, Waikar SW, Collard CD, 

Thiessen-Philbrook H, Ikizler TA, Ware LB, Edelstein CL, Garg AX, Choi M, Schaub JA, Zhao H, Lifton RP, 

Parikh CR; TRIBE-AKI Consortium. A Genome-Wide Association Study to Identify Single Nucleotide 

Polymorphisms for Acute Kidney Injury. Am J Respir Crit Care Med. 2016 Aug 30 

9. de Fontnouvelle CA, Greenberg JH, Thiessen-Philbrook HR, Zappitelli M, Roth J, Kerr KF, Devarajan P, 

Shlipak M, Coca S, Parikh CR; TRIBE-AKI Consortium. Interleukin-8 and Tumor Necrosis Factor Predict 

Acute Kidney Injury After Pediatric Cardiac Surgery. Ann Thorac Surg. 2017 Dec;104(6):2072-2079.  

10. Belley-Côté EP, Parikh CR, Shortt CR, Coca SG, Garg AX, Eikelboom JW, Kavsak P, McArthur E, 

Thiessen-Philbrook H, Whitlock RP; TRIBE-AKI Consortium. Association of cardiac biomarkers with acute 

kidney injury after cardiac surgery: A multicenter cohort study. J Thorac Cardiovasc Surg. 2016 Jul;152(1):245-

251. 

11. Torres VE, Chapman AB, Devuyst O, Gansevoort RT, Perrone RD, Koch G, Ouyang J, McQuade RD, Blais 

JD, Czerwiec FS, Sergeyeva O; REPRISE Trial Investigators. Tolvaptan in Later-Stage Autosomal Dominant 

Polycystic Kidney Disease. N Engl J Med. 2017 Nov 16;377(20):1930-1942 

12. Ravichandran K, Holditch S, Brown CN, Wang Q, Ozkok A, Weiser-Evans MC, Nemenoff RA, Miyazaki 

M, Thiessen-Philbrook H, Parikh CR, Ljubanovic D, Edelstein CL. IL-33 deficiency slows cancer growth but 

does not protect against cisplatin-induced AKI in mice with cancer. Am J Physiol Renal Physiol. 2018 Mar 

1;314(3):F356-F366 

13. Scott Davis, Jane Gralla, Larry Chan, Alex Wiseman, Charles L. Edelstein. The Effect of Sirolimus on 

Native Total Kidney Volume After Transplantation in Patients with Autosomal Dominant Polycystic Kidney 

Disease: A Randomized Controlled Pilot Study. Transpl. Proc (in press) 2018 

14. Benjamin M Fox, Hyo-Wook Gil, Benjamin Griffin, Anna Jovanovich, Lara Kirkbride-Romeo, Danielle E. 

Soranno, Katja Gist Julie R Haines, Matthew Wither Angelo D'Alessandro, Timothy McKinsey, Charles L 

Edelstein, Sara Wennersten, Nathan Clendenen, Rushita A. Bagchi, Christopher Altmann, Sarah Faubel.  

http://www.ncbi.nlm.nih.gov/pubmed/26914625
http://www.ncbi.nlm.nih.gov/pubmed/26914625
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Metabolomics assessment reveals oxidative stress and altered energy production in the heart after ischemic 

acute kidney injury in mice. Kidney International 2019 Mar;95(3):590-610 

15. Lee DW, Kim JS, Kim IY, Kim HS, Kim JY, Rhee H, Seong EY, Song SH, Lee SB, Edelstein CL, Kwak

IS. Catheter-based renal sympathetic denervation induces acute renal inflammation through activation of 

caspase-1 and NLRP3 inflammasome. Anatol J Cardiol. 2019 Mar;21(3):134-141 

16. Griffin BR, Faubel S, Edelstein CL. Biomarkers of drug-induced kidney toxicity. Ther Drug Monit. 2018

Dec 10 

17. Holditch SJ,. Brown CN,. Lombardi AM, Nguyen KN, Edelstein CL. Recent Advances in Models,

Mechanisms, Biomarkers, and Interventions in Cisplatin-Induced Acute Kidney Injury. Int. J. Mol. Sci. 2019 

Jun 20;20(12). 

18. Brown CN, Atwood DJ, Pokhrel D, Ravichandran K, Holditch SJ, Saxena S, Miyazaki M, Nemenoff R,

Weiser-Evans MCM, Ljubanovic DG, Joy MS, Edelstein CL. The effect of MEK1/2 inhibitors on cisplatin-

induced acute kidney injury (AKI) and cancer growth in mice.  Cell Signal. 2020 (in press). 

19. Skrypnyk NI, Gist KM, Okamura K, Montford JR, You Z, Yang H, Moldovan R, Bodoni E, Blaine JT,

Edelstein CL, Soranno DE, Kirkbride-Romeo LA, Griffin BR, Altmann C, Faubel S.IL-6-mediated hepatocyte 

production is the primary source of plasma and urine neutrophil gelatinase-associated lipocalin during acute 

kidney injury.  Kidney Int. 2020 May;97(5):966-979 

20. Klionsky DL, Edelstein CL et al (Multiple authors). Guidelines for the use and interpretation of assays for

monitoring autophagy (4th edition)2021 Jan;17(1):1-382.  Autophagy   Epub 2021 Feb 8.  

https://www.ncbi.nlm.nih.gov/pubmed/30821713
https://www.ncbi.nlm.nih.gov/pubmed/30821713
https://www.ncbi.nlm.nih.gov/pubmed/30531196


RESEARCH ARTICLE

A study of sirolimus and mTOR kinase inhibitor in a hypomorphic Pkd1
mouse model of autosomal dominant polycystic kidney disease

Sara J. Holditch,* Carolyn N. Brown,* Daniel J. Atwood, Andrew M. Lombardi, Khoa N. Nguyen,
Harrison W. Toll, Katharina Hopp, and Charles L. Edelstein
Division of Renal Diseases and Hypertension, University of Colorado at Denver, Aurora, Colorado

Submitted 4 February 2019; accepted in final form 29 April 2019

Holditch SJ, Brown CN, Atwood DJ, Lombardi AM, Nguyen
KN, Toll HW, Hopp K, Edelstein CL. A study of sirolimus and
mTOR kinase inhibitor in a hypomorphic Pkd1 mouse model of
autosomal dominant polycystic kidney disease. Am J Physiol Renal
Physiol 317: F187–F196, 2019. First published May 1, 2019; doi:
10.1152/ajprenal.00051.2019.—Autosomal dominant polycystic kid-
ney disease (PKD) is characterized by cyst formation and growth,
which are partially driven by abnormal proliferation of tubular cells.
Proproliferative mechanistic target of rapamycin (mTOR) complexes
1 and 2 (mTORC1 and mTORC2) are activated in the kidneys of mice
with PKD. Sirolimus indirectly inhibits mTORC1. Novel mTOR
kinase inhibitors directly inhibit mTOR kinase, resulting in the inhi-
bition of mTORC1 and mTORC2. The aim of the present study was
to determine the effects of sirolimus versus the mTOR kinase inhibitor
torin2 on cyst growth and kidney function in the Pkd1 p.R3277C
(Pkd1RC/RC) mouse model, a hypomorphic Pkd1 model orthologous
to the human condition, and to determine the effects of sirolimus
versus torin2 on mTORC1 and mTORC2 signaling in PKD1�/�

cells and in the kidneys of Pkd1RC/RC mice. In vitro, both inhibitors
reduced mTORC1 and mTORC2 phosphorylated substrates and neg-
atively impacted cellular metabolic activity, as measured by MTT
assay. Pkd1RC/RC mice were treated with sirolimus or torin2 from 50
to 120 days of age. Torin2 was as effective as sirolimus in decreasing
cyst growth and improving loss of kidney function. Both sirolimus
and torin2 decreased phosphorylated S6 protein, phosphorylated eu-
karyotic translation initiation factor 4E-binding protein 1, phosphor-
ylated Akt, and proliferation in Pkd1RC/RC kidneys. In conclusion,
torin2 and sirolimus were equally effective in decreasing cyst burden
and improving kidney function and mediated comparable effects on
mTORC1 and mTORC2 signaling and proliferation in the Pkd1RC/RC

kidney.

apoptosis; autosomal dominant polycystic kidney disease; polycystic;
proliferation; sirolimus; torin2

INTRODUCTION

Autosomal dominant polycystic kidney disease (ADPKD) is
one of the most common life-threatening hereditary disorders
(59). In ADPKD, a mutation in the PKD1 gene (in ~75–77% of
cases) results in the slow development of kidney cysts, causing
chronic kidney disease requiring dialysis or kidney transplan-
tation, usually in the sixth decade of life (59). In a preclinical
study (57) and subsequent human studies (55, 56), the drug

tolvaptan was effective in slowing cyst growth and improving
kidney function, resulting in United States Food and Drug
Administration approval for the treatment of ADPKD (57).
The development of tolvaptan as a treatment for ADPKD
highlights the importance of preclinical studies for drug devel-
opment for ADPKD.

Mechanistic target of rapamycin (mTOR) exists in two distinct
structural and functional complexes: mTORC1 and mTORC2.
mTORC1 downstream signaling is mainly via the proprolif-
erative S6 ribosomal protein (S6) and eukaryotic translation
initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1) path-
ways. The mTORC2 protein complex associates with rapamy-
cin-independent companion of mTOR (Rictor). mTORC2 sig-
naling is mainly propagated via phosphorylation of Akt at
Ser473.

In two large randomized human studies, the effect of the
rapamycin analogs (rapalogs) sirolimus and everolimus (indi-
rect mTORC1 inhibitors) on polycystic kidney disease (PKD)
was disappointing (45, 58). Apart from dose limitations due to
toxicity and inconsistent timing or duration of rapalog treat-
ment, rapalogs may not impact major downstream proprolif-
erative substrates of mTORC1, such as the translational repres-
sor 4E-BP1. Sirolimus does not usually directly target 4E-BP1
(16, 47); instead, sirolimus is only a partial inhibitor of mTORC1 in
most cell types (16, 47, 53, 54), and phosphorylation of
4E-BP1 is usually sirolimus resistant at Thr46 (30). Another
possible reason for the disappointing effect of rapalogs in
human studies is that rapalogs do not directly target mTORC2
or its downstream substrates (16, 47).

Second-generation mTOR inhibitors, mTOR kinase inhibi-
tors (TORKi), inhibit both mTORC1, especially 4E-BP1 (34),
and mTORC2. Studies have shown 4E-BP1 phosphorylation
sensitivity to TORKi (8, 52). We have previously shown that
an active site TORKi, PP242, decreases PKD and improves
kidney function in the Han:SPRD (Cy/�) rat model of ADPKD
(38). We have also previously shown that a mTOR antisense
oligonucleotide that targets both mTORC1 and mTORC2 de-
creases PKD and improves kidney function in the Pkd2�/�

mouse (37). However, in PKD, it is unknown whether there is
aberrant phosphorylation of 4E-BP1 or whether phosphory-
lated 4E-BP1 (pE4-BP1) species (Thr70, Thr37/46, and Ser65)
are sensitive to TORKi. Also, the effect of an active site
TORKi has not been directly compared with the mTOR allo-
steric inhibitor sirolimus in PKD.

We hypothesized that a TORKi would inhibit proprolifera-
tive mTORC1 downstream substrates, such as 4E-BP1, and
mTORC2, to a greater degree than the allosteric mTORC1
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inhibitor sirolimus. Furthermore, we hypothesized that a
TORKi would be as effective as, or more effective than,
sirolimus in ameliorating PKD in a hypomorphic Pkd1RC/RC

mouse model orthologous to the human disease. The aims of
the study were to characterize mTORC1 and mTORC2 signal-
ing in PKD1�/� cells in vitro and Pkd1RC/RC mice in vivo in
response to sirolimus or treatment with a TORKi. This pre-
clinical study of a TORKi in PKD may offer insights into
performing future clinical studies in PKD.

METHODS

In vitro model. Human primary cells from the normal renal cortical
tubular epithelium (RCTE; PKD1�/�) and ADPKD cyst-lining epi-
thelium [PKD1�/� (WT 9-12 cell line)] immortalized with ori-adeno-
simian virus 40, as previously described (31), were used. PKD1�/�

cells have increased proliferation (1) and a delayed proliferative
response to antiproliferative agents (49), making them a translational
in vitro PKD model to study the relationship between mTOR and
proliferation. Cells were cultured as previously described (31). Doses
of sirolimus (1, 10, 100, and 1,000 nM) and torin2 (1, 10, 100, and
1,000 nM) were increased over a 1-h period in 10-cm2 plates. Briefly,
cells were plated 18 h in advance. Once plates had reached 80%
confluence, cells were exposed to escalating doses of sirolimus or
torin2. After 1 h, protein was isolated from cell lysates and immuno-
blotted for mTORC1 and mTORC2 substrates.

Metabolic activity was assayed using MTT according to the man-
ufacturer’s instructions. Briefly, 5,000 cells were plated per well in a
96-well plate, allowed to adhere for 5 h, exposed to sirolimus (10 nM)
or torin2 (100 nM) for 2 h, and then assayed for MTT reduction.
Actively respiring cells convert water-soluble MTT to insoluble
purple formazan. The formazan concentration was determined by
optical density measured at 590 nm.

In vivo model. Pkd1RC/RC mice have a hypomorphic Pkd1 gene
mutation orthologous to that of PKD patient disease variant PKD1 p.
R3277C (Pkd1RC/RC) (22). Pkd1RC/RC mice in the C57BL/6 back-
ground have cysts at 3 mo of age (21, 24). Cyst expansion and size
correlate with increased tubular cell proliferation (22). Wild-type
C57BL/6J mice (stock no. 000664) were purchased from Jackson
Laboratories (Bar Harbor, ME). All experiments were conducted with
adherence to the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. The animal protocol was approved by the
Animal Care and Use Committee of the University of Colorado at
Denver. Mice were maintained on a standard diet under standard
pathogen-free housing conditions, with food and water freely avail-
able.

Experimental in vivo protocol. Male and female C57BL/6 Pkd1RC/RC

mice were treated with torin2 (10 mg/kg ip, daily on weekdays),
sirolimus (0.5 mg/kg ip, daily on weekdays), or vehicle (28% DMSO
in polyethylene glycol 300) from 50 to 120 days of age. There were
equal numbers of male and female mice per group. PKD does not
differ significantly between male and female C57BL/6 Pkd1RC/RC

mice (24). Sirolimus was obtained from Sigma-Aldrich (St. Louis,
MO). Torin2 was a gift from the developer of the compound, Dr.
Nathanael Gray (Dana Farber Cancer Institute, Harvard Medical
School, Boston, MA).

Dosage of sirolimus and torin2. In our previous study (61), Pkd2�/�

mice treated with sirolimus (0.5 mg·kg�1·day�1) had a trough blood
level of 20–22 ng/ml and a 51% decrease in the cyst index. Higher
doses of sirolimus (5 mg·kg�1·day�1) resulted in a similar decrease in
the cyst index in Pkd1�/� mice (46). The therapeutic blood level of
sirolimus in humans is 5–15 ng/ml. In view of the sirolimus trough
levels of 20–22 ng/ml with the 0.5 mg·kg�1·day�1 treatment, it is
unlikely that a higher dose of sirolimus would mediate a more
therapeutic effect on PKD.

In addition, a dose experiment was performed for sirolimus and
torin2 in male C57BL/6 mice at 70 days of age (see Supplemental Fig.
S2; all Supplemental Data for this article can be found at https://
doi.org/10.6084/m9.figshare.7949153.v1). Mice were treated with ve-
hicle (28% DMSO in polyethylene glycol 300), sirolimus (0.1, 0.5, or
1 mg/kg), or torin2 (0.1, 1, or 10 mg/kg) on the day before they were
euthanized. After 24 h, mice received a second dose of the indicated
treatment and were euthanized within 1 h. Kidney tissue was analyzed
for mTORC1 and mTORC2 substrates. A 0.5 mg·kg�1·day�1 dose of
sirolimus was used for long-term treatment based on the virtually
complete inhibition of the mTORC1 substrate phosphorylated S6
(pS6) by sirolimus at 0.5 mg·kg�1·day�1 (Supplemental Fig. S2A). A
10 mg·kg�1·day�1 dose of torin2 was chosen for long-term treatment
based on the virtually complete inhibition of mTORC1 and mTORC2
substrates: pS6, p4E-BP1 (Thr37/46), and phosphorylated Akt (pAkt)
(Supplemental Fig. S2B).

Measurement of kidney function. Blood urea nitrogen was mea-
sured with a urea assay kit (BioAssay Systems, Hayward, CA)
according to the manufacturer’s instructions (DIUR-100). Serum
creatinine was measured by HPLC-tandem mass spectrometry. 2H3

and creatinine were detected in multiple reaction-monitoring mode,
examining transitions of m/z from 114 to 44.2 and from 117 to 47.2,
respectively.

Immunoblot analysis. Protein was isolated from cells and tissues
using RIPA buffer and cOmplete protease and phoSTOP phosphatase
inhibitor cocktails (Sigma). Homogenates were centrifuged, and the
supernatant was obtained for protein quantification by DC protein
assay (Bio-Rad, Hercules, CA) according to the manufacturer’s in-
structions. Samples were mixed with Laemmli sample buffer, boiled
for 5 min, and run on 4–20% precast polyacrylamide gels. Proteins
were then transferred to 0.45-�m PVDF membranes, blocked with
2.5% evaporated milk, and probed with the antibodies provided in
Supplemental Table S1. The specificity of each of the antibodies has
been validated by the vendor (Cell Signaling Technology, Danvers,
MA) and cited in previous publications (4, 6, 12, 18, 37, 38, 61). Blots
were developed by chemiluminescence and analyzed for densitometry
using ImageJ.

Routine histology. Tissues were fixed overnight in 10% formalin at
4°C, transferred to fresh 70% ethanol, and left overnight at 4°C; this
process was carried out a total of three times. Next, the tissues were
processed and embedded in paraffin wax using Leica systems. Tissues
were sectioned at 4 �m and baked at 60°C for 2 h. Kidneys were
stained with hematoxylin and eosin, and the cystic index and number
of cysts were quantified on 2 sections/mouse (left and right kidneys)
using the NIS-Elements macro, as previously described (24). The cyst
index and number of cysts were expressed as percentages of the
cross-sectional area and numbers per cross-sectional area, respec-
tively. Areas with tissue tears and bubbles that were identified with
higher magnification (�40) were excluded from analysis.

Immunohistochemistry protocol. After tissue sections were depar-
affinized and rehydrated, antigen unmasking was performed in sodium
citrate buffer (pH 6.0) for 25 min at 100°C. Sections were rinsed for
10 min in cold tap water, immersed in 3% hydrogen peroxide for 10
min, and then rinsed in deionized water for 5 min to block endogenous
peroxidase activity. Blocking was performed using Vectastain Elite
ABC kit blocking serum for 30 min at room temperature. Primary
antibodies were diluted in Tris-buffered saline with Tween 20, as
described in Supplemental Table S1, and incubated overnight at 4°C
in a humidified chamber. Immunoreactions were detected using the
Vectastain standard protocol with 3,3=-diaminobenzidine tetrahydro-
chloride hydrate (DAB) counterstained with hematoxylin. Slides were
subsequently dipped one to three times in 0.3% acid alcohol, dehy-
drated, and mounted. DAB-positive staining was analyzed using
macros provided by Aperio ImageScope.

TUNEL protocol. TUNEL was performed on tissue sections using
a DeadEnd colorimetric apoptosis detection system kit (Promega)
according to the manufacturer’s instructions.
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Quantitation of immunohistochemistry staining. The number of
positive-staining cells was counted using the Aperio ImageScope
(Leica Biosystems) by an observer blinded to the treatment modality.
Noncystic tubules were defined as �50-�m-diameter tubules; 15–20
fields of view (�40 magnification) devoid of cysts in the cortex per
sample were randomly selected for noncystic quantitation. To avoid
sensitivity and selection artifacts between noncystic and dilated,
possibly precystic, tubules as well as potential changes in the tubular
epithelium lining massive cysts, positive staining was counted in ~75-
to 200-�m-diameter cysts. Fifty to seventy-five cortical cysts per
tissue section were randomly selected for histological analysis.

Statistical analysis. Values are means � SE. Data sets were ana-
lyzed by a nonparametric unpaired Mann-Whitney test. Multiple
group comparisons were performed using ANOVA with a Newman-
Keuls post test. Single group comparisons were made using a Stu-
dent’s t-test. P values of �0.05 were considered statistically signifi-
cant.

RESULTS

Dose response of sirolimus versus torin2 on mTORC1 and
mTORC2 in vitro. PKD1�/� (WT 9-12) cells were treated with
logarithmic doses of sirolimus and torin2, resulting in a marked
decrease in phosphorylation of mTORC1 and mTORC2 sub-
strates (Supplemental Fig. S1). Sirolimus at 10, 100, and 1,000
nM decreased pS6 and p4E-BP1 (Thr37/46) and had no effect on
pAkt (Ser473) in PKD1�/� cells (Supplemental Fig. S1A). Torin2
at 1, 10, 100, and 1,000 nM significantly decreased pS6. Phos-
phorylation of 4E-BP1 (Thr37/46) was nearly eliminated at 10,
100, and 1,000 nM torin2; however, because of decreased total
4E-BP1 abundance, only 10 nM torin2 trended in the decreased
p4E-BP1-to-total 4E-BP1 ratio (P � 0.05; Supplemental Fig. S1).
The ratio of pAkt (Ser473) to total Akt in PKD1�/� cells was
decreased with 100 nM torin2 (Supplemental Fig. S1). Based on
the dose escalation, a dose of sirolimus mediating mTORC1
inhibition (10 nM) and a dose of torin2 mediating inhibition of
both mTORC1 and mTORC2 (100 nM) were chosen for further
study in PKD1�/� and PKD1�/� cells.

Decreased phosphorylation of mTORC1 and mTORC2
substrates as well as decreased metabolic activity in vitro with
sirolimus and torin2 treatment. Binding of 4E-BP1 to the
translation initiator eIF4E is reversible (18). Hypophosphory-
lated 4E-BP1 binds avidly to eIF4E; 4E-BP1 hyperphospho-
rylation retards this interaction. mTOR signaling is the major
factor in release of 4E-BP1 from eIF4E (18) and, thus, pro-
motes translation and proliferation. Therefore, we character-
ized three phosphorylated isoforms of 4E-BP1 most associated
with the initial phospho-priming (18) and subsequent release of
eIF4E (17), namely, Thr37/46, Thr70, and Ser65, in PKD1�/�

(RCTE) and PKD1�/� (WT 9-12) cells exposed to sirolimus
and torin2. Relative to total 4E-BP1 abundance, the Thr37/46

and Ser65 phosphorylated isoforms were elevated uniquely in
PKD1�/� compared with PKD1�/� cells. Sirolimus resulted
in a significant decrease in p4E-BP1 (Ser65 and Thr37/46) in
PKD1�/� cells (Fig. 1A). Similarly, torin2 resulted in a sig-
nificant decrease in p4E-BP1 (Ser65 and Thr37/46) in PKD1�/�

cells (Fig. 1A). Sirolimus decreased the mTORC2 substrate
Akt in PKD1�/� cells but increased the ratio of pAkt to total
Akt (Fig. 1A). In this regard, sirolimus-dependent inhibition of
mTORC1 has been shown to increase phosphorylation of Akt
(Ser473) (27, 36). Sirolimus significantly decreased phosphor-
ylation of Akt (Ser473) in PKD1�/� cells (Fig. 1A). Finally, we
assessed any possible suppressive metabolic effect of sirolimus

and torin2 in PKD1�/� (WT 9-12) and PKD1�/� (RCTE) cells
by MTT assay (10, 48). PKD1�/� cells exhibited significantly
higher metabolic activity than PKD1�/� cells (Fig. 1B). Both
sirolimus and torin2 decreased metabolic activity, as detected
by MTT assay of PKD1�/� cells (Fig. 1B). Sirolimus inhibited
phosphorylation of 4E-BP1 (Thr37/46 and Ser65) and phosphor-
ylation of Akt (Ser473), a marker of mTORC2 activation, in
PKD1�/� cells (Fig. 1A). From these data, we hypothesized
that sirolimus and torin2 may exhibit anticystic effects in vivo,
mediated through a combination of suppression of both
mTORC1 and mTORC2 signaling and a decrease in metabolic
activity in cystic renal epithelial cells.

Both sirolimus and torin2 decreased cyst burden and pro-
tected kidney function in Pkd1RC/RC mice. At 50 days of age,
mice were treated with vehicle, sirolimus (0.5 mg·kg�1·day�1),
or torin2 (10 mg·kg�1·day�1) for 70 weekdays. No side effects
of treatment were noted on gross examination in either treat-
ment group. Both sirolimus and torin2 resulted in a significant
decrease in the kidney weight-to-body weight ratio (Fig. 2A), a
significant improvement in kidney function, as measured by
serum blood urea nitrogen and creatinine (Fig. 2, B and C), and
a significant decrease in the cyst index (Fig. 2D), with no
significant difference in efficacy between the two treatment
approaches. Although the number of cysts was decreased, there
was no significant reduction in the total number of cysts in
PKD kidneys (Fig. 2E). Representative hematoxylin and eosin-
stained sections showed less cystic area in both sirolimus- and
torin2-treated mice (Fig. 2F). Thus, both sirolimus and torin2
resulted in an equivalent decrease in cyst burden and improve-
ment of kidney function in Pkd1RC/RC mice, with no side
effects on gross examination.

Both sirolimus and torin2 decreased proliferation and in-
creased apoptosis in Pkd1RC/RC kidneys. Proliferating cell nu-
clear antigen (PCNA) staining, a marker of proliferation, and
TUNEL staining, a marker of apoptosis, were measured in
noncystic cortical renal tubules and in the cyst-lining epithe-
lium of PKD kidneys. PCNA staining in noncystic tubules was
modestly increased in PKD compared with wild-type kidneys
(Fig. 3A). Sirolimus, but not torin2, resulted in a significant
decrease in PCNA-positive nuclei in noncystic areas of PKD
kidneys (Fig. 3A). The increase in TUNEL staining in noncys-
tic tubules in PKD kidneys compared with wild-type control
kidneys did not reach statistical significance (Fig. 3A). In the
cystic epithelium of PKD kidneys, torin2 resulted in a signif-
icant decrease in PCNA-positive nuclei compared with vehicle
and sirolimus (Fig. 3B). In cells lining the cysts, torin2 signif-
icantly increased apoptosis (TUNEL staining) compared with
vehicle (Fig. 3B).

Both sirolimus and torin2 decreased mTORC1 and mTORC2
phosphorylated substrates in Pkd1RC/RC kidneys. Increased
mTOR substrates 4E-BP1 and S6 have been associated with
worsening prognosis in oncology. For example, high 4E-
BP1 and S6 protein levels predict reduced benefit from
treatment, poor prognosis, and endocrine resistance in breast
cancer (23). For this reason, we performed immunohisto-
chemical analysis of noncystic tubules in PKD kidneys and
cells lining the cysts for p4E-BP1 isoforms and pS6. There
was an increase in pS6 and p4E-BP1 (Thr37/46 and Thr70)
staining in noncystic areas of PKD compared with wild-type
kidneys and in cells lining kidney cysts (Fig. 4, A and B).
The increase in pS6 and p4E-BP1 (Thr37/46 and Thr70)
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staining in noncystic areas of PKD kidneys was decreased
by both sirolimus and torin2 (Fig. 4A). There was an
increase in p4E-BP1 (Ser65) staining in noncystic areas of
PKD kidneys compared with wild-type control kidneys (P �
0.05). Staining of p4E-BP1 (Thr37/46, Ser65, and Thr70) in
cells lining kidney cysts was not significantly affected by
sirolimus or torin2 (Fig. 4B). Finally, immunoblot analysis
of whole kidney homogenates revealed that pAkt (Ser473)
was significantly increased in PKD compared with wild-
type kidneys and significantly decreased in PKD kidneys
treated with both sirolimus and torin2 (Fig. 4C). These data
show, for the first time, that staining of p4E-BP1 (Thr37/46,
Ser65, and Thr70) was increased in noncystic tubules in PKD
kidneys and present in cells lining the cysts and was sensi-
tive to mTORC1 and mTORC2 inhibition in vivo.

DISCUSSION

mTORC1 is associated with cell proliferation and protein
synthesis via phosphoregulation of the downstream substrates

phosphorylated 70-kDa S6 kinase (and, in turn, S6) and 4E-
BP1. 4E-BP1 has three main phosphorylated isoforms (18)
resulting in increased translation and proliferation. Sirolimus is
only a partial inhibitor of mTORC1 in most cell types (16, 47,
53, 54), and phosphorylation of 4E-BP1, especially in cancer
studies, has been shown to be sirolimus resistant but sensitive
to TORKi (8, 52). mTORC2 directly phosphorylates Akt at
Ser473, and a reduction in Rictor expression inhibits phosphor-
ylation of Akt (Ser473). Phosphoregulation of Akt (Ser473)
plays a crucial role in proliferation, cell survival, and growth.
Both mTORC1 and mTORC2 contain a mTOR kinase that is
inhibited by TORKi. Torin2 is a second-generation ATP-
competitive active site inhibitor that is both potent and highly
selective for mTOR kinase, exhibiting a superior pharmacoki-
netic profile compared with previous TORKi (63). In support
of the use of combined mTORC1 and mTORC2 inhibition in
PKD, our previously published data demonstrated that a
mTOR antisense oligonucleotide blocks both mTORC1 and
mTORC2 decreases in cyst burden and improves kidney func-
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tion in Pkd2�/� mice (37). Whether p4E-BP1 and pAkt
(Ser473) are resistant to sirolimus in kidney cells and in the
kidney is not known. Also, the effects of a TORKi versus
sirolimus on p4E-BP1 isoforms and pAkt (Ser473) in kidney
cells and in the kidney are not known. The major aims of the
present study were to determine the effect of sirolimus versus
a TORKi on cyst burden and kidney function and to charac-
terize mTORC1 and mTORC2 signaling in in vitro and in vivo
Pkd1 models.

First, mTORC1 and mTORC2 signaling and the effect of
mTOR inhibition were determined in immortalized human
cells from the normal RCTE and ADPKD cyst-lining epi-
thelium (31). Metabolism was increased in PKD1�/� com-
pared with PKD1�/� cells, as determined by the MTT assay.
Recent studies have shown that defective glucose metabo-
lism might be a hallmark of ADPKD, offering a new

opportunity for therapy. Metabolomic profiling using nu-
clear magnetic resonance of the extracellular medium of
wild-type and Pkd1�/� cells revealed that Pkd1�/� cells
consume high levels of glucose and preferentially use it in
aerobic glycolysis for energy production (40). These data
demonstrating that Pkd1�/� cells consume high levels of
glucose and preferentially use it in aerobic glycolysis are in
line with an upregulation of mTORC1 in ADPKD, as this
complex regulates transcriptional programs involved in en-
ergy metabolism (33, 43). mTORC1 inhibition with siroli-
mus benefits glucose metabolism in five mouse models of
type 2 diabetes (39), reducing weight gain, improving insu-
lin sensitivity, and reducing hyperinsulinemia. The litera-
ture is lacking as to the glucose metabolic effects of a
TORKi in diabetes or ADPKD. Thus, in wild-type and
PKD1�/� cells, we compared the effects of sirolimus and a
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TORKi on NAD(P)H-dependent cellular oxidoreductase ac-
tivity (a direct measurement of MTT assay) and metabolic
activity (an indirect measurement of MTT assay) (48). The
increase in metabolism in PKD1�/� cells was associated
with an increase in p4E-BP1 (Ser65 and Thr37/46). Both
sirolimus and torin2 caused a reduction in metabolic rates in
PKD1�/� cells that was associated with decreased phos-
phorylation of 4E-BP1 at Ser65 and Thr37/46 but not at Thr70.
Sirolimus decreased phosphorylation of Akt, a marker of
mTORC2 in PKD1�/� cells. Thus, in human PKD1�/�

cells, it is likely that metabolism is mediated by additional
mTORC1-independent proproliferative pathways, as siroli-
mus is able to inhibit phosphorylation of 4E-BP1 and
phosphorylation of Akt (Ser473) (mTORC2). Also, in vitro
models may have inherent artifacts of immortalization and,
therefore, may not reflect an effect on the mTORC1/2
system in an in vivo model of PKD.

Human studies of sirolimus in PKD were plagued by side
effects, especially mucositis (45, 58). In animal studies, the
side effect profile of a TORKi was better than that of rapalogs,
perhaps due to a lesser immunosuppressive effect (no bone
marrow suppression and no effect on T and B cell prolifera-
tion) (2, 7, 9, 25). Human safety and tolerability studies of

TORKi have shown that the side effect profile is different from
that of rapalogs and may be milder (3, 35). Thus, based on the
data that a TORKi can inhibit both mTORC1 and mTORC2,
including 4E-BP1, and are well tolerated in preclinical and
clinical studies, a study of the TORKi torin2 versus sirolimus
was performed in Pkd1RC/RC mice. Both torin2 and sirolimus
mediated similar effects in terms of reducing kidney cyst
index and maintaining kidney function, despite potentially differ-
ent specificities/mechanisms of action of the two drugs. Many
signaling pathways, in addition to mTOR, are involved in
ADPKD (20, 41). However, both drugs effectively target pS6
in noncystic and cystic tubules, and both drugs target p4E-BP1
(Thr37/46 and Thr70) in noncystic tubules. Thus, although torin2
and sirolimus have different specificities and mechanisms of
action for the effective inhibition of mTOR signaling, they do
not specifically target the other pathways dysregulated in PKD
(28). Regardless, the possibility that TORKi treatment may
have fewer side effects than sirolimus in patients with ADPKD
is encouraging.

Sirolimus decreased PCNA staining in noncystic tubules
in PKD kidneys, whereas torin2 decreased PCNA staining in
cystic tubules. As the mechanism for torin2 and sirolimus
cellular uptake is ill defined, it is plausible that cellular
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uptake for sirolimus versus torin2 may differ between cystic
and noncystic tubules. Human and experimental data pro-
vide strong evidence that abnormal proliferation and apo-
ptosis in tubular epithelial cells play a crucial role in cyst
development and/or growth in PKD (59). Thus, both siroli-
mus and torin2 likely decreased cyst burden in Pkd1RC/RC

mice, at least in part, by retarding cystic and noncystic
cortical tubular cell proliferation.

