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Abstract

p62/sequestosome-1 (SQSTML1) is a multifunctional adaptor protein and autophagic substrate
which accumulates in cells with hyperactive mTORC1, such as kidney cells with mutations in the
tumor suppressor genes TSC1 or TSC2. Here we report that p62 is a critical mediator of TSC2-
driven tumorigenesis, as Tsc2+/— and Tsc2f/f Ksp-CreERT2+ mice crossed to p62-/- mice were
protected from renal tumor development. Metabolic profiling revealed that depletion of p62 in
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Tsc2-null cells decreased intracellular glutamine, glutamate, and glutathione (GSH). p62
positively regulated the glutamine transporter Slcla5 and increased glutamine uptake in Tsc2-null
cells. We also observed p62-dependent changes in Gcel, Gsr, Ngol and Srxn1 which were
decreased by p62 attenuation and implicated in GSH production and utilization. p62 attenuation
altered mitochondrial morphology, reduced mitochondrial membrane polarization and maximal
respiration, and increased mitochondrial ROS and mitophagy marker PINK1. These mitochondrial
phenotypes were rescued by addition of exogenous GSH and overexpression of Sod2, which
suppressed indices of mitochondrial damage and promoted growth of Tsc2-null cells. Finally, p62
depletion sensitized Tsc2-null cells to both oxidative stress and direct inhibition of glutathione
biosynthesis by buthionine sulfoximine (BSO). Our findings show how p62 helps maintain
intracellular pools of glutathione needed to limit mitochondrial dysfunction in tumor cells with
elevated mTORC1, highlighting p62 and redox homeostasis as nodal vulnerabilities for therapeutic
targeting in these tumors.
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Introduction

Tuberous sclerosis complex (TSC) is a multisystem disease in which hamartomatous tumors
develop in the brain, skin, heart, kidney, and lung caused by germline inactivating mutations
inthe 75C1 or 7SC2genes (1). The TSC protein complex, which includes TSC1 (also
called hamartin), TSC2 (also called tuberin) and TBC1D7, negatively regulates mechanistic/
mammalian Target of Rapamycin Complex 1 (nTORC1) via the small GTPase Rheb (2).
mTORCL activates anabolic processes including ribosome expression, protein translation
and lipid and nucleotide synthesis, while inhibiting catabolic processes, such as autophagy.
In healthy cells, these processes are tightly coordinated in response to multiple factors
including growth factor signaling, oxygen tension, and nutrient availability. In contrast, in
TSC-null cells, mMTORC1 activation is largely uncoupled from upstream regulation (2-4).

mTORC1 hyperactive cells are characterized by metabolic reprogramming, which makes the
cells dependent upon glucose and glutamine uptake, as well as autophagy particularly in
settings of metabolic stress (5-9). Tsc2-null cells also have HIF1-dependent activation of
glycolysis and increased endoplasmic reticulum stress (10,11). Therefore, tumor cells in
TSC require extensive adaptation to survive and proliferate with elevated biosynthetic
requirements, bioenergetic demands, and low autophagy. Autophagy appears to be a
particularly critical node through which TSC2-null cells are vulnerable to bioenergetic stress
(7,9).

The autophagic substrate, p62/sequestosome 1, is upregulated in TSC lesions and TSC2-null
cells as a result of reduced autophagic flux (7). p62 is a signaling hub and scaffold protein
with numerous functional domains and interacting partners (12). p62 is recruited to
autophagosomes via direct interaction with the autophagosome membrane component,
LC3B, and can promote selective autophagy of ubiquitinated cargo through an ubiquitin

Cancer Res. Author manuscript; available in PMC 2018 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lam et al.

Page 3

binding domain (13). Through the ability of p62 to interact with TRAF6, p62 activates NF-
kB (14). Recently, p62 has been shown to promote genomic instability by slowing the repair
of DNA double strand breaks, thereby promoting error prone nonhomologous end joining
(NHEJ) (15). p62 also sequesters Keapl from Nrf2 and promotes activation of the
antioxidant transcription pathway (16-18), while also acting as a direct positive regulator of
mTORC1 through interactions with Raptor and the Rag proteins in the amino acid-sensing
pathway (19,20).

Autophagy deficiency is one mechanism by which p62 is upregulated in tumors. p62 was
also shown to be upregulated transcriptionally by AP1 and NF-xB downstream of Ras
activation, and in renal cell carcinomas following 5q amplification (21-23). p62 drives
tumorigenesis in several models, in a cell context dependent manner, through upregulation
of antioxidant pathways via Nrf2 activation by chelating Keapl (24-26), and/or the
transcriptional activation of NF-xB (22,23).

Little is known about the impact of p62 on tumorigenesis in cells with hyperactive
mTORC1. We report here that p62 promotes renal tumorigenesis in two genetically
engineered murine models of TSC. TSC2-null cells depend upon p62 to maintain cellular
redox homeostasis and cell survival through preservation of cellular glutathione pools and
mitochondrial function. These findings provide evidence for the critical role of p62 in
facilitating the growth of mMTORC1-hyperactivated tumors. Our data suggest that direct
downstream targeting of p62-specific redox pathways will provide innovative therapeutic
strategies for tumors with mTORC1-hyperactivation.