S6 ribosomal protein is the main mTORC1 proproliferative
substrate that is inhibited by sirolimus. In the present study,
pS6 was increased in PKD compared with wild-type kidneys,
markedly inhibited by both sirolimus and torin2 in noncystic
areas of PKD kidneys, and inhibited to a lesser extent in cyst-
lining epithelial cells. These data suggest that both sirolimus
and torin2 may decrease proliferation in PKD kidneys via
inhibition of pS6.

The role of apoptosis in cyst growth is controversial (14).
Pharmacological (50) or genetic (51) inhibition of apoptosis
results in less cyst growth. However, induction of apoptosis in
two Pkd1�/� models also resulted in stunted cyst growth (15).
Protection against PKD with high-dose sirolimus (1.67 or 5
mg·kg�1·day�1) was associated with increased apoptosis (46).
Our previously published data showed that sirolimus at a much
lower dose, 0.5 mg·kg�1·day�1, had no effect on cleaved
caspase-3 or apoptosis in Pkd2�/� mice (61) and female Cy/�
rats (6). In the present study, torin2 resulted in increased
apoptosis in cells lining the cysts. These data suggest that
therapeutic effects of torin2 on PKD may be related in part to
increased apoptosis in addition to decreased proliferation.
While both inhibitors had effects on proliferation and apo-
ptosis and decreased cystic index, neither significantly de-
creased the total number of cysts, suggesting that these
inhibitors may act by preventing cyst expansion driven by
proliferation and apoptosis more so than de novo cystogen-
esis.

4E-BP1 inhibits cap-dependent translation by binding to
the translation initiation factor eIF4E. Hyperphosphorylation
of 4E-BP1 disrupts this interaction and results in the activation
of cap-dependent translation. Phosphorylation of 4E-BP1 at
Thr37 and Thr46 does not prevent the binding of 4E-BP1 to
eIF4E, but it does prime 4E-BP1 for subsequent phosphoryla-
tion at Ser65 and Thr70. PKD rat models (Cy/�) (60) and renal
tissues from both patients with autosomal recessive PKD (5,
32) or ADPKD exhibit an increase in 4E-BP1 proteins. It has
been shown that p4E-BP1 is increased in the kidney of a
nonorthologous PKD mouse model, transmembrane protein 67
knockout mice (13), and in Pkd1�/� mouse embryonic fibro-
blasts (11). We aimed to characterize the sensitivity of p4E-
BP1 isoforms to mTORC1 and mTORC2 inhibition in a
hypomorphic Pkd1RC/RC in vivo model. Immunohistochemical

analysis revealed increased p4E-BP1 (Thr37/46 and Thr70) in
Pkd1RC/RC compared with wild-type kidneys. Both sirolimus
and torin2 decreased p4E-BP1 (Thr37/46 and Thr70) staining of
noncystic tubular cells of PKD kidneys. These data suggest
that sirolimus is as effective as torin2 at reducing 4E-BP1
phosphorylation events in Pkd1RC/RC kidneys.

mTORC2 directly phosphorylates Akt on Ser473, and a re-
duction in Rictor expression inhibits phosphorylation of Akt
(Ser473). Phosphoregulation of Akt (Ser473) plays a crucial
role in proliferation, cell survival, and growth. Knockout of
mTORC2 does not affect mTORC1, suggesting that mTORC2
can function independently of mTORC1, and, as such, can
activate a pool of Akt that is not upstream of mTORC1. We
previously demonstrated that pAkt (Ser473) increased in the
kidney in the Han:SPRD (Cy/�) rat model and Pkd2�/�

mouse model of ADPKD (6, 37, 38). We have previously
demonstrated that silencing of Rictor in Madin-Darby canine
kidney cells results in a decrease in pAkt (Ser473) and a
decrease in cyst size that is reversed by the introduction of
constitutively active Akt (37). In the present study, in vitro, the
increase in the ratio of pAkt (Ser473) to total Akt in PKD1�/�

compared with PKD1�/� cells did not reach statistical signif-
icance. However, our immunoblot analysis showed an increase
in pAkt (Ser473) in Pkd1RC/RC compared with wild-type kid-
neys. Both sirolimus and torin2 decreased phosphorylation of
Akt (Ser473) in Pkd1RC/RC kidneys. Sirolimus does not usually
directly target mTORC2 or downstream substrates (16, 47);
however, prolonged sirolimus treatment has been shown to
inhibit mTORC2 assembly (42). Similarly, long-term admin-
istration of sirolimus can inhibit mTORC2 in some, but not all,
in vitro and in vivo systems (44). In the present study, in
Pkd1RC/RC kidneys, long-term (70 days) treatment with siroli-
mus was able to inhibit pAkt (Ser473), a marker of mTORC2
activation.

Here, we report a study of the TORKi torin2 and siroli-
mus in PKD. One of the limitations of the study is the much
shorter half-life (~1 h) of torin2 than sirolimus (63 h) (26, 28).
As the half-life is the time required for half of a compound to
be removed by biological processes, it is possible that the
amount of functional torin2 present to inhibit mTOR signaling
and, thus, impact PKD burden chronically may have been
suboptimal compared with sirolimus. In an attempt to compen-
sate for its short half-life, torin2 was administered at the
highest tolerable dose, 10 mg/kg, once daily on weekdays. It is
possible that the dose of torin2 administered in a slower or
more stable format, e.g., subcutaneous minipump, slow-release
formulations, or compound manipulation to increase stability,
will have a stronger therapeutic effect.

In summary, we report the first study of 4E-BP1 in a hypo-
morphic Pkd1RC/RC mouse model, orthologous to human PKD,

Fig. 4. Effect of sirolimus (SIR) versus torin2 on mechanistic target of rapamycin complex (mTORC)1 [phosphorylated S6 (pS6) and phosphorylated eukaryotic
translation initiation factor 4E-binding protein 1 (p4E-BP1)] and mTORC2 [phosphorylated Akt (pAkt) (Ser473)] in Pkd1RC/RC kidneys. The effect of sirolimus
or torin2 treatment on pS6 and p4E-BP1 (Thr37/46, Ser65, and Thr70) was determined in kidneys from mice with polycystic kidney disease (Pkd1RC/RC) and wild-type
(WT) mice by immunohistochemical analysis. A: pS6 (Ser240/244) and p4E-BP1 (Thr37/46, Ser65, and Thr70) staining in noncystic tubules, expressed as the percentage
of cells staining positive per 240-�m2 area (%staining cells). White arrows indicate 3,3=-diaminobenzidine tetrahydrochloride hydrate-positive cells. Scale bars � 50
�m. B: pS6 (Ser240/244) and p4E-BP1 (Thr37/46, Ser65, and Thr70) staining in cyst-lining cells, expressed as the percentage of positive-staining cells per cyst (%cyst-lining
cells). White arrows indicate 3,3=-diaminobenzidine tetrahydrochloride hydrate-positive cells. Scale bars � 50 �m. C: pAkt (Ser473) Akt sensitivity to torin2 and
sirolimus in Pkd1RC/RC kidneys. The ratio of pAkt to total Akt was quantitated by densitometry. Values are means � SE; n � 4–5 per group. *P � 0.05, **P � 0.01,
and ***P � 0.001 (by ANOVA with a Newman-Keuls post test).
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as well as a study of sirolimus versus a TORKi in PKD.
Contrary to our hypothesis that torin2 would have a more
potent antiproliferative effect than sirolimus by additional
inhibition of both 4E-BP1 and mTORC2, we found that both

drugs mediated comparable therapeutic effects, such as de-
creased cyst growth and improved kidney function, and both
drugs increased apoptosis, decreased mTORC1 and mTORC2
signaling, and suppressed proliferation in PKD kidneys.
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Abstract

Autosomal dominant polycystic kidney disease (ADPKD) is the most common hereditary renal disease, characterized by cyst
formation and growth. Hyperproliferation is a major contributor to cyst growth. At the nexus of regulating proliferation, is
4E-BP1. We demonstrate that ADPKD mouse and rat models, ADPKD patient renal biopsies and PKD1−/− cells exhibited
hyperphosphorylated 4E-BP1, a biomarker of increased translation and proliferation. We hypothesized that expression of
constitutively active 4E-BP1 constructs (4E-BP1F113A and 4E-BP1R13AF113A) would decrease proliferation and reduce cyst
expansion. Utilizing the Pkd1RC/RC mouse, we determined the effect of 4E-BP1F113A on PKD. Unexpectedly, 4E-BP1F113A

resulted in increased cyst burden and suppressed apoptosis markers, increased anti-apoptotic Bcl-2 protein and increased
mitochondrial proteins. Exogenous 4E-BP1 enhanced proliferation, decreased apoptosis, increased anti-apoptotic Bcl-2
protein, impaired NADPH oxidoreductase activity, increased mitochondrial proteins and increased superoxide production in
PKD patient-derived renal epithelial cells. Reduced 4E-BP1 expression suppressed proliferation, restored apoptosis and
improved cellular metabolism. These findings provide insight into how cyst-lining cells respond to 4E-BP1.

Keywords: 4E-BP1; polycystic kidney disease; proliferation; apoptosis; mitochondrial proteins

Introduction
Autosomal dominant polycystic kidney disease (ADPKD) is char-
acterized by cyst formation and growth which can be driven by
abnormal proliferation of tubular epithelial cells (1). Aberrant
cellular proliferation is a striking commonality between ADPKD
and cancer. Relevant to their shared pathobiology, sustained
proliferative signaling (2–4), replicative immortality (2,5,6) and
deregulated cellular energetics (2,7,8) are some of the major sig-
naling pathways dysregulated in both PKD and cancer. Further,

in PKD and cancer augmented protein synthesis is a hallmark of
sustained proliferation independent of genetic insult or precipi-
tating offence (9).

Eukaryotic translation initiation factor 4E-binding protein 1
(4E-BP1) is a crucial checkpoint in protein synthesis. Hypophos-
phorylated 4E-BP1 strongly associates with eIF4E (10), inhibiting
translation and thus inhibiting proliferation (11). For example,
overexpression of 4E-BP1 can partially reverse the phenotype
of cells transformed with oncogenes Src and Ras (10). Further,
constitutively active 4E-BP1 which binds eIF4E avidly can lead to

http://www.oxfordjournals.org/


Human Molecular Genetics, 2019, Vol. 28, No. 24 4133

cell cycle arrest, inhibit proliferation of breast cancer cells (12),
block lymphocyte growth and proliferation (13) and reduce cell
size (14). 4E-BP1 hyperphosphorylation retards this interaction,
releasing eIF4E, promoting proliferation. Thus, based on the
growing evidence for 4E-BP1 dysregulation in cancer, and the
overlapping pathobiology of PKD and oncology, we developed the
hypothesis that there is hyperphosphorylation of 4E-BP1 in in
vivo and in vitro PKD models, supporting epithelial proliferation
and cyst expansion.

Phosphorylation of 4E-BP1 (p4E-BP1) can be carried out by
numerous kinases through 4E-BP1’s two kinase recognition
domains (KRDs), RAIP (15,16) and FEMDI (14). A wealth of evi-
dence indicates that mTOR, through FEMDI (17), phosphorylates
4E-BP1 thereby serving as a major factor in releasing 4E-BP1 from
eIF4E and thus promoting protein translation and proliferation
(18–20). Mutation of essential residues within FEMDI (e.g. Phe
to Ala, F113A) eliminates phosphorylation of 4E-BP1 by mTOR
at Thr37 and Thr46 (21). We hypothesized that preventing
mTOR from initiating phosphorylation of 4E-BP1 with FEMDI
mutant, F113A, would reduce proliferation in hyperproliferative
cystic epithelial cells. This mechanism has precedent, as both
constitutively active 4E-BP1 and FEMDI mutation constructs
are insensitive to insulin-mediated release of 4E-BP1 from
eIF4E (14,16).

Thus, our aims were to characterize p4E-BP1 in vivo and in
vitro models of PKD and to assess the effect of expressing 4E-BP1
KRD mutants in a clinically relevant rodent model, the Pkd1RC/RC

mouse and the ADPKD patient-derived cystic epithelial cells.
It is known that mTORC1 controls mitochondrial activity

and biogenesis through 4E-BP-dependent translational regula-
tion (22). 4E-BPs mediated the stimulatory effect of mTORC1 on
the translation of mitochondria-related mRNAs, mitochondrial
respiration and biogenesis and ATP production in vitro and in vivo
(22). At the molecular level, this was explained by preferential
inhibition of translation of a subset of cellular mRNAs that
encode for essential nucleus-encoded mitochondrial proteins
including the components of complex V and TFAM (transcription
factor a, mitochondrial). Also, 4E-BP1 regulates mitochondrial
activity and biogenesis in skeletal muscle (23). Thus, a further
aim of the study was to determine the effect of 4E-BP1 on
mitochondrial activity and biogenesis in PKD models.

Results
Increased phosphoregulation of 4E-BP1 is present in
mice, rats and patient-derived PKD models in vivo and
in vitro

4E-BP1 has multiple phospho-sites (17), with a hierarchy of phos-
phorylation (I: Thr37/Thr46, II: Thr70 and III: Ser65) in order to
release eIF4E. The initial phospho-event is thought to be at Thr37
and Thr46 and caused by numerous kinases (17). For this reason,
we screened rodent models of ADPKD for the presence of the
initial phospho-primed p4E-BP1 (Thr37/Thr46). In Pkd1RC/RC mice
and Cy/+ rat renal cortical tissues, p4E-BP1 (Thr37/Thr46) was
elevated in both non-cystic and cystic tissues in contrast to age-
matched wild-type (WT) controls (Fig. 1A and B). To characterize
p4E-BP1 in patient tissues, we screened ADPKD patient biopsies
for p4E-BP1 species by immunohistochemistry (Fig. 1C). All sam-
ples were positive for Thr37/Thr46, Thr70 and Ser65 p4E-BP1.
Lastly, p4E-BP1 was present and elevated in the PKD patient-
derived renal epithelial immortalized cell line (9–12, PKD1−/−)
in contrast to the renal tubular epithelial control immortalized
cell line (RCTE, PKD1+/+) (Fig. 1D). Total 4E-BP1 was not dif-

ferent between groups (Fig. 1D). In line with this observation,
and consistent with previously published data (24), a variety
of kinases known to have the potential to phosphorylate 4E-
BP1 were increased in the phosphorylated state in PKD1−/−
in contrast to PKD1+/+ cells, including ERK, mTOR and JNK
(Supplementary Material, Fig. S1A). PKD1−/− cells also exhibited
increased cleaved caspase-3 (Supplementary Material, Fig. S1B),
Ki-67 positivity and metabolic correlate NADPH oxidoreductase
activity (MTT), in contrast to PKD1+/+ (Supplementary Material,
Fig. S1C and D). Thus, p4E-BP1 is present and elevated in PKD
rodent and patient renal tissues. Additionally, in vitro PKD1−/−
cells exhibit hyperphosphorylated 4E-BP1 in the presence of
multiple activated kinases, increased proliferation and increased
metabolic activity.

Exogenous 4E-BP1 increases cyst burden

In order to determine the effect of phospho-4E-BP1 in vivo,
we generated and delivered FEMDI, Phe to Ala, 4E-BP1F113A-
expressing vectors (Fig. 2A) to WT pups in an acute tolerability
and bio-distribution experiment (Fig. 2B). All treated animals
were aged to study termination without weight loss or obvious
pathology. To determine the biodistribution of intraperitoneal
administered vectors, AAV genomes were detected in cardiac,
hepatic and renal whole tissues (Fig. 2C). Endogenous 4E-BP1
transcripts were quantified and shown to be unaffected by
expression vectors (data not shown). Exogenous, AAV-mediated
murine codon-optimized 4E-BP1F113A transcripts (Fig. 2D) were
detected in cardiac, renal and hepatic tissues of treated animals
and not observed in littermates receiving control TdTomato
expression vectors (Fig. 2D). Total cumulative 4E-BP1 expression
in whole kidneys of treated and control animals confirmed
elevated total 4E-BP1 expression with delivery of 4E-BP1F113A,
in contrast to littermate controls (Fig. 2E). In summary, acute
exposure to 4E-BP1F113A was well tolerated, associated with
no morbidity or developmental pathology and resulted in
detectable 4E-BP1F113A transcripts and modestly augmented 4E-
BP1 protein in the kidneys of treated mice in contrast to control
vector-treated littermates.

To determine the effect of 4E-BP1 expression on cyst burden,
Pkd1RC/RC were treated with AAV9-4E-BP1F113A or AAV9-TdTomato
(Fig. 3A) at post-natal (PN) Day 3 and aged to PN120 (Fig. 3B). As in
the acute study, vector genomes were detected in cardiac, renal
and hepatic tissues (Fig. 3C) at study termination. Further, 4E-
BP1F113A transcripts (Fig. 3D) were detected, and 4E-BP1 expres-
sion (Fig. 3E) was increased, relative to loading control vinculin
in treated mice.

Unexpectedly, long-term exposure to 4E-BP1F113A resulted in
significantly worsened PKD burden in Pkd1RC/RC, as indicated
by fast imaging with steady-state procession (FISP) abdominal
MRIs (Fig. 3F). Total kidney volume (TKV) and the percentage
of cystic renal tissue were significantly increased, indicating
exacerbated disease in association with 4E-BP1F113A (Fig. 3G).
Inversely, the percentage of remaining functional parenchyma
was significantly reduced with 4E-BP1F113A (Fig. 3G). Blood urea
nitrogen (Fig. 3H) and serum creatinine (Fig. 3I) were not signif-
icantly altered by 4E-BP1F113A. Examination of renal tissues by
H&E staining revealed significant increases in both the num-
ber of cysts and the average cyst size in the kidneys of 4E-
BP1F113A-treated animals (Fig. 3J–L). Immunohistochemistry of
renal sections demonstrated reduced TUNEL-positive cyst-lining
cells (Fig. 3M) and elevated Bcl-2 expression in the whole kidney
homogenates of 4E-BP1F113A-treated animals in contrast to litter-
mate controls (Fig. 3N).

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz244#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz244#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz244#supplementary-data
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Figure 1. Increased phosphorylated 4E-BP1 in PKD rodent and patient tissues. (A) Pkd1RC/RC mice and (B) Cy/+ rats relative to age-matched strain controls (+/+)

demonstrated increased p4E-BP1 (Thr37/46) in non-cystic tubules and stained positively in cells lining cysts. (C) End-stage renal biopsies indicated DAB positivity for

p4E-BP1 (Thr37/Thr46, Thr70 and Ser65) by immunohistochemistry. Quantification is expressed as percent of cells staining positive per 100-μm2 area. Black arrows

indicate DAB+ staining. Scale bar = 50 μm (D) PKD1−/− cells exhibit increased expression of p4E-BP1 (Thr37/Thr46, Thr70 and Ser65) in contrast to the PKD1+/+ renal

epithelial cell line. Total 4E-BP1 was not different between groups. RDU, relative densitometry units. N = 4–5 per group. Multiple-group comparisons are performed using

analysis of variance (ANOVA) with posttest according to Newman–Keuls. Single comparisons were made using Student’s T test. A P value of < 0.05 was considered

statistically significant. Values are expressed as the mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, #P < 0.0001.

To determine whether the 4E-BP1F113A mutant had effects
in other organs, cleaved caspase-3 (CC3), a marker of apop-
tosis, Bcl-2 and PCNA, a marker of proliferation, were mea-
sured in the heart and liver. In the liver, as in the kidney,
there was a decrease in CC3 in the 4E-BP1F113A -treated in
contrast to control mice, but Bcl-2 that was increased in

the kidney was decreased in the liver in the 4E-BP1F113A-
treated mice and PCNA was unchanged (Supplementary
Material, Fig. S2A). In the heart, there were no changes in
Bcl-2 or PCNA and CC3 was undetectable in 4E-BP1F113A-
treated in contrast to control mice (Supplementary Material,
Fig. S2B).

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz244#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz244#supplementary-data
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Figure 2. Acute exposure to 4E-BP1 FEMDI mutant in vivo. (A) Diagrams of AAV9-4E-BP1F113A (F113A, N = 12) and AAV9-TdTomato (TdTom, N = 3) AAV vector genomes.

(B) Study schematic. (C) Vector biodistribution in whole heart, kidney and liver homogenates. (D) Quantification of 4E-BP1F113A expression in whole heart, kidney and

liver homogenates. (E) Quantification and representative immunoblot of total 4E-BP1 protein in whole kidney homogenates corrected for by loading control vinculin.

Single comparisons were made using Student’s T test. Values are expressed as the mean ± SEM.

In summary, short-term exposure to 4E-BP1F113A in WT mouse
pups was found to be benign and resulted in vector genomes,
vector-mediated 4E-BP1F113A RNA and elevated 4E-BP1 protein
within the kidneys of treated animals. Long-term studies in PKD
animals achieved the same readouts: broad vector distribution,
detectable vector-mediated RNA and elevated 4E-BP1 protein.
However, long-term expression of 4E-BP1 FEMDI mutant, 4E-
BP1F113A, resulted in the worsening of PKD, a sizeable decline
in the remaining functional parenchyma and elevated TKV.
Increased disease burden was associated with increased cyst
number and size, reduced TUNEL-positive cyst-lining cells and
increased expression of the anti-apoptotic protein, Bcl-2, in
whole kidneys of 4E-BP1F113A-treated Pkd1RC/RC mice.

4E-BP1 F113A in in vitro ADPKD patient cell lines shifts
cellular translation, increases proliferation and
decreases apoptosis

Next, we examined the effect of HA-tagged 4E-BP1F113A expres-
sion (Supplementary Material, Fig. S3A, HA-4E-BP1) in PKD1+/+,
PKD1−/− and two patient cyst-lining cells, Cyst 5 and Cyst 9. 4E-
BP1F113A expression resulted in both total and phosphorylated
mTOR protein elevation (Fig. 4A) in the presence of 4E-BP1F113A

across genotype. However, the ratio of phosphorylated mTOR
to total mTOR was not significantly elevated by densitometry
(Fig. 4B). Further, a decrease in phosphorylated 4E-BP1 isoforms
(Thr70, Thr37/Thr46 and Ser65) relative to total 4E-BP1 abun-
dance was uniquely evident in PKD patient-derived cell lines
with 4E-BP1F113A expression (Fig. 4B). In addition, proliferation

marker, Ki-67, staining was significantly elevated in PKD
patient-derived cell lines with 4E-BP1F113A expression (Fig. 4C).
Conversely, apoptosis marker, Apopxin, was significantly
suppressed with 4E-BP1F113A expression relative to control
transduced PKD1−/−, Cyst 5 and 9 cell lines (Fig. 4D). Apopxin
staining in WT PKD1+/+ was uninfluenced by 4E-BP1F113A. Sim-
ilarly, apoptosis indicated by Apopxin staining in PKD patient-
derived cell lines trended to be elevated in contrast to PKD1+/+.
Anti-apoptotic protein Bcl-2 and phosphorylation of GSK-3β,
a posttranslational modification associated with suppressed
apoptosis (25,26), were both substantially augmented with 4E-
BP1F113A expression in vitro (Fig. 4E). There was an increase in
both phospho and total S6K, confirming that mTOR activity was
not increased (Fig. 4F).

These data indicate that 4E-BP1F113A reduced the accumu-
lation of different phosphorylated 4E-BP1 isoforms (relative to
total 4E-BP1 expression) in PKD patient-derived cell lines. Fur-
ther, 4E-BP1F113A expression increased proliferation and substan-
tially suppressed apoptosis signals in a genotype-dependent
manner, mediating milder and largely insignificant changes to
proliferation, and apoptosis in WT non-PKD cells, PKD1+/+.

4E-BP1F113A in vitro disrupts NADPH oxidoreductase
activity and increases mitochondrial superoxide
production

To determine the mechanism through which 4E-BP1F113A

supported proliferation, we assessed NADPH oxidoreductase
activity by MTT assay, a marker of cellular metabolism (27).

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz244#supplementary-data
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Figure 3. Chronic exposure to 4E-BP1 FEMDI mutant increases cyst burden in vivo. (A) Diagrams of AAV9-4E-BP1F113A (F113A, N = 6) and AAV9-TdTomato (TdTom, N = 5).

(B) Study schematic. (C) AAV biodistribution in whole heart, kidney and liver homogenates. (D) Quantification of 4E-BP1F113A expression in whole heart, kidney and

liver homogenates. (E) Quantification and representative immunoblot of total 4E-BP1 and loading control vinculin protein levels in whole kidney homogenates. (F)

Representative FISP abdominal MRIs of 4E-BP1F113A and TdTom treated Pkd1RC/RC. (G) Quantification of total kidney volume (TKV), % of the kidney determined to be

cystic by MRI (% cyst) or functional by MRI (% kidney). (H) Blood urea nitrogen (BUN), and (I) serum creatinine measurements of 4E-BP1F113A (F113A, N = 6) and TdTomato

(TdTom, N = 5) treated mice. (J) Representative hematoxylin & eosin (H&E) stained sections and (K) cystic indices quantified, such as Cyst count, and (L) average cyst

size. (M) Immunohistochemistry staining of apoptosis marker, TUNEL, quantification specific to cells lining the cysts, and (N) immunoblotting of anti-apoptotic marker,

Bcl-2, in whole kidney homogenates of treated and control Pkd1RC/RC kidneys. Quantification of TUNEL is expressed as percent of nuclei staining positive per cyst. Black

arrows indicate DAB+ staining. Scale bar = 50 μm. Single comparisons were made using Student’s T test. Values are expressed as the mean ± SEM. ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001, #P < 0.0001.

4E-BP1F113A expression significantly suppressed NADPH flux in
PKD patient-derived cell lines, PKD1−/− and Cyst 5 (Fig. 5A). As
suppressed NADPH oxidoreductase activity can be linked to
decreased mitochondrial number or function (28), we quantified
mitochondrial genomes. As anticipated, there were significantly
decreased mitochondrial genomes present in PKD1−/− cell
lines relative to PKD1+/+ cell lines, as previously demonstrated

(29). Secondly, 4E-BP1F113A expression significantly increased
mitochondrial biogenesis in PKD patient-derived cell lines
(Fig. 5B), insignificantly augmenting the WT cell line, PKD1+/+.
Subsequently, we measured mitochondrial derived superoxide
(O2

−) production (MitoSOX), to assess oxidative stress secondary
to mitochondrial function (30). MitoSOX measurements on
PKD1+/+, PKD1−/− and Cyst 5 cell lines confirmed enhanced
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Figure 4. 4E-BP1F113A in vitro promotes proliferation and retards apoptosis. PKD1+/+ , PKD1−/− and Human Cyst 5 and 9 were transduced with either control neon-

expressing, or HA-tagged 4E-BP1F113A constructs as described. (A) Loading control vinculin, total and phosphorylated mTOR and total and phosphorylated 4E-BP1

(Thr70, Thr37/Thr46 and Ser65) were detected and quantified (B) as the ratio of densitometry units for phosphorylated to total substrate abundance. (C) Proliferation

marker (Ki-67), and (D) apoptosis marker (Apopxin) were assayed by flow cytometry. (E) Immunoblotting of anti-apoptotic proteins; Bcl-2, GSK3β (total, and phospho)

were augmented in 4E-BP1F113A-transduced cell lines. (F) Increase in both phospho and total S6K. Representative immunoblots reflect a minimum of six independent

protein isolations from successive passages. Multiple comparisons were made using two-way ANOVA. Values are expressed as the mean ± SEM. ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001, #P < 0.0001.

O2
− production in association with 4E-BP1 F113A expression

(Fig. 5C). Lastly, we further interrogated the 4E-BP1F113A in vivo
study, specifically total kidney homogenates by proteomics,
to determine if 4E-BP1F113A affected metabolic pathways, as
seen in the in vitro experiments (MTT, MitoSOX). A subset
of kidneys from the chronic Pkd1RC/RC 4E-BP1F113A-treated
animals was submitted for proteomic analysis. The proteomic
dataset generated revealed the top dysregulated proteins in

whole kidney homogenates of 4E-BP1 F113A-treated Pkd1RC/RC

(F113A) to be enriched for mitochondrial proteins, relative to
control treated (TdTom) littermates (Supplementary Material,
Fig. S4A and B).

Immunoblot analysis of PKD1+/+, PKD1−/− and two patient
cyst-lining cells, Cyst 5 and Cyst 9, was performed for the top
mitochondrial proteins that were increased in 4E-BP1 F113A-
treated Pkd1RC/RC mouse kidneys. The mitochondrial proteins

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz244#supplementary-data
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Figure 5. 4E-BP1F113A impairs cellular metabolism and increases mitochondrial stress in vitro. (A) MTT in control and FEMDI mutant 4E-BP1F113A transduced cell lines

were measured in a minimum of three separate assays with each transduced cell line plated in replicates of 8. (B) Mitochondrial genomes were quantified by qPCR

of 4E-BP1F113A and control transduced cell lines. Data graphed is mitochondrial encoded MT-TL1 DNA copy number, relative to nuclear encoded B2μGLBN DNA copy

number. (C) Quantification and representative images of mitochondrial O2
− (MitoSOX, Red, Nuclear co-stain, DAPI, Blue) in neon control and 4E-BP1F113A-transduced

cell lines. Relative fluorescent unit (RFU) of MitoSOX staining. Scale bar (white): 20 μm. Multiple comparisons were made using two-way ANOVA. Values are expressed

as the mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, #P < 0.0001.

that were increased in 4E-BP1 F113A-treated Pkd1RC/RC mouse
kidneys (Supplementary Material, Fig. S4) were also increased in
ADPKD patient-derived cells (Supplementary Material, Fig. S5).

These data indicate that 4E-BP1F113A expression in PKD cell
lines impacts metabolic activity, enhances mitochondrial bio-
genesis and significantly increases mitochondrial-derived O2

−
production. Further, 4E-BP1F113A expression in vivo substantially
increased PKD disease burden in association with substantially
increased mitochondrial protein abundance within whole kid-
ney homogenates, as demonstrated by the proteomics dataset.

mTOR does not drive proliferation or NADPH
oxidoreductase activity in patient-derived cystic
epithelial cells

The FEMDI motif, also known as TOS (mTOR recognition
Sequence), is required for successful 4E-BP1-mTOR binding
(16). To rule out mTOR as a mediator of 4E-BP1F113A-promoted
proliferation, suppressed apoptosis and reduced NADPH
oxidoreductase, cells were exposed to an mTOR inhibitor,
sirolimus. Sirolimus reduced phosphorylation of mTOR and

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz244#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz244#supplementary-data
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Figure 6. 4E-BP1 promoted proliferation and impaired cellular metabolism is kinase-independent in ADPKD patient-derived cystic epithelial cells. (A) 4E-BP1F113A and

control transduction cells were exposed to sirolimus and assayed by immunoblot for total and phosphorylated mTOR (Ser2448) and loading control vinculin. Under

the same conditions (B) Ki-67+ and (C) MTT were assayed. Expression of pan-kinase blind 4E-BP1 (4E-BP1R13AF113A) mirrored the results of 4E-BP1F113A-transduced

cell lines as demonstrated by (D) Ki-67+ and (E) MTT assays. MTT data is a minimum of three separate assays with each transduced cell line plated in replicates of 8.

Flow data is a minimum of three independent experiments in duplicate. Multiple-group comparisons were performed using analysis of variance (ANOVA) with posttest

according to Newman–Keuls. Values are expressed as the mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, #P < 0.0001.

total mTOR abundance (Fig. 6A) regardless of cell line genotype.
Proliferation in PKD cell lines with 4E-BP1F113A expression was
insensitive to sirolimus treatment (Fig. 6B). Importantly, while
mTOR activation and signaling was ablated, sirolimus was
unable to rescue suppressed NADPH oxidoreductase activity,
as assayed by MTT (Fig. 6C), in PKD patient-derived cells with
4E-BP1F113A expression. These data demonstrate that 4E-BP1F113A

mediates an increase in proliferation marker, Ki-67, staining and
suppresses NADPH oxidoreductase activity (MTT) independent
of mTOR kinase activity in PKD1−/− cells.

As 4E-BP1F113A maintains a functional RAIP motif, in order to
rule out the involvement of 4E-BP1 regulation by RAIP-specific
kinase activity, a pan-kinase-blind 4E-BP1 (4E-BP1R13AF113A) was
generated. 4E-BP1R13AF113A expression in PKD1+/+, PKD1−/− and
Cyst 5 cell lines (Supplementary Material, Fig. S3B, HA-4E-BP1)
resulted in elevated Ki-67 staining of PKD patient-derived cell
lines (Fig. 6D) similar to 4E-BP1F113A levels. Further, 4E-BP1R13AF113A

suppressed NADPH oxidoreductase activity similar to 4E-
BP1F113A, as assessed by MTT, relative to control transduction

cell lines (Fig. 6E). Again, exogenous 4E-BP1 construct-mediated
changes were genotype-specific; WT PKD1+/+ cells exhibited no
significant augmentation to proliferation or metabolic activity
in the presence of 4E-BP1R13AF113A expression.

These data indicate that expression of 4E-BP1 constructs,
with one or both KRDs mutated in PKD1−/− patient-derived
cyst-lining cell lines, increases Ki-67 staining and suppresses
NADPH oxidoreductase activity. Therefore, 4E-BP1, independent
of kinase regulation, stimulates proliferation and suppresses
apoptosis signaling in PKD renal epithelial cell lines.

4E-BP1 suppression reduces proliferation signals,
NADPH oxidoreductase activity dysregulation, and
mitochondrial superoxide production in patient-derived
cystic epithelial cells

We determined the effect of reduced endogenous 4E-BP1
expression in PKD1−/− and PKD1+/+ cells. shRNA targeting

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz244#supplementary-data
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Figure 7. Reduced 4E-BP1 expression restores cellular metabolism, suppresses proliferation and restores apoptosis signaling in ADPKD in vitro models. PKD1+/+ ,

PKD1−/− and Human Cyst 5 were transduced with 4E-BP1 targeting shRNA. (A) Proliferation marker, Ki-67+, (B) apoptosis marker, Annexin V+, and (C) MTT assays

were performed as described. Flow and luciferase expression data was generated in a minimum of three experiments. Multiple-group comparisons are performed

using ANOVA with posttest according to Newman–Keuls. Values are expressed as the mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, #P < 0.0001. Not significant, NS.

4E-BP1 reduced total protein expression relative to control-
transduced cell lines (Supplementary Material Fig. S3C, 4E-
BP1shRNA). Proliferation marker, Ki-67, staining was significantly
reduced (Fig. 7A), and apoptosis marker, Annexin V (Fig. 7B),
was elevated in PKD patient cyst-lining cell-derived lines
(PKD1−/− and Cyst 5) transduced with 4E-BP1shRNA relative to 4E-
BP1F113A transduction. Further, NADPH oxidoreductase activity,
as assessed by MTT, was restored in 4E-BP1shRNA PKD cell lines
PKD1−/− and Cyst 5 (Fig. 7C).

Relative to 4E-BP1F113A-transduced cell lines, 4E-BP1shRNA sig-
nificantly reduced mitochondrial O2

− production (Fig. 8A) from
the elevated production present in 4E-BP1F113A-transduced cell
lines. Further, 4E-BP1shRNA restored the number of mitochondria
present in transduced cells, relative to control transduction cell
lines, as quantified by mitochondrial protein ACAA2 in PKD1−/−
and PKD1+/+ (Fig. 8B).

These data indicate that PKD cyst-lining cells may have a nar-
row range of tolerating 4E-BP1 expression, influencing prolifera-
tion, apoptosis, mitochondrial function and metabolic processes.

eIF4e suppression reduces NADPH oxidoreductase
activity dysregulation and decreases protein synthesis
in PKD1−/− cells

We determined the effect of reduced endogenous eIF4e
expression in PKD1−/− cells. The siRNA targeting eIF4e reduced

eIF4e protein expression (Supplementary Material, Fig. S6). The
reduced NADPH oxidoreductase activity, as assessed by MTT,
which was seen in 4E-BP1F113A-transduced cell lines was restored
in PKD cell lines treated with the eIF4e siRNA (Supplementary
Material, Fig. S7).

Protein synthesis was increased in PKD1−/− cells in contrast
to PKD+/+ cells (Fig. 9). Both the 4E-BP1F113A and the eIF4e siRNA
resulted in a significant decrease in protein synthesis in PKD1−/−
cells (Fig. 9).

Discussion
There is a relationship between polycystin1/2, mTOR and 4E-BP1.
The carboxy terminal tail of PC-1 regulates mTOR signaling by
altering the subcellular localization of tuberous sclerosis com-
plex 2 (TSC2) tumor suppressor, a gatekeeper of mTOR activity,
and deficiency of PC1 has been shown to activate mTOR (31).
Thus, PC1 controls the mTOR/S6/4E-BP1 pathway in a TSC-2-
dependent manner (32). Overexpression of PC1 in renal epithe-
lial cells downregulates mTOR and decreases phosphorylation
of 4E-BP1 (32). In Pkd1−/−, but not pkd2−/− mouse embryonic
fibroblasts (MEFs), there is upregulation of mTOR and phos-
phorylation of 4E-BP1 (32). Thus, a mutation in the Pkd1 gene
would be expected to increase phosphorylation of 4E-BP1 as was
seen in the in vivo and in vitro Pkd1 knockout models in this
study.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz244#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz244#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz244#supplementary-data
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Figure 8. Reduced 4E-BP1 expression reduces mitochondrial superoxide production and mitochondrial biogenesis in ADPKD in vitro models. PKD1+/+ , PKD1−/− and

Human Cyst 5 were transduced with 4E-BP1 targeting shRNA as described. (A) Mitochondrial O2
− production (MitoSOX, Red, Nuclear co-stain DAPI, Blue) and (B)

mitochondria quantification (ACAA2, Red; 4E-BP1, Green; Nuclear co-stain DAPI, Blue) were determined in neon, 4E-BP1F113A and 4E-BP1shRNA-transduced cell lines.

Relative fluorescent unit (RFU). Scale bar (white): 20 μm. MitoSOX data was generated in a minimum of three experiments. Multiple-group comparisons are performed

ANOVA with posttest according to Newman–Keuls. Values are expressed as the mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, #P < 0.0001. Not significant, NS.

The principal function of 4E-BP1 is translational repression,
and loss of repression through hyperphosphorylation can push
cells into an oncogenic and pro-proliferative phenotype (19). The
demonstrated involvement of dysregulated 4E-BP1 in tumorige-
nesis, and the striking similarities between the pathobiology of
cancer and ADPKD, informed the study hypothesis. Briefly, we
hypothesized that increasing the pool of hypophosphorylated
4E-BP1 would impair cystic epithelial proliferation and cyst
expansion. 4E-BP1 has two KRDs, RAIP and FEMDI. A wealth

of evidence indicates that mTOR, through the FEMDI motif (16),
is a major factor in phospho-priming 4E-BP1 at Thr37 and Thr46.
Phospho-priming and subsequent phosphorylation of 4E-BP1
causes release of 4E-BP1 from eIF4E (17) and thus promotes
translation and proliferation. Further, phosphorylation at Thr46
has been shown to be sufficient in preventing eIF4E-4E-BP1
binding (33). Mutation of the essential Phe residue impairs
the interaction of 4E-BP1 with mTOR and therefore eliminates
the phospho-priming of 4E-BP1 (21). We hypothesized that
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Figure 9. Protein synthesis was increased in PKD1−/− cells in contrast to PKD+/+ cells. Both the 4E-BP1F113A and the eIF4e siRNA resulted in a significant decrease

in protein synthesis in PKD1−/− cells. PKD+/+ and PKD1−/− cells were transduced with the 4E-BP1F113A mutant or the eIF4e siRNA. Protein synthesis was measured

using O-propargyl-puromycin (OPP)-based protein synthesis assay kit as described in the Methods section. Protein synthesis (OPP, purple; Nuclear co-stain DAPI, Blue)

was determined in control (siScramble), 4E-BP1F113A and eIF4e siRNA-transduced cell lines. Relative fluorescent unit (RFU). Multiple-group comparisons are performed

ANOVA with posttest according to Newman–Keuls. Values are expressed as the mean ± SEM. ∗∗P < 0.01, ∗∗∗P < 0.001, #P < 0.0001.

in PKD, expression of the FEMDI mutant, 4E-BP1F113A, would
therefore create an excess pool of 4E-BP1 in the cell, unable to be
phospho-primed, and thus staving off decreased eIF4E binding.
Further, by increasing the population of hypophosphorylated 4E-
BP1, we hypothesized that the FEMDI mutant would suppress
proliferation in cystic epithelial cells as has been shown in
cancer (14,16).

We found that acute delivery of FEMDI mutant 4E-BP1F113A

in WT mouse pups was benign and resulted in detectable 4E-
BP1F113A RNA and elevated total 4E-BP1 protein. However, long-
term 4E-BP1F113A expression in Pkd1RC/RC resulted in worsened
cyst burden. Aggravated disease progression was associated
with reduced apoptosis signals (decreased TUNEL staining and
increased Bcl-2 expression) and an enrichment in the kidney of
dysregulated mitochondrial proteins, as revealed by proteomics
(Supplementary Fig. S4A and B).

To determine the mechanism of how 4E-BP1 aggravated PKD
in vivo, we performed in vitro studies expressing the FEMDI
mutant, 4E-BP1F113A. In vitro, 4E-BP1F113A suppressed apoptosis
and increased anti-apoptosis, Bcl-2, signaling.

In addition to supporting suppressed apoptosis signaling, 4E-
BP1F113A increased the expression of mTOR. Further, the increase

in phospho activation of mTOR with 4E-BP1F113A transduction
in vitro did not reach statistical significance. It is known that
repressed protein synthesis can rapidly stimulate mTOR activa-
tion by a reduction in the cellular abundance of mTOR repressor
proteins, such as tuberous sclerosis complex subunit 1 or 2
(Tsc1/2) (34) or Regulated in development and DNA damage
response 1 (REDD1) expression (35).

In summary, we found that in vitro 4E-BP1F113A transduction
suppressed apoptosis and increased translation of mTOR and
Bcl-2. Expression of FEMDI mutant, 4E-BP1F113A increased the
total abundance of 4E-BP1 detected in vivo and in vitro as antici-
pated.

Proteomic analysis of kidneys of Pkd1RC/RC 4E-BP1F113A-treated
animals revealed an enrichment of mitochondrial proteins (Sup-
plementary Fig. S4A and B). In vitro 4E-BP1F113A increased mito-
chondrial biogenesis and mitochondrial superoxide (O2

−) pro-
duction and increased the same mitochondrial proteins as seen
on the proteomic analysis of Pkd1RC/RC 4E-BP1F113A-treated ani-
mals. One explanation for the increase in mitochondrial bio-
genesis and O2

− production may be based on the mechanics
of mitochondrial respiration. Specifically, 4E-BP1F113A may have
selectively increased the translation of mRNAs encoding compo-
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Figure 10. Summary slide. In PKD mouse, rat and human in vitro and in vivo

models, regardless of precipitating genetic mutation, there is an increase in

phosphorylated 4E-BP1. Excess phosphorylated 4E-BP1 increases the cellular

bioavailability of eIF4E supporting hyperproliferation, and ultimately PKD pro-

gression. Expression of constitutively active FEMDI mutant 4E-BP1 decreased

phosphorylated 4E-BP1 in vivo and in vitro. In vitro, exogenous 4E-BP1 expression

resulted in hyperproliferative human ADPKD cyst-lining epithelial cell lines,

increased anti-apoptotic Bcl-2 protein, suppressed apoptotic signals, increased

O2
− production and increased mitochondrial proteins. In vivo, there was wors-

ening of PKD.

nents of complex V (such as Atp5f1, Supplementary Figs S4B and
S5), or components of the mitochondrial respiratory chain (such
as pyruvate kinase (36) and Sardh (37), Supplementary Figs S4B
and S5) or global mitochondrial regulator TFAM (transcription
factor A, mitochondrial) which in turn promotes the transcrip-
tion of mRNAs responsible for (i) mitochondrial DNA replication
and transcription (38) and (ii) mitochondrial ribosomal proteins
(22). To this point, 4E-BPs have been shown to be major mediators
of TFAM mRNA translation (22). The preferential synthesis of
mitochondrial structural and functional proteins would there-
fore support the observations seen both in vitro and in vivo in
datasets of increased biogenesis and increased mitochondrial
O2

− production, as a by-product of increased mitochondrial
respiration.

While mTOR activity is well-known to be associated with
increased proliferation, it is unlikely that mTOR or kinases
endemic to cyst-derived cell lines are responsible for in vitro
pro-proliferative phenotype, or in vivo enhanced cyst burden.
This is based on the proliferative read-outs of our studies with
(i) sirolimus-treated single KRD mutant 4E-BP1F113A and (ii)
transduction with double KRD mutant 4E-BP1 R13AF113A. We found

that sirolimus successfully reduced the phosphorylation of
mTOR affected by 4E-BP1F113A transduction. However, sirolimus
was not able to substantially reduce proliferation in PKD
cell lines in contrast to 4E-BP1F113A transduction. Further, we
performed studies with the pan-kinase blind 4E-BP1 R13AF113A

transduced cell lines. As 4E-BP1 R13AF113A has no functional KRD,
the resulting phenotype (increased proliferation, decreased
metabolic activity) is kinase-independent and stems from excess
4E-BP1.

Importantly, both 4E-BP1 constructs, 4E-BP1F113A and 4E-
BP1R13AF113A, exhibited suppressed NADPH oxidoreductase
activity in vitro, a correlate for suppressed cellular metabolic
activity. Reactive oxygen species (ROS), such as O2

−, are
produced as a consequence of normal mitochondrial respiration.
However, in surplus, ROS and oxidative stress are considered
driving forces for cancer development and progression (39,40).
To this point, increased ROS has been linked to various metabolic
stresses (41). Further, increased ROS production in non-polarized
oncogenic epithelial cells enhances proliferation (42,43). We
found that 4E-BP1 transduction resulted in an increase in ROS
production, an increase in proliferation and a suppression of
NADPH oxidoreductase activity, and conversely, these effects
were reversed by reduced 4E-BP1 expression. As mitochondria lie
at the nexus of the majority of biosynthetic pathways producing
ROS and regulating proliferation (44), it is possible that 4E-BP1-
enhanced mitochondrial biogenesis and respiration mediate
both the suppression of cellular metabolic activity and enhanced
cellular proliferation signaling in cells with increased expression
of 4E-BP1.

Finally, we determined the effect of reduced 4E-BP1 expres-
sion in PKD patient cells. Reduced expression of 4E-BP1 in PKD
patient cell lines resulted in an increase in apoptotic signals,
suppressed proliferation, improved NADPH oxidoreductase
activity and reduction in mitochondria and mitochondrial
derived O2

− production relative to 4E-BP1F113A transduction.
4E-BP1 is implicated in the regulation of both metabolic
and mitochondrial function in both Drosophila and mammals
(45). In Drosophila, knockout of 4E-BP1 reduced mitochondrial
Complex I activity (46). In mammals, Eif4ebp1−/− mice display
an increase in metabolic rate, relative to Eif4ebp1+/+ mice,
demonstrating 4E-BP1 as a regulator of metabolism in mammals
(47). Additionally, in prostate cancer, genetic deletion of 4E-BP1
significantly decreases proliferation and increases hypoxia-
induced cell death, demonstrating the essential role of 4E-BP1
in cancer metabolism (48). Lastly, transgenic mice crossbred for
cardiac-specific knockout of mTOR and whole-body knockout
of 4E-BP1 (αMHC-MCM/Mtorfl/f l/4E-BP1-KO) exhibited improved
cardiac outcomes and survival in a heart failure model (49).
RapaLink-1, a third-generation mTOR inhibitor, has demon-
strated the most effective inhibition of p4E-BP1 in contrast to
previous mTOR inhibitors (50). Thus, in the future, genetic or
pharmacological studies with increased targeting of 4E-BP1 in
PKD could potentially decrease proliferation, increase apoptosis
and slow cyst growth.

PKD is a disease known for being driven by abnormal epithe-
lial proliferation (6) and apoptosis (51). Mitochondrial abnor-
malities are known to facilitate cyst formation in ADPKD (29).
In our in vitro studies, constitutively active 4E-BP1 suppressed
apoptosis, increased proliferation, stimulated mitochondrial bio-
genesis and augmented superoxide production uniquely in a
PKD genotype, largely leaving non-PKD cell lines uninfluenced.
In vivo, constitutively active 4E-BP1 resulted in mitochondrial
dysregulation and worsened PKD disease. Both in vitro and in vivo,
the 4E-BP1F113A mutant resulted in increased anti-apoptotic Bcl-
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2 and an increase in mitochondrial proteins. These findings
provide important insights into the role of 4E-BP1, Bcl-2 and
mitochondrial proteins in PKD (Fig. 10).

In summary, we have provided the first evidence that 4E-
BP1, independent of kinase regulation, in PKD patient-derived
cells promotes mitochondrial biogenesis and O2

− production,
which leads to the pro-survival phenotype observed (increased
proliferation, suppressed apoptosis). These effects were largely
insignificant in WT, non-PKD-derived renal epithelial cells. Our
study provides the molecular framework behind the premise
supporting future studies aimed at developing interventional
approaches exploiting 4E-BP1 expression in PKD.

Materials and Methods
In vitro

Human primary immortalized cells and previously characterized
cell lines, normal renal cortical tubular epithelium (RCTE,
PKD1+/+) and ADPKD cyst-lining epithelium (9–12, PKD1−/−)
immortalized with ori-adeno-SV40 viruses were cultured as
previously described (52). Primary isolates from patients, known
as Cyst 5 and 9, were a generous gift from Dr Woodward,
Baltimore PKD Center. Cyst 5 and 9 isolates were received,
recovered and immortalized with lentivectors expressing the
large and small T antigens (SV40). Lentivectors were produced
by standard triple transfection (Mirus) in 293Ts (generous gift
from Dr James Morrison, UC Denver) and 0.45 μm filtered as
previously described (53). Cell lines were transduced in six-
well plates, with the following vectors: LV-EGFP:T2A:Puro-EF1A-
3xHA CO-HU-4E-BP1R13AF113A, LV-mCherry:T2A:Puro-EF1A-
3xHA CO-HU-4E-BP1F113A, LV-Puro-CBh-mNeonGreen, pLKO.1
eIF4EBP1 MISSION shRNA TRCN40203, Clone ID: NM_004095.2–
489s1c1 (Sigma). Fluorescent protein, mCherry, eGFP or Neon
expression was confirmed, and cells were expanded under
0.5–1.0 μg/mL puromycin selection. eIF4e si RNA studies: cell
lines were transfected in six-well plates with a eIF4e siRNA
from Santa Cruz Biotechnology (sc-35284) or a control siRNA
that contains a scrambled sequence that does not lead to the
specific degradation of any known cellular mRNA.(sc-37007) as
described by the manufacturer. Absence of eIF4e protein was
confirmed on immunofluorescence staining (Supplementary
Material, Fig. S6). MTT to assay metabolic activity was performed
as per manufacturer’s instruction; briefly, 5000 cells were
plated per well of a 96-well plate and then assayed for 3-
[4,5-dimethyl-thiazol-2-yl]-2,5-diphenyl-tetrazolium bromide
reduction. Optical density (OD) measurements were taken
at 590 nm and the data graphed. Flow cytometry analysis
of samples (Ki-67+, Annexin V+, Apopxin+) assays were
carried out as per flow core and product protocols. Briefly,
in vitro samples were harvested, washed with PBS, exposed
to a binding buffer (0.1 M Hepes (pH 7.4), 1.4 M NaCl and
25 mm CaCl2 solution), stained for membrane extracellular
proteins (Annexin V+, Apopxin+), washed (400×g 5 min), fixed
(2% PFA, 2% FBS), permeabilized (0.01% Triton-X), probed for
intracellular proteins (Ki-67+), washed and resuspended in FACS
buffer (2% FBS, 0.1% NaN3, 1× PBS) until samples were run by
The Rocky Mountain Regional VA Medical Center Flow Core.
Mitochondrial and nuclear DNA quantitation: DNA was isolated
(Qiagen), quantified by NanoDrop and assayed with RT2 SYBR
Green RT-PCR, as per manufacturer’s guidelines, using primers
against (Human) mitochondrial encoded MT-TL1 FWD CAC CCA
AGA ACA GGG TTT GT, REV: TGG CCA TGG GTA TGT TGT TA and
(Human) Nuclear encoded B2μGLBN (54), FWD: TGC TGT CTC

CAT GTT TGA TGT ATC T, REV: TCT CTG CTC CCC ACC TCT AAG
T. Immunofluorescence protocol: Cells were plated in a four-
well staining chamber at 100000 cells per well and allowed to
adhere overnight. The following day, the cells were fixed in 4%
paraformaldehyde, washed three times in PBS for 5 min each and
incubated in blocking/permeabilization solution (0.1 M glycine,
5% bovine serum albumin, 0.1% Triton X-100 in PBS) for 1 h at
room temperature. Next, the cells were incubated in primary
antibodies ACAA2 (1:100, Abcam #ab128911) and 4E-BP1 (1:50,
Thermo Fisher #AHO1382) overnight at 4◦C. The next morning,
the primary antibody was decanted, and the cells were washed
three times in PBS for 5 min each. The cells were incubated
in secondary antibodies Alexa Fluor555-conjugated anti-rabbit
(11 000, Thermo Fisher #A-21428) and Alexa Fluor488-conjugated
anti-mouse (11 000, Thermo Fisher #R37120) for 1 h at room
temperature in the dark. The cells were washed 3 times in PBS
for 5 min each. The slides were then cover-slipped with DAPI
mounting media. Cells were imaged using a Zeiss 780 confocal
scanning microscope. MitoSOX: cells were grown in four-well
chamber slides to reach 90% confluency. The cells were washed
with Hank’s balanced salt solution (HBSS) once before adding
5 μm MitoSOX reagent. The cells were then incubated at 37◦C
for 10 min and then washed three times with warm HBSS.
The cells were cover-slipped with DAPI mounting media and
immediately analyzed for fluorescence. A Zeiss 780 confocal
microscope was used to take at least three images of each cell
type. One to five cells were quantified for red fluorescence per
image using ImageJ. Protein synthesis was measured using the
Click-iT® Plus O-propargyl-puromycin (OPP) protein synthesis
assay kit as described by the manufacturer (Molecular Probes by
Life Technologies Corporation, Catalog no. C10458).

In vivo

Renal tissues for histology were obtained from our colony:
briefly, 90-day male Han:SPRD+/+ and Cy/+ rats, 120-day
male and female Pkd1+/+ and Pkd1RC/RC (for IHC quantification,
n > 10 per genotype). Blinded (unknown age, sex, comorbidities)
ADPKD ESRD patient (n > 10) paraffin-embedded tissues were
obtained from the University of Denver, AMC PKD program
(Dr Gitomer/Hopp). All mouse studies were carried out in the
C57BL/6 strain. Pkd1RC/RC mice have a hypomorphic Pkd1 gene
mutation orthologous to PKD patient disease variant, PKD1 p.
R3277C (Pkd1RC/RC) (55,56). Acute study: AAV vectors (AAV2-EF1A-
CO-MU-4E-BP1F113A-pA and AAV2-CAG-TdTomato-pA) were
produced by standard triple transfection (Mirus) in 293Ts and
purified and titered as previously described (53,57,58). 1E9 AAV
vectors were administered by intraperitoneal (IP) injection into
three litters (15 total pups) of C57BL/6 pups at PN3. Animals
were euthanized at PN17. Chronic study: 11 animals from four
litters of Pkd1RC/RC pups were administered AAV vectors by
IP on PN3, weaned at PN21 and aged to 120 days. Animals
received FISP MRI measurements by UC Denver Small animal
imaging core and euthanized, and tissues harvested. At study
termination, blood urea nitrogen (BUN) was measured with a
BioAssay Systems Urea Assay Kit (Hayward, CA, USA) according
to manufacturer’s instructions (DIUR-100). Serum creatinine
was measured with HPLC tandem mass spectrometry (Applied
Biosystems 3200 Qtrap). [2H3] and creatinine were detected in
multiple reaction-monitoring mode, examining transitions of
m/z from 114 to 44.2 and from 117 to 47.2, respectively. DNA
and RNA isolation of in vivo samples, specifically cardiac, renal
and hepatic tissues, was carried out as per manufacturers’

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz244#supplementary-data
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protocols (Qiagen). qPCR assays were followed SYBR-based
quantitative PCR protocol as detailed by Sigma-Aldrich. Briefly,
1 μg of RNA was synthesized into cDNA using cDNA synthesis
kit (Quantabio), 2 μL of cDNA, 5 μM of forward and reverse
primer and 7.5 μL 2× SYBR qPCR master mix were assayed per
well of a 96-well plate. Samples were assayed in triplicate and
assayed from each study animal. Cycling parameters included
10 min at 95◦C, followed by 40 cycles of 94◦C for 15 s, and
55◦C for 30 s, with a terminal 4◦C hold. Proteomics: kidneys
were harvested at study termination by necropsy, snap-frozen,
milled and lyophilized. Approximately 5 mg of each sample was
subjected to sequential protein extraction resulting in a cellular
and soluble ECM fraction as previously described (https://www.
ncbi.nlm.nih.gov/pubmed/27693690). All fractions were reduced,
alkylated and enzymatically digested with trypsin utilizing a
filter-aided sample preparation protocol (https://www.ncbi.nlm.
nih.gov/pubmed/28971683). Liquid chromatography tandem
mass spectrometry (LC-MS/MS) was performed on a Thermo
nanoEasy LC II coupled to a Q Exactive HF. MS acquisition
parameters are detailed previously (https://www.ncbi.nlm.nih.
gov/pubmed/30312994). Raw files were searched with Proteome
Discoverer 2.2 against the Mus musculus uniprotKB database
in Mascot. Precursor mass tolerance was set to +/− 10 ppm and
MS/MS fragment ion tolerance of +/− 25 ppm. Trypsin specificity
was selected allowing for one missed cleavage. Variable modi-
fications include Met oxidation, proline hydroxylation, protein
N-terminal acetylation, peptide N-terminal pyroglutamic acid
formation and a fixed modification of Cys carbamidomethyla-
tion. Search results were visualized using MetaboAnalyst v4.0
(https://www.ncbi.nlm.nih.gov/pubmed/29955821). Immunoblot
analysis: protein was isolated from cells and tissues using RIPA
and a protease/phosphatase inhibitor cocktail. Homogenates
were centrifuged, and supernatant was taken for protein
analysis. Protein was quantified with Bio-Rad (Hercules, CA,
USA) DC Protein Assay kit as described by the manufacturer.
Samples were mixed with Laemmli Sample Buffer and boiled
for 5 min. Samples were run on 4–20% precast polyacrylamide
gels. Proteins were then transferred to PVDF membranes,
blocked with 2.5% milk and probed with antibodies listed
in Supplementary Material, Table S1. Blots were developed
by chemiluminescence and analyzed for densitometry using
ImageJ. Immunohistochemistry protocol: tissue sections were
deparaffinized and rehydrated, then antigen unmasking was
performed in sodium citrate buffer (pH 6.0) for 25 min at 100◦C.
After rinsing sections for 10 min in cold tap water, endogenous
peroxidase activity was blocked by immersing the sections in
3% hydrogen peroxide for 10 min, followed by a 5-min rinse
in deionized water. Blocking was performed using Vectastain®

Elite® ABC Kit blocking serum for 30 min at room temperature.
The primary antibodies were diluted in Tris-buffered saline
with Tween 20 (TBST) as indicated in Supplementary Material,
Table S1, and the sections were incubated overnight at 4◦C in
a humidified chamber. Immunoreactions were detected using
the Vectastain standard protocol with 3,3′-diaminobenzidine
tetrahydrochloride hydrate (DAB) counterstained with hema-
toxylin. Slides were subsequently dipped one to three times
in 0.3% acid alcohol to lighten hematoxylin staining, then
dehydrated and mounted. TUNEL staining was performed
on tissue sections using a Promega DeadEndTM Colorimetric
Apoptosis Detection System Kit following the manufacturer’s
instructions. Quantitation of PCNA and TUNEL staining: the
number of positive staining cells were counted using the
Aperio ImageScope, Leica Biosystems, by an observer blinded
to the treatment modality. Non-cystic tubules were defined as

tubules less than 50 μm diameter. Fifteen to 20 fields of view
(40× magnification) devoid of cysts in the cortex per sample
were randomly selected for non-cystic quantitation. To avoid
sensitivity and selection artifacts between non-cystic tubules
and dilated possibly pre-cystic tubules, as well as potential
changes in tubular epithelium lining massive cysts, positive
nuclei were counted in cysts of approximately 100–200 μm
diameter. Fifty to 75 cysts in the cortex per tissue section were
randomly selected for analysis.

Statistics

Multiple-group comparisons were performed using analysis of
variance (ANOVA) with posttest according to Newman–Keuls.
Single comparisons were made using Student’s T test. A P value
of < 0.05 was considered statistically significant. Values are
expressed as the mean ± SEM.

Study approval

All experiments were conducted with adherence to the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. The animal protocol was approved by the Animal
Care and Use Committee of the University of Colorado at
Denver. Mice were maintained on a standard diet, and water
was freely available. As published, no difference was seen
between male and female Pkd1RC/RC in disease presentation;
therefore, all study animals were included in statistical
analyses.
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Supplementary Material is available at HMG online.
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A B S T R A C T

Apoptosis in the cystic epithelium is observed in most rodent models of polycystic kidney disease (PKD) and in
human autosomal dominant PKD (ADPKD). Apoptosis inhibition decreases cyst growth, whereas induction of
apoptosis in the kidney of Bcl-2 deficient mice increases proliferation of the tubular epithelium and subsequent
cyst formation. However, alternative evidence indicates that both induction of apoptosis as well as increased
overall rates of apoptosis are associated with decreased cyst growth. Autophagic flux is suppressed in cell, zebra
fish and mouse models of PKD and suppressed autophagy is known to be associated with increased apoptosis.
There may be a link between apoptosis and autophagy in PKD. The mammalian target of rapamycin (mTOR), B-
cell lymphoma 2 (Bcl-2) and caspase pathways that are known to be dysregulated in PKD, are also known to
regulate both autophagy and apoptosis. Induction of autophagy in cell and zebrafish models of PKD results in
suppression of apoptosis and reduced cyst growth supporting the hypothesis autophagy induction may have a
therapeutic role in decreasing cyst growth, perhaps by decreasing apoptosis and proliferation in PKD. Future
research is needed to evaluate the effects of direct autophagy inducers on apoptosis in rodent PKD models, as
well as the cause and effect relationship between autophagy, apoptosis and cyst growth in PKD.

1. Introduction

ADPKD is the commonest life threatening hereditary disease often
resulting in end stage kidney disease requiring dialysis and kidney
transplantation [1]. Most ADPKD is caused by a mutation in either the
Pkd1 gene (85% of cases) or the Pkd2 gene [2]. There are a multitude of
signaling pathways that are either increased or decreased in PKD [3]
[4] [5] [6]. Abnormal cross-talk between intracellular calcium and
cAMP signaling is likely one of the first effects of PKD mutations and
can result in increased proliferation of the tubular cells lining the cyst
[3]. Protein kinase A-induced phosphorylation of cystic fibrosis trans-
membrane conductance regulator (CFTR) allows chloride and fluid
secretion into the cysts and increases cyst growth [3]. Mammalian
target of rapamycin (mTOR), that plays a role in both autophagy and
apoptosis signaling, is increased in PKD kidneys [7]. mTOR inhibitors
that protect against cyst growth in animal models [7] [8] are known to
affect both autophagy and apoptosis. The Bcl-2 family of proteins that is
dyregulated in PKD [9] [10] [11] also plays an important role in both
apoptosis and autophagy signaling. Caspases, the major mediators of

apoptosis that can also affect autophagy are increased in PKD kidneys
[12] [9] [13] [14]. Studies in Pkd1-/- cells [15], Pkd1-/- zebrafish [16]
and mouse models of PKD [17] [18] [19] suggest that there may be a
disturbance in the balance between tubular cell proliferation, apoptosis,
and autophagy in PKD. This review will focus on the role of tubular cell
apoptosis and autophagy in cyst growth in PKD and explore the possible
interactions between apoptosis and autophagy in PKD.

2. Apoptosis

Apoptosis is a process of programmed cell death characterized by
volume reduction, cell surface blebbing, chromatin condensation, in-
ternucleosomal cleavage of DNA, and formation of apoptotic bodies
[20] [21] [22]. Apoptotic cells are quickly phagocytosed by macro-
phages to prevent the release of intracellular components and in-
flammatory factors, resulting in “clean” cell death. Lockshin & Williams
[23] originally defined programmed cell death in the context of insect
development. Subsequently, Kerr et al. noticed by ultrastructural ana-
lysis two morphologically different types of cell death in humans:
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apoptosis and necrosis [24]. In necrosis, the cells swell, plasma mem-
branes rupture, and cellular components are released. In apoptosis, the
cells shrink with intact plasma membranes, and nuclei are condensed
and fragmented. As apoptosis was discovered to be mediated by gene
products, it was termed as being programmed. Thus, the term pro-
grammed cell death has been used in the context of apoptosis. It should
be noted that cell death with a necrotic morphology that occurs during
inflammation or infection can also be programmed or regulated by gene
products, and is categorized as necroptosis and pyroptosis [25] [26].

3. Apoptosis in PKD

Apoptosis in the tubular epithelial cells lining the cyst and/or non-
cystic tubular epithelium in PKD kidneys is observed in most rodent
models of PKD, regardless of the genetic defect (Table 1).

Apoptosis has also been detected in human ADPKD kidneys com-
pared to normal kidneys, regardless of renal function [27] (Table 1).
Specifically, apoptosis is evident in normal non cystic tubular epithe-
lium in human polycystic kidneys from non-uremic ADPKD patients
[27].

As apoptosis in renal tubular epithelium is detected in most models
of PKD resulting from differing gene defects, it is unlikely that the Pkd1
or Pkd2 gene defect directly causes apoptosis.

mTOR, which exists in association with two different complexes,
mTORC1 and mTORC2, may provide the link between cyst growth and
apoptosis in diverse models of PKD [28] [29]. mTORC1 consists of
mTOR and regulatory associated protein of mTOR (Raptor), while
mTORC2 consists of mTOR and rapamycin-independent companion of
mTOR (Rictor) [29]. mTOR is known to regulate apoptosis and pro-
liferation [30]. Increased mTOR signaling is an almost universal phe-
nomenon in PKD kidneys from different gene defects. Increased
mTORC1 signaling has been observed in many rodent models of PKD
[12] [31] [32] [8] [33] and in human ARPKD kidneys [34] [35]. Both
mTORC1 and 2 signaling are increased in mouse models of PKD [36]
[37]. The effects of mTORC1/2 inhibition on apoptosis in PKD models
will be discussed later in this review.

4. Pathways of caspase-mediated apoptosis in PKD

A family of cysteine proteases, known as caspases, are the major
mediators of apoptosis. The caspase pathways that are centrally im-
portant in apoptosis involve the “initiator” caspases-8 and -9 and the
“executioner” caspases-3 and -7 [38] [39] [40]. Caspase-3 plays a
crucial and extensively studied role in the promotion of apoptosis [41]
[42] [43]. Caspase-3 terminates contacts with surrounding cells, re-
organizes the cytoskeleton, shuts down DNA replication, interrupts
splicing, destroys DNA, disrupts the nuclear structure, marks the cell for
phagocytosis, and disintegrates the cell into apoptotic bodies [44] [45].

There are two major pathways of caspase-mediated apoptosis
[39]20. In the mitochondrial or “intrinsic” pathway, stress-induced
signals act via Bcl-2 proteins to promote cytochrome c release from
mitochondria [46] [47]. Cytochrome c binds to the cytosolic protein
Apaf-1 to facilitate the formation of an apoptosome. Once formed, the
apoptosome can then recruit and activate caspase-9, that can in turn
activate caspase-3. In support of a role of the Bcl-2 protein family in
PKD, Bcl-2 deficient mice have increased apoptosis and die from severe
PKD [48] [49] [50]. Activation of caspase-3 and dysregulation of the
balance between pro- and anti-apoptotic Bcl-2 family members, speci-
fically a downregulation of anti-apoptotic Bcl-XL, correlates with in-
creased apoptosis in polycystic Han:SPRD rat kidneys [9]. In Han:SPRD
rat kidneys, the pro form of caspase-9, cytochrome c release into the
cytosol, and caspase-2 protein and activity are increased, demon-
strating involvement of the intrinsic pathway [51]. In the “extrinsic”
pathway, the binding of a ligand to its death receptor recruits an
adaptor protein that in turn recruits and activates procaspase-8, which
subequently activates caspase-3 [52]. The proform of caspase-8 is alsoTa

bl
e
1

A
po

pt
os
is

of
tu
bu

la
r
ce
lls

lin
in
g
th
e
cy
st

is
se
en

in
m
os
t
ro
de

nt
m
od

el
s
of

PK
D

an
d
in

hu
m
an

PK
D

ki
dn

ey
s.