Materials and Methods

Cell lines and culture

Tsc2~/~p53~/~ and Tsc2**p53~/~ mouse embryonic fibroblasts (MEFs) were authenticated
and provided by David Kwiatkowski (Brigham and Women’s Hospital, Boston, MA). The
Tsc27/~p53~/~ and Tsc2*/*p53~/~ cells were obtained from the Kwiatkowski laboratory in
December 2005 and banked at passage 8. Cells were subsequently thawed in 2013 and p62
shRNAs were introduced. Experiments were then performed between passage 16 and 30.
The identity of the MEFs was recently confirmed by multiplex PCR assay targeting short
tandem repeat markers. All cell lines were validated for each experiment by immunoblot
analysis to confirm Tsc2 and p62 expression status in the cell lines and aberrant mMTORC1
hyperactivation by phosphorylation of ribosomal subunit S6 (S235/236) in serum free
conditions. All cells tested negative for mycoplasma contamination using MycoAlert
(Lonza) and were re-tested monthly. Cells were cultured at 37°C in 5% CO, in DMEM
supplemented with 10% FBS and gentamycin sulfate (50 pg/mL). For serum free conditions,
cells were cultured in DMEM without serum. Cells were maintained prior to experiments in
puromycin (5 pg/mL) to select for short hairpin RNA expression.

Antibodies, Drugs, and shRNA Reagents

The following antibodies were used: p62 (Sigma-Aldrich), p62 (abcam), TOMM20, Nrf2,
Keapl (Santa Cruz Biotechnology), P-S6 (S235/236), NFkB, GAPDH, and CREB (Cell
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Signaling Technology), PINK1 (Novus). Pegylated superoxide dismutase (SOD), catalase
and L-Buthionine sulfoximine (BSO) were purchased from Sigma-Aldrich and rapamycin
was purchased from LC Laboratories. ShRNA targeting p62 were obtained from the RNA.
Consortium (TRC): shp62-1 (sh133) TRCN0000238133 TAGTACAACTGCTAGTTATTT,
shp62-2 (sh615) TRCN0000098615 CCCTTTGTCTTGTAGTTGCAT, shp62-3 (sh616)
TRCNO0000098616 CCGCATCTACATTAAAGAGAA ORFs for mouse Sod2
(Lenti-05359-152), Catalase (Lenti-34173-152) and empty (Lenti-Neg-152) lentiviral vector
were purchased from Genecopoeia.

Immunohistochemistry

Kidneys were isolated, fixed in 10% formalin, embedded in paraffin, and sectioned onto
positively charged slides. Sections were deparaffinized in gradient ethanol and xylenes, then
heat-induced antigen retrieval was performed. Sections were blocked in 5% goat serum and
incubated with primary antibodies overnight at 4°C. Immunoreactivity was detected using
the EnVision+HRP-DAB system (Dako, Denmark) with hematoxylin counterstain. Images
were acquired using the Olympus BX63 light microscope or Zeiss FSX1000 with 4.2x or
40x objectives.

Immunofluorescence Staining

Cells were fixed with 2% paraformaldehyde in PBS, washed with PBS, then permeabilized
with 0.1% Triton-X for 15 minutes. Cells were blocked in 2% bovine serum albumin (BSA)
for 45 minutes. Cells were then incubated with primary antibodies for 1h at room
temperature, washed and incubated with fluorophore conjugated secondary antibodies for
another hour. Nuclei were visualized with DAPI. Cells were imaged using the Olympus
Fluoview FV10i confocal microscope with 60x objective.

Metabolite Profiling and Analysis

Metabolites were extracted with 80% aqueous methanol from 5 replicate 60 mm plates.
Metabolites were processed and analyzed using Selected Reaction Monitoring (SRM) with
polarity switching on a 5500 QTRAP triple quadrupole mass spectrometer (AB/SCIEX)
coupled to a Prominence UFLC HPLC system (Shimadzu) using amide HILIC
chromatography (Waters) at pH 9.2. Two hundred fifty-nine endogenous water soluble
metabolites were measured at steady state. The resulting raw metabolomics data were
normalized to protein concentration of 3 additional replicate plates and uploaded into
MetaboAnalyst 2.0 (http://www.metaboanalyst.ca/MetaboAnalyst/) for subsequent
processing and metabolite set enrichment analysis.

lon Torrent Sample Preparation, Sequencing and Analysis

Expression of 3,826 mouse genes was determined with a custom panel ordered from Thermo
Fisher Scientific, use ion AmpliSeq library construction kit and run on the lon Proton
System for next generation sequencing according to manufacturer’s protocols (Thermo
Fisher Scientific). 10 ng of mMRNA for each of 6 samples were isolated using the miRcury
mRNA Isolation Cell and Plant Kit (Exigon) prior to reverse transcription with the
Superscript VILO cDNA Sythesis Kit (Thermo Fisher Scientific). Data were analyzed using
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Torrent Suite Software 4.4 and lon Reporter software (Thermo Fisher Scientific) and
exported to Excel.

For normalization and downstream analysis, the edgeR package (27) was used to compute
differential expression. The software’s built-in normalization methods and tagwise
dispersion were used to determine the fold-change differential expression. Gene set
enrichment analysis (GSEA) was performed on the differentially expressed genes using
annotations from The Broad Institutes MSIG database (28) and correcting for false positives
using the Benjamini-Hochberg method.

Network Analysis

To generate the oxidative stress network, direct interactions from the consolidated
interactome were mapped among the oxidative stress seed genes (identified by lon Torrent
analysis and GSEA,; Supplementary Table S1) as well as their direct interactors (29).
Network interacting genes were iteratively added, based on a hypergeometric distribution to
enrich for those interactors with the most statistically significant connections to the seed
network. The resulting oxidative stress network contained 50 genes and 211 interactions.

Glutamine Uptake Assay

Cells seeded 3-5x10% into 12-well plates were incubated with L-[U-14C]glutamine in phenol
red free and pyruvate free media supplemented with 5% dialyzed FBS and 1 mM L-
glutamine for 45 minutes. Cells were then washed 3 times with PBS and collected with
phenol red free trypsin and PBS. Counts per minute (CPM) were determined using a
Packard Bioscience liquid scintillation analyzer. Cell number was then counted in replicate
wells for data normalization.

Animal Studies

All animal studies were performed in accordance with institutional protocols approved by
Boston Children’s Hospital Animal Care and Use Committee. The severity of renal lesions
was scored using previously established macroscopic and microscopic scoring methods
(30,31). Macroscopic cysts per kidney were scored according to size: < 1mm, score 1; 1-1.5,
score 2; 1.5-2, score 5; and > 2, score 10. The sum of the cyst scores were determined and
reported per kidney. Microscopic kidney tumor scores were determined in a semi-
quantitative fashion by a blinded observer from hematoxylin and eosin (H&E) 5 pm sections
of samples prepared by embedding 1 mme-interval sections through the kidney. Each tumor
or cyst identified was measured (length, width) and percent of the lumen filled by tumor
determined (0% for a simple cyst, and 100% for a completely filled, solid tumor). The
measurements were converted into a score using a previously established formula (30).

Statistical Analyses

In vivo data are presented as the mean +/— 95% confidence interval (Cl) and /n vitro studies
are presented as the mean +/- standard deviation (SD). Normally distributed data were

analyzed for statistical significance with Student’s unpaired #test and multiple comparisons
were made with one-way and two-way ANOVAs with Bonferroni correction. Alternatively,
nonparametric Kruskal-Wallis and Dunn’s correction were used (GraphPad Prism version 6
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for Mac; GraphPad Software, www.graphpad.com). Statistical significance was defined as p
<0.05.

Results

p62 promotes kidney cystogenesis and cystadenoma formation

Tsc2*/~ mice develop spontaneous renal cysts, cystadenomas, and cystadenocarcinomas as a
result of mMTORCL1 hyperactivation (32). To determine how p62 impacts mTORC1-driven
tumorigenesis, Tsc2*/~ mice were crossed to p62~/~ mice and kidney tumors were assessed
(Fig. 1A, B and C) (30,31). The macroscopic cystic index, based on cyst number and size,
was significantly reduced in Tsc2*/~ p62*/~ (mean macroscopic cystic index 5.6, p<0.001)
and Tsc2*/~ p62~/~ (mean macroscopic cystic index 7.8, p<0.05) mice when compared with
littermate control Tsc2*/~ p62*/* (mean macroscopic cystic index 14.8) mice (Fig. 1B).
Microscopic score, an indication of progression to cystic filling and formation of tumors,
was also significantly lower in Tsc2*/~ p62~/~ mice (microscopic index 0.1) when compared
with Tsc2*/~ p62*/* mice (microscopic index 0.8, p<0.001; Fig. 1C). As expected,
phosphorylation of ribosomal protein S6 (P-S6, S234/236), a marker of mMTORC1
hyperactivation, as well as p62, was elevated in the renal lesions of Tsc2*/~ mice compared
to adjacent normal kidney (Fig. 1D) (7).

To better understand the impact of p62 on mTORC1-driven renal tumorigenesis in the
kidney epithelial compartment, 7sc2-floxed (Tsc2f) mice were crossed to KSP-CreERT2*
mice carrying a tamoxifen-inducible Cre recombinase under the kidney specific cadherin
promoter, which is expressed in the collecting ducts, loops of Henle, and distal tubules of
adult mice. These mice were then crossed to total body p62~~ mice. Recombination was
induced by tamoxifen treatment in 8-10 week-old mice with 63 mg/kg tamoxifen given by
intraperitoneal injection every other day for 5 days. The kidney phenotype was then assessed
in 6 month-old mice. Tsc2f Ksp-CreERT2* p62*/* mice developed numerous microscopic
cystic lesions (Fig. 2A), with a ~2-fold increase in cross-sectional kidney area (p<0.0001;
Fig. 2B) and a 2.5-fold increase in kidney weight (p<0.01; Fig. 2C) compared to control
Tsc2f Ksp-CreERT2~ p62+/* and corn oil injected Tsc2f Ksp-CreERT2* p62*/* mice. In
contrast, the kidney phenotype of Tsc2/f Ksp-CreERT2* p62~/~ mice was significantly
attenuated, by about 20% in kidney area (p<0.05) and 40% in kidney mass (p<0.05). These
data demonstrate that p62 is critical for the abnormal proliferation of Tsc2-deficient kidney
epithelial cells necessary for kidney cystogenesis, and suggest cooperativity between
mTORC1-hyperactivation and p62-dependent tumorigenic pathways in the kidney.