O
ak

R
id
ge

po
ly
cy
st
ic

ki
dn

ey
(o
rp
k)
,p

os
t
na

ta
l
(P
N
),
N
ot

ap
pl
ic
ab

le
(N

A
)

M
od

el
In
he

ri
ta
nc

e
G
en

e
C
ha

ra
ct
er
is
ti
cs

R
ef

M
al
e
H
an

:S
PR

D
ra
t

A
D
PK

D
A
nk

s6
D
ou

bl
in
g
ki
dn

ey
si
ze

an
d
ki
dn

ey
fa
ilu

re
by

8
w
ks

of
ag

e.
A
po

pt
os
is

in
cy
st
ic

an
d
no

n
cy
st
ic

tu
bu

le
s.

H
yp

er
te
ns
io
n,

an
em

ia
,E

SR
D

[1
2]

[5
1]

pc
k
ra
t

A
D
PK

D
Pk

hd
1

C
ys
ts

in
ki
dn

ey
an

d
liv

er
at

1
yr

of
ag

e.
A
po

pt
os
is

in
cy
st
ic

an
d
no

n
cy
st
ic

tu
bu

le
s.

[1
69

]
C
57

BL
6
PK

D
1R

C
/R

C
A
D
PK

D
Pk

d1
H
yp

om
or
ph

ic
PK

D
1
ge

ne
kn

oc
ko

ut
m
at
ch

in
g
a
hu

m
an

di
se
as
e
va

ri
an

t.
R
en

al
fa
ilu

re
at

70
d
of

ag
e.

A
po

pt
os
is

in
cy
st
ic

an
d
no

n
cy
st
ic

tu
bu

le
s.

[3
7]

Pk
d1

nl
/n

l
m
ic
e

A
D
PK

D
Pk

d1
A
po

pt
os
is

in
du

ce
d
in

cy
st
ic

ep
it
he

liu
m

by
sm

ac
-m

im
et
ic

[9
0]

PK
D
2W

S2
5
/-
m
ic
e

A
D
PK

D
Pk

d2
PK

D
an

d
re
na

l
fa
ilu

re
at

16
w
ks

of
ag

e.
A
po

pt
os
is

in
cy
st
ic

ep
it
he

liu
m

an
d
ca
sp
as
e-
3
ac
ti
vi
ty

no
t
aff

ec
te
d
by

si
ro
lim

us
.

[3
3]

or
pk

m
ou

se
A
R
PK

D
If
t8
8T

g7
3
7
R
pw

C
ili
ar
y
de

fe
ct

m
od

el
of

A
R
PK

D
.S

ir
ol
im

us
in
cr
ea
se
s
ap

op
to
si
s
in

cy
st
ic

ep
it
he

lia
l
ce
lls
.

[8
]

C
57

BL
6
jc
k
m
ou

se
A
R
PK

D
N
ph

p9
M
u
ta
te
d
g
en

e
p
ro
d
u
ct

in
p
ri
m
ar
y
ci
lia

af
fe
ct
s
n
o
rm

al
ex

p
re
ss
io
n
o
fP

C
1/
2.

H
ig
h
ra
te

o
fe

p
it
h
el
ia
lc

el
lp

ro
lif
er
at
io
n
an

d
ap

o
p
to
si
s
in

cy
st
ic

ep
it
h
el
iu
m

[1
70

]
cp

k
m
ou

se
A
R
PK

D
C
ys
1

Li
fe
sp
an

4-
6
w
ee
ks
.A

po
pt
os
is

of
tu
bu

la
r
an

d
in
te
rs
ti
ti
al

ce
lls
.D

el
et
io
n
of

ca
sp
as
e-
3
ge

ne
in
cr
ea
se
s
lif
es
pa

n.
[1
4]

pc
y
m
ou

se
A
D
PK

D
N
ph

p3
O
rt
ho

lo
go

us
to

ad
ol
es
ce
nt

ne
ph

ro
no

ph
th
is
is
.A

po
pt
ot
ic

D
N
A

fr
ag

m
en

ta
ti
on

ev
id
en

t
in

pr
eu

re
m
ic

ki
dn

ey
s.

[2
7]

SB
M

m
ic
e

A
D
PK

D
c-
m
yc

O
ve

re
xp

re
ss
io
n
of

c-
m
yc
.T

ub
ul
ar

ap
op

to
si
s
in
cr
ea
se
d
3-
9
-f
ol
d
ov

er
co

nt
ro
ls
.

[9
5]

[1
04

]
[9
6]

A
P-
2
β-

/-
kn

oc
ko

ut
m
ic
e

N
A

A
P-
2
β

M
ic
e
la
ck

tr
an

sc
ri
pt
io
n
fa
ct
or

A
P-
2
β
di
e
at

PN
da

y
1-
2
fr
om

PK
D
.
En

ha
nc

ed
ap

op
to
ti
c
ce
ll
de

at
h
of

re
na

l
ep

it
he

lia
l
ce
lls
.

[1
71

]
Bc

l-2
-/
-
m
ic
e

N
A

Bc
l-2

K
no

ck
ou

t
of

an
ti
-a
po

pt
ot
ic

Bc
l-2

.F
ul
m
in
an

t
ly
m
ph

oi
d
ap

op
to
si
s,

po
ly
cy
st
ic

ki
dn

ey
s,

an
d
hy

po
pi
gm

en
te
d
ha

ir
.A

po
pt
os
is

in
ki
dn

ey
in
te
rs
ti
ti
um

.
[5
0]

D
ys
pl
as
ti
c
hu

m
an

re
na

l
di
se
as
e

N
A

N
A

C
el
l
de

at
h
pr
om

in
en

t
in

un
di
ff
er
en

ti
at
ed

ce
lls

ar
ou

nd
dy

sp
la
st
ic

tu
bu

le
s
an

d
oc

ca
si
on

al
ly

cy
st
ic

ep
it
he

lia
[1
72

]
H
um

an
ki
dn

ey
s

A
D
PK

D
Pk

d1
/2

A
po

pt
ot
ic

ce
lls

in
gl
om

er
ul
i,
cy
st

w
al
ls
,c

ys
ti
c
an

d
no

nc
ys
ti
c
tu
bu

le
s
re
ga

rd
le
ss

of
re
na

l
fu
nc

ti
on

[2
7]

H
um

an
ki
dn

ey
s

A
R
PK

D
Pk

hd
1

A
po

pt
os
is

m
or
e
pr
ev

al
en

t
in

hu
m
an

A
R
PK

D
ki
dn

ey
s
th
an

in
ag

e-
m
at
ch

ed
no

rm
al

ki
dn

ey
s

[9
1]

[1
73

]

K.L. Nowak and C.L. Edelstein Cellular Signalling xxx (xxxx) xxxx

2



Ta
bl
e
2

Eff
ec
ts

of
tr
ea
tm

en
ts

on
ap

op
to
si
s/
au

to
ph

ag
y
an

d
PK

D
.

Tr
ea
tm

en
t

In
vi
vo

m
od

el
Eff

ec
t
on

ap
op

to
si
s

Eff
ec
t
on

au
to
ph

ag
y

Eff
ec
t
on

PK
D

R
ef

C
el
l
cy
cl
e
in
hi
bi
to
r,

ro
sc
ov

it
in
e

jc
k,

cp
k
m
ic
e

D
ec
re
as
ed

N
D

Lo
ng

-la
st
in
g
ar
re
st

of
cy
st
og

en
es
is

[5
8]

[5
9]
.

H
yd

ro
xy

es
tr
ad

io
l
(2
-O

H
E)

H
an

:S
PR

D
ra
t

D
ec
re
as
ed

N
D

D
ec
re
as
ed

cy
st

gr
ow

th
[6
1]
.

G
lc
C
er

sy
nt
ha

se
in
hi
bi
to
r,

G
en

z-
12

33
46

jc
k
an

d
pc

y
m
ic
e

D
ec
re
as
ed

N
D
.

D
ec
re
as
ed

cy
st

gr
ow

th
[6
2]

Im
m
un

od
ep

le
ti
on

of
C
D
8+

T
ce
lls

C
57

BL
/6

Pk
d1

R
C
/R

C
m
ic
e

D
ec
re
as
ed

N
D

W
or
se
ni
ng

[6
3]

C
as
pa

se
in
hi
bi
to
r,

ID
N
-8
05

0
H
an

:S
PR

D
ra
t

D
ec
re
as
ed

ap
op

to
si
s
an

d
pr
ol
if
er
at
io
n

N
D

D
ec
re
as
ed

cy
st

gr
ow

th
[1
2]

M
IF

in
hi
bi
to
r
IS
O
-1

Pk
d1

-/
-
m
ic
e

In
cr
ea
se
d

N
D

D
el
ay

s
cy
st

gr
ow

th
[6
7]

H
ig
h
do

se
si
ro
lim

us
Pk

d1
-/
- ,
or
pk

m
ic
e

In
cr
ea
se
d

N
D

D
ec
re
as
ed

cy
st

gr
ow

th
[8
]
[6
9]

[7
0]

Lo
w

do
se

si
ro
lim

us
Pk

d2
W
S2

5
/-
m
ic
e

N
o
eff

ec
t

N
D

D
ec
re
as
ed

cy
st

gr
ow

th
[3
3]

m
TO

R
ki
na

se
in
hi
bi
to
r,

to
ri
n-
2

Pk
d1

R
C
/R

C
m
ic
e

In
cr
ea
se
d

N
D

D
ec
re
as
ed

cy
st

gr
ow

th
[3
7]

m
TO

R
ki
na

se
in
hi
bi
to
r,

PP
24

2
H
an

:S
PR

D
ra
t

N
o
eff

ec
t

N
D

D
ec
re
as
ed

cy
st

gr
ow

th
[7
1]

m
TO

R
A
SO

Pk
d2

W
S2

5
/-
m
ic
e

D
ec
re
as
ed

N
D

D
ec
re
as
ed

cy
st

gr
ow

th
[3
6]
.

Sm
ac
-m

im
et
ic

Pk
d1

-/
-
m
ic
e

In
cr
ea
se
d
TN

F-
α-
de

pe
nd

en
t

ap
op

to
si
s

N
D

D
el
ay

s
cy
st

gr
ow

th
[9
0]

Ba
fi
lo
m
yc
in

cp
k
m
ic
e

N
D

D
ec
re
as
ed

N
D

[1
7]

A
ut
op

ha
gy

in
du

ce
r:

Tr
eh

al
os
e

H
yp

om
or
ph

ic
Pk

d1
-/
-
m
ic
e

N
D

N
o
eff

ec
t
on

su
pp

re
ss
ed

au
to
ph

ag
y

N
o
eff

ec
t

[1
8]

C
al
or
ic

re
st
ri
ct
io
n
m
im

et
ic
,2

D
G

Pk
d1

-/
-
m
ic
e

N
D

N
D

D
el
ay

s
cy
st

gr
ow

th
[1
60

]
[1
61

]
[1
5]

Sa
ik
os
ap

on
in
-d

(S
Sd

),
a
SE

R
C
A

in
hi
bi
to
r

U
C
L9

3,
O
X
16

1
A
D
PK

D
ce
lls
.M

D
C
K

ce
lls

N
D

In
cr
ea
se
d

D
ec
re
as
ed

[1
64

]

G
lu
co

se
de

pr
iv
at
io
n

Pk
d1

-/
-
ce
lls

In
cr
ea
se
d

D
ec
re
as
ed

.R
es
cu

ed
by

si
ro
lim

us
N
D

[1
5]

A
ut
op

ha
gy

ac
ti
va

to
rs
:
Be

cl
in
-1
,s

ir
ol
im

us
,c

ar
ba

m
az
ep

in
e
an

d
m
in
ox

id
il

Ze
br
afi

sh
pk

d1
a
m
ut
an

ts
D
ec
re
as
ed

In
cr
ea
se
d

D
ec
re
as
ed

cy
st
s

[1
6]

M
et
fo
rm

in
Ze

br
afi

sh
pk

d2
m
ut
an

ts
N
D

In
cr
ea
se
d

D
ec
re
as
ed

cy
st
s

[1
18

]
H
D
A
C
i,
Tr
ic
ho

st
at
in

A
Pk

d1
-/
-
ce
lls

N
D

In
cr
ea
se
d

Pr
ev

en
ts

cy
st

fo
rm

at
io
n

[1
65

]

N
ot

de
te
rm

in
ed

(N
D
),
gl
uc

os
yl
ce
ra
m
in
e
(G

lc
C
er
),

an
ti
se
ns
e
ol
ig
on

uc
le
ot
id
e
(A

SO
),

m
ac
ro
ph

ag
e
m
ig
ra
ti
on

in
hi
bi
to
ry

fa
ct
or

(M
IF
-1
),

2-
de

ox
y-
gl
uc

os
e
(2
D
G
),

se
co

nd
m
it
oc

ho
nd

ri
a-
de

ri
ve

d
ac
ti
va

to
r
of

ca
sp
as
e
(S
m
ac
),

M
ad

in
-D

ar
by

ca
ni
ne

ki
dn

ey
ce
lls

(M
D
C
K
),
Sa

rc
op

la
sm

ic
/e
nd

op
la
sm

ic
re
ti
cu

lu
m

C
a2

+
A
TP

as
e
pu

m
p
(S
ER

C
A
).

K.L. Nowak and C.L. Edelstein Cellular Signalling xxx (xxxx) xxxx

3



increased in PKD, demonstrating involvement of the extrinsic pathway
[51]. No differences in Fas ligand (FasL) mRNA are observed, sug-
gesting that the extrinsic pathway is independent of the death receptor
ligand, FasL [51].

5. Relationship between apoptosis and cyst growth in PKD

Apoptosis may be causally linked to the development of renal cystic
disease. For example, apoptosis is essential for Madin-Darby canine
kidney (MDCK) cell cyst cavitation in collagen type 1 matrix.
Cystogenesis in this system is inhibited by overexpression of the anti-
apoptotic gene, Bcl-2 [53]. In a novel cell culture system for studying
how PKD1 regulates apoptosis, proliferation and cyst formation, ex-
pression of human PKD1 in MDCK cells slows their growth and protects
them from apoptosis [54]. MDCK cells expressing PKD1 also sponta-
neously form branching tubules, while control cells form simple cysts.
Thus, PKD1 may function to regulate both apoptosis and proliferation
pathways, allowing cells to enter a differentiation pathway that results
in tubule formation. Collectively, this provides evidence that poly-
cystin-1 (PC-1) may inhibit apoptosis, and confirms that increased
apoptosis is associated with cyst formation in MDCK cells. Similarly,
inhibition of fibrocystin (the gene product of PKHD1 that is responsible
for autosomal recessive PKD) by short hairpin RNA inhibition in inner
medullary collecting duct cells disrupts normal tubulomorphogenesis
and results in increased apoptosis and proliferation [55].

Y528C and R1942H are two missense mutations that have been
identified from a PKD1-affected individual. MDCK cells expressing the
Y528C variant form cysts in culture and display increased rates of
growth and apoptosis compared to MDCK cells stably expressing the
wild-type [56]. The protein product of PKD1 (PC-1) is a large trans-
membrane protein with a short intracellular C terminus that interacts
with numerous signaling molecules, including Galpha(12). G12/G13
alpha subunits are alpha subunits of heterotrimeric G proteins. MDCK
cells can increase apoptosis via Galpha(12) stimulation of JNK and
degradation of the anti-apoptotic protein Bcl-2, with PC1 expression
levels determining the activity of the JNK/Bcl-2 apoptosis pathway
[57]. Thus, there appears to be a causal relationship between apoptosis,
proliferation and cyst formation. In summary, most (but not all) in vitro
studies in PKD cells support that increased levels of apoptosis are as-
sociated with formation and growth of cysts. Next, the effect of thera-
pies that decrease cyst growth in vivo on apoptosis will be discussed.

6. The effect of therapies that decrease cyst growth on apoptosis
in vivo (Table 2)

Therapies that decrease cyst growth in PKD have variable effects on
apoptosis. Some therapies that decrease cyst growth also decrease
apoptosis. The cell cycle inhibitor roscovitine results in long-lasting
arrest of cystogenesis, along with decreased apoptosis [58] [59]. Erb-b2
receptor tyrosine kinase 4 (ErbB4) is a receptor tyrosine kinase and
member of the epidermal growth factor receptor family that is highly
expressed in cystic kidneys. In cpk mice, ErbB4 deletion results in ac-
celerated cyst progression, renal function deterioration, increased cell
proliferation in the cyst-lining epithelial cells, and significantly more
apoptotic cells. This is associated with decreased levels of cyclin D1,
increased levels of p21, p27, and cleaved caspase 3, suggesting that
decreased cell cycle progression may contribute to apoptosis [60]. Si-
milarly, in Han:SPRD rats treated with 2-hydroxyestradiol (2-OHE), the
resultant decrease in cyst growth and preservation of kidney function is
associated with suppression of proliferation, apoptosis, and markers of
angiogenesis [61]. Sphingolipids and glycosphingolipids are emerging
as major regulators of proliferation, apoptosis, and activation of growth
regulatory pathways. Blockade of glucosylceramide (GlcCer; a glyco-
sphingolipid) accumulation with the GlcCer synthase inhibitor Genz-
123346 effectively inhibits cystogenesis in Pkd1 conditional knockout
mice and jck and pcy mouse models of nephronophthisis [62].

Mechanism-of-action studies suggest that GlcCer synthase inhibition
results in effective cell cycle arrest and inhibition of the Akt-mTOR
pathway, ultimately leading to decreased apoptosis and mitogenic
signaling [62]. Of note, enrollment in a phase II/III trial in adults with
ADPKD evaluating the efficacy of Venglustat, which reduces accumu-
lation of GlcCer, is ongoing (NCT03523728).

In contrast, some therapies that decrease cyst growth can increase
apoptosis; likewise, worsening ADPKD may associate with reduced
apoptosis. Immunodepletion of CD8+ T cells from one to three months
in C57Bl/6 Pkd1RC/RC mice results in worsening of ADPKD pathology,
decreased apoptosis, and increased proliferation compared to IgG-
control, consistent with a reno-protective role of CD8+ T cells [63].
microRNAs (miRNAs) are short noncoding RNAs that function as se-
quence-specific inhibitors of gene expression [64]. The miR-17 family
and miR-21 are both upregulated in kidney cysts and promote ADPKD
progression in mouse models. miR-21 represses proapoptotic genes and
thus inhibits cyst apoptosis and promotes PKD progression [65].
Overexpression of exogenous kidney-specific neutrophil gelatinase-as-
sociated lipocalin (Ngal) attenuates progressive cyst development and
prolongs lifespan in a murine model of PKD, which is associated with
reductions in interstitial fibrosis and proliferation and augmented
apoptosis [66]. Macrophage migration inhibitory factor (MIF) is an-
other important regulator of cyst growth in ADPKD. MIF is upregulated
in cyst-lining epithelial cells in PC-1-deficient murine kidneys and ac-
cumulates in cyst fluid of human ADPKD kidneys [67]. MIF regulates
cystic renal epithelial cell apoptosis through p53-dependent signaling.
MIF deletion or pharmacologic inhibition of MIF delays cyst growth and
increases p53-dependent apoptosis in multiple murine ADPKD models
[67].

Sirolimus is an autophagy inducer, but its effects on apoptosis in
PKD are complex [68]. The effect of sirolimus on apoptosis in PKD may
be determined by the dose. High-dose sirolimus increases apoptosis of
cyst lining epithelium in PKD [8] [69] [70]. However, low-dose sir-
olimus may also result in effective blockade of PKD without an effect on
apoptosis [33]. Thus, an appropriate therapeutic dose of sirolimus may
not have an effect on apoptosis in PKD. Furthermore, the effect of
mTOR inhibitors on apoptosis may depend on whether there is dual
blockade of both mTORC1 and 2. The mTOR kinase inhibitor, torin-2,
decreases PKD severity and improves kidney function in the Pkd1RC/RC

mouse model of PKD [37]. Torin-2 decreases proliferation and increases
apoptosis in cells lining the cysts in these mice [37]. However, in
Han:SPRD rats with PKD, the mTOR kinase inhibitor PP242, which
inhibits both mTORC1 and 2, has no effect on caspase-3 activity,
TUNEL positive or active caspase-3-positive tubular cells, despite sig-
nificantly reducing kidney enlargement, cyst density, blood urea ni-
trogen, and proliferation in cells lining the cysts and non-cystic tubules
[71]. Finally, an mTOR anti-sense oligonucleotide (ASO) that blocks
both mTORC1 and 2, decreases PKD severity in mice with a targeted
mutation in Pkd2, which is associated with a significant decrease in
proliferation and apoptosis of tubular epithelial cells [36]. Thus,
blockade of both mTORC1 and 2 does not have a consistent effect on
apoptosis in the cells lining the cysts in the PKD kidney.

Differences in apoptosis observeed in in vivo studies may be due to
different methods used to detect apoptosis in vivo. Numerous studies
simply count TUNEL-positive cells in an automated fashion. However,
the gold-standard is to count cells that have morphologic criteria of
apoptosis that include cellular rounding and shrinkage, nuclear chro-
matin compaction, and formation of apoptotic bodies [72]. Morphology
is the gold-standard for detection of apoptosis and TUNEL staining fails
to discriminate between proximal tubule apoptosis and necrosis, par-
ticularly in vivo in the kidney, and it grossly overestimates proximal
tubule apoptosis in the kidney [73] [72] [74] [75] [76]. This is espe-
cially true in cystic tubular epithelial cells that may have injury that can
cause necrosis [77]. For these reasons, the number of TUNEL–stained
nuclei that also demonstrate the morphological features of apoptosis
should be also be quantitated.
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With this background, studies have been performed to determine
the effect of direct apoptosis inhibition or apoptosis induction on tub-
ular cell proliferation, cyst formation, kidney size, and kidney function
in PKD.

7. Caspase inhibition in PKD

Caspases are attractive potential targets for treatment of diseases
because of their central role in apoptosis and the appealing prospect of
small-molecule inhibitor therapy [78]. In animal models, caspase in-
hibitors decrease ischemia-perfusion injury in heart [79] [80], liver
[81] and kidney [82] [83]. The pan-caspase inhibitor IDN-1965 im-
proves cardiac function and decreases mortality in mouse cardiomyo-
pathy [84] and reduces apoptosis of sinusoidal endothelial cells during
liver preservation injury [85]. The pan-caspase inhibitor IDN-6556
decreases liver enzyme elevations in patients with hepatic dysfunction
[86]. Of note, the orally active caspase inhibitor, Emricasan, is cur-
rently being tested in multiple clinical trials conducted in patients with
liver disease [87] (see clinicaltrials.gov).

Early evidence in rodents suggests that caspase inhibitors may also
be an attractive therapy to slow PKD progression. Three-week old
heterozygous and littermate control Han:SPRD male rats treated with
the caspase inhibitor, IDN-8050 (10 mg/kg/d) via a minipump for 5
weeks, have a 44% reduction in kidney enlargement, a 29% reduction
in cyst volume density, and attenuated increase in BUN, as compared to
vehicle [12]. IDN-8050-treatment additionally reduces the number of
proliferating cell nuclear antigen (PCNA) positive tubular cells and
apoptotic tubular cells in non-cystic and cystic tubules. Collectively,
this indicates that in a rat model of PKD, caspase-inhibition with IDN-
8050: 1) decreases apoptosis and proliferation in cystic and non-cystic
tubules, 2) inhibits renal enlargement and cystogenesis, and 3) at-
tenuates the loss of kidney function. These findings will require con-
firmation in other animal models of PKD prior to translation to clinical
trials in humans with ADPKD.

Mice with caspase-3 gene deletion have been crossed with mice
harboring the congenital polycystic kidney (cpk) mutation to generate
double-mutant mice [14]. Homozygous caspase-3 (cpk;casp3−/− mice)
live nearly four-times longer than littermate control cpk mice, and
heterozygous (cpk;casp3+/− mice) live significantly longer than con-
trols. In addition, kidney weight, relative to body weight, is sig-
nificantly lower in the cpk;casp3−/− mice than in the cpk and
cpk;casp3+/− mice. However, despite deletion of caspase-3, apoptosis
occurs and cysts form; therefore, alternative pathways of apoptosis in
cystic kidneys have been investigated. Caspase-7 is up-regulated and
the anti-apoptotic protein Bcl-2 is down-regulated in cpk, cpk;casp3+/

−, and cpk;casp3−/− mice compared with wild-type controls. In sum-
mary, homozygous deletion of caspase-3 markedly prolongs survival of
cpk mice, but a caspase-7-mediated pathway may compensate for the
deficiency of functional caspase-3 [14]. These findings suggest that pan-
caspase inhibition may have a greater therapeutic effect than selective
caspase inhibition in PKD.

8. Apoptosis induction in PKD

The mitochondrial protein Smac promotes caspase activation in the
cytochrome c/Apaf-1/caspase-9 pathway by binding to inhibitor of
apoptosis proteins and removing their inhibitory activity [88]. While
Smac is normally a mitochondrial protein, it is released into the cytosol
when cells undergo apoptosis [89]. Overexpression of Smac increases
cells' sensitivity to apoptotic stimuli. In vitro, a Smac-mimetic and co-
treatment with tumor necrosis factor-α (TNF-α) augments the forma-
tion and activation of the receptor-interacting serine/threonine-protein
kinase 1-dependent death complex and the degradation and cleavage of
the caspase-8 inhibitor FLIP. This results in death in Pkd1 mutant epi-
thelial cells, with no effect on normal renal epithelial cells [90]. In vitro,
a Smac-mimetic selectively induces TNF-α-dependent cystic renal

epithelial cell death and delays cyst formation [90]. Similarly, treat-
ment with a Smac-mimetic slows cyst growth and kidney enlargement,
as well as preserves renal function in two genetic strains of mice with
Pkd1 mutations, without affecting proliferation.

How do we reconcile the seeming contradiction that both apoptosis
inhibition and apoptosis induction can lessen cyst growth? Whether
apoptosis promotes or retards cyst growth is confounded by factors such
as differing rodent models of PKD with differing mutations, early-
versus late-disease, and apoptosis in cysts versus apoptosis limited to
non-cystic tubules and interstitial cells [91]. It is possible that apoptosis
inhibition and apoptosis induction decrease cyst growth by very dif-
ferent mechanisms that can act independently. Under certain condi-
tions, enhanced apoptosis may preserve renal structure by eliminating
mural cells from cysts that otherwise would expand endlessly without
having an effect on proliferation [90]. Likewise, apoptosis inhibition
can decrease proliferation of cystic epithelial cells that is crucial for
growth of the cyst [12].

9. Apoptosis may be causally linked to proliferation and the
development of cysts

Abnormal proliferation in tubular epithelial cells plays a crucial role
in cyst development and/or growth in PKD [92] [2,93] and apoptosis
may be causally linked to these processes. Convincing evidence in-
dicates that increased tubular cell proliferation is accompanied by
tubular apoptosis in PKD, and apoptosis and proliferation are directly
related [94] [95] [50] [96] [97]. A massive increase in both apoptosis
and proliferation is observed in both SBM mice that overexpress c-myc
and Bcl-2 deficient mouse models of cystic disease [95] [50]. In fact,
increased apoptosis and proliferation occur early in the course of the
disease and precede cystogenesis in SBM mice [95]. In Han:SPRD rats
fed soy protein, the improved renal function and decreased cyst for-
mation is accompanied by decreases in both tubular cell proliferation
and apoptosis [97]34. Also, mice deficient in the pro-apoptotic Bcl-2
gene have hyperproliferation as well as apoptosis that accompanies
renal cysts [50,98] [48]. Kidneys from patients with ADPKD have high
levels of apoptosis as well as cellular proliferation [27] [99]. Thus,
epithelial cell apoptosis and proliferation are dysregulated in ADPKD
and may represent a general mechanism for cyst growth and tissue
remodeling [94] [2] [100].

The precise pathways that link apoptosis and proliferation in PKD
remain to be determined. However, a common pathway of apoptosis
and proliferation may involve adhesion-dependent control of apoptosis
and overexpression of the proto-oncogene c-myc. Changes in cell shape
and loss of cell to cell adhesion during apoptosis may stimulate sur-
rounding cells to proliferate [101] [102]. Theoretically, in PKD loss of
tubular cells by apoptosis may initiate proliferation of neighboring
tubular cells. In this case, both apoptosis and proliferation would be
observed in the same cyst and caspase inhibition would attenuate both
of these processes. Overexpression of c-myc is thought to play a role in
the dysregulation of both proliferation and apoptosis in ADPKD. Mice
overexpressing c-myc (also known as SBM mice) develop PKD con-
comitant with massively increased apoptosis and proliferation
[103,104]. Renal c-myc expression is also increased in the Han:SPRD
rat model of ADPKD [105]. The pathway of c-myc-induced apoptosis is
thought to be mediated by the “initiator” caspase-9 [106] and the
“executioner” caspase-3 [107] [108]. A novel Ste20-related kinase
(SLK) is cleaved and activated by caspase-3 during c-myc-induced
apoptosis [109]. In human ADPKD, a large increase in c-myc expression
is associated with both tubular cell proliferation and apoptosis [96]
[110] [111] [94]. Thus, caspase inhibition may have therapeutic re-
levance by impeding a common pathway for both apoptosis and pro-
liferation, resulting in reduced cyst formation.

With caspase inhibition, it is important to consider that apoptosis in
ADPKD may be a double-edged sword [112]. While increased apoptosis
may result in increased proliferation, cyst growth, and deterioration of
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renal function in PKD, apoptosis may also be a defense against oxidative
or other forms of DNA damage and thus reduce the risk of neoplastic
transformation. In this regard, the simultaneous induction of cell pro-
liferation and apoptosis has been regarded as a safeguard against neo-
plastic transformation. However, cancer-prone mice treated with the
caspase inhibitor IDN-8050 (Emricasan) from a young age have no
detectable deliterious effects, including no evidence of treatment-re-
lated tumor formation or carcionogenicity [113]. Emricasan does not
affect apoptosis in normal healthy cells, and as noted previously, it is
currently being tested in multiple Phase 3 clinical trials, without reports
of carcinogenicity (see clinicaltrials.gov). So it is unlikely that caspase
inhibition would result in tumor development in PKD kidneys.

10. Summary on apoptosis

There is abundant evidence that apoptosis plays a causal role in cyst
formation: 1) induction of apoptosis in tubular cells in culture results in
cyst formation; 2) tubular epithelial cell apoptosis occurs in most an-
imal models of PKD and in kidneys from humans with ADPKD; 3) both
apoptosis and proliferation occur in non-cystic as well as cystic epi-
thelial cells early in the course of PKD; 4) caspase inhibition results in
less apoptosis and proliferation in the tubular epithelium, with at-
tenuation of cyst formation and kidney failure.

11. Autophagy

Autophagy is a process that occurs in all eukaryotic cells to keeps
cells alive under stressful conditions [114]. In autophagy, damaged
organelles are sequestered into double-membraned autophagosomes
that subsequently fuse with lysosomes to deliver their cargoes for de-
gradation and recycling. Autophagy received prominence in 2016 when
the Nobel Prize in Physiology or Medicine was awarded to Dr. Yoshinori
Ohsumi for “discoveries of the mechanisms for autophagy.” It is now
known that there are 3 major forms of autophagy: macroautophagy,
microautophagy and chaperone—mediated autophagy (CMA) [26]: 1)
Macroautophagy is the best characterized variant of autophagy, that
occurs in all eukaryotic cells and involves the sequestration of cyto-
plasmic components in double-membraned autophagosomes that sub-
sequently fuse with lysosomes, where the cargo e.g. damaged orga-
nelles is delivered for degradation and recycling; 2) Microautophagy, or
endosomal microautophagy, is a form of autophagy where cytoplasmic
cargo destined for degradation is taken up by the vacuole via direct
membrane invagination; 3) Chaperone-mediated autophagy (CMA) in-
volves the direct delivery of cytosolic proteins targeted for degradation
to the lysosome. The characteristic feature of CMA is that neither ve-
sicles nor membrane invaginations are required for substrate delivery to
lysosomes, and substrates reach the lysosomal lumen via a protein-
translocation complex at the lysosomal membrane. Other forms of au-
tophagy target mitochondria (mitophagy), peroxisomes (pexophagy),
endoplasmic reticulum (reticulophagy), protein aggregates (ag-
grephagy), lipid droplets (lipophagy), and inactive proteasomes (pro-
teaphagy).

Autophagic flux is the most well accepted measure of the state of
autophagy. For example, increased autophagosomes may be used to
characterize systems of either increased autophagosome production or
decreased autophagosome clearance by the lysosome, two dissimilar
cellular responses [115,116]. According to the 2016 Guidelines for the
use and interpretation of assays for monitoring autophagy, if the basal
increase in microtubule-associate protein 1A/1B-light chain 3-II (LC3-
II; a central protein in the autophagy pathway) is due to increased
autophagosome production, then it is expected that lysosomal inhibi-
tion will further increase LC3-II [116]. Alternatively, if the increase in
LC3-II is due to a block in autophagosome-lysosome fusion or a defect
in lysosome function, then lysosomal inhibition would not affect LC3-II
expression. The measurement of autophagic flux requires the mea-
surement of autophagosomes (e.g., LC3-II, a marker of

autophagosomes), in the presence and absence of lysosomal inhibition.
Autophagic flux, measured as described above, is decreased in the cpk
mouse model of ARPKD [17].

Autophagy was originally characterized as a hormonal and starva-
tion response. It is now known that autophagy has a broad role in
biology, including organelle remodeling, protein and organelle quality
control, prevention of genotoxic stress, tumor suppression, pathogen
elimination, regulation of immunity and inflammation, maternal DNA
inheritance, metabolism, and cellular survival [117]. While autophagy
is usually a degradative pathway, it also plays a role in biosynthetic and
secretory processes. As autophagy is critical to many essential cellular
functions, it is not surprising that defects in autophagy have been im-
plicated in a variety of diseases [16,17,19,118–121]. Autophagy is
crucial in maintaining cell and organ homeostasis, protecting against
disease, and promoting recovery after injury [122], particularly in the
kidneys. There is accumulating evidence that autophagy may be dys-
regulated in kidney disease and injury. Acute kidney injury, induced by
either cisplatin or ischemia, has been hypothesized to upregulate au-
tophagy as a recovery mechanism [123–126]. Autophagy enhancement
benefits mice with cisplatin-induced acute kidney injury, and autop-
hagy inhibition exacerbates injury in this model [124]. Further, au-
tophagy is important for maintaining podocyte proteostasis in aging
mice [127]. Autophagy also has implications as a stress response during
kidney transplant injury, with opposing effects resulting from im-
munosuppressive drugs or ischemic stresses [119].