p62 mediates anchorage-independent cell growth

To investigate the mechanisms by which p62 promotes the growth of mTORCL1 hyperactive
cells, we generated Tsc2** and Tsc2/~ MEFs with stable p62 downregulation using three
different shRNAs. We confirmed p62 knockdown by immunoblot (Fig. 3A). As expected,
p62 levels were higher in Tsc2™/~ MEFs, especially in serum free conditions, compared to
Tsc2** MEFs. Treatment with rapamycin (20 nM, 24h) decreased levels of p62 in both
Tsc2** and Tsc2~/~ MEFs. p62 downregulation did not affect cell proliferation of Tsc2*/*
or Tsc2™/~ MEFs over 96 hours in either 10% FBS or serum free conditions (Fig. 3B).
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Treatment of the control shRNA cells with rapamycin (20 nM, 96h replenished at 48h)
decreased proliferation by ~50% in the Tsc2/~ MEFs. In contrast, downregulation of p62 in
Tsc2™/~ MEFs resulted in a 3-fold reduction in soft agar colony formation (p<0.0001; Fig.
3C). These data suggest that p62 is necessary for adaptation to the stress of anchorage-
independent growth.

p62 regulates glutamine uptake and controls expression of redox genes

To identify metabolic mechanisms through which p62 might impact the growth of Tsc27/~
cells under stress conditions, targeted liquid chromatography-mass spectrometry (33) was
used to measure 259 metabolites in Tsc2~~ MEFs with p62 downregulation (shp62-2)
versus shCTL in serum free conditions (24h). Twenty-eight metabolites were significantly
altered by p62 knockdown (FDR<5%, Supplementary Table S1). Metabolite set enrichment
analysis (MSEA) of all measured metabolites identified glutamate and glutathione
metabolism as the top differentially impacted pathways in p62 knockdown compared to
controls (Fig. 4A). These data implicate p62 in glutamine metabolism and the downstream
production of glutamate and glutathione (GSH, Fig. 4B). While GSH precursors, glycine
and cysteine, were unaffected by p62 loss (data not shown), the upstream metabolites,
glutamine and glutamate, were significantly decreased along with GSH and glutathione
disulfide (GSSG) (Fig. 4C). To confirm these results, GSH was measured using a GSH-Glo
Assay (Promega). The intracellular glutathione pool was ~20% lower in the p62 knockdown
cells, consistent with the metabolomic data (Supplementary Table S1), and was further
decreased ~30% by the addition of 500 uM H,0, and 70% by the addition of 1000 uM
H,0, (serum free, 2 hr; Fig. 4D).

To reveal, in an unbiased manner, potential molecular pathways by which p62 knockdown
mediated these metabolic changes, expression profiling of ~3,800 cancer-associated genes
using an lon Torrent-based platform was performed. As expected, p62/Sgstm1 was the most
robustly downregulated gene (FC=0.09, FDR 3.1E-178). Via Gene Set Enrichment Analysis
(GSEA), we found that, in response to p62 knockdown, there was a substantial
reprogramming of oxidative stress genes (Supplementary Table S2, GSEA corrected
p=0.001). Specifically, genes implicated in intracellular redox or glutathione metabolism
that were significantly decreased in Tsc2~/~ MEFs by p62 knockdown include: Gelc
(FC=0.71, FDR=2.4E-4), Gclm (FC=0.72, FDR=1.6E-4), Gsr (FC=0.58, FDR=1.6E-7),
Ngol (FC=0.37, FDR=1.5E-20), Srxnl (FC=0.71, FDR=1.6E-3) and Hmox1 (FC=0.76,
FDR=5.0E-3). The high connectivity among these p62-dependent oxidative stress genes was
further highlighted by mapping their network connections using a consolidated set of
databases cataloguing known functional interactions in mouse cells (the “consolidated
interactome”; Fig. 4E).

It was previously shown that p62 regulates components of the glutamine uptake and
biosynthesis (34). Therefore, we analyzed the expression of the neutral amino acid
transporter (Slclab) along with the amino acid transporters Slc7a5 and Slc7all (Fig. 4F and
Supplementary Fig. S1). The expression of Slc1a5 was 2-fold higher in Tsc2™/~ cells
compared to Tsc2*/* cells and reduced significantly by rapamycin (20 nM, 24h). Slc1a5 was
reduced by ~20% in cells with p62 knockdown (p<0.0001). Slc7a5 and Slc7all were also
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decreased by rapamycin, but were not dependent on either Tsc2 or p62. In parallel, we
measured the expression of the rate-limiting enzymes in glutathione biosynthesis, the
catalytic and regulatory subunits of glutamate-cysteine ligase (GCL; GCLC and GCLM),
and glutathione synthase (GSS). These enzymes were decreased by rapamycin treatment, but
only GCLC was Tsc2-dependent (increased ~20%, p<0.01) and p62-dependent (decreased
~20%, p<0.01) (Fig. 4F and Supplementary Fig. S1). GCLM was p62 dependent (decreased
~20%, p<0.001). These data are in agreement with the expression changes determined by
lon Torrent-based profiling (Supplementary Table S2).

Finally, we found that p62 knockdown in Tsc2~/~ MEFs reduced glutamine uptake ~50%
(p<0.05) compared to Tsc2~~ shCTL MEFs (Fig. 4G). In sum, these data highlight the
critical role of p62 in glutathione biosynthesis and metabolism and suggest a pivotal role for
p62 in maintaining redox homeostasis in the context of mMTORCL1 hyperactivation.

p62 protects mitochondria from oxidative stress

Mitochondria generate ROS during oxidative phosphorylation, and damaged or
dysfunctional mitochondria produce more ROS (35). Glutathione is a critical antioxidant
that protects cells from mitochondrial ROS (36). p62 has been implicated in cellular
responses to mitochondrial stress, acting as a direct adaptor for selective mitophagy or
promoting perinuclear localization of mitochondria to enhance clearance efficiency (37-39).
Tsc2-null cells have low autophagic flux (7), which would be predicted to decrease
mitophagy and possibly increase the levels of damaged mitochondria. We hypothesized,
therefore, that p62 may be critical for protecting the integrity mitochondria in Tsc2™/~ cells
via maintenance of the glutathione pool and possibly promoting mitophagy. To explore this
hypothesis, we assessed mitochondrial morphology under basal conditions and after H,O,
treatment. Using immunofluorescence to visualize the mitochondrial protein, TOMM?20, we
observed increased co-localization of TOMMZ20 with p62 following oxidative stress in
Tsc27/~ shCTL MEFs treated with H,0, (250 uM, 1h). This finding suggests that oxidative
stress may promote an interaction between p62 and mitochondria in Tsc27/~ cells (Fig. 5A).
Furthermore, p62 knockdown increased mitochondrial fission upon challenge with oxidative
stress (Ho05, 250 uM, 1h; Fig 5B). Consistent with increased H,O»-induced fission, the
mean mitochondria length per cell (p<0.05; Fig. 5C) and the mean mitochondria network
branching index (a measure of the mitochondria perimeter to area relationship) per cell
decreased by p62 knockdown compared to Tsc2~/~ shCTL MEFs (p<0.05; Fig. 5D).
Mitochondrial fission is a critical initial step of mitophagy since less networked
mitochondria are believed to be more efficiently sequestered into autophagosomes (40).

We then assessed the effects of p62 on mitochondria polarization, an index of capacity for
oxidative phosphorylation, using the mitochondria membrane potential dependent dye JC-1.
p62 knockdown significantly reduced ~25% (p<0.0001) the ratio of red J-aggregates to
green monomers, supporting the hypothesis that p62 is critical to the maintenance of
mitochondrial polarization in Tsc2-null cells (Fig. 5E). Furthermore, oxygen consumption
rate (OCR) was ~30% lower in Tsc2~/~ shp62 cells, as measured using the Seahorse
Extracellular Flux Analyzer, after treatment with the mitochondrial uncoupler FCCP (1.5
UM). This finding suggests that p62 positively regulates maximal respiratory capacity in
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Tsc27/~ cells (Fig. 5F). The mitochondrial dye MitoSOX fluoresces red in the presence of
superoxide produced by mitochondria. We found significantly more MitoSOX positive
Tsc27/~ cells (~70%, p<0.01) compared to Tsc2*/* cells (5%), consistent with previous
reports (8). Knockdown of p62 further increased MitoSOX positive cells by (~15%, p<0.05)
in the Tsc2~/~ shCTL cells (Fig. 5G). To confirm the specificity of the MitoSOX dye, we
overexpressed mnSod/Sod2, which decreased the proportion of MitoSOX positive cells by
~15-20% in shCTL and shp62 Tsc2~/~ MEFs (Supplementary Fig. S2). As an additional
marker of mitochondrial damage, we assessed expression of PINK1, which recruits ubiquitin
ligases to damaged mitochondria. These ubiquitinated proteins are then recognized by
selective autophagy adaptors, such as p62, which promote mitophagy. While PINK1 was
barely detectable in Tsc2*/* MEFs, PINK1 was increased in Tsc2~/~ MEFs. p62 knockdown
further increased this marker of mitochondrial damage ~1.5-fold compared to Tsc2~/~
shCTL MEFs (p<0.01, Fig. 5H). Together these data indicate that p62 is a key regulator of
mitochondrial homeostasis in Tsc2-null cells.

Glutathione limits mitochondrial damage and promotes Tsc2-deficient growth in soft agar

To determine the importance of glutathione in mitochondrial homeostasis and Tsc2-
mediated tumorigenesis, we treated cells with membrane permeable glutathione ethyl ester
(GEE). We found that GEE significantly reduced the MitoSOX signal in shCTL and shp62
Tsc27/~ cells (Fig. 6A). We also found that GEE reduced PINK1 levels by 50% (p<0.05) in
Tsc2™/~ MEFs (Fig. 6B). Finally, treatment of shCTL and shp62 Tsc2~/~ MEFs with GEE
during growth in soft agar significantly enhanced colony formation by ~3-fold (p<0.001 and
p<0.0001, respectively; Fig. 6C). Overexpression of Sod2, which significantly reduces
mitochondrial ROS (Supplementary Fig. S2), or catalase was also sufficient to increase
growth of Tsc27/~ shp62-2 cells by ~2-fold in soft agar (p<0.01, Fig. 6D). These data
highlight the importance of mitochondrial ROS in limiting the growth of Tsc2-null cells
following p62 knockdown in soft agar.