12. Autophagy in PKD

Autophagy research in PKD is in its infancy, but there are reasons to
believe that autophagy may be dysregulated in the PKD kidney and
specifically that autophagy may be supressed in PKD. Autophagic flux is
suppressed in ADPKD as evidenced by studies in PKD1-/- cells, Pkd1-/-

zebrafish and rodent models of PKD.

12.1. In vitro models

In human Pkd1-/- cells, there is an attenuated increase in LC3-II
expression after bafilomycin A1 (BafA1) treatment demonstrating de-
creased autophagic flux [16]. Additionally, by immunofluorescence,
the number of both autophagosomes and autolysosomes in PKD1-/- cells
is significantly lower, and the number of autophagosomes fails to be up-
regulated in response to BafA1 treatment, suggesting inadequate au-
tophagosome formation and diminished autophagosome-lysosome fu-
sion. Autophagy impairment accounts for a weakened ability to remove
protein aggregates, as PKD1-/- cells accumulate more aggregates in the
absence of any stress and also break down MG132-induced protein
aggregation less efficiently. Mouse Pkd1-/- cells show a similar defi-
ciency in the clearance of protein aggregates [16]. Zebrafish mutants
for pkd1a develop mTOR activation, impaired autophagic flux and
cystic kidneys [16].

12.2. In vivo models

Dysregulated autophagy has also been described in rodent models of
PKD. Autophagic vacuoles in the cells surrounding cysts have been
described in polycystic kidneys in the Han:SPRD rat [17]. By electron
microscopy, features suggestive of autophagy-like autophagosomes,
mitophagy, and autolysosomes are observed in both wild-type and PKD
kidneys [17]. Specific to the Han:SPRD rat, autophagosomes are found
by electron microscopy in the tubular cells lining the cysts. LC3 staining
by immunofluorescence is also present in the tubular epithelial cells
lining the cysts. Autophagic flux is also dysregulated in the cpk mouse
model of ARPKD [17]. LC3-II expression is increased in PKD kidneys of
cpk mice as compared to wild-type kidneys. Additionally, in vivo
treatment with the lysosomal inhibitor BafA1 increases LC3-II expres-
sion in the kidneys of wild-type mice. In contrast, BafA1 has no effect on
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LC3-II in the polycystic kidneys of cpk mice, suggesting a defect in
autophagic flux in PKD resulting from impaired autophagosome-ly-
sosme fusion and degradation. In a Pkd1-hypomorphic mouse model
(Pkdd1 miRNA transgenic mice) there is a significantly lower renal
mRNA expression of autophagy-related genes, including Atg12, Atg3,
beclin1, and p62, compared with wild-type control mice [18]. Collec-
tively, these results suggest a modifying effect of ADPKD on autophagy
and establish autophagy activation as a potential novel therapy for
ADPKD [128].

13. Interactions between apoptosis and autophagy in PKD

There is cross talk between mTOR pathway of autophagy and the
apoptosis pathways [129] (Figure 1). The mTOR pathway that inhibits
autophagy is activated in PKD [28]. The intrinsic and extrinsic path-
ways of apoptosis are activated in PKD [51]. Many of the signals that
regulate apoptosis in PKD also regulate autophagy, for example, the

Bcl-2 family of proteins and caspases [130] [131] [132] [133] [134].
The relationship between apoptosis and autophagy is complex, de-
pending on the type of cell and the nature and timing of the injury
[133]. For example, increased autophagy may result in a delay of
apoptosis [135] [136] [137] and genetic deletion of crucial autophagy
proteins increases apoptotic cell death [138]. Autophagy is closely re-
lated to apoptosis, a process that is dysregulated in PKD. PKD kidneys
have a significantly lower renal expression of autophagy-related genes,
including Atg12, Atg3, beclin1, and p62, compared with wild-type
control mice [166]. Inhibition of autophagy by knocking down the
essential autophagy protein Atg5 promotes cystogenesis and specific
induction of autophagy inhibits apoptosis [16]. Thus, it could be hy-
pothesized that suppressed autophagy in PKD may be associated with
increased apoptosis and cyst growth.

The hypothesis that autophagy suppression may contribute to cyst
formation and growth is based on studies that many of the agents that
protect against PKD, such as mTOR inhibitors, cyclin-dependent kinase
inhibitors, caspase inhibitors, tyrosine kinase inhibitors, metformin,
curcumin, and triptolide, affect both autophagy and apoptosis.
Discussion of the effect of these agents on autophagy and apoptosis will
be divided into agents that have been used in human studies, agents
that have shown positive effects on PKD in animals and represent po-
tential new therapies for PKD and in vitro studies.

13.1. Human studies

The mTOR inhibitors sirolimus and everolimus have been used in
patients with ADPKD [139] [140]. The effect of mTOR inhibitors on
PKD in humans was disappointing most likely related factors like do-
sage, side effects and penetration of mTOR inhibitors into the polycystic
kidney [141]. mTOR is the major regulator of autophagy. mTOR acti-
vation inhibits autophagy, while mTOR inhibitors induce autophagy.
With present technology, the effect of mTOR inhibitors on autophagy in
human kidneys would be near impossible to determine.

13.2. Rodent studies

The effects of treatments on apoptosis/autophagy and PKD in in vivo
models of PKD is shown in Table 2. There are autophagy inducers that
have shown positive effects on PKD in animals and represent potential
new therapies for PKD. mTOR inhibitors that induce autophagy can
protect against PKD in rat and mouse models with variable effects to
either increase or decrease apoptosis depending on the dose of mTOR
inhibitor and PKD model [7] [69]. The traditional Chinese medicine,
triptolide, which affects Ca2+ signaling as well as autophagy and
apoptosis, protects against PKD [142] [143]. Curcumin, a hydrophobic
polyphenol compound extracted from the spice turmeric, is an autop-
hagy inducer [144]. Curcumin inhibits cystogenesis in Pkd-1 knockout
mice by inhibiting signal transducers and activator of transcription 3
(STAT3), which play a major role in the regulation of autophagy [145]
[146] [147] [148] [149]. Of note, an ongoing randomized controlled
trial is evaluating the efficacy of curcumin supplementation in children
and young adults with ADPKD (NCT02494141). The cyclin-dependent
kinase inhibitor, Roscovitine [59], a dual Src and tyrosine kinase in-
hibitor, and epidermal growth factor receptor (EGFR) tyrosine kinase
inhibition, all known autophagy inducers, also ameliorates PKD in ro-
dent models [150] [151]. While roscovitine decreased apoptosis in
PKD, the effect on autophagy was not determined [59]. The adenosine
monophosphate-activated protein kinase (AMPK) inhibitor, metformin,
a known autophagy inducer, also slows cyst growth in mouse models of
PKD [152] [153,154]. However, the effects of metformin on autophagic
flux, mitophagy, or apoptosis in PKD were not described.

Trehalose is a natural, nonreducing disaccharide that has been
shown to enhance autophagy independent of mTOR [155]. In a Pkd1-
hypomorphic mouse model, renal mRNA expression of autophagy-re-
lated genes, including atg5, atg12, ulk1, beclin1, and p62 are reduced
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Figure 1. Molecular pathways involved in PKD, autophagy and apoptosis.
Autophagy and apoptosis are intimately related. Pathways known to be acti-
vated in PKD are shown in red. The mTOR pathway that inhibits autophagy is
activated in PKD [28]. There is cross talk between mTOR pathway of autophagy
and the apoptosis pathways [129]. Bcl-2 is a central regulator of autophagy and
apoptosis and functions by interacting with Beclin-1 and inhibiting autophagy.
The pro-apoptotic mitochondrial protein, Bad, disrupts the interaction between
Bcl-2 and Beclin-1 to induce autophagy. The pro-apoptotic protein, PUMA, a
p53-inducible BH3-only protein, triggers mitochondrial-specific autophagy.
Activation of caspase-3 and dysregulation of the balance between pro- and anti-
apoptotic Bcl-2 family members, specifically a down-regulation of anti-apop-
totic Bcl-xL, has been shown in PKD [9] and Bcl-2 downregulation worsens PKD
[10]. Caspases activated during apoptosis can cleave and inactivate Beclin-1.
Ambra-1, a key molecule that promotes the initial steps of autophagy, is irre-
versibly cleaved by both calpains and caspases. During apoptosis, Atg3 is
cleaved by caspase 8 and cleaved Atg3 inhibits autophagy. Autophagy is in-
hibited by caspase-8-mediated cleavage of Beclin-1 [174]. The intrinsic and
extrinsic pathways of caspase activation in apoptosis are activated in PKD [51].
In addition to the role that apoptosis-related proteins play in modulating au-
tophagy, many autophagic proteins can induce apoptosis. mTOR forms a
complex with PRAS40 and PRR5-like proteins to induce apoptosis. Activation of
AMPK is known to inhibit mTOR and induce autophagy. AMPK activation with
metformin is protective in PKD [152] but the effect of metformin on autophagy
and apoptosis in PKD is not known. Atg12 increases mitochondrial apoptosis by
directly binding to and inactivating Bcl-2. PKD mice have a significantly lower
renal mRNA expression of Atg12 and other autophagy-related genes, Atg3,
beclin1 and p62, [18].
Abbreviations: B-cell lymphoma 2 (Bcl-2), B-cell lymphoma-extra large (Bcl-
xL), p53 upregulated modulator of apoptosis (PUMA), proline-rich Akt sub-
strate of 40 kDa (PRAS40), PRoline-Rich protein 5 (PRR5), activating molecule
in Beclin1-regulated autophagy protein-1 (Ambra-1), 5' AMP-activated protein
kinase (AMPK).
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and there is positive staining for the p62 protein in cystic lining cells,
indicating impaired degradation by the autophagy-lysosome pathway
[18]. However, trehalose treatment does not affect autophagy sig-
naling, nor does it reduce kidney cysts or improve kidney function in
this model, suggesting that treholose supplementation is not a candidate
to slow PKD progression.

Lifestyle interventions may also modulate autophagy in PKD.
Fasting inhibits the mTOR pathway and stimulates autophagy to re-
move damaged molecules and organelles, including in the kidney
[156]. Thirty-percent caloric restriction for two weeks prior to ischemia
reperfusion injury in a rodent model improves renal function, which
may be mediated by increased autophagy [157]. More recently, the
effects of caloric restriction and agents targeting metabolic pathways on
autophagy have been evaluated in rodent of models of PKD. Mild-to-
moderate caloric restriction resulted in a decrease in cleaved casapse-3,
a marker of apoptosis, but autophagy was not measured [158]. Mild
food restricition decreased PKD associated with no change in LC3-II, a
marker of autophagosomes, but not a marker of true autophagic flux
[159]. In this study, apoptosis was not determined. The caloric re-
striction mimetic, 2-deoxy-glucose (2DG) [160] [161] [15] also pro-
tects against PKD, however the effect of 2DG on apoptosis or autophagy
was not determined in the PKD kidney.

Notably, overweight, and particularly obesity, are strong in-
dependent predictors of more rapid kidney growth, as well as kidney
function decline in adults with early-stage ADPKD [162]. Of relevance
to this obervation, mouse models of deficient autophagic competence
exhibit significantly greater weight gain in response to metabolic
challenge, suggesting an intimate link between autophagy and obesity
[163]. An ongoing clinical trial (NCT03342742) is evaluating the fea-
sibility of two weight loss interventions in adults with ADPKD who are
oveweight or obese (daily caloric restriction and intermittent fasting);
these diets may influence disease progression via weight loss and/or
periods of fasting, both of which are tied to autophagy.

In summary, while many potential autophagy inducers are potential
therapies for PKD, the role of autophagy induction in the protection
against PKD is not known. mTOR inhibitors that protect against PKD
have variable effects on apoptosis, but autophagy was not determined
in mTOR inhibition studies (Table 2). The effect of potential autophagy
inducers on both apoptosis and autophagy has not been systematically
studied in preclinical studies of PKD.

13.3. In vitro studies

The effects of treatments on apoptosis/autophagy and PKD in in
vitro models of PKD is shown in Table 2. Saikosaponin-d (SSd), a sar-
coplasmic/endoplasmic reticulum Ca2+ ATPase pump (SERCA) in-
hibitor, may suppress proliferation in ADPKD cells by up-regulating
autophagy [164]. SSd results in the accumulation of intracellular cal-
cium, activation of the calcium/calmodulin-dependent protein kinase β
(CaMKKβ)-AMPK signaling cascade, inhibition of mTOR signaling, and
induction of autophagy. Notably, treatment with an autophagy in-
hibitor (3-methyladenine), AMPK inhibitor (Compound C), CaMKKβ
inhibitor (STO-609), or an intracellular calcium chelator (BAPTA/AM)
reduces autophagy puncta formation mediated by SSd. Thus, SERCA
may represent a new autophagy target in ADPKD. Likewise, histone
deacetylase inhibitors (HDACi) have therapeutic effects in in vitro
models of ADPKD. Treatment with trichostatin A, a specific HDACi,
prevents cyst formation in Pkd1-/- cells and also stimulates autophagy,
suggesting a role for autophagy in slowing cyst growth with HDACi
[165]. However, in these two studies, the effects of SSd or trichostatin
on apoptosis was not determined.

Studies in Pkd1-/- zebrafish and Pkd1-/- cell models have shown
consistent relationship between apoptosis and autophagy. Evidence
from a zebrafish model of PKD implicates autophagy in cystogenesis
[16]. Zebrafish mutants for pkd1a develop cystic kidneys and mTOR
activation, suggesting a conserved ADPKD model. Further assessment of

the pkd1a mutants reveals impaired autophagic flux and increased
apoptosis. Inhibition of autophagy by knocking down the core autop-
hagy protein Atg5 promotes cystogenesis. Activation of autophagy
using a specific inducer Beclin-1 peptide results in a decrease in
apoptosis and ameliorates cysts in this model. Additionally, treatment
with both mTOR-dependent (sirolimus) and mTOR-independent (car-
bamazepine and minoxidil) autophagy activators, markedly attenuate
cyst formation.

There appears to be an important connection between the Pkd1
gene, apoptosis, and autophagy. Pkd1+/+ cells deprived of glucose
activated cell autophagy to survive; however, two different Pkd1−/−

cell lines fail to activate autophagy, but instead increase apoptotic rates
[15]. The effect is in part dependent on mTORC1, as treatment with
sirolimus partially restores autophagy and decreases apoptosis in
Pkd1−/− cells. This is the first direct evidence of a connection between
the Pkd1 gene, apoptosis, and autophagy.

Metformin also reduces cyst formation in a zebrafish model of
polycystin-2 deficiency, in part via modulation of autophagy [118]. In
this model, metformin inhibits pronephric cyst formation by 42–61%
compared to untreated controls. Metformin also reduces the number of
proliferating cells in the pronephric ducts, increases the phosphoryla-
tion of adenosine monophosphate-activated protein kinase (AMPK),
and enhances autophagy in the pronephros. In this study, the effect of
autophagy induction with metformin on apoptosis was not determined.

In summary, the lack of autophagy and increased apoptosis in
Pkd1-/- zebrafish and Pkd1-/- cells and the effect of autophagy inducers
to increase autophagy and decrease apoptosis in these cells supports the
hypothesis that a lack of autophagy and increased apoptosis are central
features of PKD and may explain why drugs or lifestyle interventions
that induce autophagy and inhibit apoptosis may have therapeutic
value in PKD.

14. Autophagy inhibition in the polycystic liver

Contrary to the hypothesis that increasing autophagy will slow PKD,
autophagy appears to be increased in polycystic liver disease (PLD)
cholangiocytes and contribute to hepatic cystogensis [166]. PLD cho-
langiocytes have increased number and size of autophagosomes, lyso-
somes, and autolysosomes both in vitro and in vivo, overexpress au-
tophagy-related proteins (Atg5, Beclin1, Atg7, and LC3), and have
enhanced autophagic flux. Molecular and pharmacologic interventions
to inhibit autophagy with ATG7 small interfering RNA, BafA1, or hy-
droxychloroquine, reduce proliferation of PLD cholangiocytes and
growth of hepatic cysts. Hydroxychloroquine also efficiently inhibits
hepatic cystogenesis in the pck rat. In contrast, autophagy inhibition
using siRNA against LC3 and the inhibitor 3-methyladenine sig-
nificantly increase the cell proliferative activity of pck rat cholangio-
cytes treated with NVP-BEZ235, a combined PI3K, mTORC1/2 inhibitor
[167]. In vivo, NVP-BEZ235 treatment attenuates cystic dilatation of the
intrahepatic bile ducts, without affecting renal cyst development. Fi-
nally, knockdown of hepatocystin, a gene implicated in autosomal
dominant PLD, results in an autophagy a defect that can be rescued by
ectopic expression of wild-type hepatocystin [168]. The pathogenesis of
PLD is different from PKD [4]; for example, growth of liver compared to
kidney cysts is very estrogen dependent [4], and this may influence the
role of autophagy in the polycystic liver versus the polycystic kidney.
However, in pursuing autophagy inducers as a potential therapeutic
option to treat PKD, it will be important to also determine whether
there is an adverse effect on PLD.

15. Summary

Apoptosis is present in the cells lining cysts in most rodent models of
PKD and in human PKD kidneys. Inhibition of apoptosis using caspase
inhibitors, knockout of apoptosis in PKD mice, as well as apoptosis
induction using a SMAC-mimetic can all protect against PKD,
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highlighting the complex nature of the role of apoptosis in cyst growth.
Increased proliferation of the cells lining the cyst is a major factor in
cyst growth. Highlighting the connection between apoptosis and pro-
liferation in PKD, both proliferation and apoptosis are hugely increased
in the SBM mouse, a unique transgenic model of PKD induced by the
dysregulated expression of c-myc in renal tissue. Apoptosis is likely
closely related to dysregulated autophagy in PKD. Pkd1-/- zebrafish,
Pkd1-/- cells, and some PKD mouse models demonstrate both increased
apoptosis and suppressed autophagy in the kidney. Autophagy induc-
tion directly leads to decreased apoptosis and protection against PKD in
zebrafish models. Autophagy induction directly leads to decreased
apoptosis in Pkd1-/- cells suggesting a direct connection between
apoptosis and autophagy in PKD. However, mTOR inhibitors, that are
known autophagy inducers, have a variable effect on apoptosis de-
pending on dose and PKD model. In conclusion, autophagy is sup-
pressed in in vitro and in vivo PKD models and autophagy induction may
have a therapeutic role in decreasing cyst growth, perhaps by de-
creasing apoptosis and proliferation. In the future, direct autophagy
inducers should be evaluated in rodent PKD models, and the cause and
effect relationship between autophagy, apoptosis and cyst growth in
PKD should be tested via autophagy knockout in PKD kidneys.
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A B S T R A C T

Cardiac hypertrophy is common in autosomal dominant polycystic kidney disease (ADPKD) patients. We found
increased heart weight in Pkd1RC/RC and Pkd2WS25/+ mouse models of ADPKD. As there is a link between in-
creased heart weight and mammalian target of rapamycin (mTOR), the aim of the study was to determine mTOR
complex 1 and 2 signaling proteins in the heart in the Pkd1RC/RC mouse model of PKD. In 70 day old Pkd1RC/RC

hearts, on immunoblot analysis, there was a large increase in p-AMPKThr172, a known autophagy inducer, and an
increase in p-AktSer473 and p-AktThr308, but no increase in other mTORC1/2 proteins (p-S6Ser240/244, p-
mTORSer2448). In 150 day old Pkd1RC/RC hearts, there was an increase in mTORC1 (p-S6Ser240/244) and mTOR-
related proteins (p-AktThr308, p-GSK3βSer9, p-AMPKThr172). As the mTOR pathway is the master regulator of
autophagy, autophagy proteins were measured. There was an increase in p-Beclin-1 (BECN1), an autophagy
regulator and activating molecule in Beclin-1-regulated autophagy (AMBRA1), a regulator of Beclin that play a
role in autophagosome formation, an early stage of autophagy. There was a defect in the later stage of autop-
hagy, the fusion of the autophagosome with the lysosome, known as autophagic flux, as evidenced by the lack of
an increase in LC3-II, a marker of autophagosomes, with the lysosomal inhibitor bafilomycin, in both 70 day old
and 150 day old hearts. To determine the role of autophagy in causing increased heart weight, Pkd1RC/RC were
treated with 2-deoxyglucose (2-DG) or Tat-Beclin1 peptide, agents known to induce autophagy. 2-DG treatment
from 150 to 350 days of age, a time period when increased heart weight developed, did not reduce the increased
heart weight. Unexpectedly, Tat-Beclin 1 peptide treatment from 70 to 120 days of age resulted in increased
heart weight. In summary, there is suppressed autophagic flux in the heart at an early age in Pkd1RC/RC mice.
Increased mTOR signaling in older mice is associated suppressed autophagic flux. There was a large increase in
p-AMPKThr172, a known autophagy inducer, in both young and old mice. 2-DG treatment did not impact in-
creased heart weight and Tat-Beclin1 peptide increased heart weight.

1. Introduction

ADPKD is the most common life threatening genetic condition [1,2].
Most cases of ADPKD are caused by mutations to either the PKD1
(~80% of cases) or PKD2 (~12% of cases) genes. The disease is char-
acterized by slowly growing and persistent renal cysts that eventualy
cause end-stage renal disease [1]. The growth of cysts in the kidney
results in hypertension, chronic kidney disease and end stage kidney
disease requiring dialysis and kidney transplantation [1,2]. ADPKD is as
common as 1 in 400 persons. Abnormalities of signaling pathways in
PKD kidneys include mTORC1, cAMP, AMP-activated protein kinase

(AMPK), signal transducer and activator of transcription (STAT), Wnt,
G-protein, proto-oncogene tyrosine-protein kinase Src (c-Src), mitogen-
activated protein kinase (MAPK), epidermal growth factor (EGFR),
cyclin-dependent kinase (CDK), intracellular calcium, p53, Myc and
calcium-sensing receptor signaling pathways [3]. Activation of the
calcium-sensing receptor increases intracellular calcium and decreases
cAMP and mTOR in PKD1 deficient proximal tubular epithelial cells
[4]. Selective calcium-sensing receptor activation in PKD1 deficient
proximal tubular epithelial cells restores altered mitochondrial function
that is thought to play a role in cyst formation [5]. Hyper-proliferation,
increased fluid secretion, increased apoptosis and impaired autophagy
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in the cells lining the kidney cysts are all characteristic of ADPKD [6–9].
Cardiac disease is the commonest cause of death in ADPKD patients

[10]. ADPKD patients have left ventricular hypertrophy (LVH) out of
proportion to the degree of hypertension [11]. As complications of
ADPKD like LVH are common, the health care burden of LVH in ADPKD
patients is large. Thus, understanding the pathophysiology of cardiac
hypertrophy in PKD and testing therapies to reduce cardiac hyper-
trophy in PKD are very important.

mTOR is a serine/threonine protein kinase that regulates cell
growth, cell proliferation, cell survival, protein synthesis, autophagy,
and transcription [12]. The mTOR pathway is a central regulator of
mammalian metabolism and physiology [13]. mTOR exists in two dis-
tinct structural and functional complexes, mTORC1 and mTORC2, that
are both known to regulate cardiac structure and function in models of
cardiac hypertrophy. Studies show conflicting results on whether acti-
vation of mTORC1 and 2 in the heart promotes or improves cardiac
hypertrophy [14]. While mTOR activation in the kidney is known to
worsen PKD [15], mTOR activation in the heart in PKD has not been
detailed. In the present study, we found increased heart weight in
180 day old Pkd1RC/RC and 116 day old Pkd2WS25/− mice with ADPKD
and heart weight was decreased by an mTOR antisense oligonucleotide
(ASO), that inhibits both mTORC1 and 2, in Pkd2WS25/− mice. We have
previously shown the successful impact of treatment with an mTOR
ASO on kidney cyst growth in Pkd2WS25/− mice [16]. Thus, we mea-
sured heart weight and mTORC1 and 2 proteins in the heart in Pkd1RC/
RC mice, a hypomorphic model of ADPKD.

ADPKD is caused by mutations in two genes, PKD1 or PKD2, which
encode polycystin-1 (PC-1) and -2 (PC-2), respectively. Both PC-1 and
PC-2 are known to modulate the mTOR pathway. PC-1 deficiency
causes upregulation of the mTOR pathway via tuberous sclerosis com-
plex 2 (TSC2) [17–20]. PC-2 modulates the mTOR pathway in human
embryonic stem cell cardiomyocytes [21]. There is thought to be an
emerging link between polycystins and the mTOR/4E-BP1 pathway in
PKD [20]. As PC-1 and PC-2 are abnormal in both the kidneys and heart
in ADPKD, we hypothesized that there would be mTOR activation in the
heart in ADPKD mouse models that have a global gene defect that in-
cludes the heart.

In addition to being a master regulator of metabolism, mTORC1 is
also a master regulator of autophagy [22] and mTOR activation inhibits
autophagy [23]. Thus, we hypothesized that upregulation of mTOR
would be associated with suppressed autophagy in the heart. Signaling
pathways controlled by AMPK are also central to cellular metabolism
[24–26]. AMPK is a universal regulator of autophagy [27]. Activation
of AMPK is known to inhibit mTOR via unc-51- like autophagy acti-
vating kinase (ULK1) and activate autophagy. Because of the connec-
tion between AMPK, mTOR and autophagy, we also measured AMPK in
the Pkd1RC/RC hearts during a time course of PKD.

2. Methods

2.1. In vivo model

Pkd1RC/RC mice have a hypomorphic Pkd1 gene mutation ortholo-
gous of PKD patient disease variant, PKD1 p. R3277C (Pkd1) [28].
Pkd1RC/RC mice in the C57BL/6 background have cysts at birth that
progressively enlarge from 1 month of age and older [29,30]. At
120 days of age, the two kidney to total body weight ratio, a marker of
kidney size, in Pkd1RC/RC mouse kidneys is approximately double that
of wild type controls and the percentage of kidney that is cystic is ap-
proximately 17% [31]. At 120 days of age, Pkd1RC/RC mice have ab-
normal kidney function as indicated by increased BUN and serum
creatinine compared to wild type controls [31]. There is an increase in
markers of mTORC1 (pS6 and p4E-BP1) in non-cystic areas of Pkd1RC/
RC kidneys compared to wild type and pS6 and p4E-BP1 staining is
present in cells lining kidney cysts [31]. Cyst expansion and size cor-
relates with increased tubular cell proliferation [28] and there is

apoptosis in the cells lining the cysts in Pkd1RC/RC mice [31]. Wild type
C57BL/6J mice (#000664) were purchased from Jackson Laboratories
(Bar Harbor, ME, USA). All experiments were conducted with ad-
herence to the National Institutes of Health Guide for the Care and Use
of Laboratory Animals. The animal protocol was approved by the An-
imal Care and Use Committee of the University of Colorado at Denver.
Mice were maintained on a standard diet with standard pathogen-free
housing conditions, and food and water were freely available.

2.2. Cardiac dimensions

Transverse heart sections were stained with hematoxylin-eosin and
analyzed using Aperio ImageScope macros. Intra-ventricular septum
(IVS) width and left ventricular wall (LVW) width were measured as
described previously [32].

2.3. Experimental in vivo protocol

2-Deoxyglucose (2-DG) has been shown to be an autophagy inducer
in macrophages [33], cancer cells [34], endothelial cells [35] and hy-
pothalamic cells via activation of AMPK [36]. Additionally, in patients
with prostate cancer, administration of 2-DG for 14 days resulted in
increased autophagy in peripheral blood mononuclear cells (PBMCs), as
measured by decreased P62/SQSTM1 (p62) [37]. 2-DG can stimulate
autophagy by ER stress rather than ATP depletion [38]. 2-DG or vehicle
(normal saline) was given via I.P. injection at a dose of 600 mg/kg/day
on weekdays from ages 70–120 days old or from 150 to 350 days old. 2-
DG was purchased from Sigma Aldrich (Cat no. D8375).

Tat-Beclin 1 peptide is a known autophagy inducer when given to
mice [39–41]. Mice were treated with Tat-Beclin 1 peptide or vehicle
(normal saline) via I.P. injection at a dose of 20 mg/kg/day on week-
days from 70 to 120 days of age. A cell permeable Tat-Beclin 1 peptide
was manufactured by the Peptide Core at the Univ. of Colorado An-
schutz Medical Campus. The sequence of the Tat-Beclin D11 peptide
was RRRQRRKKRGYGGDHWIHFTANWV [40].

Pkd1RC/RC mice were treated with the mTORC1 inhibitor, sirolimus
or the mTOR kinase inhibitor, torin2, that inhibits both mTORC1 and 2,
as we have previously described [31]. Pkd2WS25/+ mice with ADPKD
were treated with an mTOR ASO, that inhibits both mTORC1 and 2, as
we have previously described [16]. Han: SPRD (Cy/+) rats with
ADPKD were treated with the mTOR kinase inhibitor, PP242, that in-
hibits both mTORC1 and 2, as we have described [42].

2.4. Measurement of autophagic flux

The number of autophagosomes in a cell can increase, either due to
increased formation or due to decreased degradation by the lysosome
[43]. To investigate whether there is increased autophagosome synth-
esis or decreased degradation by the lysosome, mice were injected intra
peritoneal (I.P.) with the lysosomal proton pump inhibitor, bafilomycin
(1.75 mg/kg) or vehicle 2 h before sacrifice. After sacrifice LC3-II, a
marker of autophagosomes and p62, a marker of autophagosome de-
gradation was measured with bafilomycin or vehicle.

2.5. Immunoblot analysis

Protein was isolated from cells and tissues using RIPA, cOmplete
protease and phoSTOP phosphatase inhibitor cocktails (Sigma).
Homogenates were centrifuged and supernatant was taken for protein
quantification by Bio-Rad (Hercules, CA, USA) DC Protein Assay as
described by manufacturer. Samples were mixed with Laemmli Sample
Buffer and boiled for 5 min. Samples were run on 8–15% poly-
acrylamide gels. Proteins were then transferred to 0.45 μm PVDF
membranes, blocked with 2.5% evaporated milk, and probed with an-
tibodies listed in Supplementary Table 1. Blots were developed by
chemiluminescence and analyzed for densitometry using ImageJ
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(National Institutes of Health).

2.5.1. Antibodies
Supplementary Table 1 lists the antibodies used in this study. The

specificity of each of the antibodies used has been validated by the
vendor (Cell Signaling Technology, Danvers, MA).

2.6. Statistical analysis

Data sets were analyzed by the non-parametric unpaired Mann
Whitney test. Multiple group comparisons are performed using analysis
of variance (ANOVA) with post-test according to Newman-Keuls. Single
group comparisons were made using students t-test. A p-value of< 0.05
was considered statistically significant. Values are expressed as
means ± SEM.

3. Results

3.1. Increased heart weight in rodent PKD models

Heart weight was analyzed from various published datasets of our
group. Heart weight in Pkd1RC/RC mice was not increased in 70, 90, 120
and 150 day old mice but increased in 180 day old and 270 day old
mice compared to strain/age matched wild types. In 120 day old
Pkd1RC/RC mice we have demonstrated that the mTORC1 inhibitor,
sirolimus and the mTOR kinase inhibitor, torin2, reduce PKD [31].
Heart weights were determined in mice from this published study [31].
In 120 day old Pkd1RC/RC mice treated with sirolimus or the mTOR
kinase inhibitor, torin 2, the increase in heart weight did not reach
statistical significance (Table 1). In 116 day old Pkd2WS25/− mice we
have demonstrated that treatment with an mTOR antisense oligonu-
cleotide (ASO) that inhibits both mTORC1 and 2, resulted in decreased
PKD [44]. Heart weights were determined in Pkd2WS25/− mice from
this published study [44]. The increase in heart weight in 116 day old
Pkd2WS25/− mice was decreased by the mTOR ASO (Table 1). In
116 day old heterozygous Pkd2WS25/+ mice that do not have PKD, the
heart weight was increased compared to age matched littermate con-
trols (Table 1). We have demonstrated that the mTOR kinase inhibitor,
PP242, decreased PKD at 8 weeks of age in the Cy/+ rat model [42].

Heart weights were determined in Cy/+ rats from this published study
[42]. The increase in heart weight in Cy/+ rats was decreased by the
mTOR kinase inhibitor, PP242, that inhibits both mTORC1 and 2
(Table 1). Thus, the effect of mTOR inhibition on heart weight is
variable depending on the inhibitor used, the model of PKD and the
timing of administration of mTOR inhibitors.

3.2. Cardiac hypertrophy in 180 and 270 day old Pkd1RC/RC mice

IVS and LVW were measured in 90, 180 and 270 day old hearts. The
increase in IVS in 80 day old mice did not reach statistical significance.
The increase in heart weight in 180 and 270 day old Pkd1RC/RC mice
(Table 1) was associated with cardiac hypertrophy. There was an in-
crease in both IVS and LVW in 180 and 270 day old Pkd1RC/RC hearts
compared to wild type controls (Fig. 1).

3.3. p-AktThr308, p-AktSer473 and p-AMPKThr172, but not other mTORC1
and 2 proteins, were increased in 70 day old Pkd1RC/RC hearts

p-AktThr308, that is directly upstream of mTORC1 and p-AktSer473, a
marker of mTORC2 activation, were increased in 70 day old Pkd1RC/RC

hearts compared to wild type controls (Fig. 2). p-S6Ser240/244 and p-

Table 1
Heart weight in rodent PKD models.