p62 knockdown increases ROS and sensitizes cells to GSH depletion

Since p62 knockdown reduced intracellular levels of glutathione and increased
mitochondrial ROS, we hypothesized that p62 plays a critical role in global cellular redox
homeostasis. Therefore, we next measured intracellular levels of ROS using HyDCFDA-CM,
a compound which fluoresces as a result of oxidation (Fig. 7A). Baseline levels of ROS were
higher in Tsc2~/~ compared to Tsc2*/* MEFs (25%, p<0.0001), as expected from prior
studies (11), and knockdown of p62 further increased cellular ROS by ~30% (p<0.0001) in
the Tsc27/~ cells. Furthermore, direct targeting of glutathione biosynthesis with the GCL
inhibitor, buthionine sulfoximine (BSO; 50 pM, 48h) doubled ROS in the Tsc2*/* MEFs and
increased ROS ~40% in the Tsc2~/~ MEFs. BSO treatment increased ROS in the Tsc27/~
shp62 cells by ~20% (Fig. 7A). Since the H,DCFDA signal can be affected by cellular
uptake, efflux, and ester cleavage efficiency, we utilized the oxidant insensitive DCFDA and
oxidant sensitive dye HoDCFDA (Supplementary Fig. S3A) as a control to determine if dye
processing was equivalent in the three cell lines. The Tsc2*/* shCTL cells had equivalent or
slightly greater DCFDA fluorescence compared to Tsc2~/~ shCTL; however, using
H,DCFDA the Tsc2*/* MEFs continue to exhibit decreased oxidant induced fluorescence.
p62 knockdown had no effect on the oxidant insensitive DCFDA signal, while the
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H,DCFDA signal was increased by p62 knockdown. The H,DCFDA-SE signal was
significantly repressed by treatment with pegylated superoxide dismutase (SOD) and
catalase (Supplementary Fig. S3B, C), as expected.

To determine the functional consequences of glutathione depletion in Tsc2~/~ cells following
p62 knockdown, the effects of BSO on cell proliferation were assessed. BSO was given at 6
doses (5, 10, 25, 50, 75 and 100 uM) for 96 hours and cell density was determined by crystal
violet. Knockdown of p62 significantly increased sensitivity of Tsc27/~ cells to BSO at
doses of 25, 50, 75 and100 uM (Fig. 7B). A time course of 100 M BSO treatment from 48
to 96 hours also showed that p62 ShRNA sensitizes Tsc2™/~ cells to BSO treatment (Fig.
7C). Finally, growth of Tsc2-null cells in soft agar was ~70% reduced by treatment with
BSO (p<0.01, Fig. 7D). These data suggest that p62 cooperates with mTORC1 hyperactivity
to maintain intracellular glutathione, which is essential for Tsc2-null cell proliferation.

Discussion

p62 is a central signaling hub for the activation of diverse pro-survival pathways, which are
frequently hijacked to support the adaptation of cancer cells during transformation (12).
Herein we show that p62 is essential for kidney cyst and tumor development in two different
genetic models of TSC2 deletion that have mTORC1 hyperactivation. We observed smaller
and fewer renal cysts and less progression to solid tumors in both Tsc2*/~ p62~/~ mice and
Tsc2 7T Ksp-CreERT2* p62~/~ mice compared to littermate controls (Fig. 1 and 2).

To elucidate the mechanisms though which p62 promotes tumorigenesis in mTORC1
hyperactive cells, we performed metabolomic profiling. Metabolite set enrichment analysis
highlighted pathways downregulated by loss of p62, including glutathione metabolism,
nucleotide biosynthesis, urea cycle, and polyamines, all of which are dependent on
glutamine as a requisite biosynthetic precursor (Fig. 4A). Previous studies have shown that
mTORC1 hyperactive cells are characterized by increased glutamine uptake and dependence
(5,6,41), which is a hallmark of numerous cancers (42,43). While prior studies have focused
on the requirement of glutamine to generate a-ketoglutarate for the TCA cycle as the
mechanism underlying glutamine “addiction” in cancer, our data highlight a role for p62
promoting glutamine uptake and glutathione synthesis in Tsc2-null cells. Implementing
expression profiling of Tsc2~~ MEFs with shp62 versus shCTL, we focused on a significant
oxidative stress signature of highly connected genes (Supplementary Table S2, Fig. 4E). To
validate the expression data, we found that p62 directly regulates the glutamine transporter,
Slcla5 (~20%), and the rate limiting glutathione biosynthesis enzyme, GCLC and GCLM
(~20%), in Tsc2-null cells, but not Slc7all, Slc7a5 or GSS, which were previously shown to
be p62 dependent in cells with wildtype Tsc2 (34). Upregulation of Slcla5 has been
implicated in numerous cancers and is target for therapeutic intervention (44,45).
Interestingly, GCLC was previously implicated in the neuronal manifestations of TSC (46).
Prior studies have shown that p62 activates mMTORC1 resulting in Myc regulation of
glutamine transporters and glutathione biosynthetic enzymes (34,41); however, we were
unable to observe evidence of p62-dependent mTORC1 activity in our cells, suggesting
additional mechanisms of glutathione regulation that have yet to be elucidated. Our data
indicate that p62 drives glutamine uptake in Tsc2-null cells (Fig. 4G).
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As an adaptor protein, p62 regulates numerous downstream pro-survival processes to
support tumorigenesis. Expression profiling highlighted the role of p62 in regulating genes
with known antioxidant response elements (ARE). We focused on the role of p62 in Nrf2
regulation. Immunablot analysis did not show a strong p62 dependence of Nrf2, consistent
with Zhang et al. (47), who previously demonstrated that Nrf2 is Tsc2-independent
(Supplementary Fig. S4A, B). Immunohistochemistry in Tsc2*/~ mice suggested that both
Nrf2 and NFB expression may be increased in tumors relative to normal adjacent kidney
tissue; however, loss of p62 did not substantially suppress these pathways in vivo
(Supplementary Fig. S4C, D). Furthermore, tumor burden was equivalent in the Tsc2*/~
mice crossed to Nrf2~~ mice compared to Nrf2*/* littermate controls, indicating that, unlike
p62, Nrf2 is not necessary for tumor development in Tsc2*/~ mice (Supplementary Fig.
S4E). These findings indicate that Nrf2 may play an indirect, rather than predominant, role
in Tsc2-driven renal tumors, and distinguishes TSC from models of hepatocellular
carcinoma, in which p62 regulation of Nrf2 is the critical tumor driving mechanism (24,26).

Our gene expression data suggest that p62 plays a comprehensive role in limiting oxidative
stress in Tsc2-null cells. Since glutathione buffers mitochondrial ROS generated during
oxidative phosphorylation, we investigated effects of p62 on mitochondrial phenotype and
function. It was previously shown that TSC1/2-null cells display increased numbers of
mitochondria (48) and defective mitophagy (49). We observed basal and oxidative stress
induced p62-dependent changes in mitochondria morphology and function. In particular,
p62 knockdown reduced mitochondrial membrane polarization and increased mitochondrial
superoxide production (Fig. 5E and G). Finally, maximal oxygen consumption rate induced
by the electron transport uncoupler, FCCP, was reduced by ~30% in p62 knockdown,
suggesting that Tsc2~/~ cells depend on p62 to maintain the bioenergetic flexibility to
respond to cellular stress. Importantly, the mitophagy marker PINK1 is significantly
upregulated in a Tsc2- and p62-dependent manner, suggesting that limited autophagy results
in accumulation of damaged mitochondria, a process exacerbated by p62 knockdown.
Addition of exogenous glutathione reduced markers of mitochondrial damage and promoted
growth of Tsc2-null cells in soft agar. In aggregate, our data indicate that p62 promotes
tumorigenesis in mMTORC1-hyperactive cells by regulating redox homeostasis. Adaptation to
oxidative stress is particularly critical in the setting of mMTORC1 hyperactivation because
bioenergetic and biosynthetic activities place a significant burden on the capacity of cells to
buffer oxidative stresses (11,50). This concept is consistent with our observation that loss of
p62 suppresses ~3-fold growth in soft agar (Fig. 3C), and addition of GEE, Sod2 or catalase
overexpression promoted colony formation (Fig. 6C, D), which is associated with matrix
detachment, transformation, and increased oxidative stress (51,52).

mTORC1-driven tumors, including tumors in TSC patients, typically shrink as a result of
mTORC1 inhibitors, but regrow after treatment cessation. Furthermore, rapid development
of resistance to rapalogs occurs in many cancers with mTORC1 hyperactivation, suggesting
that novel therapeutic strategies for mTORC1-driven tumors could have high clinical impact
(53). Redox homeostasis may represent a critical vulnerability of mTORC1 hyperactivity
with therapeutic implications. Our data show that p62 plays a critical role in cellular redox
homeostasis by maintaining mitochondrial integrity and glutathione pools necessary to
support mMTORC1 hyperactivation. We found that p62 loss sensitized cells to further
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glutathione depletion with the GCL inhibitor, BSO, consistent with the role of p62 in
buffering oxidative stress via glutathione. Interestingly, we previously found that
chelerythrine chloride depleted p62 and increased oxidative stress in Tsc27/~ cells (54).
Moreover, in recent studies combination therapy of BSO and rapamycin (50) or BSO,
auranofin, and RIP kinase inhibitors selectively induced apoptosis in Tsc27/~ cells (55). We
speculate that activation of autophagy by rapamycin and subsequent downregulation of p62
underlies the synergy of mMTORCL1 inhibition with BSO in Tsc2-null cells. Our data highlight
the importance of p62 in buffering oxidative stress to support tumor growth and progression
in the setting of mMTORC1 hyperactivation. Therapeutic strategies that keep mTORCL1 high
while undermining redox homeostasis may yield increased clinical responses in TSC and
other neoplastic diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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p62 promotes kidney tumorigenesis in Tsc2*/~ mice. A, Representative kidneys of 10-month
Tsc2*~ p62**, Tsc2*/~ p62*/~ and Tsc2*/~ p627/~ littermates. Arrows indicate macroscopic
cysts. B, The macroscopic cystic index was assessed for each kidney using an established

method based on the number and size of the lesions. C, The microscopic score was

determined by an established method for assessing cyst size and tumor filling from H&E
sections. D, Phosphorylated S6 (S235/236) and p62 expression in cystadenoma lesions of
Tsc2*/~ mice. Scale bar, 50 um. n is number of kidneys analyzed. Data presented as mean +/
- 95% CI with *p<0.05, ***p<0.001.
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Figure 2.
p62 promotes kidney cystogenesis and tumorigenesis in Tsc2?f Ksp-CreERT2* mice. A,