Model Species Age (days) HW/BW (%) Ref

+/+ Mouse 70 0.50 ± 0.03
Pkd1RC/RC (B6) Mouse 70 0.56 ± 0.04
+/+ Mouse 90 0.64 ± 0.07
Pkd1RC/RC (B6) Mouse 90 0.63 ± 0.03
+/+ Mouse 120 0.54 ± 0.07
Pkd1RC/RC (B6) Mouse 120 0.54 ± 0.07
+/+ Mouse 150 0.49 ± 0.02
Pkd1RC/RC (B6) Mouse 150 0.52 ± 0.01
+/+ Mouse 180 0.57 ± 0.08
Pkd1RC/RC (B6) Mouse 180 0.71 ± 0.09**
+/+ Mouse 270 0.53 ± 0.06
Pkd1RC/RC (B6) Mouse 270 0.66 ± 0.07***
Pkd1RC/RC (B6) + Veh Mouse 120 0.47 ± 0.04 [34]
Pkd1RC/RC (B6) + Torin2 Mouse 120 0.58 ± 0.05 [34]
Pkd1RC/RC (B6) + Sirolimus Mouse 120 0.55 ± 0.02 [34]
+/+ Mouse 116 0.52 ± 0.04 [9]
Pkd2WS25/− (B6) + Scr ASO Mouse 116 0.69 ± 0.07* [9]
Pkd2WS25/− (B6) + mTOR ASO Mouse 116 0.55 ± 0.03* [9]
+/+ Rat 56 0.43 ± 0.02 [35]
Cy/+ plus Veh Rat 56 0.52 ± 0.02* [35]
Cy/+ plus PP242 Rat 56 0.44 ± 0.01* [35]

+/+ = wild type, HW/BW (%) = heart weight to body weight ratio (%),
*P < .05, **P < .01, ***P < .001, Cy/+ = Han:SPRD rat, Torin2 and
PP242 = mTOR kinase inhibitors, Scr = scrambled, ASO = antisense oligo-
nucleotide, B6 = C57BL/6 background, Veh = vehicle, Ref = reference.

Fig. 1. Cardiac hypertrophy in 180 and 270 day old Pkd1RC/RC mice.
Representative hematoxylin-eosin stained transverse sections of heart at the
same magnification are demonstrated. There was no difference in size of intra-
ventricular septum (IVS), left ventricular (LV) wall and right ventricle (RV) in
90 day old Pkd1RC/RC (RC) hearts compared to wild type (WT) controls. There
was an increase in both intra-ventricular septum (IVS) and LV wall size in 180
and 270 day old RC hearts compared to WT controls. Measurements (μm) of
IVS, LVW and RV are shown in the table. n = 4–5 per group. *P < .05,
**P < .01. LVW = left ventricle wall. Scale bar = 1000 μm.
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mTORSer2448, markers of mTORC1 activation were unchanged in 70 day
old Pkd1RC/RC hearts compared to wild type controls (Fig. 2). p-4E-
BP1Thr37/46 that is immediately downstream of mTORC1 was decreased
in 70 day old Pkd1RC/RC hearts compared to wild type controls (Fig. 2).
p-AMPKThr172 was more than 3 -fold increased in 70 day old Pkd1RC/RC

hearts compared to wild type controls (Fig. 2). p-ULK1Ser757, that is
phosphorylated by mTOR, and pGSK3βSer9, that is a target of Akt, were
unchanged in 70 day old Pkd1RC/RC hearts compared to wild type
controls (Fig. 2).

3.4. p-S6Ser240/244, p-AktThr308, p-AMPKThr172 and p-GSK3βSer9 were
increased in 150 day old Pkd1RC/RC hearts

p-S6Ser240/244, a marker of mTORC1 activation, and p-AktThr308, that
is directly upstream of mTORC1 were increased in 150 day old Pkd1RC/

RC hearts compared to wild type controls (Fig. 3). p-4E-BP1Thr37/46 was
increased in 150 day old Pkd1RC/RC hearts compared to wild type
controls, but there was no increase when corrected for total 4E-BP1. p-
mTORSer2448 and p-AktSer473, a marker of mTORC2 activation, were
unchanged in 150 day old Pkd1RC/RC hearts compared to wild type
controls (Fig. 3). As seen in 70 day old Pkd1RC/RC hearts, p-AMPKThr172

was much increased (more than 2-fold) in 150 day old Pkd1RC/RC hearts
compared to wild type controls (Fig. 3). p-GSK3βSer9, that is directly
phosphorylated by Akt was increased in 150 day old Pkd1RC/RC hearts
compared to wild type controls (Fig. 3). When nutrients are sufficient,
mTORC1 phosphorylates ULK1 at Ser757. p-ULK1Ser757 was unchanged
in 150 day old Pkd1RC/RC hearts compared to wild type controls (Fig. 3).

Fig. 2. p-AktThr308, p-AktSer473 and p-AMPKThr172, but not other mTORC1 and 2 proteins, were increased in 70 day old Pkd1RC/RC hearts. Immunoblot analysis was
performed for p-S6Ser240/244, p-AktThr308, p-AktSer473, p-4E-BP1Thr37/46, p-mTORSer2448, p-AMPKThr172, p-ULK1Ser757 and p-GSK3βSer9 in 70 day old Pkd1RC/RC (RC)
hearts compared to wild type (WT) controls. RDU = relative densitometry units corrected for GAPDH. Data is expressed as a mean +/− SEM, n = 6 per treatment
group. *P < .05, ****P < .0001.

D.J. Atwood, et al. Cellular Signalling 74 (2020) 109730

4



3.5. Autophagic flux is suppressed in hearts from both young and older
Pkd1RC/RC mice

In the present study, autophagic flux was measured by comparing
the expression of LC3-II in animals treated with and without a lyso-
somal inhibitor, bafilomycin. If the expression of LC3-II increases in the
presence of bafilomycin, it can be inferred that the animal is continually
producing LC3-II. No increase in LC3-II with bafilomycin indicates a
defect in autophagic flux, the fusion of autophagosomes with the ly-
sosome. In 70 and 150 day old wild type hearts, there was a significant
increase in LC3-II expression after treatment with bafilomycin, in-
dicating autophagic flux (Fig. 4). In 70 day old Pkd1RC/RC hearts, there

was a decrease in basal LC3-II compared to wild type (Fig. 4). In 70 and
150 day old Pkd1RC/RC hearts, there was no increase in LC3-II with
bafilomycin indicating suppressed autophagic flux (Fig. 4). p62, a
marker of autophagic cargo, is another method of determining flux as
p62 is destroyed by the lysosome much like LC3-II. There was no
change in p62 between 70 and 150 day old Pkd1RC/RC hearts compared
to wild type controls (Fig. 4). However, in 150 day old wild type hearts,
bafilomycin treatment caused a larger build up of p62 than in Pkd1RC/
RC hearts (Fig. 4). As p62 is a marker of autophagosomes, the smaller
increase of p62 with bafilomycin in Pkd1RC/RC hearts suggests sup-
pressed autophagic flux.

Fig. 3. p-S6Ser240/244, p-AktThr308, p-AMPKThr172 and p-GSK3βSer9 were increased in 150 day old Pkd1RC/RC hearts. Immunoblot analysis was performed for p-S6, p-
AktThr308, p-4E-BP1Thr37/46, p-mTORSer2448, p-AktSer473, p-AMPKThr172, p-ULK1Ser757 and p-GSK3βSer9 in 150 day old Pkd1RC/RC (RC) hearts compared to wild type
(WT) controls. Both p-4E-BP1Thr37/46 corrected for the loading control vinculin (Vinc) and p-4E-BP1 corrected for total 4E-BP1 are shown. RDU = relative densi-
tometry units corrected for GAPDH. Data is expressed as a mean +/− SEM, n = 6 per treatment group. *P < .05, **P < .01.
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3.6. Autophagy proteins p-BECN1Ser15 and AMBRA1 were increased in
150 day old Pkd1RC/RC hearts

p-BECN1Ser15, an important regulator of autophagosome formation
[45] and AMBRA1 (activating molecule in Beclin1-regulated autop-
hagy), a positive regulator of the BECN1 [46] were increased in 150 day
old Pkd1RC/RC hearts compared to wild type controls (Fig. 5). Autop-
hagy related proteins Atg3, Atg12-5 complex and Rab9a, a marker of
Atg5–independent alternative autophagy pathway was unchanged in
150 day old Pkd1RC/RC hearts compared to wild type controls (Fig. 5).

3.7. Treatment of mice with 2-DG does not decrease heart weight.
Treatment of mice with Tat-Beclin 1 peptide results in increased heart weight

Suppressed autophagic flux was seen in 70 and 120 day old Pkd1RC/
RC hearts. Thus, the effect of autophagy inducers on heart weight was
determined, with the idea that autophagy induction may impact heart
weight. Mice were treated with 2-DG from 70 to 120 days of age, a time

before increased heart weight and from 150 to 350 days old, a time
period when increased heart weight developed. 2-DG treatment from 70
to 120 days did not decrease heart weight (Fig. 6A). 2-DG treatment
from 150 to 350 days of age resulted in an increase in heart weight that
did not reach statistical significance (Fig. 6A). In support of an increase
in heart weight with 2-DG treatment, the increase in heart weight be-
tween 150 and 350 days of age was significantly more with 2-DG that
with vehicle (Fig. 6B). Mice were treated with the autophagy-inducing
Tat-Beclin 1 peptide from 70 to 120 days of age, a time period before
there is increased heart weight. Tat-Beclin 1 treatment from 70 to
120 days of age resulted in increased heart weigh (Fig. 6C).

4. Discussion

ADPKD patients, despite therapy with angiotensin converting en-
zyme (ACE) inhibitors, have higher left ventricular mass index (LVMI)
than healthy controls [47]. In the HALT-PKD study, despite standard
blood pressure control on an ACE inhibitor or angiotensin receptor

Fig. 4. Autophagic flux is suppressed in hearts from both young and older Pkd1RC/RC mice. Mice were treated with bafilomycin (Baf) 1.75 mg/kg 2 h before sacrifice.
Immunoblot analysis for LC3-II and p62 in the heart was performed in Baf and vehicle treated 70 and 150 day old Pkd1RC/RC mice (PKD) and age matched wild type
(WT) control mice. RDU = relative densitometry units corrected for GAPDH. Data is expressed as a mean +/− SEM, n = 6 per treatment group. *P < .05,
**P < .01.
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blocker (ARB), few patients had increased LVMI on MRI scan, but many
were in the upper range of normal (there was no specific comparison to
the general population) [48]. In patients from the ALADIN-trial, left
ventricle (LV) function determined by speckle-tracking echocardio-
graphy is impaired early and somatostatin-analogue therapy improves
LV dysfunction in this population [49]. Thus, there is increased LVMI in
ADPKD patients and describing the pattern and understanding the pa-
thophysiology of cardiac disease in ADPKD in rodents is important in
providing clues to develop future therapies to treat the cardiac disease
in PKD patients.

There are reasons to suspect that mTOR would be activated in the
enlarged heart in PKD. Firstly, mTOR is activated in the kidney [15]
and liver [50] in ADPKD. Secondly, there is a known connection be-
tween abnormalities in PC-1 and PC-2 and mTOR, a known mediator of
cardiac hypertrophy [20]. Thirdly, the present study shows that
mTORC1/2 inhibition with an ASO that blocks both mTORC1 and 2,
resulted in decreased heart weight in Pkd2 −/− mice (Table 1).
However, in 120 day old Pkd1RC/RC mice, that do not yet have increased
heart weight, sirolimus and the mTOR kinase inhibitor, Torin2, had a
tendency to increase heart weight (Table 1). Thus, the effect of mTOR
inhibition on the heart may depend on the PKD model and whether the
mTOR inhibitor is given before or after the onset of increased heart
weight.

Studies show conflicting results on the role of mTORC1 and 2 in non
PKD models of cardiac hypertrophy. Sirolimus, an mTORC1 inhibitor
that blocks S6K attenuates cardiac hypertrophy [51], but mTORC1
(Raptor) or mTORC2 (Rictor) knockout in the heart worsens cardiac
hypertrophy [52,53]. In the present study, we show that p-S6Ser240/244,
a marker of mTORC1, is activated in the heart at 150 days old, a time
point before the onset of measurable increased heart weight at 180 day
of age. At 70 days old there was a decrease in p-4E-BP1 in Pkd1 RC/RC
mouse kidneys. It is known that cardiac-specific 4E-BP1 knockout im-
proves cardiac hypertrophy in a non PKD model [54]. Thus the decrease
in p-4E-BP1 in 70 day old mice seen in the present study may be an
early compensatory mechanism to try to reduce cardiac hypertrophy.
Thus while it is known that there are changes in mTOR proteins in the
heart in non PKD models of cardiac hypertrophy, mTOR activation in

the heart in PKD has not previously been described and is the focus of
the present study.

Proteins that are known to be both upstream and downstream of
mTORC1 were activated in Pkd1RC/RC hearts. In 150 day old hearts
there was an increase in p-AktThr308, a protein kinase that is activated
by insulin and various growth and survival factors and via growth
factor-stimulated PI3K activity. Akt is known to directly phosphorylate
mTORC1 (17) or phosphorylate and inactivate TSC-2, an inhibitor of
mTOR [55,56]. In the present study, there was increased p-AktThr308

and p-S6Ser240/244, a marker of mTORC1, in 150 day old hearts. There
was an increase in p-GSK3βSer9 in 150 day old hearts. GSK3 (GSK3α and
GSK3β) regulate many cellular processes by directly phosphorylating
substrates, that include metabolic enzymes, transcription factors, cell-
cycle regulatory proteins, and cytoskeletal proteins [57,58]. GSK3 is a
well-characterized Akt target and Akt's phosphorylation of GSK3β is
inhibitory [59]. Therefore, in Pkd1RC/RC hearts, Akt's phosphorylation
of GSK3β could result in inhibitory effects of GSK on cellular processes
decreasing the direct phosphorylation of metabolic enzymes, tran-
scription factors, cell-cycle regulatory proteins, and cytoskeletal pro-
teins. mTOR signaling pathways in Pkd1RC/RC hearts are demonstrated
in Fig. 7.

As mTOR activation is known to inhibit autophagy, we measured
autophagic flux in the heart during a time-course of the PKD. In 70 and
120 day old Pkd1RC/RC hearts there was suppressed autophagic flux.
The suppressed autophagic flux in 70 day old mice occurred before
activation of mTORC1 or 2 suggesting that the suppressed autophagy
was not related to mTORC1 or 2. We also measured other autophagy
related proteins in PKD hearts. Autophagy related 5 (Atg5) is an im-
portant protein involved in the extension of the phagosome membrane
in autophagic vesicles and is activated by Atg7. In the conventional
autophagy pathway, two autophagy related proteins (Atg12 and Atg5)
form a complex with other proteins such as LC3-II in order to elongate
the phagosome and fully engulf autophagic cargo [60–63]. There is also
an Atg5-independent mechanism of autophagy, called alternative au-
tophagy, utilizing Rab9a, a small GTPase, that is recruited to autop-
hagosome-like vacuoles after autophagosomal maturation resulting in
autophagosome-like vacuole enlargement and eventual lysosomal

Fig. 5. Autophagy proteins p-BECN1Ser15 and AMBRA1 were increased in 150 day old Pkd1RC/RC hearts. Immunoblot analysis was performed for autophagy related
proteins Atg3, Atg12-5 complex and Rab9a, BECN1, AMBRA1 in 150 day old Pkd1RC/RC (RC) hearts compared to wild type (WT) controls. RDU = relative densi-
tometry units corrected for GAPDH. Data is expressed as a mean +/− SEM, n = 6 per treatment group. *P < .05, **P < .0001.
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fusion [64]. There was no change in Atg7, Atg12-5 complex, or Rab9a
in PKD hearts, but a lack of increase of LC3-II with bafilomycin sug-
gested that the autophagy defect in PKD hearts was related to a lyso-
somal defect.

Beclin1 (BECN1; coiled-coil, myosin-like BCL2-interacting protein)
is an important regulator of early autophagosome formation [45].
BECN1 plays a role in autophagy initiation by regulating the autop-
hagy-promoting activity of the Class III PI 3-kinase, Vps34, and BECN1
and is involved in the formation of autophagosome membranes.
AMBRA1 (activating molecule in Beclin1-regulated autophagy) is re-
quired for BECN1 activity [46]. AMBRA1 interacts with BECN1 at the
initiation of autophagy and promotes the binding between BECN1 and
its target kinase, Vps34. In the present study there was an increase in
both AMBRA1 and p-BECN1Ser15 in 150 day old hearts indicating that
the proximal stages of autophagy were intact. There was decreased
autophagic flux, the fusion of the autophagosome with the lysosome, a
distal stage of autophagy. These findings suggest that the defect in
autophagy in 150 day old PKD hearts may be due to a more distal ly-
sosomal defect rather than a defect in the more proximal steps invol-
ving autophagy related proteins, BECN1 and AMBRA1.

There was a large increase in p-AMPKThr172 in both young (70 day
old) and older (150 day old) hearts at a time when there was suppressed

autophagic flux but not yet increased heart weight. AMP activated
protein kinase (AMPK), is a key energy sensor that regulates cellular
metabolism to maintain energy homeostasis. There are a variety of
physiological conditions that change the ATP to AMP ratio leading to
the activation of AMPK, including mitochondrial inhibition, nutrient
starvation and exercise [65]. AMPK is known to inhibit mTORC1 and it
has recently been demonstrated that mTORC1 also directly down-
regulates AMPK signaling [66]. One of the functions of AMPK is to
promote autophagy by regulation of the mammalian autophagy-in-
itiating kinase, ULK1, a homologue of yeast Atg1. In the present study,
activation of AMPK was not associated with changes in ULK1 phos-
phorylation, suggesting that AMPK phosphorylation is not a mediator of
autophagy via ULK1. AMPK has other autophagy-related functions in
regulating mitochondrial homeostasis: biogenesis, fission and mito-
phagy. AMPK is activated in response to mitochondrial damage, as well
as under other low ATP conditions to ensure that there is generation of
new mitochondria [65]. In summary, the increase in AMPK in Pkd1RC/
RC hearts may be an attempt to repair a mitochondrial defect.

To determine the mechanistic effect of suppressed autophagy in
causing increased heart weight, mice were treated with known autop-
hagy inducers 2-DG or Tat-Beclin 1 peptide. 2-DG has been shown to
induce autophagy and activate AMPK [67]. 2-DG treatment in mice has
been shown to reduce cyst growth, but the effect on cardiac hyper-
trophy was not determined [68]. In the present study, 2-DG treatment,
from 150 to 350 days of age, a time period when increased heart weight
developed, did not reduce increased heart weight and had a tendency to
increase heart weight. Tat-Beclin 1 peptide is a cell-penetrating au-
tophagy-inducing peptide that induces autophagy in vivo in mice
through interaction with the autophagy suppressor GAPR-1/GLIPR2
that promotes the release of BECN1 from the Golgi, resulting in en-
hanced early autophagosome formation [39–41]. Tat-Beclin 1 treat-
ment from 70 to 120 days of age resulted in increased heart weight.
Suppressed autophagic flux in 70 day old mice occurred before the
onset of increased heart weight and the increased heart weight with
Tat-Beclin1 treatment at this time suggested that suppressed autophagy
may be a mechanism to prevent cardiac hypertrophy in young PKD
mice and that inducing autophagy may interfere with this process re-
sulting in increased heart weight. The studies with 2-DG and Tat- Beclin
1 peptide suggest that autophagy induction in the heart does not im-
prove increased heart weight.

Fig. 6. Treatment of Pkd1RC/RC with 2-DG does not decrease heart weight.
Treatment of Pkd1RC/RC with Tat-Beclin 1 peptide results in increased heart
weight. Pkd1RC/RC mice were treated with 2-deoxy glucose (2-DG) or vehicle
(Veh) from 70 to 120 days of age and from 150 to 350 days of age or TatBeclin1
peptide (Tat) or vehicle (Veh) from 70 to 120 days of age. (A) Heart weight/
body weight (HW/BW) (%) in mice treated with Veh or 2-DG from 70 to
120 days of age and 150–350 days of age. (B) HW/BW (%) at 120 days vs.
350 days in mice treated with either Veh or 2-DG. (C) HW/BW (%) in mice
treated with Veh or Tat.

Fig. 7. mTOR signaling in Pkd1RC/RC hearts. The potential connections between
the mTOR signaling proteins that were increased in Pkd1RC/RC hearts is de-
monstrated. In 70 day old hearts, there was an increase in p-AMPKThr172, p-
AktSer473 and p-AktThr308. In 150 day old hearts, there was an increase p-
AMPKThr172, p-S6Ser240/244, p-AktThr308 and p-GSK3βSer9. AMPK has been shown
to be an upstream kinase necessary for activation of both p-AktSer473 and p-
AktThr308 in metabolic stress, tumorigenesis and drug resistance [74]. However,
AMPK is also known to inhibit p-AktThr308 [75]. Akt activation can also prevent
phosphorylation of AMPK at Thr172 [75]. While p-GSK3βSer9 is usually inhibited
by mTOR activation, p-GSK3βSer9 can also activate mTORC1 [76]. GSK3 is a
well -characterized Akt target and Akt's phosphorylation of GSK3β is inhibitory
[59]. p-S6Ser240/244 is a marker of mTORC1 and is usually inhibited by AMPK
via ULK1 [23].
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There are reasons to suspect that the increased heart weight in mice
is due to more than hypertension: The known expression of PC1 and
PC2 in cardiac tissue suggests that there are direct effects of PC1 and
PC2 on cardiac function [69]. There is evidence that PC-2 modulates
intracellular calcium cycling, contributing to the development of heart
failure in Pkd2 mutant zebrafish and in Pkd2+/− mice that do not
have PKD [70]. The present study confirmed increased heart weight in
Pkd2WS25/− mice that do not have PKD. Abnormalities in PC-1 have
also been implicated in causing heart disease. In mice with a condi-
tional silencing of PC-1 selectively in cardiomyocytes subjected to
mechanical stress there was decreased cardiac function relative to lit-
termate controls [71]. The hypothesis that cardiac hypertrophy in PKD
is due to more than just hypertension is supported by human studies in
which there is LVH in normotensive patients [72,73].

In summary, there is mTORC1 activation in the heart in older
Pkd1RC/RC mice associated with suppressed autophagic flux. In younger
mice suppressed autophagic flux in the heart was not associated with
mTORC1 activation. There was a defect in autophagic flux, the fusion of
phagosomes with the lysosome, rather than the more proximal autop-
hagy steps involving autophagy related proteins. There was a large
increase in p-AMPKThr172, a known autophagy inducer, in both young
and old mice perhaps as a compensatory mechanism to suppressed
autophagy. Treatment with the autophagy inducer, 2-DG, did not im-
pact increased heart weight but treatment with Tat Beclin1 peptide
increased heart weight.
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A B S T R A C T

Autosomal dominant polycystic kidney disease (ADPKD) is a common inherited disorder characterized by kidney
cyst growth often resulting in end-stage renal disease. There is growing attention on understanding the role of
impaired autophagy in ADPKD. Trehalose (TRE) has been shown to increase both protein stability and aggregate
clearance and induce autophagy in neurodegenerative diseases. TRE treatment in wild type mice compared to
vehicle resulted in increased expression in the kidney of Atg12–5 complex and increased Rab9a, autophagy-
related proteins that play a role in the formation of autophagosomes. Thus, the aim of the study was to determine
the effect of TRE on cyst growth and autophagy-related proteins, in the hypomorphic Pkd1RC/RC mouse model of
ADPKD. Pkd1RC/RC mice were treated 2% TRE in water from days 50 to 120 of age. TRE did not slow cyst growth
or improve kidney function or affect proliferation and apoptosis in Pkd1RC/RC kidneys. In Pkd1RC/RC vs. wild type
kidneys, expression of the Atg12–5 complex was inhibited by TRE resulting in increased free Atg12 and TRE was
unable to rescue the deficiency of the Atg12–5 complex. Rab9a was decreased in Pkd1RC/RC vs. wild type kidneys
and unaffected by TRE. The TRE-induced increase in p62, a marker of autophagic cargo, that was seen in normal
kidneys was blocked in Pkd1RC/RC kidneys. In summary, the autophagy phenotype in Pkd1RC/RC kidneys was
characterized by decreases in crucial autophagy-related proteins (Atg12–5 complex, Atg5, Atg16L1), decreased
Rab9a and increased mTORC1 (pS6S240/244, pmTORS2448) proteins. TRE increased Atg12–5 complex, Rab9a and
p62 in normal kidneys, but was unable to rescue the deficiency in autophagy proteins or suppress mTORC1 in
Pkd1RC/RC kidneys and did not protect against cyst growth.

1. Introduction

Autosomal Dominant Polycystic Kidney Disease (ADPKD) is one of
the most common genetic disorders in the world. The majority of
ADPKD cases can be explained by mutations to either PKD1 (~80% of
cases) or PKD2 (~12% of cases) and the disease is defined by slowly
growing and persistent renal cysts that eventualy cause end-stage renal
disease [1]. Hyper-proliferation, increased apoptosis and impaired au-
tophagy in the kidney are all characteristic of ADPKD [2–5]. Autophagy
is the process in which cellular components, such as damaged orga-
nelles and misfolded proteins, are degraded and recycled [6]. In con-
ventional autophagy, two autophagy-related proteins (ATGs), Atg12
and Atg5 form a complex, recruiting other proteins such as micro-
tubule-associated protein 1A/1B light chain 3B (LC3) to the growing
autophagosome membrane in order to elongate and fully engulf

autophagic cargo [6–9]. The Atg12–5 complex also binds to Atg16
which is required for the localization of Atg5 and Atg12 to the pha-
gophore assembly site and for the elongation of isolation membranes
(also called phagophores) during mammalian autophagy [10]. The as-
sociation of the Atg12–5 complex with Atg16 unmasks a membrane-
binding site in Atg5 and allows Atg5 to bind to phagophore precursors
[11]. LC3-I is converted into the phosphatidylethanolamine (PE)-con-
jugated form, LC3-II, which allows conjugation to the phagosome
membrane and LC3-II is the most reliable marker of completed autop-
hagosomes [12]. The amount of LC3-II can increase in cells due to in-
creased production or a block in autophagosome-lysosome fusion or a
defect in lysosome function. If the basal increase in LC3-II is due to
increased autophagosome production, then it is expected that lysosomal
inhibition will further increase LC3-II (i.e. increased autophagic flux)
[12]. The amount of sequestome 1/p62 (p62) a marker of autophagic
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cargo, is another method of determining autophagic flux as p62 can be
destroyed by the lysosome much like LC3. In general, an increase in p62
indicates suppressed autophagic flux [13].

Recent studies have also discovered an Atg5/7-independent me-
chanism of autophagy, called alternative autophagy, in which autop-
hagosomes are generated in a Ras-related protein Rab9a (Rab9a)-de-
pendent manner by the fusion of isolation membranes with vesicles
derived from the trans-Golgi and late endosomes [14,15]. Rab proteins
are small GTPases that belong to the Ras-like GTPase superfamily and
regulate vesicle trafficking [16]. Rabs are related to autophagy by
regulating the transport and fusion of autophagosomes [16,17]. Beclin1
is essential to the initiation of autophagy in both the canonical and
alternative autophagy pathways [18]. Beclin1 plays a role in the initial
steps in the assembly of autophagosomes from pre-autophagic struc-
tures by recruitment and activation of the class III phosphatidylinositol
3-kinase complex.

It has been demonstrated that there is suppressed autophagic flux in
Pkd1 −/− cells [3,19] and in mouse PKD kidneys [20]. Stimulating
autophagy has been shown to slow the progression of ADPKD in zeb-
rafish [3]. Autophagy inducers like sirolimus, deoxy glucose and met-
formin are known to slow cyst growth in PKD [19,21,22]. In the present
study, in normal kidneys both ex vivo and in vivo, we determined that
the non-reducing glucose disaccharide, trehalose (TRE) had the po-
tential to increase autophagy by increased expression of Atg12–5
complex and increased Rab9a. Thus, the aim of the study was to de-
termine the effect of TRE on autophagy-related protein expression,
especially Atg12–5 complex, Rab9a, and p62 as well as cyst growth in a
Pkd1RC/RC mice, a hypomorphic Pkd1 mouse model.

TRE is found in most organisms other than vertebrates and in
common food supplements [23–25]. TRE is a natural sugar often used
to preserve the flavor, texture, and color of dehydrated and frozen foods
by preventing protein degradation [26]. The cryo-protective properties
of TRE are linked to its chemical chaperone properties, which influence
protein folding through direct protein-TRE interactions resulting in
protein stability and reduced accumulation of misfolded proteins [25].
The autophagy inducing effect of TRE in Huntington's disease results in
the stabilization of the toxic mutant huntingtin protein, resulting in less
aggregation and enhanced clearance of soluble mutant huntingtin [27].
Thus, TRE has dual protective effects as both an inducer of autophagy
and a chemical chaperone [27–30]. While TRE has been shown to in-
crease both protein stability and aggregate clearance [27,29,32], it is
unknown if this property increases the stability of Atg12–5 or its ability
to form a complex. Also, Pkd1RC/RC mice that were used in the present
study, have a missense pkd1 allele, matching a human disease variant,
PKD1 p. R3277C (Pkd1RC) [33]. The PC1RC protein is a temperature-
sensitive folding mutant, with a ~ 65% reduction in PC1RC protein
levels relative to wild-type PC1 [33]. Given that Pkd1RC is thought to be
a folding mutant, we were interested to determine whether the PKD
caused by Pkd1RC could benefit from a chemical chaperone like TRE
that increases protein stablity.

2. Methods

2.1. Trehalose assay

Trehalose was measured in serum and kidney per manufacturer's
instructions using an enzymatic assay kit from Megazyme, Inc.
(Chicago, IL, USA) (Product code K-TREH). The Trehalose test kit is a
method for the measurement and analysis of trehalose in foods, bev-
erages and other materials. The principle of the assay is that trehalose is
hydrolysed to D-glucose by trehalase and the D-glucose released is
phosphorylated by the enzyme hexokinase (HK) and adenosine-5′-tri-
phosphate (ATP) to glucose-6-phosphate (G-6-P) with the simultaneous
formation of adenosine-5′-diphosphate (ADP). In the presence of the
enzyme glucose-6-phosphate dehydrogenase (G6P-DH), G-6-P is oxi-
dized by nicotinamide-adenine dinucleotide phosphate (NADP+) to

gluconate-6-phosphate with the formation of reduced nicotinamide-
adenine dinucleotide phosphate (NADPH). The amount of NADPH
formed in this reaction is stoichiometric with the amount of D-glucose
and with twice the amount of trehalose. NADPH is measured by the
increase in absorbance at 340 nm. D-glucose and trehalose standard
solutions were assayed as positive controls. A standard curve was de-
termined for each assay performed.

2.2. In vivo models

Pkd1RC/RC mice have a hypomorphic Pkd1 gene mutation ortholo-
gous of PKD patient disease variant, PKD1 p. R3277C (Pkd1) [33].
Pkd1RC/RC mice in the C57BL/6 background have small cysts as early as
postnatal day 12 [34,35]. Cyst expansion and size correlates with in-
creased tubular cell proliferation [33]. Wild type C57BL/6 J mice
(#000664) were purchased from Jackson Laboratories (Bar Harbor,
ME, USA). All experiments were conducted with adherence to the Na-
tional Institutes of Health Guide for the Care and Use of Laboratory
Animals. The animal protocol was approved by the Institutional Animal
Care and Use Committee of the University of Colorado at Denver. Mice
were maintained on a standard diet with standard pathogen-free
housing conditions, and food and water were freely available.

2.3. Experimental in vivo protocol

Glucose/sucrose, that is sweeter than TRE, in the drinking water has
the potential to increase water intake, suppress ADH and slow cyst
growth. However, it has been shown that mice fed drinking water
supplemented with sucrose have a slightly increased cystic phenotype
compared to untreated mice, supporting studies that sugar consumption
has the potential to worsen ADPKD [36]. Thus we used tap water rather
than glucose or sucrose in the drinking water as the control for TRE. A
concentration of 2% TRE (mass/volume) in tap water was chosen for in
vivo experiments, based on published studies [27–30,37]. Male C57BL/
6 Pkd1RC/RC mice were treated with 2% TRE in water from days 64 to
70 of age (short-term study) or days 50 to 120 of age (long-term study).
TRE was purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.4. Ex vivo assay

Fresh kidney was homogenized on ice with a sonicator for 30 s in
lysis buffer containing 10 mM Tris-HCL (pH 7.5), 10 mM NaCl, 0.1%
Triton-X100, 10% Glycerol, cOmplete protease and PhosSTOP phos-
phatase inhibitor cocktails (Sigma), and 1 mM PMSF. The homogenate
was then centrifuged at 14,000RPM at 4 °C. Supernatant was then
immediately incubated with concentrations of 0, 10, 25, 100, and
250 mM TRE, or 250 mM Glucose or 250 mM sucrose in DMEM+10%
FBS for 30 min in an incubator at 37 °C in 1.7 mL Eppendorf tubes.
Protein quantification was then performed by Bio-Rad (Hercules, CA,
USA) DC Protein Assay as described by manufacturer and immunoblot
analysis was performed as described below.

2.5. Water intake study

58 day old wild type mice were given either water or 2% TRE in
water for 5 days. Starting the second to last day, the mice were placed
in metabolic chambers for 16 h and fluid intake was measured.

2.6. Measurement of kidney function

Blood urea nitrogen (BUN) was measured with a BioAssay Systems
(Hayward, CA, USA) Urea Assay Kit according to manufacturer's in-
structions (DIUR-100).
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2.7. Immunoblot analysis

Protein was isolated from cells and tissues using RIPA, cOmplete
protease and phoSTOP phosphatase inhibitor cocktails (Sigma).
Homogenates were centrifuged and supernatant was taken for protein
quantification by Bio-Rad (Hercules, CA, USA) DC Protein Assay as
described by manufacturer. Samples were mixed with Laemmli Sample
Buffer and beta-mercaptoethanol and boiled for 5 min. Samples were
run on 4–15% polyacrylamide gels. Proteins were then transferred to
0.45 μm PVDF membranes, blocked with 2.5% evaporated milk, and
probed with antibodies listed in Supplemental Table 1. Blots were de-
veloped by chemiluminescence and analyzed for densitometry using
ImageJ.

2.8. Antibodies

Supplemental Table 1 lists the antibodies used in this study. The
specificity of each of the antibodies used has been validated by the
vendor (Cell Signaling Technology, Danvers, MA).

2.9. Routine histology

Tissues were fixed overnight in 10% formalin at 4 °C. They were
transferred to fresh 70% ethanol and left overnight at 4 °C; this process
was repeated twice more. Next, the tissues were processed and em-
bedded in paraffin wax using Leica systems. Tissues were sectioned at
4 μm and baked at 60 °C for 2 h. Kidneys were stained with hematox-
ylin-eosin and cystic index and number was quantified on two sections
per mouse (left and right kidney) using a NIS Elements macro as pre-
viously published [35]. Cyst index or cyst number were expressed as the
percentage of the cross-sectional area or number per cross sectional
area, respectively. Areas with tissue tears and bubbles that were iden-
tified with higher magnification (40×) were excluded from analysis.