Mice were treated with tamoxifen 63 mg/kg every other day for 5 days at 8-10 weeks and
sacrificed 4 months later. Representative H&E images of Tsc2f Ksp-CreERT2* p62*/* and
Tsc2f Ksp-CreERT2* p62~/~ kidneys. Scale bar, 100 um. B, Kidney areas were normalized
to body weight. C, Kidney weights were normalized to body weight. n is number of kidneys
analyzed. Data presented as the mean +/— 95% CI with *p<0.05, **p<0.01, ****p<0.0001.
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Figure3.

p692 knockdown suppresses Tsc2~/~ MEF anchorage independent cell growth. A,
Knockdown efficiency of p62 by three ShRNA compared to shCTL in Tsc2*/* and Tsc27/~
MEFs in 10% FBS or serum free conditions. shCTL cells were also treated with rapamycin
(R; 20 nM, 24h). B, Cell proliferation assessed by crystal violet was unchanged by p62
knockdown in either 10% FBS or serum free conditions. Normalization was first performed
to T=0h then fold change was calculated by normalizing to the untreated ShCTL Tsc2*/* or
shCTL Tsc27/~ at 96 h. shCTL cells were treated with rapamycin (R) at 20nM beginning at
T=0h. C, Representative images and quantification of colonies after 4 weeks of growth in
soft agar. Data are mean +/— SD with ***p<0.001, ****p<0.0001.
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Figure 4.

p62 regulates intracellular levels of glutathione. A, Metabolite Set Enrichment Analysis
(MSEA) identified differentially regulated metabolic pathways with FDR<5%. B, Cartoon
depicting key transporters and enzymes in glutathione biosynthesis. C, Normalized and log2
transformed metabolomic data of GSH related metabolites. D, Total intracellular GSH was
measured following 0, 500 and 1000 uM H,0, (1hr) in shCTL and shp62 Tsc2~/~ MEFs. E,
Following transcriptional profiling and Gene Set Enrichment Analysis (GSEA), the
connectivity of 25 oxidative stress seed genes from Supplementary Table S2 was assessed by
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network analysis using the consolidated interactome. Seed genes are highlighted with thicker
outlines, red indicates genes downregulated and green indicates genes upregulated by p62
knockdown in Tsc2~/~ MEF compared to controls. First degree interacting proteins were
added of which some did not have available expression data (grey). F, Genes associated with
glutamine uptake and glutathione biosynthesis were further quantified by RT-qgPCR. Data
presented as fold change relative to Tsc2~/~ shCTL MEFs. G, Uptake of radiolabled
glutamine was assessed in shp62 Tsc2~/~ MEFs compared to controls. Data are mean +/—
SD with *p<0.05, **p<0.01, ***p<0.001, ****p <0.0001.
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Figure5.
p62 protects mitochondria from oxidative stress. A, In Tsc2~~ shCTL MEFs colocalization

(yellow) of p62 and mitochondria was visualized using TOMMZ20 (mitochondria, green),
p62 (red) and nuclei (blue) following H,0, (250 uM, 1h) treatment. Scale bar, 10 um. B,
Cells were processed to generate a binary image of the TOMMZ20 stain and mitochondria
morphology was assessed by established methods for average mitochondrial C, length per
cell and D, network branch index per cell. Fifteen-twenty cells were analyzed per group.
Scale bar, 10 pm. E, The ratio of J-aggregates to monomer fluorescence in Tsc2~/~ shp62
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compared to vehicle treated Tsc2~/~ shCTL cells grown in 2% serum and phenol-free
DMEM. F, p62 knockdown reduces oxygen consumption rate (OCR) induced by FCCP (1.5
uUM) determined by Seahorse XF24 Analyzer. G, p62 knockdown increases production of
mitochondrial superoxide by flow cytometry using MitoSOX Assay. H, PINK1 expression is
Tsc2- and p62-dependent. Densitometry representative data from three biological replicates.
Data are mean+/— SD *p<0.05, **p<0.01, ***p<0.001, ****p <0.0001.
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Limiting mitochondrial ROS rescues growth of Tsc2-deficient cells with p62 knockdown. A,
MitoSOX was assessed by flow cytometry 24 hours after treatment with 1 mM GEE. B,
Treatment of Tsc2™/~ shCTL cells with 1mM GEE for 24 hours reduced Pink 1 expression.
Densitometry is shown for three biological replicates. C, Cells were grown in soft agar and
treated with 1 mM GEE twice per week for 4 weeks. D, Tsc2~/~ shp62-2 stably
overexpressing Sod2, Catalase or control empty vector (NEG) were grown in soft agar for 4
weeks. Data are presented as mean +/— SD *p<0.05, ***p<0.001, ****p<0.0001.
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Figure7.

p62 promotes adaptation to oxidative stress. A, In Tsc2”/~ shCTL MEFs and Tsc2~/~ shp62
MEFs intracellular ROS were assessed by H2DCFDA assay in basal conditions and BSO
treatment (50 uM, 48h). B, Effects of glutathione biosynthesis inhibition were assessed by
crystal violet in dose response experiments at 96h. C, Effects of glutathione biosynthesis
inhibition were assessed by crystal violet in time course (100 uM) experiments. D, Cells
were grown in soft agar and treated with 25 pM BSO twice per week for 4 weeks. Data are

mean +/— SD with *p<0.05, ***p<0.001, ****p <0.0001.
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