2.10. Immunohistochemistry protocol

Tissue sections were deparaffinized and rehydrated, then antigen
unmasking was performed in sodium citrate buffer (pH 6.0) for 25 min
at 100 °C. After rinsing sections for 10 min in cold tap water, en-
dogenous peroxidase activity was blocked by immersing the sections in
3% hydrogen peroxide for 10 min, followed by a 5-min rinse in deio-
nized water. Blocking was performed using Vectastain® Elite® ABC Kit
blocking serum for 30 min at room temperature. Primary antibodies
were diluted in tris-buffered saline with Tween20 (TBST) as indicated
in Supplemental Table 1 and incubated overnight at 4 °C in a humidi-
fied chamber. Immunoreactions were detected using the Vectastain®
standard protocol with 3,3′-diaminobenzidine tetrahydrochloride hy-
drate (DAB) counterstained with hematoxylin. Slides were subsequently
dipped 1–3 times in 0.3% acid alcohol, then dehydrated and mounted.
DAB positive staining was analyzed using Aperio ImageScope macros.

2.11. Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining protocol

TUNEL staining was performed on tissue sections using Promega
DeadEnd™ Colorimetric Apoptosis Detection System Kit following the
manufacturer's instructions.

2.12. Quantitation of immunohistochemical staining

The number of positive staining cells was counted using the Aperio
ImageScope, Leica Biosystems, by an observer blinded to the treatment
modality. Non-cystic tubules were defined as tubules less than 50 μm in
diameter. 15–20 fields of view (40× magnification) devoid of cysts in
the cortex per sample were randomly selected for quantitation in non-
cystic tubules. To avoid sensitivity and selection artifacts between non-

cystic tubules and dilated possibly pre-cystic tubules, as well as po-
tential changes in tubular epithelium lining massive cysts, positive
staining was counted in cysts of approximately 75-200 μm diameter.
50–75 cortical cysts per tissue section were randomly selected for his-
tological analysis.

2.13. Immunofluorescence

Fixation of tissue, preparation of slides and immunofluorescence
was performed as we have previously described [38]. Slides were im-
aged using an Olympus FV1000 confocal laser scanning microscope
with a 100× oil objective. Images were taken of cortical tubular re-
gions. Co-localization analysis was performed using the Coloc2 plugin
in ImageJ (U.S. National Institutes of Health, Bethesda, Maryland,
USA).

2.14. Statistical analysis

Data sets were analyzed by the non-parametric unpaired Mann
Whitney test. Multiple group comparisons are performed using analysis
of variance (ANOVA) with post-test according to Newman-Keuls. Single
comparisons were made using students t-test. A p-value of < 0.05 was
considered statistically significant. Values are expressed as
means ± SEM.

3. Results

3.1. TRE is detected in blood and kidney

TRE can be rapidly degraded into glucose by the brush border
saccharidase, trehalase, which is present in the intestinal brush borders
of most mammals including mice. Thus it was important to determine
that TRE was absorbed into the blood. TRE was detected in serum and
kidney in TRE–treated mice (Supplemental Fig. S1).

3.2. TRE supplementation did not increase water intake

In order to ensure that the any observed effects of TRE on cyst
growth were not the result of increase water intake, which has been
shown to slow cyst growth in rats [39], a preliminary water intake
study was performed. Fifty eight day old wild type mice were given
either vehicle (tap water) or 2% TRE in tap water for 5 days and then
water intake, urinary arginine vasopressin (AVP), and serum copeptin
were measured. While there was an upward trend in water intake with
TRE treated mice, there were no significant differences in AVP or serum
copeptin in vehicle or TRE –treated mice (Fig. 1).

3.3. Short term supplementation with TRE increased markers of autophagy

In order to determine the immediate effects of TRE treatment, wild
type and Pkd1RC/RC mice were given either VEH or 2% TRE in tap water
for 6 days (64–70 days of age) and then sacrificed. After TRE treatment,
Atg12–5 complex levels were significantly increased in wild type mice
but remained unchanged with TRE in Pkd1RC/RC mice which had higher
baseline levels compared to wild type mice on immunoblot analysis
(Fig. 2). However, no significant changes in free Atg12 expression were
observed. As Atg12–5 complex formation is linked with autophagy
stimulation, additional autophagy associated proteins were measured.
In the canonical autophagy pathway, LC3-II and p62, markers of au-
tophagosomes and autophagic cargo respectively, were measured [9].
LC3-II and p62 expression was nearly 2-fold higher in Pkd1RC/RC mice
compared to wild type (Fig. 2). Treatment with TRE decreased LC3-II
expression in Pkd1RC/RC mice but had no effect on p62, suggesting de-
creased autophagosome production. Rab9a has been implicated in the
formation of autophagosomes in the Atg5/7-independent alternative
autophagy pathway [15]. TRE supplementation caused a significant
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increase in Rab9a in both wild type and Pkd1RC/RC mice (Fig. 2). Ad-
ditionally, Beclin1 was examined as it is essential to the initiation of
autophagy in both the canonical and alternative autophagy pathways
[18]. Pkd1RC/RC mice had a significant decrease in pBeclin1S15 com-
pared to wild type mice and TRE supplementation caused non sig-
nificant increases in pBeclin1S15 in both wild type and Pkd1RC/RC mice
compared to vehicle (Fig. 2B).

3.4. TRE increased Atg12–5 complex ex vivo

In order to confirm the effect of TRE to increase the Atg12–5
complex in wild type mice, ex vivo experiments on kidney homogenates
from wild type mice were performed. Kidney homogenates from wild
type mice were incubated with increasing concentrations of TRE in
DMEM and with glucose at the highest concentration. Incubation with
TRE at 10, 25 and 100 mM concentrations significantly increased the
levels of the Atg12–5 complex in homogenized wild type kidneys
compared to vehicle and 250 nM TRE (Fig. 3). Additionally, incubation
with 250 mM glucose caused a non significant decrease in Atg12–5
complex expression. TRE also significantly increased LC3-II expression,

independent of concentration used, with no increase with glucose
supplementation. Only 25 mM TRE increased P62 expression. Neither
TRE nor glucose supplementation had an effect on Rab9a protein ex-
pression. In order to control that autophagic-stimulation was not a non-
specific osmotic stress response, kidney homogenates were incubated
with or without 250 mM sucrose. There was no difference in LC3, p62
or Atg12–5 in kidney homogenates treated with or without sucrose
(Supplemental Fig. S2).

3.5. Long term TRE supplementation did not slow cyst growth or improve
kidney function

Next, the effect of long-term supplementation with TRE on cyst
growth was determined in mice treated from 50 to 120 days of age
(70 days of treatment). Water intake in TRE treated animals was sig-
nificantly higher, approximately 15% more than with vehicle (Fig. 4A).
However, previous studies have shown that a close to 7 –fold increase in
water intake had no effect on plasma vasopressin levels or cyst burden
in Pkd1 RC/RC mice [39] and as such this 15% increase in water intake
with TRE was not expected to have any impact on the study. There was

Fig. 1. Trehalose (TRE) does not significantly affect water intake, urinary vasopressin (AVP), or serum copeptin.
Animals were given either tap water (VEH) or 2% TRE in tap water for 5 days from ages 58–63 days old and water intake was recorded. Then urinary vasopressin and
serum copeptin were measured. Data is expressed as a mean +/− SEM. n = 5–6 per group.

Fig. 2. Atg12–5, LC3-II, p62 were increased and pBeclin1S15 was decreased in Pkd1RC/RC (PKD) vs. wild type (WT) kidneys. Short-term trehalose (TRE) supple-
mentation increased Atg12–5 complex in WT but not PKD kidneys and increased Rab9a in both WT and PKD kidneys.
Animals were treated for 6 days from 64 to 70 day of age with TRE or vehicle (VEH). Immunoblot analysis was performed for LC3-II, p62, Atg12–5 complex, free
Atg12, Rab9a and pBeclin1 (Becn1)S15. RDU = relative densitometry units corrected for GAPDH. Data is expressed as a mean +/− SEM, n = 4–6 per treatment
group. *P < 0.05, ** P < 0.01.
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an increase in 2 K/TBW ratio between 64 day old historical control
mice and 120 day old mice treated with vehicle or TRE (Supplemental
Fig. S3). Long-term treatment with TRE from 50 to 120 days old had no
impact on cyst growth or cyst number as determined by 2KW/TBW
ratio, cyst number and cyst index (Fig. 4A). Long term treatment with
TRE did not improve kidney function as measured by BUN (Fig. 4A).
Representative kidney sections from vehicle and TRE-treated Pkd1RC/RC

mice are demonstrated in Fig. 4A. There were no cysts present in wild
type mice treated with TRE. Histological analysis of cystic tubules in
age matched littermate Pkd1RC/RC mice showed no significant differ-
ences in proliferation, as determined by PCNA staining, or apoptosis, as
determined by TUNEL staining, in TRE vs. vehicle treated mice
(Fig. 4B). Histological analysis of non cystic tubules in vehicle and TRE-
treated wild type and age matched littermate Pkd1RC/RC mice showed
no significant differences in PCNA TUNEL staining, between groups
(Fig. 4B).

3.6. TRE was unable to rescue the deficiency of the Atg12–5 complex or
increase Rab9a in Pkd1RC/RC kidneys

Next, the effects of long-term supplementation with TRE on au-
tophagy-related protein expression was determined in mice treated
from 50 to 120 days of age (70 days of treatment). Immunoblot analysis
revealed that TRE treatment significantly increased Atg12–5 complex
expression in wild type kidneys but was unable to rescue the complex in
Pkd1RC/RC mice, which was effectively absent (Fig. 5). This was re-
flected in free Atg12 levels, which were unchanged between treatment
groups but were 7-fold higher in Pkd1RC/RC mice compared to wild type
(Fig. 5). The increase in Atg12–5 complex in wild type mice treated
with TRE was not caused by increased abundance of Atg12 and Atg5 as
the levels of free protein was not changed. Additionally, Atg5 levels in
Pkd1RC/RC animals were approximately half that of wild type animals.
This suggests that there is both decreased Atg5 available for Atg12 to
bind to and that their ability to form a complex is also impaired.
Without the Atg12–5 complex, canonical autophagy cannot proceed so
we examined the alternative autophagy pathway. Levels of the

alternative autophagy pathway marker Rab9a were also significantly
decreased in Pkd1RC/RC compared to wild type mice and not changed
between treatment groups, which is surprising as one would expect the
Atg5-independent alternative autophagy pathway to ramp up activity
in the absence of Atg5 as has been previously described [15,40]. The
canonical autophagy pathway-associated proteins LC3-II and p62 were
both significantly increased with TRE treatment in wild type animals
(Fig. 5), indicating a change in the autophagy pathway preventing
turnover and degradation of LC3-II and p62 [7,41,42]. To determine
whether the increased in LC3-II and p62 in wild type kidneys treated
with TRE (Fig. 5) was due to increased autophagic flux or due to in-
hibition of autophagic degradation, wild type mice were treated with
TRE + vehicle vs. TRE+ bafilomycin A1 (a lysosomal inhibitor)
1.75 mg/kg IP at 2 h before sacrifice. If the amount of LC3-II increases
further in the presence of lysosomal protease inhibitors like bafilomy-
cinA1, this indicates an increase in autophagic flux [41]. However, if
LC3-II does not increase further with lysosomal inhibitors, this indicates
that autophagosome accumulation occurred due to inhibition of au-
tophagic degradation, for example, blockage of autophagosome-lyso-
some fusion [41]. There was no further increase in LC3-II or p62 in
kidneys treated with TRE + bafilomycin A1 vs TRE alone suggesting
that the increase in LC3-II and p62 was due to inhibition of autophagic
degradation (Supplemental Fig. S4). It is not recommended that the
conversion of LC3-I to LC3-II be used as a marker of autophagy as LC3-I
is technically less sensitive to detection by antibodies that also detect
LC3-II [12]. LC3-I is labile and more sensitive to freeze-thawing and
degradation in SDS buffer and the amount of LC3-I is cell and stress
specific.

pBeclin1S15 and the alternative autophagy pathway marker Rab9a
were not affected by TRE treatment in wild type mice, suggesting that
TRE mainly acts on the canonical autophagy pathway in the long term.
pBeclin1S15 was upregulated in vehicle treated Pkd1RC/RC mice com-
pared to wild type and was reduced to near wild type levels with TRE
treatment.

On immunofluorescence staining for Rab9a and LAMP2 (lysosomal
marker), TRE did not affect the co-localization of Rab9a and LAMP2

Fig. 3. Trehalose (TRE) increases autophagy proteins Atg12–5, p62, LC3-II ex vivo.
Homogenized wild type mouse kidneys were incubated in a test tube with increasing concentrations of TRE or glucose (GLU) and were then immunoblotted for
Atg12–5, p62, LC3-II and Rab9a proteins. RDU = relative densitometry units corrected for GAPDH. Data is expressed as a mean +/− SEM. n = 4–6 per treatment
group. P < 0.05 versus vehicle (VEH) and 250 nM TRE.
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suggesting that TRE does not increase the localization of Rab9a in the
lysosome (Supplemental Fig. S5).

3.7. TRE increased pAMPKT172 and pGSK-3βS9 in wild type kidneys. TRE
had no effect on mTORC1, mTORC2 and autophagy-related proteins (Atg3
and 7)

The effect of PKD and TRE on mTORC1/2 proteins, autophagy-re-
lated proteins, pAktS308, phospho AMP-activated protein kinase
(pAMPKT172) and phospho glycogen synthase kinase-3β (pGSK-3βS9) is
demonstrated in Fig. 6. Atg16L1 was decreased in Pkd1RC/RC vs. wild
type kidneys. Markers of mTORC1 (pmTORS2448 and pS6S240/244) were
increased in Pkd1RC/RC vs. wild type kidneys and unaffected by TRE.
pAktS473, a marker of mTORC2 and pAktS308 that is upstream of mTOR
were decreased in Pkd1RC/RC kidneys and unaffected by TRE.
pAMPKT172 expression was increased in Pkd1RC/RC vs. wild type kid-
neys, increased by TRE in wild type kidneys and unaffected by TRE in
Pkd1RC/RC kidneys. pGSK-3βS9 expression was increased by TRE in wild
type kidneys. pGSK-3βS9 was decreased in Pkd1RC/RC kidneys compared
to wild type kidneys and unaffected by TRE in Pkd1RC/RC kidneys. TRE
had no effect on Atg 3 or Atg7.

4. Discussion

Hyper-proliferation, increased apoptosis and impaired autophagy in
the kidney are all characteristics of ADPKD [2–5]. Inhibition of pro-
liferation with sirolimus or everolimus has been shown to decrease cyst
growth and improve kidney function in mice [21,43]. The mTOR in-
hibitors, sirolimus and everolimus, are known autophagy inducers [12].
Autophagy is an essential cellular process in which damaged organelles
and misfolded proteins are sequestered by the autophagosome and then
degraded after fusing with a lysosome [6]. Several studies show that
this process is suppressed in ADPKD [2,3,36] and stimulating autop-
hagy has been shown to slow the progression of ADPKD in zebrafish
[3]. TRE is a non-reducing glucose disaccharide that is found in most
organisms other than vertebrates and in common food supplements
[23–25]. TRE is known to increase autophagy in several animal models
of neurological disorders [27–29]. It is also known to stabilize proteins
and cell membranes in response to freezing and dehydration [23]. Thus
agents that induce autophagy, like the food additive TRE, have a po-
tential therapeutic value to stabilize autophagy proteins and the Pkd1RC

mutant protein and decrease cyst growth in ADPKD.
In the present study, TRE did not decrease cyst growth. mTOR in-

hibitors and AMPK activators are known to decrease cyst growth in PKD
[21,22]. TRE did not decrease pmTOR activation or further increase
pAMPKT172 in Pkd1RC/RC mice and this could partly explain why TRE

Fig. 4. Long-term trehalose (TRE) supplementation did not improve kidney weight, cyst number, cyst index, BUN, tubular cell proliferation or tubular cell apoptosis.
Animals were treated from 50 to 120 days of age with either vehicle (VEH) or TRE. (A) In older mice (120 days of age), water intake was slightly increased by TRE
compared to no significant increase in water intake in younger mice (63 d old) (Fig. 1). Kidney weight was measured by two kidney weight to body weight ratio
(2KW/BW%). Cyst number and cyst index (percentage of the cross-sectional area of the kidney that was cystic) were determined. Renal function was assessed by
BUN. Representative kidney cross sections at the same magnification stained with hematoxylin-eosin are shown. Data is expressed as a mean +/− SEM, n = 3–6 per
treatment group. *P < 0.05. (B) Immunohistochemistry for markers of proliferation (PCNA) and apoptosis (TUNEL) was performed and quantitated in cyst lining
cells and non cystic tubules. Data is expressed as a mean +/− SEM, n = 4–6 per treatment group.
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Fig. 5. Long-term trehalose (TRE) supplementation resulted in an increase in Atg12–5, LC3-II, and p62 in wild type (WT) but not Pkd1RC/RC kidneys. Atg12–5
complex was absent and free Atg12 was increased in Pkd1RC/RC kidneys.
Animals were treated for 70 days from 50 to 120 days of age with either vehicle (VEH) or TRE. Immunoblot analysis was performed for Atg12–5 complex, free Atg12,
free Atg5, LC3-II, p62, Rab9a and pBeclin1 (Becn1)S15. RDU = relative densitometry units corrected for GAPDH. Data is expressed as a mean +/− SEM, n = 4–6 per
treatment group. *P < 0.05 ** P < 0.01, ***P < 0.001.

Fig. 6. Autophagy phenotype in Pkd1RC/RC kidneys: Increase in mTORC1 (pmTORS2448, pS6), decrease in mTORC2 (pAktS473), decrease in Atg16L1, pGSK-3βS9 and
pAktS308 in Pkd1RC/RC (PKD) vs. wild type (WT) kidneys that was not affected by trehalose (TRE).
Animals were treated for 70 days from 50 to 120 days of age with either vehicle (VEH) or TRE. The effect of PKD and TRE on mTORC1 (pmTORS2448, pS6), mTORC2
(pAktS473), pAktS308, pGSK-3βS9 and autophagy-related proteins Atg3, Atg7 and Atg16L1 in WT and PKD kidneys was determined. RDU = relative densitometry units
corrected for GAPDH. Data is expressed as a mean +/− SEM, n = 3–6 per treatment group. *P < 0.05 ** P < 0.01, ***P < 0.001, ****P < 0.0001.
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was not protective against cyst growth. In this regard, TRE is known to
be an mTOR-independent autophagy inducer by acting as a chemical
chaperone [29]. In this study, TRE and mTOR inhibition with sirolimus
have an additive effect on the clearance of aggregate-prone proteins
because of increased autophagic activity in a model of Huntingtons
disease.

In the conventional autophagy pathway, two autophagy-related
proteins (Atg12 and Atg5) form a complex with other proteins such as
LC3-II in order to elongate the phagosome and fully engulf autophagic
cargo [6–9]. Deficiency in the Atg12–5 complex is known to impair
autophagy leading to several diseases such as asthma, lupus er-
ythematosus, and Crohn's disease, as well as several types of cancer
[44–48]. There is also an Atg5-independent mechanism of autophagy,
called alternative autophagy, utilizing Rab9a, a small GTPase, that is
recruited to autophagosome-like vacuoles after autophagosomal ma-
turation resulting in autophagosome-like vacuole enlargement and
eventual lysosomal fusion [14,15,17]. TRE has been gaining attention
recently regarding activating the autophagy pathway. TRE supple-
mentation of the diets of mice with Parkinson's and Huntington's dis-
ease reduces disease severity and increases lifespan by increasing ag-
gregate clearance via an mTOR-independent autophagy pathway
[27–30]. The effect of TRE on Atg12–5 complex and Rab9a is not
known. Thus, the first aim of the study was to determine the effect of
TRE on autophagy-related proteins especially Atg12–5 complex, Rab9a
and p62. Both in 70 and 120 day old wild type kidneys in vivo and in
kidney homogenates from wild type mice ex vivo, TRE resulted in in-
creased expression of the Atg12–5 complex and increased Rab9a. In the
ex vivo experiments, the increase in Atg12–5 complex was accom-
panied by the increase in LC3-II and p62, markers of autophagic ve-
sicles and cargo, respectively [7,42]. These studies demonstrate for the
first time that TRE was able to increase Atg12–5 and Rab9a, in wild
type kidneys, reinforcing its potential as an autophagy inducer. Thus,
we hypothesized that supplementing the diet with TRE would increase
expression of the Atg12–5 complex and increase Rab9a in Pkd1RC/RC

kidneys.
In both in vivo and ex vivo experiments in wild type kidneys, TRE

successfully increased the amount of Atg12–5 complex. This effect was
not seen in Pkd1RC/RC mice. 70 day old Pkd1RC/RC kidneys had higher
levels of Atg12–5 complex than wild type mice while in older 120 day
old mice, Atg12–5 complex was unexpectedly absent. Conversely, the
opposite was found of pBeclin1S15, whose levels in 70 day old Pkd1RC/RC

mice were slightly more than half the levels of wild type mice. This was
reversed in 120 day old mice, with Pkd1RC/RC mice having 3-fold higher
levels of pBeclin1S15 compared to wild type, but this difference was
eliminated with TRE treatment. Thus, while TRE had an effect on
Atg12–5 complex and Rab9a in wild type kidneys, it did not affect these
autophagy-related proteins in Pkd1RC/RC kidneys.

Lack of an effect of TRE on autophagy-related proteins in Pkd1RC/RC

kidneys was associated with the lack of an effect on cyst growth and
kidney function. Lack of a protective effect in PKD was associated with
the inability of TRE to impact proliferation and apoptosis, processes
that are crucial to increase cyst growth. Another study has also showed
the lack of a therapeutic effect of TRE on ADPKD [36]. There are im-
portant differences between the published study and our study. In the
published study, a different ADPKD model, the Pkd1 miRNA transgenic
mouse, was used. In the published study, TRE exhibited no effects on
the mRNA levels of any of the measured autophagy proteins in either
wild-type or diseased mice, while our study showed an effect of TRE on
protein expression of Atg12–5 complex, Rab9a, p62 and LC3-II, pGSK-
3βS9 and pAMPKT172 in normal kidneys and LC3-II, Rab9a and pBe-
clin1S15 in Pkd1RC/RC kidneys. Tubular apoptosis was not described in
the published study whereas we found that TRE had no effect on tub-
ular apoptosis in both cystic and non cystic tubules in Pkd1RC/RC kid-
neys. Pro-inflammatory or glycolysis related genes were studied in the
published study, whereas we focused on the effect of TRE on autop-
hagy-related proteins especially Atg12–5 complex.

A limitation of the current study is that treatment was started at
50 days of age, a time point when there was already a significant cyst
burden [33]. In the younger (70 day old) mice, an increase in the al-
ternative autophagy pathway protein, Rab9a, was seen with TRE. This
effect was lost with long term treatment in older (120 day old) mice. If
treatment was started at a younger age it is possible that the beneficial
effect would have been maintained.

Finally, we noted a distinct autophagy-related phenotype in Pkd1RC/

RC mouse kidneys compared to wild type kidneys. There was a decrease
in Atg12–5 complex, increased free Atg12 and decreased Rab9a in
120 day old Pkd1RC/RC kidneys that was not present in 70-day old
kidneys. There was an increase in LC3-II and p62 in 70-day old Pkd1RC/

RC kidneys that was not present in 120-day old kidneys. TRE increased
Rab9a in 70-day old but not in 120-day old kidneys. The difference in
autophagy proteins between 70 and 120-day old kidneys suggest that
older age, worse polycystic kidney disease and worse kidney function in
120-day old mice vs. 70-day old mice [43] affects autophagy and the
response to TRE. In this regard, aging is known to have significant ef-
fects on autophagy [50]. Atg3 and Atg16L1 are E2 enzymes essential for
the LC3 lipidation process of autophagosomes. A large protein complex
consisting of Atg5, Atg12 and Atg16L1 has recently been shown to be
essential for the elongation of isolation membranes (also called pha-
gophores) during mammalian autophagy [10]. Atg5 and Atg7 are key
proteins involved in the extension/development of the autophagosomal
membrane [12]. Atg16L1 and Atg5 were decreased in Pkd1RC/RC vs.
wild type kidneys confirming defects in autophagosome development
and the autophagic process in PKD. mTORC1 is a known inhibitor of
autophagy [12]. Markers of mTORC1 (pmTORS2448 and pS6) were in-
creased in Pkd1RC/RC kidneys. TRE had no effect on these mTORC1
markers confirming its known mTOR-independent actions [29]. In
contrast to mTORC1, mTORC2 is a known inducer of autophagy and
knockout of mTORC2 results in suppressed autophagy [29]. pAktS473, a
marker of mTORC2 was decreased in Pkd1RC/RC kidneys consistent with
suppressed autophagy. Akt is a serine/threonine-specific protein kinase
activated by PI-3 kinase (PI3K) that is part of the PI3K/Akt/mTORC1
pathway [51]. Pharmacological inhibition of Akt promotes nuclear
translocation of TFEB, lysosomal biogenesis and autophagy [52].
pAktS308, was decreased in Pkd1RC/RC kidneys and unaffected by TRE.
Phosphorylation of AMP-activated protein kinase (AMPK) that plays a
role in cellular energy homeostasis and autophagy induction was in-
creased in Pkd1RC/RC kidneys, increased by TRE in wild type kidneys
and unaffected by TRE in Pkd1RC/RC kidneys. In this regard, the AMPK
activator metformin is known to protect against PKD in mice [22]. The
serine/threonine kinase glycogen synthase kinase-3β (GSK-3β) that
functions in a wide range of cellular processes and is known to induce
apoptosis and proliferation in cancer [53] was decreased in Pkd1RC/RC

kidneys and unaffected by TRE. In summary, the autophagy phenotype
in Pkd1RC/RC kidneys was characterized by decreases in crucial autop-
hagy-related proteins (Atg12–5 complex, Atg5, Atg16L1), decreased
Rab9a, increased mTORC1 (inhibitor of autophagy) and decreased
mTORC2 (inducer of autophagy).

In conclusion, the present study shows a newly described effect of
TRE to increase expression of Atg12–5 complex and increase Rab9a
expression in normal kidneys. However, the effect of long term TRE
treatment on Atg12–5, Rab9a and other autophagy proteins was not
seen in Pkd1RC/RC kidneys associated with a lack of protection against
cyst growth.
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Surgical procedures suppress autophagic flux in
the kidney
Carolyn N. Brown1, Daniel Atwood1, Deepak Pokhrel1, Sara J. Holditch1, Christopher Altmann1, Nataliya I. Skrypnyk1,
Jennifer Bourne2, Jelena Klawitter1,3, Judith Blaine1, Sarah Faubel1, Andrew Thorburn4 and Charles L. Edelstein1

Abstract
Many surgical models are used to study kidney and other diseases in mice, yet the effects of the surgical procedure
itself on the kidney and other tissues have not been elucidated. In the present study, we found that both sham surgery
and unilateral nephrectomy (UNX), which is used as a model of renal compensatory hypertrophy, in mice resulted in
increased mammalian target of rapamycin complex 1/2 (mTORC1/2) in the remaining kidney. mTORC1 is known to
regulate lysosomal biogenesis and autophagy. Genes associated with lysosomal biogenesis and function were
decreased in sham surgery and UNX kidneys. In both sham surgery and UNX, there was suppressed autophagic flux in
the kidney as indicated by the lack of an increase in LC3-II or autophagosomes seen on immunoblot, IF and EM after
bafilomycin A1 administration and a concomitant increase in p62, a marker of autophagic cargo. There was a massive
increase in pro-inflammatory cytokines, which are known to activate ERK1/2, in the serum after sham surgery and UNX.
There was a large increase in ERK1/2 in sham surgery and UNX kidneys, which was blocked by the MEK1/2 inhibitor,
trametinib. Trametinib also resulted in a significant decrease in p62. In summary, there was an intense systemic
inflammatory response, an ERK-mediated increase in p62 and suppressed autophagic flux in the kidney after sham
surgery and UNX. It is important that researchers are aware that changes in systemic pro-inflammatory cytokines,
ERK1/2 and autophagy can be caused by sham surgery as well as the kidney injury/disease itself.

Introduction
Compensatory renal hypertrophy is an important con-

sequence in both glomeruli and tubules following partial
or complete UNX performed for renal cancer or for living
kidney donors. Excessive compensatory renal hypertrophy
can be a maladaptive response that leads to further
nephron damage, tubular atrophy, interstitial fibrosis, loss
of kidney function and chronic kidney disease1. It is well
known that pS6, a marker of mTORC1, increases as early
as 30 min after UNX and that mTORC1 inhibition with
rapamycin can blunt UNX-induced renal hypertrophy2.
mTOR-mediated phosphorylation of the transcription
factor EB (TFEB), a master regulator of lysosomal

biogenesis3, occurs at the lysosomal surface and controls
the subcellular localization and activity of TFEB. Thus, the
effect of UNX on lysosomal biogenesis and function,
which are tightly tied to mTOR function, was determined.
As mTOR and lysosomal function are crucial to

autophagy, autophagic flux was determined in vivo in the
kidney. LC3-II, a marker of autophagosomes, was mea-
sured with and without the lysosomal inhibitor bafilo-
mycin A1 (BafA1). According to the 2016 guidelines for
the use and interpretation of assays for monitoring
autophagy, if the basal increase in LC3-II is due to
increased autophagosome production, then it is expected
that lysosomal inhibition will further increase LC3-II (i.e.,
increased autophagic flux)4. Alternatively, if the increase
in LC3-II is due to a block in autophagosome-lysosome
fusion or a defect in autophagosome degradation by the
lysosome, then lysosomal inhibition would not affect LC3-
II expression. We measured the increase in LC3-II after
lysosomal inhibition and used it to determine the effect of
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UNX on autophagic flux. The amount of p62/SQSTM1,
a marker of autophagic cargo, is another method of
determining autophagic flux as p62 can be destroyed by
the lysosome much like LC3. In general, an increase in
p62 indicates suppressed autophagic flux. p62 was
measured in the kidney as an additional marker of
autophagic flux5. Here, we demonstrated that there was
suppressed flux which was associated with lysosomal
abnormalities following both sham surgery and uni-
lateral nephrectomy.

Results
Unilateral nephrectomy and sham surgery-dependent
mTOR activation are attenuated by rapamycin
The ratio of pS6Ser240/244 to total abundance of S6

protein was significantly increased in the kidney after
UNX vs. normal and sham surgery (Fig. 1a), consistent
with published studies6,7. pAktSer473, a marker of
mTORC2, was significantly increased after both sham
surgery and UNX (Fig. 1a). These data indicated that
there was increased mTORC2 activation following both
sham surgery and UNX, but increased mTORC1 only
after UNX.

Rapamycin resulted in a significant decrease in
pS6Ser240/244 in the kidney after sham surgery and UNX
and blunted the increase in pAktSer473 (Fig. 1b). While
rapamycin is known to be an indirect mTORC1 inhibitor,
our results confirm previous studies that rapamycin can
also inhibit mTORC28.

Increased mTOR after sham surgery and unilateral
nephrectomy is associated with a lysosomal defect
mTOR is known to regulate TFEB, a master regulator of

lysosomal biogenesis3,9 Quantitative polymerase chain
reaction (qPCR) analysis for Tfeb and known TFEB-
downstream genes Atp6v0d2, a vATPase subunit localized
to the lysosomal membrane involved in lysosomal acid-
ification10 and Lamp211, a lysosomal-associated mem-
brane protein, was performed. There were decreased
Tfeb, Atp6v0d2, and Lamp2 transcripts in sham surgery
and UNX vs. normal kidneys (Fig. 2a). On immuno-
fluorescence of tubular cells in the kidney cortex, there
was less nuclear localization of TFEB after sham surgery
and UNX vs. normal kidneys (Fig. 2b). Transcription of
Tfeb-downstream genes and TFEB nuclear localization
were not rescued by rapamycin (Fig. 2a, b), indicating that
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Fig. 1 Increased mTORC1 (pS6Ser240/244) after UNX and mTORC2 (pAktSer473) after sham surgery and UNX in the kidney is attenuated
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contralateral kidney was harvested. A Representative immunoblots and relative densitometry is shown for mTORC1 (pS6Ser240/244) and mTORC2
(pAktSer473) substrates in the kidney. *P < 0.05, **P < 0.01, ***P < 0.001. RDU= relative densitometry units corrected for GAPDH. B Representative
immunoblots and relative densitometry is shown for mTORC1 (pS6) and mTORC2 (pAktSer473) substrates in the kidney after treatment of mice with
rapamycin (RAPA). *P < 0.05, **P < 0.01. RDU= relative densitometry units.
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Fig. 2 Sham surgery and unilateral nephrectomy are associated with a lysosomal defect. Mice underwent either no surgical manipulations
(NORM), sham surgery (SHAM), or unilateral nephrectomy (UNX) and after 2 h the contralateral kidney was harvested. A qPCR analysis of TFEB-
downstream genes Tfeb, Atp6v0d2, and Lamp2. B Representative proximal tubular cell images of TFEB nuclear versus cytoplasmic localization with
quantification showing readings in duplicate for each mouse (Scale bar= 5 µm). C Immunoblot analysis for STX17, pGSK3βSer9, GSK3β, pAktSer308 and
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corrected for GAPDH. H3= Histone H3.
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there may be additional mTOR-independent regulation of
TFEB. p-AktThr308, that represses TFEB nuclear translo-
cation independently of mTOR12, was increased in sham
surgery and UNX (Fig. 2c). However, total Akt was also
increased and when p-AktThr308 was corrected for total
Akt, the increase was not significant (Fig. 2c). Syntaxin 17
(STX17), a vesicle docking protein essential for complete
autophagosome-lysosome fusion13, and phosphorylated
glycogen synthase kinase 3 beta (p-GSK3β), that activates
a nuclear export signal for TFEB14, were not different
between groups (Fig. 2c). TFEB regulates the expression
of genes that encode autophagy-related proteins (Atg)4.
The autophagy-related proteins, Atg3 and Atg7 play an
important role in the LC3 lipidation process that is
essential for autophagosome formation4 Atg3 was

increased in sham surgery and UNX and Atg7 did not
change in sham surgery and UNX (Supplementary Fig. S1)
suggesting that the decrease in TFEB in the nucleus in
sham surgery and UNX did not decrease the expression of
Atg7 and 3.
TFEB was measured by immunoblot analysis in nuclear

and cytoplasmic fractions of whole kidney from vehicle
and rapamycin-treated mice and normal, sham surgery
and UNX mice. mTOR inhibition is known to result in a
translocation of TFEB to the nucleus15. As a positive
control, we determined that there was an increase in
TFEB in the nucleus in mice treated with rapamycin
10mg/kg/day via I.P. injection for five days compared to
vehicle (Fig. 2d). In agreement with the IF data, there was
a decrease in TFEB in the nuclear fraction in sham
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surgery and UNX compared to normal (Fig. 2e). On
immunoblot analysis, there was no difference in TFEB in
the cytoplasmic fractions between the normal, sham and
UNX groups (data not shown). TFEB is phosphorylated by
mTOR on S142 and S211 serine residues, which play a
crucial role in determining TFEB subcellular localiza-
tion16. When these serines are phosphorylated, TFEB is
mainly cytosolic and inactive16. In whole kidney extracts,
there was an increase in pTFEBS142 in sham surgery and
UNX compared to normal controls (Fig. 2f) which is
compatible with the cytosolic localization of TFEB with
sham surgery and UNX.

Autophagic flux in the normal kidney in vivo
mTOR and lysosomal function that are crucial to

autophagy, were affected by sham surgery and UNX.
Thus, we hypothesized that sham surgery and UNX would
suppress autophagic flux. To determine the optimal
BafA1 dose and timing to use in vivo, mice were injected
with increasing doses of BafA1. There was a significant
increase in LC3-II and increase in p62 in the normal
kidney after 2 h of treatment with 1.75 mg/kg BafA1
(Fig. 3a). Administration of 1.75mg/kg BafA1 also resulted
in significantly increased LC3-II in the heart, spleen and
lung (Fig. 3b–d). LC3-II was corrected for GAPDH. It has
been recommended that the amount of LC3-II be com-
pared to actin or GAPDH and not to LC3-I and that
conclusions about autophagosome maturation not be
made by comparing the amount of LC3-II to LC3-I4. The
reason is that LC3-I is technically less sensitive to detec-
tion by antibodies that also detect LC3-II, LC3-I is labile
and more sensitive to freeze-thawing and degradation in
SDS buffer and the amount of LC3-I is cell and stress
specific. Next, autophagic flux was measured in the kidney
and heart after sham surgery and UNX.

Autophagic flux is suppressed in the kidney after sham
surgery and UNX
Autophagic flux was measured in the kidney using the

method described above (2 h of treatment with 1.75 mg/
kg BafA1). Mice underwent either no surgery, sham sur-
gery, or UNX, received either BafA1 or vehicle, and were
sacrificed after 2 h (Fig. 4a). LC3-II did not increase with
BafA1 after either sham surgery or UNX and p62 was
increased in the kidney after sham surgery and UNX vs.
normal mice (Fig. 4b). To test if sham surgery affects
autophagic flux using independent methods and to
determine the localization of autophagoooosomes in the
kidney, IF and EM analysis for autophagosomes were
performed and indicated changes in renal tubules. p62
was significantly increased after both sham surgery and
UNX vs. normals on IF analysis (Fig. 4c). As the addition
of phosphatidylethanolamine to LC3-I (i.e., LC3-II) can-
not be differentiated by molecular weight on IF analysis,

punctate LC3B was used as a measure of autophago-
somes. LC3B puncta increased after BafA1 in normal
kidneys (Fig. 4c). Significantly increased basal LC3B
puncta were detected in both sham surgery and UNX vs.
normal and were not further increased by BafA1 on IF
analysis (Fig. 4c). There was a significant decrease in
LAMP2 after both sham surgery and UNX (Fig. 4c). On
EM analysis there was a decrease in the number of lyso-
somes after both sham surgery and UNX (Supplementary
Fig. S2). Co-localization of LAMP2 and LC3B was
increased after sham surgery and further increased after
UNX similar to what was observed after BafA1 adminis-
tration (Fig. 4c). These data indicate an increased number
of autolysosomes that were unable to break down the
autophagosomal cargo and membrane (i.e., LC3-II and
p62) suggesting that autophagosome formation was not
compromised and that surgery blocks autophagy by
causing a defect in the later stages of autophagy17,18. EM
analysis revealed significantly increased autophagosomes
after BafA1 in normal mice (Fig. 4d). There was an
increase in basal autophagosomes in both sham surgery
and UNX compared to normal, but BafA1 did not induce
further increase autophagosomes. These results, which
were obtained from 3 independent techniques, indicate
that autophagy in renal tubules was suppressed after sham
surgery and UNX in the kidney. Further, rapamycin,
which did not rescue lysosomal defects (Fig. 2), did not
restore autophagic flux in the kidney after sham surgery
or UNX (Supplementary Fig. S3).

Metabolomics analysis
Lysosomal defects are known to have effects on avail-

ability of amino acids and other metabolites19. Thus,
metabolomics analysis was performed to determine whe-
ther the lysosomal defect and suppressed flux were asso-
ciated with an altered renal metabolome. Metabolomics
analysis was performed on the kidney taken 2 h after sham
surgery or UNX (Supplementary Fig. S4A–C). Interest-
ingly, although lysosomal deficiency was similar in both
sham surgery and UNX, only fructose phosphate, glycine,
and folate (Supplementary Fig. S5A) were affected simi-
larly after sham surgery and UNX. There is little known
about the effects of fructose phosphate, glycine, and folate
on autophagy20–22 Most of the metabolites measured were
differentially effected by either sham surgery or UNX
(Supplementary Fig. S5B–F) or were unchanged by sham
surgery or UNX (Supplementary Fig. S6).

Autophagic flux is suppressed in the heart after UNX
The surgical procedure has been shown to affect

monocyte subset kinetics in a murine model of myo-
cardial infarction23 Thus, we determined whether the
effects seen following sham surgery and UNX were
unique to the kidney or involved the heart as well. BafA1
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resulted in a significant increase in LC3-II in normal
hearts (Fig. 3b). There were no significant changes in
activation of mTORC1 (pS6 Ser240/244) or mTORC2
activation (pAktSer473) in the heart after sham surgery
or UNX (Supplementary Fig. S7A). Unexpectedly, flux
(the increase in LC3-II with BafA1) in heart was com-
pletely suppressed after UNX, but not sham surgery
(Supplementary Fig. S7C). Although rapamycin inhibited
mTORC1/2 in the heart (Supplementary Fig. S7B), it did
not rescue autophagic flux after UNX (Supplementary
Fig. S7D).

Both the sham surgery and bilateral renal ischemia/
reperfusion suppressed autophagic flux in the heart
To determine whether other surgical procedures affect

autophagic flux, a bilateral renal ischemia/reperfusion
(I/R) model of AKI was performed. Mice underwent
either no surgery, sham surgery, or I/R for 24 or 72 h. At
24 h after I/R there was a lack of increase in LC3-II with
BafA1 suggestive of decreased autophagic flux (Fig. 5a).
However, sham I/R surgery in the kidney resulted in an
increase in LC3-II with bafilomycin and a decrease in
p62 at 24 h suggesting that sham I/R surgery does not
suppress autophagic flux (Fig. 5a). Interestingly, in the
heart, both sham I/R surgery and I/R at 24 h resulted in
suppressed autophagic flux as evidenced by the lack of
increase in LC3-II with bafilomycin and an increase in
p62 (Fig. 5b). At 72 h after both sham surgery and I/R,
autophagic flux normalized in kidney and heart (Fig. 5a,
b). These data suggest that sham surgery for renal I/R
had different effects on autophagic flux in kidney com-
pared to heart and consistently normalized by 72 h after
the procedure.

Pro-inflammatory cytokine “storm” in the serum after
sham surgery and UNX
As sham surgery and UNX resulted in changes in

autophagy in the kidney and heart, we reasoned that a
factor in the serum might be causing these effects.
Sham surgical procedures have been shown to cause an
inflammatory response24,23 and production/release of
pro-inflammatory cytokines, which are known to affect
autophagy25. Thus, a panel of pro-inflammatory cytokines
was measured in the serum. Mice underwent either no
surgery, sham surgery, or UNX and were sacrificed after
2 h. There were massive increases in the serum in IL-1β
(up to 50-fold), IL-2, IL-4, IL-6 (up to 100-fold), CXCL1
(also known as IL-8 in humans and KC in mice), IL-12,
GM-CSF, IFN-γ in sham surgery and UNX compared to
no surgery (Fig. 6a).
To determine whether the pro-inflammatory cytokine

“storm” measured in the serum in sham surgery and UNX
had an effect on autophagic flux, renal cortical tubular
epithelium (RCTE) cells were treated with normal

medium or medium containing 10% serum from normal
mice, sham surgery or UNX mice. RCTE cells treated with
normal medium had a large increase in LC3-II with
chloroquine indicating autophagic flux (Fig. 6b). RCTE
cells treated with medium containing 10% serum from
normal, sham surgery or UNX mice also had a large
increase in LC3-II with chloroquin (Fig. 6c). RCTE cells
treated with medium containing 10% serum from normal,
sham surgery or UNX mice had no change in p62
(Fig. 6c). These data indicate that pro-inflammatory
cytokine-rich serum from mice that had sham surgery
or UNX did not suppress autophagic flux in RCTE cells.

ERK1/2 inhibition attenuated the increase in p62 seen after
sham surgery and unilateral nephrectomy
Pro-inflammatory cytokines have been shown to upre-

gulate pERK1/226,27 which can in turn regulate the
nuclear localization and activity of TFEB9 and autop-
hagy28. pERK1/2 was significantly increased in sham
surgery and UNX vs. normal kidneys (Fig. 7a). Mice were
treated with the MEK1/2 inhibitor, Trametinib (1 mg/kg/
d IP) that is also a potent ERK1/2 inhibitor, for 3 days and
then sham surgery or UNX was performed. Trametinib
resulted in a near disappearance of pERK1/2 in sham
surgery and UNX kidneys (Fig. 7b). Trametinib resulted in
a significant decrease in p62 in sham surgery and UNX
kidneys compared to normal kidneys, but did not change
the suppressed autophagic flux that was seen in sham
surgery and UNX kidneys (Fig. 7c).

Discussion
The major findings of this study are: (1) Increased

mTORC1/2 signaling associated with TFEB and lysoso-
mal abnormalities and suppressed autophagic flux in
the kidney after both sham surgery and UNX, (2) Large
increases in pro-inflammatory cytokines in the serum,
and pERK1/2 and p62 in the kidney after sham surgery
and UNX. The MEK1/2 inhibitor, trametinib, that also
potently inhibits ERK, resulted in decreased p62 in the
kidney after sham surgery and UNX. (3) Both sham sur-
gery and renal I/R suppressed autophagic flux in the
kidney and heart.
Based on the known role of mTORC1 in compensa-

tory renal hypertrophy2,7 our data showing increased
mTORC1/2 after sham surgery and UNX, and the
known role of mTOR in lysosomal biogenesis3, the effect
of UNX on TFEB and lysosomal function was deter-
mined. In general, lysosomal defects are characterized
by decreased lysosomal biogenesis or impaired lysoso-
mal function (i.e., pH, activity of lysosomal enzymes).
LAMP2, a marker of lysosomes, was decreased in both
sham surgery and UNX, suggesting decreased lysosomal
biogenesis. On qPCR analysis Lamp2 mRNA was also
found to be decreased, suggesting regulation at the
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transcriptional level. As TFEB is a master regulator of
lysosomal biogenesis9, changes in TFEB were studied.
Tfeb mRNA in the kidney was decreased after sham and
UNX. There was less nuclear localization of TFEB pro-
tein, where it induces transcription of target genes, in
the kidney after sham surgery and UNX. On nutrient
depletion and under abnormal lysosomal storage

conditions TFEB is known to translocate to the nucleus,
resulting in the transcription of its target genes such as
vesicular ATPases (vATPases) that contribute to lyso-
somal acidification and function9. In this regard, we
found mRNA expression of Atp6v0d2, a vATPase sub-
unit, to be decreased after sham surgery and UNX.
These data suggest that there is a lysosomal defect
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(decreased lysosomal biogenesis, decreased lysosomal
ATPase) in sham surgery and UNX.
An increase in LC3B/LAMP2 co-localization often

indicates an activated autophagy-lysosome pathway. Co-
localization of LC3B and LAMP2 was increased after
sham surgery and UNX, indicating that there was likely no
defect in trafficking. In the context of autophagy, defects
in lysosome-autophagosome trafficking and fusion can
interfere with autophagic flux. Expression of STX17,
which is involved in autophagosome-lysosome fusion, was
unchanged, indicating that there was likely no defect in

fusion13. These data indicate an increased number of
autolysosomes that were unable to break down the
autophagosomal cargo and membrane (i.e., LC3-II and
p62) suggesting that autophagosome formation or
autophagosome-lysosome fusion was not compromised
and that surgery blocks autophagy by causing a defect in
the later stages of autophagy17,18.
Next, upstream mechanisms of the lysosomal defect

seen after sham surgery and UNX were studied. Tran-
scription of TFEB-downstream genes and TFEB nuclear
localization were not rescued by rapamycin, suggesting an
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mTORC1/2-independent pathway. pERK1/2, that is
known to decrease nuclear localization of TFEB and
activity of TFEB9, was increased in sham surgery and
UNX. Akt, has been shown to affect lysosomal biogenesis
and function through inhibitory phosphorylation of
TFEBSer46729. In this regard, there was a large increase in
pAktSer473 (mTORC2-dependent) but not pAktThr308/
total Akt (mTORC2-independent) after sham surgery and
UNX. However, rapamycin that inhibited the increase in
mTORC1 (pS6Ser240/244) and mTORC2 (pAkt Ser473), did
not correct the lysosomal abnormalities. GSK3β, that
activates a nuclear export signal for TFEB14, was not
significantly affected by sham surgery or UNX. These data
indicate that the suppressed flux seen after UNX may be
due to mTORC1/2-independent lysosomal dysfunction
associated with a large increase in pERK1/2. The idea that
signaling in sham surgery and UNX affect TFEB function
and induce lysosomal defects led us to determine the
effect of sham surgery and UNX on autophagic flux
in vivo.
Bafilomycin can initiate autophagosome formation via

inhibition of mTORC1 by the Rag signaling molecule30.
However, in sham surgery mTORC1 (as determined by
pS6 immunoblot analysis) was not decreased and in UNX
mTORC1 was increased. Excessive exposure time (more
than 4 h) of BafA1 can also lead to non-specific effects4

such as proteasome inhibition31. Thus we used BafA1
(1.75 mg/kg) for 2 h that resulted in a significant, con-
sistent, and reproducible increase in LC3-II in kidneys,
heart, spleen, and lungs in BafA1-treated mice compared
to vehicle-treated mice.
It is known that patients with AKI and patients

undergoing surgical procedures especially abdominal
surgery have large increases in serum cytokines and that
this inflammatory response is associated with liver, lung
and heart injury32,33. Mouse studies have been performed
to better understand how surgical procedures cause a
systemic inflammatory response and organ injury. There
is a large increase in systemic pro-inflammatory cytokines
in a mouse model of ischemic AKI that is associated with
histological injury in the lung24,34 liver35 and heart36.
However, the effect of sham surgery on systemic inflam-
mation is less well known. The sham surgical procedure
in a mouse model of myocardial infarction can cause a
systemic monocyte-induced inflammatory response23,37

Another study also shows a systemic cytokine response by
the surgical procedure to induce mouse myocardial
infarction38. Our previous study in the same ischemic AKI
model used in the present study, demonstrated that 9
cytokines increased as early as 2 h after sham operation
compared to baseline24. IL-6, but not TNF-α, was
increased by sham biliary obstruction surgery or sham
partial hepatectomy surgery in mice39,40 In the present
study, we show for the first time that there was a massive

increase in pro-inflammatory cytokines in the serum in
sham surgery and UNX. It is interesting to speculate
whether the inflammatory response caused by sham sur-
gery can cause distant organ injury. In a mouse ischemic
AKI model, although there was a systemic inflammatory
response caused by sham surgery, the sham surgery did
not cause histological lung injury24. However, sham sur-
gery for myocardial infarction resulted in a significant
change in monocyte subset kinetics in the heart23. In
future studies, it will be interesting to determine whether
sham surgery alone can cause local and distant organ
injury.
Pro-inflammatory cytokines have been shown to upre-

gulate pERK1/226,27,27 and ERK1/2 can result in an
increase in p6241. There was a significant increase in p62
in sham surgery and UNX kidneys. p62 functions in both
as an autophagy receptor and as a signaling molecule. p62
links cargo proteins with the autophagosome membrane
and an increase in p62 is generally indicative of sup-
pressed autophagic flux35. The increase in p62 was ERK1/
2-dependent as trametinib inhibition of the large increase
in pERK1/2 seen in sham surgery and UNX kidneys
resulted in a decrease in p62.
There is increased ERK1/2 activation in surgery-

induced AKI and inhibition of ERK results in protection
against ischemic AKI42,43 Also in UNX, there is increased
ERK1/2 in the remaining kidney44. The ERK1/2 pathway
is known to regulate autophagy and the effect of ERK1/2
on autophagy is model and stimulus specific45. However,
the effect of the ERK pathway on autophagy in the context
of kidney injury or UNX is not well known. Compatible
with our results that increased ERK1/2 in sham surgery
and UNX is associated with decreased autophagic flux, it
has been shown that increased ERK signaling decreases
autophagic flux in pancreatic cancer cells46. Also, in
ischemic AKI, melatonin resulted in decreased ERK1/2,
increased autophagy and functional protection against
AKI47.
The effect of sham surgery and UNX to suppress

autophagic flux has not previously been described. This
finding is important for researchers performing mouse
studies for the following reasons: 1) Suppressed autop-
hagy may account for mouse mortality that is often not
reported, 2) Our results exposed a previously under-
appreciated impact of sham surgical procedures on lyso-
somal function, systemic cytokines, pERK1/2, p62 and
autophagy. Of importance is that the increase in pro-
inflammatory cytokines, pERK1/2 and suppressed autop-
hagic flux caused by sham surgery may have implications
for interpreting results of autophagy studies using animal
models requiring sham surgery. Thus, caution should be
taken with many animal studies where investigators are
trying to study effects on autophagy on organ systems,
even when the appropriate sham controls are included.
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Suppressed autophagy in the kidney and heart may also
explain some of the morbidity seen in patients associated
with surgery.
In summary, a method to determine autophagic flux

in vivo was developed and demonstrated that surgical
procedures suppressed autophagic flux in kidney and
heart. There was an increase in serum pro-inflammatory
cytokines, and kidney pERK1/2 and p62 after sham sur-
gery and UNX (Fig. 8). Trametinib, a MEK1/2 inhibitor
that is also a potent inhibitor of ERK1/2, resulted in a
decrease of p62 in sham surgery and UNX kidneys.
Description of the effect of sham surgery to suppress
autophagy in the kidney and heart is novel. A large
increase in pERK1/2, a systemic cytokine “storm and
suppressed autophagic flux caused by sham surgery may
confound the interpretation of results of autophagy stu-
dies using animal models requiring surgical procedures
(Fig. 8).

Methods
Drug dosing
5mg of BafA1 (Cayman Chemical #11038) was dis-

solved in 1 mL DMSO and diluted to 1 mg/mL in
PEG300. Rapamycin was prepared in 28% DMSO in
PEG300 and injected IP at 0.5 mg/kg immediately before
surgery.

Animals
Wild type male C57BL/6J mice (#000664) at 10 weeks of

age were purchased from Jackson Laboratories (Bar

Harbor, ME, USA). Mice were randomized to receive
either BafA1 or vehicle.

UNX and sham surgery
A laparotomy was performed under isoflurane anes-

thesia. A silk suture was tied around renal artery/vein and
ureter and the kidney was removed, followed by suturing
of the muscle and skin. For sham surgery, the same pro-
cedure and anesthesia was used in a separate mouse; after
maneuvering the kidney out of the body, the kidney was
gently caressed with two cotton swabs for 2 min and
returned to peritoneum. Normal control animals that did
not have any surgical procedure received the same
method of sacrifice as the UNX and sham surgery ani-
mals: isoflurane overdose followed by cervical dislocation.
It was determined that 13 min of 1 liter per minute (LPM)
oxygen and 2 LPM isoflurane anesthesia, which were used
in the UNX and sham surgery animals, had no effect on
autophagic flux (Supplementary Fig. S8A).

Isolation of nuclear and cytosolic fractions
Nuclear and cytoplasmic fractions of whole kidney from

vehicle and rapamycin-treated mice and normal, sham
surgery and UNX mice were obtained using the NE-PER™
nuclear and cytoplasmic extraction kit (78833) by
Thermo-Fisher (Waltham, MA, USA) following manu-
facturer’s instructions.

Bilateral renal ischemia/reperfusion (I/R) surgery
Bilateral renal pedicle clamping for 29min was per-

formed as previously described48. Sham surgery consisted
of the same procedure except that clamps were not
applied. Normal control animals that did not receive any
surgical procedure received the same method of sacrifice
as the I/R and sham surgery animals: isoflurane overdose
followed by cervical dislocation. It was determined that
ketamine/xylazine, which was used in the bilateral ische-
mia reperfusion and sham surgery animals, had no effect
on autophagic flux (Supplementary Fig. S8B).

Immunoblot analysis
Immunoblots were performed as previously described49.

Briefly, one piece of tissue was immersed in 750 μl tissue
lysis buffer (1× RIPA, 1× protease inhibitor, 1× PMSF)
and homogenized. Homogenate was centrifuged at 4 °C
for 25min at 15,000 r.p.m. and supernatant was taken for
protein quantification by BioRad DC Protein Assay
(Hercules, CA, USA). Samples were mixed with Laemmli
Sample Buffer and boiled for 5 min. Samples were run on
4–15% gradient precast polyacrylamide gels. Proteins
were then transferred to 0.45µm PVDF membranes,
blocked with 2.5% evaporated milk, and probed with
antibodies listed in Supplementary Table 1. Blots were
developed by chemiluminescence and analyzed for

Cell membrane

Nucleus

Sham surgery
UNX

mTORC1/2

TFEB

Suppressed autophagic flux

Pro-inflammatory 
cytokine “storm”

ERK1/2

p62

Lysosomal
Defect

Fig. 8 Surgical procedures suppress autophagic flux. Sham
surgery and unilateral nephrectomy (UNX) resulted in an increase in
pro-inflammatory cytokines in the serum. There was an increase in
mTORC1/2 proteins and phosphorylated ERK1/2 (pERK1/2) in the
kidney in sham surgery and UNX. The increase in pERK1/2 resulted in
an increase in p62. ERK1/2 potentially inhibited (dotted line) TFEB
nuclear localization and the lysosomal defect seen in sham surgery
and UNX. A systemic cytokine “storm”, a large increase in pERK1/2, a
lysosomal defect and suppressed autophagic flux caused by sham
surgery may confound the interpretation of results of autophagy
studies using animal models requiring surgical procedures.
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densitometry using ImageJ. 20 µg of protein was loaded in
each lane. Serial dilutions of the proteins were loaded to
verify that 20 µg was in the linear range for quantitative
Western blot detection.

Immunofluorescence
Fixation of tissue, preparation of slides and immuno-

fluorescence was performed as we have previously
described50. Negative controls (secondary antibody only)
were tested for each fluorophore used. Slides were imaged
using an Olympus FV1000 confocal laser scanning
microscope with a 100× oil objective. Images were taken
of cortical tubular regions. Co-localization analysis was
performed using Olympus FluoView software. Ratio of
nuclear-localized protein was calculated by dividing the
nuclear fluorescence intensity by the total fluorescence
intensity of the same cell.

qPCR analysis
RNA was isolated from kidney tissue using the Qiagen

RNeasy kit as described by the manufacturer. cDNA was
synthesized using Takara Bio RNA to cDNA kit as described
by the manufacturer. 100ng of cDNA was used per reaction
with BioRad SYBR green mix and primers as listed in
Supplementary Table S2. Ultrapure DNase-/RNase-free
water was used as a no template control (NTC). Expression
of each gene was corrected for expression of β-actin.

Transmission electron microscopy
Fixation of tissue, processing and sectioning and ana-

lysis was performed as described51. Sections were imaged
on a FEI Tecnai G2 transmission electron microscope
(Hillsboro, OR) with an AMT digital camera (Woburn,
MA). At least 20 images of proximal renal tubules, where
a brush border was clearly seen, were taken per sample.
Images were quantified by multiple, independent, blinded
observers. Exclusion/inclusion criteria for autophago-
somes have been adapted from several sources and are
described in Supplementary Table S3.

Metabolomics
Kidney tissue samples were extracted according to a

protocol by Yuan et al52 and analyzed using high-
performance liquid chromatography-mass spectrometry
(HPLC-MS). After homogenization in 80% methanol
solution (volume/volume), samples were incubated for
6–8 h at −80 °C to allow for protein precipitation. Fol-
lowing repeated extraction, samples were centrifuged
again and dried in a SpeedVac concentrator (Savant,
ThermoFisher, Waltham, MA). Samples were recon-
stituted with 20 µl of water/methanol (80:20, volume/
volume) and were analyzed using high-performance liquid
chromatography-mass spectrometry (HPLC-MS). Sample
analysis was performed using an Agilent 1200 series

HPLC system (Agilent Technologies, Palo Alto, CA)
interfaced with an ABSciex 5500 hybrid triple quadru-
pole/linear ion trap mass spectrometer (Concord, ON,
Canada) equipped with an electrospray ionization source
operating in the positive/ negative switch mode. Once the
data were acquired, MultiQuant (v2.1.1., ABSciex) soft-
ware was used for data analysis of 216 unique metabolites.
Metabolite peaks were normalized by tissue weight and
total area integral of each sample prior to performance of
statistical analyses. Analysis of metabolomics data was
performed using MetaboAnalyst (metaboanalyst.ca). The
Q1 (precursor ion) and Q3 (fragment ion) transitions, the
metabolite names, dwell times and the appropriate colli-
sion energies for both positive and negative ion modes
were adapted from Yuan et al. with several metabolite
transitions added by our group. Q1 and Q3 transitions
were set to unit resolution for optimal metabolite ion
isolation and selectivity. In addition, the polarity switching
(settling) time was set to 50ms. In 1.42 s using a 3-ms
dwell time, we were able to obtain 6–14 scans per
metabolite peak. Eight μL of sample was injected onto an
Amide XBridge HPLC column (3.5 μm; 4.6 mm inner
diameter [i.d.] × 100 mm length) (Waters, Milford, MA).
The mobile phases consisted of HPLC buffer A (pH = 9.0:
95% (vol/vol) water, 5% (vol/vol) acetonitrile, 20 mM
ammonium hydroxide, 20 mM ammonium acetate) and
HPLC buffer B: 100% acetonitrile. The HPLC settings
were as follows: from 0 to 3min, the mobile phase was
kept at 85% B; from 3 to 22min, the percentage of solvent
B was decreased from 85% to 2% and was kept at 2% for
additional 3 min. At minute 26, solvent B was increased
again back to 85% and the column flushed for additional
7 min at 85% solvent B.

Measurement of cytokines
A multiplex sandwich immunoassay was used to measure

ten inflammatory cytokines (Meso Scale Discovery, MULTI-
SPOT Assay System, V-plex Proinflammatory Panel-1 for
mice, Catalog no: K15048D-1, Rockville, MD, USA).

In vitro cell experiments
Human primary cells from the normal renal cortical

tubular epithelium (RCTE), immortalized with ori-adeno-
simian virus 40, were used, as previously described53.
Briefly, cells were plated 18 h in advance. Once plates had
reached 80% confluence, the medium was changed to one
of the following: (1) normal medium, (2) medium con-
taining 10% serum from normal mice, (3) medium con-
taining 10% serum from sham surgery mice, (4) medium
containing serum from UNX mice. Cells were then
exposed to chloroquine 100 nm or vehicle for measure-
ment of autophagic flux as described54. After 2 h, protein
was isolated from cell lysates and immunoblotted for
LC3-II and p62.
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Statistical analysis
The sample size was chosen based on our previous

experience with similar mouse models and experimental
design. All graphs and statistical analyses were managed
using GraphPad Prism Software. The Students t-test was
used to achieve statistical significance between two
groups. Multiple group comparisons were performed
using one-sided analysis of variance (ANOVA) with
posttest according to Tukey. A P value of <0.05 was
considered statistically significant. Values were expressed
as scatter dot plots with each dot representing a separate
animal with lines at means and SEM. In all analyses, SEMs
were not significantly different between groups. The
investigator was blinded to the group allocation when
assessing the outcome.
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nonspecific. Endocytic vesiclesmay be coated by proteins, such as
clathrin. The presence of coating proteins may cause an electron-
dense area around these vesicles giving the appearance of a viral
“corona.”4 Su et al.1 found SARS-CoV nucleoprotein in renal
tubules by immunohistochemistry, but the presence of a viral
protein does not necessarily mean the presence of complete viral
particles. Why MVBs occur so commonly in podocytes and
uncommonly in tubular epithelial cells is unclear.

Transmission EM of tissue sections is not a specific or
sensitive method for the detection of viral particles; there are
numerous structures found by EM that resemble viruses (so-
called viral-like particles), such as the well-known endothelial
tubuloreticular inclusions (also called myxovirus-like parti-
cles). Therefore, caution is suggested when identifying a virus
by EM in tissue sections. Immunohistochemistry may also
result in nonspecific staining, particularly in renal tubules.
Two recent case reports of collapsing glomerulopathy in
COVID-19–positive patients failed to identify the virus in the
kidney biopsy by in situ RNA analysis.5,6. Another case report
describing a patient with collapsing glomerulopathy also
failed to find viral RNA in tissue extracted from the biopsy
but demonstrated “viral particles” (with the appearance
of MVBs) in podocytes.2 Further molecular studies for the
presence of the viral genome in renal parenchymal cells would
be important in deciding whether SARS-CoV-2 truly infects
the kidney.
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Autophagy inhibition by
chloroquine and
hydroxychloroquine could
adversely affect acute kidney
injury and other organ injury
in critically ill patients with
COVID-19

To the editor: We read the letter by Izzedine et al.1 with great
interest, especially the discussion of renal adverse effects of drug
treatment options for coronavirus disease 2019 (COVID-19).We
would like to draw particular attention to the potential adverse
effect of chloroquine and hydroxychloroquine, the lysosomo-
tropic antimalarial drugs that may inhibit the infection of severe
acute respiratory syndrome coronavirus 2 by reducing the entry
and replication of the virus. Severe acute respiratory syndrome
coronavirus 2 enters cells via endocytosis by binding of its
trimeric spike protein to cell surface receptors including
angiotensin-converting enzyme 2. Expression of angiotensin-
converting enzyme 2 is high in proximal tubular cells in the
human kidney (see Supplementary Figure S1 and Supplementary
References). Based on the in vitro observation of inhibitory ef-
fects of chloroquine and hydroxychloroquine, clinical studies of
their treatment in COVID-19 patients are under way. However,
we believe that these lysosomotropic agents have the potential to
make acute kidney injury (AKI) and other organ failures worse
due to their known effect to increase lysosomal pH and inhibit
autophagy,2 a fundamental mechanism for the survival of
injured cells. Chloroquine mainly inhibits autophagy by

Figure 1 | Multivesicular body in a podocyte of a patient with
lupus nephritis who tested negative for coronavirus
disease 2019. Uranyl acetate-lead citrate, original
magnification �10,000. To optimize viewing of this image, please see
the online version of this article at www.kidney-international.org.
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impairing autophagosome-lysosome fusion and the degradative
activity of the lysosome.2 Also, chloroquine can induce an
autophagy-independent severe disorganization of the Golgi and
endosomal-lysosomal systems thatmay contribute to its effect on
autophagosome-lysosome fusion.2 Inhibition of autophagy by
chloroquine results in the accumulation of damaged mito-
chondria due to the lack of clearance via mitophagy, which,
together with attendant oxidative stress, leads to renal tubular
dysfunction.3 In patients, chloroquine increases cancer cell
killing by inhibiting autophagy, an idea being tested in clinical
trials.4 In mouse models of septic AKI, autophagy protects
against renal tubule injury and pharmacological inhibition of
autophagy with chloroquine worsens kidney damage.5 Chloro-
quine also blocks autophagic flux and worsens both ischemic
and cisplatin-induced nephrotoxic AKI in mice.6 Chloroquine
has also been shown to be nephrotoxic by autophagy-dependent
as well as autophagy-independent pathways, including interfer-
ence with the cyclic adenosine monophosphate production and
signaling in distal tubular cells.7 In other preclinical studies,
chloroquine inhibits autophagy and worsens ischemic cardiac
injury8 and sepsis-induced liver or lung injury.9,10 Thus, chlo-
roquine could be a double-edged sword: it may slow virus
infection and replication early, but may later potentiate tissue
damage and worsen acute organ injury by inhibiting autophagy
(Figure 1). We write to strike a cautionary note on using chlo-
roquine or hydroxychloroquine in COVID-19 patients with
acute organ injury including AKI.

SUPPLEMENTARY MATERIAL
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Figure S1. Angiotensin-converting enzyme 2 (ACE2) is the functional
cellular receptor for SARS-CoV-2.
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Could ferritin help the
screening for COVID-19 in
hemodialysis patients?

To the editor: The screening for coronavirus disease 2019
(COVID-19) is challenging: many patients are asymptomatic,
viral RNA detection in a nasopharyngeal swab is falsely
negative in 30%, and a pulmonary computed tomography
scan is useless in patients with no pulmonary involvement.1,2

In our hemodialysis center, following the Kidney Disease
Improving Global Outcomes recommendations, ferritin levels
are measured each month to detect iron deficiency.3 In April
2020, there were 22 COVID-19 cases that had occurred
within the 270 patients undergoing hemodialysis at our he-
modialysis center. We noticed that ferritin levels were very
high in these patients (Figure 1). When monthly ferritin levels
were measured in April, 1 of our female patients had an
unusually high ferritin level of 3806 ng/ml compared with 531
ng/ml previously. A clinical examination showed no clinical
symptoms of COVID-19, but she was tested by nasopha-
ryngeal swab and was shown to be positive.

We compared ferritin levels in patients undergoing hemo-
dialysis who tested positive and negative for COVID-19 at our

ACE2

Autophagy for cell survival Endocytosis of virus (infec�on)

ChloroquineAutophagosome

Autophagosome-
lysosome fusion

SARS-CoV-2

Figure 1 | Chloroquine could be a double-edged sword.
Chloroquine may slow virus infection and replication early but may
later potentiate tissue damage and worsen acute organ injury by
inhibiting autophagy. ACE2, angiotensin-converting enzyme 2;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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